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ABSTRACT 

To tackle the crisis of climate change, increasing the use of renewable energy and 

enhancing the efficiency of the energy systems are crucial to creating more sustainable 

and inclusive communities and resilience. This research aims to develop a novel, high 

efficiency, low cost, and building integrate-able PV/micro-channel loop heat pipe system 

which can make effective use of solar energy for space heating, hot water and power 

generation and thus remove certain barriers remaining within the existing 

Photovoltaic/Thermal (PV/T) technologies. The new PV/T system has a number of 

unique features  (1) a novel loop-heat-pipe (LHP) with micro-channel evaporator and co-

axial triple-pipe heat exchanger as the condenser enabling a higher heat transport capacity 

compared to the latest existing LHP; (2) upper liquid header creating the continuous liquid 

film on the inner wall of the LHP evaporator which prevents the liquid ‘dry-out’ 

phenomena occurring; (3) liquid/vapour separator assembled on the liquid header making 

clear separation of the vapour and liquid which prevents the entrainment effect of the 

LHP and enhances the heat transfer capacity of the LHP; (4) combination of a micro-

channel LHP evaporator with the PV module using a special lamination approach creating 

a reliable, building integrate-able PV/T panel with a higher overall solar efficiency than 

existing PV/T panels. 

This study investigated the proposed novel solar PV/MCLHP heat and power system 

through a critical literature review, preliminary design, theoretical analysis using fractal 

theory, computation modelling,  prototype design and construction, indoor (laboratory-

controlled) and outdoor (real weather conditions) testing, simulation models validation, 

and energy saving and socio-economic performance analysis. 

For the proposed system, firstly the impact of the fractal geometrical parameters of the 

wick on the heat transport capacity of the MCLHP was investigated, finding that the 
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capillary limit is the governing limit and the fractal theory is thought to be an ideal method 

to address the impact of an irregular porous wick on the heat transfer performance of a 

MC-LHP. A lower inlet water temperature, a higher water flow rate, a higher ambient 

temperature, and a larger height difference between the condenser and the evaporator can 

help increase the solar thermal efficiency of the system. Under a range of testing 

conditions with the refrigerant charge ratio of 30%, a peak solar thermal efficiency (i.e., 

71.7%) happened at solar radiation of 561W/m2, inlet water temperature of 18°C, water 

flow rate of 0.17m3/h, ambient temperature of 30°C, and height difference of 1.3m. This 

set of parametrical data is therefore regarded as the optimal operational condition of the 

PV/MCLHP system. Under these specific operational conditions and the real weather 

solar radiation, the solar thermal efficiency of the system was in the range 25.2% to 62.2%, 

while the solar electrical efficiency of the PV panel varied from 15.6% to 18.3%. 

Compared to the existing PV/T and BIPV/T systems, the new PV/MCLHP system 

achieved 17.2% and 33.3% higher overall solar efficiency. The prototype PV/MCLHP 

heat and power system would be best suited for the use in a subtropical climatic region, 

such as Hong Kong. This system has a cost payback period of around 5 years and the life-

cycle net cost saving of nearly £3970 in China compared to a conventional gas boiler, 

while compared to a conventional electric water heater, the cost payback period and the 

life-cycle net cost saving of this proposed system are 5.6 years and £2220 respectively. 

Further, the relevant CO2 emissions reduction are 456.7kg and 1751.3kg in Hong Kong. 

The research results are expected to configure feasible solutions for future solar PV/T 

technologies and develop a new solar-driven heating and power system. The main 

technologies may significantly lead to a wider deployment of the renewable solar systems 

in buildings and contributing to significant fossil fuel energy saving and carbon emission 

reduction on the global scale
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Climate change is now affecting every aspect of the world, causing huge number of 

environment and social challenges at today and even more tomorrow [1].  It is reported 

by the Intergovernmental Panel on Climate Change (2018) that the world is found to be 

already witnessing the consequences of 1°C global warming [2]. Every bit of additional 

warming brings greater risks, such as extreme weather, rising of sea levels and 

diminishing of the Arctic sea ice. Therefore, governments address serious concerns on 

climate change and are taking urgent actions on reducing emissions of greenhouse gases, 

in order to reflect the impacts of climate change. The major reason of the global warming 

is the continuous emissions of greenhouse gases resulted from extensive fossil fuel 

consumption by human activities, whilst greenhouse gas emissions are reported to be now 

at their highest levels in history.  

Fossil fuel energy is central to nearly every major challenge and opportunity the world 

faces today, and is also the dominant contributor to climate change, accounting for around 

60% of total global greenhouse gas emissions [3]. Focusing on universal access to energy, 

increasing the use of renewable energy and enhancing the efficiency of the energy 

systems are crucial to creating more sustainable and inclusive communities and resilience 

to the above environmental issues. 

United Nations set out the ambitious Sustainable Development Goals [3], which are to (1) 

Enhance international cooperation to facilitate access to clean energy research and 

technology, including renewable energy, energy efficiency and advanced and cleaner 

fossil-fuel technology, and promote investment in energy infrastructure and clean energy 

technology; (2) Double the global rate of improvement in energy efficiency; and (3) 
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Achieve absolute per capita greenhouse gas emission reductions of 25% by 2025 and 45% 

by 2030, which are realised through per capita reductions in electricity consumption of 

20% by 2025 and 35% by 2030, and sourcing 40% of its electricity from renewable 

energy before 2025 and 80% by 2030 [4]. European Union (EU) committed to reducing 

greenhouse gas emissions by at least 40 % by 2030 as compared with the levels of 1990 

[5], which can be realised through the development of sustainable, competitive, secure 

and decarbonised energy technologies and systems.  

In the EU, buildings are responsible for approximately 40% of energy consumption and 

36% of CO2 emissions, making them the single largest energy consumer. At present, 

around 35% of the EU's buildings are over 50 years old and almost 75% of the EU 

buildings are energy inefficient. Furthermore, around 80% of energy inputs to buildings 

is used for heating, cooling and power generation. To enhance the energy performance of 

the EU buildings, the integration of renewable energy technologies and improvement of 

the energy efficiency of the building energy systems are in priority action list. Fig. 1- 1 

shows the energy profile of the EU buildings. 

 

Fig. 1- 1 The energy performance of building directive in the EU [6] 

In China, the buildings account for around 37% of energy consumption and about 42% of 

China’s CO2 emissions in 2018[7]. And the building operation contribute 23% of energy 

consumption and 20% of China’s CO2 emissions. 
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Renewable energy applications represent a third of the world growth, making a growth 

rate of 14.5% by 2017 [8]. However, the challenges are still in place and there are urgent 

needs to be more access to clean fuels and innovative technologies. In particular, 

advanced technologies are highly required to enable integrating renewable energy into 

end-user applications, e.g. in buildings, transport and industry.  

There is a variety of renewable energy sources, e.g. sun, earth, wind, sea waves, 

biomasses etc. Among these renewable sources, sun is the most abundant and free 

renewable energy source that is available globally. Energy is emitted from the sun at a rate of 

3.8 × 1023 𝑘𝑊 and approximately 1.8 × 1014 𝑘𝑊 of this energy is intercepted by the earth. 

Furthermore, the earth’s surface receives about 60% of this energy while the remaining is 

reflected back to space and absorbed by the atmosphere. Converting only 0.1% of this energy 

at an efficiency of 10% will provide four times the total global generating capacity. In 

addition, the total annular solar radiation incident on the earth is 7,500 times greater than the 

global total annular primary energy consumption [9]. Therefore, it is obvious that the global 

energy demand can be met by the use of solar energy as a result of its vast energy capacity. 

Solar energy application can date back to 212BC, when the scientist, Archimedes from 

Greek, used a mirror made of metal to burn a Roman fleet [10].  Until 19th century, solar 

energy was used to convert electrical energy. With the development of the economy, 

science and technologies, solar energy is more and more popular for generating power or 

heating and desalinating water. Nowadays, growing demand of power generation in both 

developed and developing countries create rapid raising in solar power systems. As a 

result, the solar power systems are expected to provide up to 25% global electricity by 

2050 [11]. Fig. 1-2 shows the solar installation capacity across the world and in the UK. 

Solar power is generated in two major methods: (1) by Photovoltaicss (PV) which are 

kind of electronic devices to convert solar energy directly into electricity, and (2) by 
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concentrated solar power (CSP) which applies mirror to concentrate sun rays to heat 

working fluid to create steam thus driving a turbine to generate electricity. To date, PV is 

one of the fastest-growing renewable energy technologies, which is ready to play a major 

role in the future global electricity generation mix. Apart from the solar PV technology, 

solar thermal collection is also one of the most commonly used solar technologies [12]. 

Solar thermal collectors convert solar radiation into the usable heat, with a typical thermal 

efficiency of around 60-70% [12] , while some specific solar collectors can achieve the 

thermal efficiency of up to 80% [13]. 

  

World wide UK 

Fig. 1-2 Solar energy installation capacity in the world[14] 

Compared to solar thermal collectors, PV panels have less energy conversion rate, which 

is usually in a range 4% to 20% [13], and PV panels normally have a linear efficiency 

drop-off as the surface temperature rises, which typically lose efficiency of up to 0.4% 

per degree centigrade rise in the PV-cells’ temperature [15][16]. Furthermore, the life 

span of the PV cells could be shorten when the PVs are continuously operated at a higher 

temperature. To make effective use of solar energy, and keep PV in a safe and efficient 

operational condition, the Photovoltaic/Thermal (PV/T) technology was recently 

developed. The PV/T, by collecting the heat trapped behind of the PV modules, can cool 
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down the PV cells by a certain degrees, thus enabling PVs to improve the electrical 

efficiency and maintain its life span to the expected level. The heat collected from the 

PVs can be used for providing space heating or hot water for buildings, thus creating the 

combined heat and power generation and improving the overall efficiency of the PV/T. 

The PV/T development can date back to 1970s and recent progress in PV/T technologies 

is fairly fast. A simple version of PV/T is to have air passed across the backside of the 

PV module, thus removing certain amount of heat away from the PVs and generating the 

warm air for the use of building ventilation. This technology has a feature of simple 

structure and easy implementation. However, its heat removal effectiveness is poor owing 

to the air’s small thermal mass and significant heat loss to surrounding.  

Currently, the most popular PV/T systems use water as a working fluid. Compared to the 

air-based PV/T, the water-based PV/T can achieve the improved heat removal 

effectiveness and thus increased overall solar efficiency. However, this type of system  

have a few critical disadvantages: (1) water gives a higher pressure drop and thus needs 

a greater pump power; (2)  PV and thermal panels have poor binding effect owing to the 

different thermal & physical properties; and (3) limited heat removal capacity owing to 

the sensible heat transfer and limited temperature rise level.  

To advance the PV/T technologies and enhance their energy performance, heat pipes were 

recently brought into use. A heat pipe is a passive heat transportation device that, making use 

of the evaporation of the working fluid on one side and condensation of the working fluid on 

the other side, can effectively removes heat away from the PV back surface and transfer it to 

the working fluid on its other side. This approach creates a high efficient, safe and passive 

way of PV cooling and thus enables an improved overall solar efficiency. Compared to the 

water-based PV/T which involves sensible heat transfer only, the HP-based PV/T can achieve 

much higher heat removal effectiveness owing to the latent heat transfer involved. Despite of 
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these distinguished advantages, the existing HP-PV/T has a few disadvantages: (1) high cost, 

(2) replies on the gravity of the working fluid owing to relatively smaller wick capillary effect; 

and (3) liquid film ‘dry-out’ occurring in the upper part of the evaporator[17] leading to 

significantly reduced heat transport capacity [18]. 

1.2 Research aim and objectives 

To overcome the above addressed problems remaining with the PV/T technologies and 

systems, the research aims to develop a novel, high efficiency, low cost, and building 

integrate-able PV/T system which can make effective use of solar energy for space 

heating, hot water and power supply. The new PV/T system has a number of unique 

features  (1) a novel loop-heat-pipe (LHP) with micro-channel evaporator and co-axial 

triple-pipe heat exchanger as the condenser enabling a higher heat transport capacity 

compared to the latest existing LHP; (2) upper liquid header creating the continuous liquid 

film on the inner wall of the LHP evaporator which prevents the liquid ‘dry-out’ 

phenomena occurring; (3) liquid/vapour separator assembled on the liquid header making 

clear separation of the vapour and liquid which prevents the entrainment effect of the 

LHP and enhances the heat transfer capacity of the LHP; (4) combination of a micro-

channel LHP evaporator with the PV module using a special lamination approach creating 

a reliable, building integrate-able PV/T panel with a higher overall solar efficiency than 

existing PV/T panels; As a result, the new PV/T system is expected to achieve significant  

higher overall solar efficiency and cost saving compared to the existing PV/T systems. 

To achieve this challenging target, the research sets out the following specific objectives:  

 To carry out an extensive literature review of PV/T and heat pipe technologies, 

thus identifying the existing challenges and giving relevant suggestions about the 

potential solutions; 
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 To develop  a preliminary design of a novel PV/T system combined with micro-

channel loop heat pipe technology aiming to increase the overall solar efficiency 

and decrease the cost; 

 To develop a computer model for the proposed PV/T system to optimise the 

system configurations and predict the system operation performance; 

 To design, construct and test a prototype micro-channel loop heat pipe PV/T (PV/ 

MC-LHP) system, and validate/refine the established computer models.  

 To evaluate the economic & environmental performance of the novel PV/T 

system. 

1.3 Research concept 

The proposed micro-channel loop heat pipe PV/T (i.e. PV/ MCLHP) heating and power 

supply system is shown schematically in Figure 1-2.  This system, making use of R-134a 

as the working fluid, comprises a co-axial tubular heat exchanger as the condenser, PV-

bound multiple micro-channel tubes array as the PV/evaporator, the upper end liquid 

header with tiny holes as the liquid header and liquid/vapour separator, and the upper end 

vapour header as the vapour collector and distributor. This will create the improved 

condensation and evaporation effects within the loop-heat-pipe (LHP) and thus, achieve 

significantly enhanced solar thermal and electrical efficiencies compared to traditional 

PV/T systems.  

 

Fig. 1- 3 Schematic of the PV/MCLHP heating and power system 
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When the PV/evaporator receives the solar radiation striking on its upper surface, part of 

which is converted into electricity owing the photo-electron effect of the PV cells, its 

second part is converted into heat which is absorbed by the working fluid flowing across 

the microchannel evaporator, and the remainder is dissipated into surrounding. As a result, 

the fluid within the micro-channel evaporator is converted into vapour and this amount 

of vapour gathers at the upper end vapour header, and then uplifted to the condenser by 

the buoyancy effect of the vapour. Within the condenser, the vapour in the interior 

channel transfers heat to the coolant water at the mid-channel, leading to the gradual 

condensation of the vapour. At the end of the channel, the vapour is completely condensed 

and the condensed liquid falls into the liquid header by gravity. In the meantime, the water 

within the mid-channel is heated to a temperature of around 40-50°C at the end of the 

channel and this is delivered to a building for the purposes of space heating or hot water 

supply. The PCM particles at the outside channel is functioned to absorb additional heat 

when the interior channel fluid carries more heat than the actual need of the water in the 

mid channel, and discharge some of heat into the mid-channel when the interior channel 

fluid carries less heat than the actual need. The condensed liquid gathers at the liquid 

header to a certain height level. This amount of water is then distributed to the inner wall 

of the micro-channel evaporator, through the holes fixed to the surface of the liquid header. 

A conventional LHP, which returns the condensed liquid refrigerant to the bottom of the 

evaporator and draws the liquid refrigerant from the evaporation section of the heat pipe 

using the capillary force of the heat pipe inner wall, suffers from the ‘dry out’ problem in 

the upper part of the evaporating section of the heat pipe and therefore has a lower heat 

transport capacity. Unlike the conventional LHPs, the novel LHP returns the condensed 

liquid refrigerant from the upper feeding liquid header. The upper feeding liquid header, 

with numerous tiny holes on the side wall of the micro-channels pipes that allow the liquid 

refrigerant to penetrate through under the effect of the pressure difference between the 
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liquid on the condensation pipe and the vapour within the micro-channel pipes, can 

effectively distribute the liquid throughout the evaporation section wall, by using the 

gravity of the refrigerant, thus preventing the ‘dry-out’ problem inhibited with the 

conventional LHPs and significantly increasing the heat transport capacity of the LHP. 

The combination of these specific components concepts is expected to produce a novel 

low carbon (nearly to zero) space heating, hot water supply and power generation system 

applying solar PV/T technology. 

However, in this research, owing to the limited time and project budget, the proposed 

system would be designed for hot water supply with water tank and power generation, 

while in the near future study, the other function wold be investigated. 

1.4 Research methodology 

This research aims to take advantages of LHP, micro-channels, PCM integrated into PV/T 

to overcome the current barriers remaining with the existing PV/T modules, i.e., high cost, 

low efficiency, short life span, and non-fit to buildings, and therefore develop a novel, 

high efficiency, low cost, and building integrate-able PV/T system that can make effective 

use of solar energy for space heating, hot water and power supply. This research work is 

expected to gain a superior performance of the system relative to existing PV/Ts, 

represented by 30% higher overall solar efficiency and 10% cost saving. To achieve this 

ambitious goal, the research sets out a number of specific objectives as addressed in 1.2, 

the methodologies related to objectives are briefly described as below: 

Approach to objective 1: Studying the existing PV/T and heat pipe technologies to 

identify the current existing challenges and giving relevant suggestions about the 

potential solutions 
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This approach will contribute to (1) an extensive literature review on energy consumption 

distribution and renewable energy application and technologies relevant to solar energy 

and solar PV/T technologies; (2) reviewing on the research and development (R&D) and 

the application of the existing PV/T and relevant LHP, PCM technologies; (3) identifying 

the typical features and critical highlights and barriers of the existing PV/T technologies; 

(4) providing potential solutions for tackling the current related challenges. 

Approach to objective 2: Establishing a conceptual design of a novel PV/T system 

combined with micro-channel loop heat pipe technology 

This approach will (1) develop a conceptual design for the PV/MCLHP system; (2) 

complete the sketch drawings of the proposed system components and generate the plan 

of the integrated unit. A list of components will be proposed, each of which will be 

preliminarily evaluated in terms of its likely geometrical sizes and material types, as well 

as the potential performance data likely to be achieved. Furthermore, the research 

questions relating to fluid evaporation & condensation, heat & mass transfer and solar-

to-power conversation (e.g. flow pattern, liquid-vapour distribution, boiling and 

condensation mechanism, flow resistance, heat transfer criteria, simulation method, 

macroscopic heat transfer, solar electrical efficiency, solar thermal efficiency, 

environmental parameters etc.) will be identified and these will form the foundation for 

the follow-on approaches.   

Approach to objective 3: Theoretical analysis and computation models development 

for the proposed PV/T system 

This approach will (1) carry out theoretical analysis of the PV/T system using the 

fundamental mathematical theory and associated equations, addressing the heat and mass 

transfer occurring at the PV/T system; (2) develop a series of computation models to 
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simulate the performance of the system and optimise the system configurations, 

addressing the PV/micro-channel panel, loop heat pipe, heat storage/exchanger, and 

internet-based intelligent monitoring & control. 

Approach to objective 4: Construction of a prototype micro-channel loop heat pipe 

PV/T (MC-LHP-PV/T) system 

 This approach will (1) design a prototype PV/micro-channel loop heat pipe (PV/MC-

LHP) system based on the simulation results; (2) construct and test this system in an 

indoor (laboratory-controlled) space, where the relatively steady state operational 

conditions can be maintained; and (3) test the prototype system at real climate condition 

to evaluate its real life performance. 

Approach to objective 5: Economical & environmental performance  

This approach will (1) briefly develop a computation model based on the experimentation 

and simulation results to predict the annual operational performance of the proposed 

novel PV/T system; and (2) analysis the system life cycle, carbon dioxide emission saving, 

power and heat output to evaluate the relevant socio-economic and environmental 

impacts. 

1.5 Novelty and added value 

The proposed research has the following innovative aspects:  

 Concept: First kind of effort in developing a unique loop heat pipe and integrating 

it with PV panels to achieve enhanced heat and power harvest from the solar 

radiation and making it building-integrate-able; 

 System structure: (1) Applying microchannel loop heat pipe as the solar thermal 

absorber and carrier;  (2) Combination of a micro-channel LHP evaporator with 



CHAPTER 1: INTRODUCTION 

 

12 

 

the PV module using a special lamination approach; (3) co-axial triple-pipe heat 

exchanger as the condenser using phase change materials to storage excess heat 

and release it as needed; (4) upper liquid header creating the continuous liquid 

film on the inner wall of the LHP evaporator which prevents the liquid ‘dry-out’ 

phenomena occurring; (5) liquid/vapour separator assembled on the liquid header 

making clear separation of the vapour and liquid which prevents the entrainment 

effect of the LHP and enhances the heat transfer capacity of the LHP; and (6) a 

heat storage/exchanger, using phase change material, had the reduced size and 

increased heat transfer efficiency;  

 Methodology: (1) By treating the wick of the micro-channel evaporator of the 

MCLHP as a thin porous layer, first time to bring the fractal theory into the heat 

and mass transfer analysis of the heat pipe wicks from micro to macro scales; (2) 

Combination of the analytical model and numerical model of the PV/T system to 

enable optimal design of the PV/T system and its performance prediction; (3) Both 

the steady state and dynamic performance tests of the PV/T system were carried 

out to validate and refine the computer models and investigate its operational 

performance; and (4) social economic performance model is integrated into the 

technical performance model to develop a full range of performance assessment 

of the novel PV/T system. 

 Fabrication: Use of the aluminium welding and thermal assisted pressing 

technologies to binding the micro-channel LHP panel into PV module.  

1.6 Thesis Structure 

Chapter 1 – Introduction: This chapter gives a brief introduction of the research 

background, objectives, significance, research concept, methodology and innovations 

related to the novel PV/T research. 
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Chapter 2 – Literature review: This chapter provides an extensive literature review on 

worldwide energy consumption, renewable energy application, and solar PV/T, LHP, 

PCM technologies, identify the typical features and critical barriers of the existing PV/T 

technologies, and thus develop the potential solutions for tackling these identified 

challenges. 

Chapter 3 – Conceptual design: This chapter presents the conceptual design of the 

proposed PV/T system and shows its basic working principle. In the meantime, this chapter 

also provides the drawings and characteristic date of the individual system components.  

Chapter 4 – Theoretical analysis and computer modelling: This chapter develops a series 

of computation models for the MCLHP components and the system by applying fractal theory, 

energy balance method, and associated heat and mass transfer equations. Through the 

simulation, appropriate MCLHP design/operational parameters are recommended, and the 

optimum geometry/capacity of the relevant system components is determined. These results 

will then be applied to the prototype design, construction and experiment testing. 

Chapter 5 – Prototype design, construction, and lab-testing: This chapter presents the 

specific procedure of the PV/T system prototype design, fabrication and experimentation. 

A series of experimental tests under the controlled laboratory condition and real weather 

condition were carried out to evaluate the performance of the novel PV/T system, and 

then for. 

Chapter 6 – Energy saving, economic, environmental analysis: This chapter (1) 

develops a computation model based on the experimentation and simulation results to 

predict the annual operational performance of the proposed novel PV/T system; (2) 

analyses the system life cycle, carbon dioxide emission saving, power and heat output to 

evaluate the relevant socio-economic and environmental impacts. 
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Chapter 7 – Conclusion and further works: this chapter concludes the main 

observations of this research and addressed the further opportunities and challenges



 

CHAPTER 2: LITERATURE REVIEW 

2.1 Chapter introduction 

This chapter aims to provide a literature review on research and engineering application 

of the PV/T based heat and power system, as well as associated system components 

including LHP, PCM heat exchanger, and PV/T combination. These are detailed as below: 

 Introduce the concept of PV/T technologies and performance indicators 

 Present the concept of HP/LHP and MC technologies applicable to solar PV/T 

systems 

 Review on heat exchangers and PCM that can be integrated into PV/T systems 

 Introduce the fractal theory and its application in simulation of porous media heat 

and mass transfer 

 Present a comprehensive literature review on the research, development, 

combination and practical applications of PV/T integrated with LHP technologies 

and the relevant theories 

 Clarify the main characterizations, current research and development status, 

research highlights and potential breakthroughs of various PV/T technologies. 

 Instruct the existing barriers, challenges and opportunities for further research and 

development of PV/T technology. 

Overall, this chapter will provide a relatively comprehensive background and foundation 

for the research that is dedicated to (1) indicate the technical barriers and challenges 

existing in current PV/T and LHP technologies; (2) develop scientific approaches for 

PV/T and LHP studies; (3) build up the research plan for this study; and (5) consequently 

clarify the direction for the research works. 
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2.2 Basic concept and relevant theory of PV/T and LHP 

technologies 

2.2.1 Concept and primary theory of PV/T 

Solar photovoltaic energy conversion is well known as a conversion process generating 

electrical energy from light energy. The solar cell is a basic module of solar photovoltaics. 

In 1839, Edmund Bequerel firstly reported the photovoltaic (PV) effect when he observed 

an electric current produced by the action of light on a silver coated platinum electrode 

immersed in electrolyte[19]. After more than 100 years research and development in 

photovoltaic effect from selenium to crystalline silicon, it was until 1954, the first silicon 

solar cell converting sunlight with an efficiency of 6% was introduced by Chapin, 

et.al.[20]. However short solar cell histories are reported elsewhere [21] [22] then, until 

1990s, a range of interest in photovoltaics were explored and expanded, as with the 

growing interest in alternative electrical energy source instead of only relying on fossil 

fuels. In recent decades, with the development of economic and renewable energy 

demand and application, photovoltaic (PV) technology has made significantly progress 

in both scientific studies and practical applications, and it is still on the putting foot 

forward for lower cost and higher conversion efficiency [23]. 

The conversion efficiency from light energy to electricity, called solar electrical 

efficiency, is a key indicator for evaluating the performance of solar PV panels. The solar 

electrical efficiency is well known that it mainly relies on the cells’ material and 

temperature, which is measured under the standard test conditions (STC) [24][25] (i.e. 

Solar irradiance at 1,000 W/m2, temperature of the solar cell itself at 25 oC, mass of the 

air at 1.5 spectrum) and is usually in a range 4% to 20%[15] [16]. It is found that PV 

panels normally have a linear drop-off in efficiency as the surface temperature rises, 
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which typically lose efficiency of up to 0.4% per degree centigrade rise in the PV-cells’ 

temperature [26][27]. The Photovoltaic/Thermal (PV/T) technology was therefore 

brought forward to cool down the PV cells to maintain/improve the electrical efficiency 

of the PV, to keep its expected life span, and thus to make full use of solar light energy 

striking on the surface of PV as well as making advanced utilisation of the absorbed 

superfluous heat simultaneously. 

A solar PV/T system is a combination of photovoltaic and solar thermal 

components/systems, which represents a new breakthrough for the solar energy applied 

in heating and power cogeneration. Fig.2-1 and Fig.2-2 gives the conventional structure 

schematic of a typical PV/T module which normally comprises several main layers filled 

with thermal silica gel and through lamination approaches. These include: (1) a flat-plate 

transparent glazing cover as the top layer to protect the PV cells from damaging and also 

to prevent the dust; (2) arrayed PV cells layer sandwiched with two adhesive Ethylene-

vinyl acetate (EVA) layers and an electrical isolation Tedlar-polyester-Tedlar (TPT) layer, 

from which there may be (or not) an air gap to the glazing cover; (3) a layer of thermal 

absorbing plate is closely attached to the PV layer; (4) arrayed tubes layer working as the 

condenser to cool down the absorbing plate by circulating the coolant fluid in the tubes; 

(5) a layer of thermal insulation which, as shown in Fig.2-3, is normally comprised of 

glass wool made from glass fibres arranged applying a binder into a wool-like texture, 

thus characterizing with many small air pockets to present high thermal insulation 

properties to prevent heat loss. All these layers are grouped into a holding aluminium-

alloy frame. 
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Fig.2-1 Schematic of a typical PV/T module [28] 

 

Fig.2-2 Cross-section view of the Photovoltaic/Thermal system[29] 

 

Fig.2-3 Sample of glass wool for thermal insulation 

With the growing attention in conceptual design of PV systems, investigation of PV/T 

module were carried out as early as in 1970s [30]. Kern and Russell [31] firstly reacted to 

the hybrid collector concept on different occasions with the application of either air or water 
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as the back flow coolant fluid and tested hybrid PV/T collectors in 1978, showing that the 

hybrid PV/T collectors can produce more useful energy per unit area than either individual 

type alone (single PV or single thermal collector). This creates the potential to develop a 

highly effective and low-cost heat and electricity co-generation system [26]. 

PV/T module as known as hybrid solar-energy collector converts striking solar radiation 

into a balance of low-grade heat and direct-current electricity at the same time. As 

presented in Fig.2-4, ideally, the solar energy absorbed by the hybrid PV/T module (Qabs) 

can be divided and converted into four parts, which are (1) the useful energy collected by 

the panel (Qu); (2) the lost energy in the form of heat to the surroundings (QL); (3) the 

converted electrical energy (QE), and (4) the energy absorbed and stored by the absorber 

𝑄𝑠𝑜, whose relationships can be described as following equations [32]: 

𝑄𝑎𝑏𝑠 =  𝑄𝑈 + 𝑄𝐸 + 𝑄𝐿 + 𝑄𝑠𝑜                                              (2-1) 

𝑄𝑎𝑏𝑠 =  𝐴𝑐𝑙𝐺(𝛾𝜆)                                                               (2-2) 

𝑄𝐸 =  𝐴𝑐𝑙𝐺𝜂𝑒                                                                (2-3) 

𝑄𝑈 = 𝐴𝑐𝑙𝐺𝜂𝑡                                                                (2-4)    

𝑄𝐿 = 𝐴𝑐𝑙𝐺(𝑇𝑝𝑣 − 𝑇𝑎𝑚)                                                     (2-5) 

𝑄𝑠𝑜 = 𝐶𝑝𝑀𝑐𝑙
𝑑𝑇

𝑑𝜏
                                                               (2-6) 

Where, 𝐴𝑐𝑙 is the collecting area of the PV/T panel (m2); G is the solar irradiation (W/m2); 

(𝛾𝜆) is the transmittance – absorption coefficient of the glazing cover; 𝜂𝑒  is the solar 

electrical efficiency; 𝜂𝑡 is the solar thermal efficiency; 𝑇𝑝𝑣 is the temperature of the PV 

cell layer (K); 𝑇𝑎𝑚 is the ambient air temperature (K); 𝐶𝑝 is the specific heat capacity of 

the absorber (kJ/kg∙K); 𝑀𝑐𝑙 is the absorber quality (kg), τ is the time. 
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Fig.2-4 Solar energy distribution diagram of PV/T panel 

Therefore, the overall solar efficiency of the hybrid PV/T collector is the sum of the above 

solar thermal efficiency and the electrical efficiency, which can be presented as: 

𝜂𝑜 = 𝜂𝑡 + 𝜂𝑒                                                                  (2-7) 

Where, 𝜂𝑜 is the overall solar efficiency of the hybrid PV/T module. 

(1) The electricity energy 

The electricity energy known as the output power of the hybrid PV/T module can be 

expressed as: 

𝑄𝐸 = 𝑃𝑃𝑉𝑇 = 𝑈𝑃𝑉𝑇𝐼𝑃𝑉𝑇        (2-8) 

Where; 𝑈𝑃𝑉𝑇 is the output voltage of the PV/T panel and 𝐼𝑃𝑉𝑇 is the current of the PV/T 

panel. 

(2) Solar thermal efficiency 

The solar thermal efficiency (𝜂𝑡 ), which is defined as the ratio of the useful system 

thermal energy gain to the overall incident solar irradiation, can be expressed as:  

𝜂𝑡 =
𝑄𝑢

𝐺∙𝐴𝑐
=

𝑐𝑝𝑤𝑚𝑤(𝑇𝑤𝑜𝑢𝑡−𝑇𝑤𝑖𝑛)

𝐺∙𝐴𝑐
                                         (2-9) 
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Where,  𝐴𝑐 is the collector area of base panel. 𝑐𝑝𝑤  is the specific heat at constant pressure 

of working fluid (e.g. water, 4186W/kg/℃), 𝑚𝑤  is the mass flow rate of working fluid 

flow in the back channel of the panel (m3/s), Twout and Twin is the outlet and inlet coolant 

working fluid temperature. 

(3) Solar electrical efficiency 

The electrical efficiency of the PV/MCLHP panel is the ratio of the electrical power 

output of the panel to the solar radiation striking on it, as given by:  

 𝜂𝑒 =
𝑃𝑃𝑉𝑇

𝐺∙𝐴𝑃𝑉
=

𝑈𝑃𝑉𝑇𝐼𝑃𝑉𝑇

𝐺∙𝐴𝑃𝑉
                                                                 (2-10) 

Where ηe is the electrical efficiency of PV/T panel, PPVT is the output power of PV/T 

panel, UPVT is the output voltage of PV/T panel, 𝐼𝑃𝑉𝑇 is the current of the PV/T panel, and 

G is the solar radiation, APV is the PV area of base panel.  

𝜂𝑒 = 𝜂𝑟𝑐[1 − 𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑟𝑐)]                                         (2-11) 

Where, 𝜂𝑟𝑐 is the initial electrical efficiency at reference temperature (298.15K); 𝛽𝑃𝑉 is 

temperature coefficient;  𝑇𝑃𝑉  is PV cells temperature at operation; 𝑇𝑟𝑐  is reference 

temperature. 

In a summary, as the Photovoltaic/Thermal (PV/T) technology enables the dual solar 

collecting functions in one module for generation of the both electricity and heat. The 

output power, solar electrical and thermal efficiencies, and overall solar efficiency, are 

key indicators applied to evaluation of the performance of a hybrid PV/T module. Such 

synergetic integration of the PV and thermal collector not only results in the improved 

PV efficiency, but also generates more energy per unit area compared to the standard-

alone PV panels or solar collectors[33]. Additional characteristics of the PV/T technology 

lie in the potential saving in material use, reduction in installation cost and homogeneous 
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facade appearance. It is becoming an effective solution to yield more electricity and offset 

heating load freely in contemporary built environment. 

2.2.2 Research achievement and findings in PV/T subject 

In recent years, solar energy are widely utilized in commercial, residential, and industrial 

applications such as power generation, hot water supply, daylighting, industrial processes, 

space heating and cooling [34]. At the same time, growing demand of thermal and 

electrical energy in developed and developing countries results in rapid development in 

solar heat and power generation technologies. Consequently, with the rapid development 

of the solar power technologies, solar systems are expected to provide 12% to 25% of 

global electricity by 2050 [11]. However, to date, a technical argument of traditional PV 

systems is the relative lower efficiency that is in the range 10 to 20% [13], and the PV 

panels normally have a linear efficiency drop-off as the surface temperature rises, which 

typically lose efficiency of up to 0.4% per degree centigrade rise in the PV-cells’ 

temperature [26][35]. The PV/T technology was therefore brought forward to cool down 

the PV cells and make advanced utilisation of the absorbed superfluous heat 

simultaneously. Technologies for this purpose can be normally classified into different 

categories in terms of cooling medium, configuration, operation temperature level as well 

as function.  From the cooling medium perspective, there are several types of PV/T, 

including air-based, water-based, refrigerant-based and heat pipe-based collectors. 

（a）Air-based PV/T 

The common way to cool the PV panels is by naturally/mechanically ventilated air [9,10]. 

As shown in Fig.2-5, the air-based PV/T technologies utilize a naturally/mechanically air 

channel to cool the PV layer, which can derive the air from above, below or double sides 

of the PV layer. A number of studies have been reported on air-based PV/T systems 
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Fig.2-5 Cross sections of typical air-based PV/T module designs[26] 

Garg et al.(1997)[36] developed a simulation model to analyse the performance of a 

conventional hybrid air-based PV/T heating collector in terms of single-glass and double-

glass configurations and various operational parameters. They found that the selection of 

single-glass or double-glass is determined by the temperature range of the system, and 

increasing collector length, mass flow rate as well as PV cell density can improve the 

system efficiencies.  

Aste et al. (2008) [37] presented the experimental and theoretical study of an air-based 

PV/T collector based on a R&D program led by the Politecnico di Milano. This led to 

development of a simulation model able to predict the solar thermal and electrical 

performance of an air-based PVT collector. 

Sarhaddi[38] developed a numerical model to simulate and predict the thermal and 

electrical performance of a solar PV/T air collector, indicating that the solar thermal, 

electrical and overall efficiency of this PV/T air collector were 17.18%, 10.01% and 45% 

respectively. 
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Solanki et al.[39] developed an indoor standard testing procedure and a computation 

model based on energy balance equations to study the solar electrical and thermal 

performance of an air-based PV/T solar heater.  The results showed that the solar 

electrical and thermal efficiencies of this air-based PVT module are 8.4% and 42% 

respectively. 

Sukamongkol, et.al. [40] reported an experimental work aiming to validate the established 

simulation model for a PV/T air heating collector. It is found that the solar efficiencies of 

the air-based PV/T collector is quite lower compared to water-based ones, owing to the 

lower thermal mass of the air [41] 

Fan et al. (2018) [42]designed a novel air-based PV/T with fins to optimize the utilization 

of thermal energy and gain more electrical energy. Several parameters in terms or 

geometry, construction materials and operation were studied, showing that the useful 

thermal efficiency vary from 48.8% to 56.9%. 

Tonui [43] presented a modified air-based PV/T solar collector which makes use of the 

suspended thin flat metallic sheet at the middle or fins fitted into the backside convective 

duct to improve the heat transfer performance of the collector. They compared the 

modified system with the typical air based PV/T system in terms of the steady-state 

thermal efficiencies and found that the application of fins addressed an efficiency at 30% 

and the thin metallic sheet at 28% while the typical at 25%. This indicates that the 

suggested modification led to the increased thermal efficiency and better electrical 

performance compared to the normal one. 

Fudholi et al. (2019)[44] presented a theoretical and experimental study of the exergy and 

sustainability index of an air-based PV/T system using a ∇-corrugated absorber. The 

results showed that the sustainability index of the new air-based PV/T system, which is 



CHAPTER 2: LITERATURE REVIEW 

 

25 

 

in the range 1.147 to 1.68, normally decreased with the mass flow rate, while the exergy 

efficiency varied from 12.81% to 14.41%. 

Barone et al. (2019a)[45] designed, constructed and tested an innovative low cost air-

based PV/T prototype coupled with a heat pump for heating with different operation 

parameters (including air flow rate, tilt angle and weather conditions), as well as 

developed a dynamic simulation model to evaluated its energy performance and 

economic feasibility. The results showed that the solar electrical efficiency decreases with 

the increasing PV temperature, which is featured by the equation of 

ηel = −0.0005·TPV + 0.1765 (R2 = 0.92) as shown in Fig.2-6. The power generation 

rate of the system was in the ranges 11.0 to 19.8 MWh/year. 

 

Fig.2-6 A function of the electrical efficiency and the PV temperature 

It is found that the solar efficiencies of the air-based PV/T collector is lower compared to 

water-based ones, owing to the lower thermal mass of the air. 

（b）Water-based PV/T 

The structure of a water-based PV/T collector, as shown in Fig.2-7, is similar to a 

traditional flat-plate PV/T module. Water is forced to flow through the tube or channel to 

cool the PV plate. Due to the higher thermal properties of water compared to air, using 

water as working fluid to cool the PV plate is more efficient[46].  
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Fig.2-7 Cross sections of typical water-based PV/T module designs[26] 

Hung et al. (2001) [47] investigated the performance of an integrated solar water-based 

PVT system, and compared it with traditional solar water heater. It was found that the 

primary-energy saving efficiency of this system exceeds 0.60; the thermal efficiency 

decreases with the rising hot water temperature; and the maximum solar thermal and 

electrical efficiencies of this water-based PVT module achieved 44.5% and 9.1% 

respectively. 

Fraisse [48] investigated the energy performance of the water-based PV/T collectors 

based on a dedicated numerical simulation model, showing that the inlet fluid temperature 

plays an important role in cooling the PV plate.  

Alternatively, PV panels could be cooled by using the circulating water across the back-

side coils [49]. Herrando [50] developed an analytical model to predict the performance 

of the hybrid PVT systems which are designed to generate hot water and electrical power. 
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Yazdanpanahi et al. (2015)[51] carried out a numerical and experimental study of exergy 

efficiency of a water-based PV/T collector in terms of different parameters including the 

wind velocity, solar radiation, open circuit voltage, solar short circuit current, maximum 

power point voltage and maximum power point current, ambient temperature, fluid inlet 

and outlet temperature. The both numerical and experimental results show a good 

agreement. 

Aste et al. (2015)[52] designed an innovative glazed water-based PV/T collector and 

developed a mathematical simulation model for evaluating its solar efficiencies. The 

investigation indicated that the daily mean solar electrical efficiency of this water-based 

PV/T is 6.0% while the PV module has a daily average solar electrical efficiency of 6.2%. 

The daily average solar thermal efficiency of this PV/T collector was 25.8%. 

Senthilraja et al. (2020)[53] assessed and compared the performance of air and water 

based PV/T collector for hydrogen production application. Experimental testing was 

undertaken in which a PVM was considered as a reference in comparing the two systems. 

At noon and for 0.011 kg/s mass flow rate, the electrical and thermal efficiencies were 8% 

and 31.1% for air based PVT collector and 8.5% and 33.8% for water based PVT collector 

respectively. 

Compared to the air-based PV/Ts, the water-based one has a very limited improvement 

in solar efficiency [54] and also faces the challenges of fluid freezing under the cold 

climatic condition [55]. The heat pipe was applied to cool the PV panel by exchanging 

the absorbed heat to the coolant fluid in heat-pipe condenser [56].  

(c) Heat pipe based PV/T 

A heat pipe (HP), as illustrated in Fig.2-8, comprises three sections including an 

evaporator section, an adiabatic section, and a condenser section, which can effectively 
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conducting heat through phase change. Typically, the evaporator is attached to the heat 

sauce to absorb heat as the working fluid evaporating in this section, and the condenser 

is attached to the heat sink to release heat as the working fluid condensing in this section.  

The adiabatic section is insulated. In the operation circle, as working fluid (liquid) absorbs 

heat and is vaporized in the evaporator, the vapour pressure rises up and forces working 

fluid (vapour) to flow axially along the centre core to the condenser; Vapour condenses 

in the condenser to liquid and then flow back along the inside wall to the evaporator 

driven by the capillary force. Owing to involving the phase change latent heat transfer 

during the operation, HP has a heat transfer coefficient that is several orders of magnitude 

larger than that of the currently available thermal conductors. This kind of heat transfer 

device can be effectively used in PV cooling with a much smaller heat transfer area. Thus 

the heat pipe based PV/T has recently been utilized and studied.  

 

Fig.2-8 Schematic of a conventional heat pipe 

In 2011, Pei et al. [57] have firstly introduced a novel heat-pipe based PV/T system as 

shown in Fig.2-9 which can be applied in cold regions without being frozen. They 

investigated the performance of this system on both experimentation and simulation stage, 

finding that the daily solar thermal and electrical efficiencies were 41.9% and 9.4%, 

respectively. Wu et al.[58] theoretically investigated a wick heat pipe based PV/T system, 
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finding that the solar thermal and electrical of the heat pipe based PV/T hybrid system 

corresponding to 63.65%and 8.45% respectively can be achieved under certain operating 

conditions. Pei et al.[59]also proposed a simulation model to predict and analyse the 

annual solar thermal and electrical performance of this HP-PV/T system when applied in 

Hongkong, Lhasa, and Beijing which are three typical climate regions of China. 

 

Fig.2-9 The Heat pipe based PV/T solar collector 

Pei et al. [60]developed a dynamic model of a novel heat pipe PV/T system, which was 

also validated by experimentation, to study the performance of the system under different 

parametric conditions including flow rates, PV cell covering factor of the collector, tube 

space of heat pipes, and kinds of solar absorptive coating of the absorber plate. They 

found that reducing the tube space of heat pipes can improve the solar thermal and 

electrical efficiencies of the HP-PV/T system. But this reduction would cause high costs 

with increasing number of heat pipes of each solar collector. 

However, heat transport distance of the traditional heat pipe is very short and thus is 

unsuitable for real site application[61]. In recent years, micro-channels or micro-channel 

heat pipes(MCHPs) [62]and loop heat pipes [63][64] were integrated into PV/T systems 



CHAPTER 2: LITERATURE REVIEW 

 

30 

 

to cool the PV modules. MCHPs are highly efficient heat transfer devices that rely on the 

phase transition of the working fluid to transport heat with the advantages of good heat 

transfer capacity, excellent thermal respond speed, low-pressure difference, isothermal 

ability, and compact structure[65]. In particular, the micro-channel tubes could be well 

applied to the PV integrated evaporator. Owing to the flat surfacing structure, the micro-

channel tubes could be perfectly combined with PV modules, thus removing the 

difficulties remaining with the fin-tubing structure, and leading to the increase in heat 

transfer rate by 30%[66]. Zhou et al. [66] first-time proposed the concept of a PV/micro-

channels-evaporator module. And they assessed the performance of this innovation, by 

designing, construction and testing of a PV/micro-channels-evaporator-modules-based 

heat pump heating system under real-time operational condition, finding that the average 

thermal, electrical and overall efficiency can be achieved to 56.6%, 15.4% and 69.7% 

respectively at specified operational conditions. 

2.2.3 LHP and PV/LHP technologies 

Loop heat pipes (LHPs) are efficient two-phase heat transfer equipment which can 

transfer heat over a relative long distance with a small temperature gradient using the 

characteristic of the latent heat of vaporisation. The LHP, as shown in Fig.2-10, typically 

consists of an evaporator and a condenser like the conventional heat pipes, but differs in 

having separate liquid and vapour transportation lines and also compensation chamber 

for the traditional LHPs[64][67]. In the evaporator, the working fluid absorbs the heat and 

is vaporized. This amount of vapour is transported to the condenser in which the vapour 

is condensed into a liquid of the same temperature and returned to the evaporator through 

the liquid line for replenishment[63] [64]. 
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Fig.2-10 Schematic of the traditional LHP[68] 

The distinct feature of a LHP over a conventional straight heat-pipe (HP) is the separated 

vapour and liquid transportation lines which can minimize the entrainment between 

vapour and liquid flows and thus reduce the pressure loss across the flow path[69][70]. 

Such a particular heat pipe configuration makes it possible to transport a larger heat flux 

through a long distance. 

In general, closed loop heat pipes have the advantage to drive passively with natural 

circulation of the working fluid changing within liquid and vapour phases without any 

additional energy input. For this regular phase changing cycle, i.e. evaporation and 

condensation, of refrigerant, the operation is sensitive to the working fluid category and 

fill volume[71], as well as the system performance is directly relative to parametrical 

configuration. Several parameters including filling ratio, working fluid, inclination angle, 

structure parameter and etc., have important impact to the thermal performance of a 

LHP[72]. Considerable studies have been undertaken to improve their thermal 

performance by applying different approaches such as using nano-fluids [73] and changes 

in structure[74]. This part will focus on the review of working fluids and filling ratios. 

(1) The working fluids 
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As with decades development and research of heat pipes, the working fluids application 

have been developed ranging from cryogenic liquids to liquid metals[75]. 

The selection of working fluids for LHPs based on the same criteria as for conventional 

heat pipes[68]. The first factor that should be considered is the operation vapour 

temperature range of the fluid, which is shown in Table 2-1. Secondly, a series of 

properties must be valued as the main requirements. These include (1) Compatibility with 

the wall and wick materials[18]; (2) Good thermal stability; (3) Wettability of the wall 

and wick materials; (4) Appropriate vapour pressures at the operational temperatures; (5) 

High latent heat; (6) High thermal conductivity; (7) Low liquid and vapour viscosities; 

(8) High surface tension; and (9) Acceptable freezing or pour point. 

Table 2-1: Heat pipe working fluids[76] 

Medium Melting Point(℃) 
Boiling Point at  

Atmospheric Pressure(℃) 
Useful Range(℃) 

 Helium -271 -261 -271 to -269 

 Nitrogen -210 -196 -203 to -160 

 Ammonia -78 -33 -60 to 100 

 Pentane -130 28 -20 to 120 

 Acetone -95 57 0 to 120 

 Methanol -98 64 10 to 130 

 Flutec PP21 -50 76 10 to 160 

 Ethanol -112 78 0 to 130 

 Heptane -90 98 0 to 150 

 Water 0 100 30 to 200 

 Toluene -95 110 50 to 200 

 Flutec PP91 -70 160 0 to 225 

 Thermex2 12 257 150 to 350 

 Mercury -39 361 250 to 650 

 Caesium 29 670 450 to 900 

 Potassium 62 774 500 to 1000 

 Sodium 98 892 600 to 1200 

 Lithium 179 1340 1000 to 1800 

 Silver 960 2212 1800 to 2300 

Note:The useful operating temperature range is indicative only. Full properties of most of the above  

 are given in ref. [77] Appendix 1. 

 1Included for cases where electrical insulation is a requirement. 

 2Also known as Dowtherm A,a eutectic mixture of diphenyl ether and diphenyl. 
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In that case, however, to ensure the device start-up at a minimum temperature difference 

between the evaporation zone and the compensation chamber, the value of dP/dT should 

be taken into account. With allowance made for it, the most efficient working fluid for 

LHPs in the temperature range from −20 °C to +80 °C is ammonia. The advantages of 

water manifest themselves at higher temperatures and reach the maximum at 100–150 °C. 

When the working fluid is water, one should bear in mind that freezing is impermissible 

because of the risk of disturbing the device tightness. Neon, oxygen, nitrogen, ethane, 

propane, propylene, freon 152A, freon 11, n-pentane, acetone and toluene were also 

successfully used as working fluids for LHPs [68]. 

The working fluid selection should also take into account the heat transfer limitations 

including sonic, capillary viscous, entrainment and boiling limit occurring within the 

LHPs.  According to D. Reay [78], the convenient criteria to choose an acceptable 

working fluid in most of the cases is to compare the figure of merit number (M) which is 

defined as a function of surface tension 𝜎𝑙, latent heat L, liquid density 𝜌𝑙 and viscosity 

𝜇𝑙 as : 

𝑀 =
𝜎𝑙𝐿𝜌𝑙

𝜇𝑙
                                                            (2- 12) 

A larger M value leads to a higher heat transfer capacity.  However, a large merit number 

is not the only criteria in selecting a working fluid. Instead, the cost, availability and other 

factors are also the important criteria in determination of a work fluid. 

(2) Filling ratio  

Normally, a closed loop heat pipes have the advantage to drive passively with natural 

circulation of the working fluid changing within liquid and vapour phases without any 

additional energy input. For this regular phase changing cycle, i.e. evaporation and 

condensation, of refrigerant, the operation is sensitive to the working fluid fill volume[79], 
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thus the thermal performance of a LHP system can be highly affected by the refrigerant 

filling ratio (defined as the ratio between the working fluid volume and the evaporator 

volume, FR). Lower FR results in dry-out phenomenon of the evaporation part, while too 

high FR leads to excess working fluid resulting in the whole evaporator full of liquid 

when bubbles easily form due to boiling[80]. The recommended (experience) filling ratio 

of a heat pipe system should be at least 50% of the volume of the evaporator[80]. Table 

2-2 presents the comparison among different LHPs in terms of the working fluid and 

filling ratio. 

Table 2-2 Comparison of different LHPs in terms of FR and parameters 

References Material/working fluid Filling ratio 

Ling et al. [81] /R22 88%-101% 

Babu et al. [82] copper tube/  acetone 60% 

Molan et al. [83] stainless steel/helium 48.8%- 66.1% 

Ding et al. [84] copper tube/  R134a 71% 

Ling et al. [85] copper/Deionized water 30% 

Chang et al. [86] R22 68-100% 

Li et al. [87] refrigerant 30-40% 

Samba et al. [88] n-pentane 9.20% 

Zhang et al. [89] copper/water and glycol (95%/5%) 0.1kg 

He et al. [17] R134a 35% 

 

Ling et al. [81] experimentally studied the impact of filling ratio on a closed loop heat 

pipe system with separate evaporator and condenser consisting of micro-channels which 

was defined as micro-channel separate heat pipe (MCSHP) as a cooling device for 

telecommunication stations (TSs), showing that the optimal filling ratio was in the range 

of 88%-101%. Babu et al. [82] studied the thermal performance of a pulsating heat pipe 
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with CFD simulation and experiment under different filling ratios at the range 50% to 90% 

of its volume, showing that the FR of 60% conducted a smaller thermal resistance. Molan 

et al. [83] experimentally investigated the effect of the filling ratio on the thermal 

performance of a multi-turn Pulsating Heat Pipe (PHP), indicating that the optimal filling 

ratio may be in the range of 48.8%- 66.1% and related to the heat input level. Ding et 

al.[84] mainly studied the filling ratio and Feron types as influence factors of the LHP 

system used in data centre cooling, which was defined as separate heat pipe system in 

their study, analysing the relationship, varying from Feron types, between heat transfer 

capacity and filling ratio. Ling et al. [85] first time applied smooth and rough porous 

copper fiber sintered sheets into a LHP system. They tested the capillary pumping 

performance and investigated the influence of filling ratio, highlighting that a filling ratio 

at 30% of the deionized water is the optimal combination for their designed LHP. Chang 

et al. [86] established a CFD model to simulate the evaporator of a MCSHP . The 

simulation results showed that the optimal refrigerant filling ratio was in the range 68% 

to 100%, which were validated by relevant experiment results. Hong Li et al. [87] 

experimentally investigated the thermal and electrical performance of a solar 

photovoltaic/loop-heat-pipe water heating system with different refrigerant FRs in similar 

ambient environment, showing that FR at 30% was conducive to improve solar thermal 

and overall energy efficiencies of this system and FR at 40% was conducive to improve 

electrical efficiency and overall exergy efficiency of this system. Samba et al. [88] 

experimentally found the optimal filling ratio (defined as the ratio between the working 

fluid volume and the thermosyphon loop volume) is about 9.2%, which corresponds to 

the minimum operating temperature and also the minimum of system thermal resistance. 

Liu et al. [90] carried out the theoretical and experimental study of a loop separated heat 

pipe with the working fluid filling ratio, but not give the optimal FR value. Zhang et al. 

[89] simulated the impact of liquid filling mass on the heat transfer limits of a novel solar 
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photovoltaic/ loop-heat-pipe (PV/LHP) heat pump system, indicating that the minimum 

liquid filling mass should be more than 0.01 kg for the screen-mesh wicked LHP system. 

He et al.[17] theoretically and experimentally analysed the operational performance of a 

novel heat pump assisted solar façade loop-heat-pipe (LHP) water heating system, which 

is charged with R600a as working fluid at the FR of 35%. However the effect of the filling 

ratio on the operational performance was not investigated for the system. Zhang et al. [91] 

[61] carried out the theoretical and experimental investigation of of the performance of a 

novel solar photovoltaic/ loop-heat-pipe (PV/LHP) heat pump system. However they 

didn’t address the impact of filling ratio on this PV/LHP system, instead, gave a figure of 

liquid filling level which is 75ml. Zhou et al [92] presented a miniature loop heat pipe 

(mLHP) employing a 1.2 mm thick flat evaporator with deionized water as the working 

fluid. The filling ratio of 37% was selected owing to consideration the start-up 

characteristics.  

From a systematic literature review, we conclude that (1) the most LHPs are constructed 

with round tubes which are attached with flat-plate fins (RTPF), while the researches on 

micro-channel LHP (MC-LHP) were less reported. Owing to the distinguished 

advantages of the MC-LHP relative to RTPF-LHP, i.e. increased heat transfer coefficient 

between the pipe wall and transporting fluid owing to the increased fluid speed, enhanced 

shear force and reduced boundary laminar flow film thickness. (2) The FR varies 

significantly with the structure of the LHP, as well as the type of the working fluid. 

Further, the FR is difficult to determine by using a pure theoretical method. Instead, it is 

determined by experiment. For a designated LHP system, it seems to be critically 

important to develop the correlation between the heat transport capacity and the FR using 

a dedicated experimental method, which is subsequently applied to assess the 
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performance of the system and determine its optimal operational condition, in particular, 

the most favourite FR value.  

To date, the LHP [93] has been widely applied in thermal controls of satellites [94], 

spacecraft, electronics [95][96], and semi-conductor devices [97][98], while its utilization 

in solar thermal collecting and PV/T systems is limited. Recent researches carried out by 

the authors showed that the LHP could possibly be used in the solar thermal collecting 

and (or) PV/T devices [63][99]. This kind of new application led to a number of 

advantages, e.g., removing use of the water pump, enabling an effective heat transfer 

using the least pipe run, use of the anti-freezing medium within the loop, and hermetically 

sealed loop and homogeneous capillary force[99]. Meanwhile, the applicants also found 

that the conventional LHPs have two shortfalls that have impeded their wider application: 

(1) a complicated/high-cost wick structure, e.g., fine pores, is needed to enable generating 

a high capillary pressure to drive the work fluid across the loop [100]; (2) liquid film ‘dry-

out’ phenomenon always occurs at the upper part of the evaporator [17] that would cause 

the significantly reduced heat transport capacity [18].   

To overcome the above addressed difficulties, the author recently developed a novel 

liquid upper-feeding LHP with a dedicated vapour-liquid separator [61][99]. This kind of 

new LHP structure can simplify the wick structure, eliminate the ‘dry-out’ phenomenon, 

and thus create a high-efficient and cost-effective heat transport solution to solar thermal 

collecting and PV/T systems. The liquid-vapour separator is fitted above the evaporator 

and structured as the combination of the T-junction and an expander [101]. This structure, 

by controlling the liquid reserve level in the T-junction tube, can create a uniformly 

distributed downward liquid flow stream across the inner surface of the LHP evaporator 

while it is continuously evaporating from the surface, thus keeping the inner surface 

constantly wet, and separating the generated vapour clearly from the downward liquid 
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films [61]. It is found that the heat transport capacity of the new LHP was 6.75 and 1.55 

times that of the existing straight HP and LHP [101][102]. 

2.3 PCM and its applications 

Thermal Energy Storage (TES) is the temporary storage of high or low temperature 

energy for later use, which bridges the time gap between energy requirement and energy 

use. For HVAC and refrigeration application, water and water ice [103] constitute the 

principal storage media. Water has the advantage of universal availability, low cost and 

high latent heat capacity, but it can only be produced using inefficient low temperature 

refrigeration units if one wishes to use the latent heat capacity. If it is applied purely for 

sensible energy storage capacity it requires large storage tanks. Phase Change Materials 

(PCM) between +4°C and +90°C range overcomes the disadvantages of water by 

combining the latent and sensible energy storage capacities into a single storage unit and 

therefore offer designers new horizons and practical application options [104]. 

In simple terms, Phase Change Materials (PCMs)[105] can be described as mixtures of 

chemicals having freezing and melting points above or below the water freezing 

temperature of 0°C. They are ideal products for thermal management solutions as they 

store and release thermal energy during the process of melting & freezing (changing from 

one phase to another). To be a useful PCM, a material has to meet several criteria[106]: 

 Release and absorb large amounts of energy when freezing and melting. 

 Have a fixed and clearly determined phase change temperature (freeze/melt point). 

 Avoid excessive super cooling and remain stable and unchanged over many 

freeze/melt cycles. 

 Non-hazardous. 

 Economic. 
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PCMs can broadly be classified into five categories [107]: eutectics, salt hydrates, organic, 

solid-solid and molten salt materials, which are detailed below. 

 Eutectics tend to be solutions of salts dissolved in water that have a phase change 

temperature below 0°C (32°F).  

 Salt hydrates are specific salts that are able to incorporate water of crystallisation 

during their freezing process and tend to change phase above 0°C (32°F).  

 Organic materials used as PCMs tend to be polymers with long chain molecules 

composed primarily of carbon and hydrogen like alcohols, waxes, oils, fatty acids 

and polyglycols.  

 Solid-Solid PCMs are used to avoid the problems associated with handling liquid. 

They offers additional flexibility for applying PCM solutions. The phase change 

that these solid-solid PCM undergo is in its crystalline matrix.  

 Molten Salts are naturally solid salt materials which turn to liquid when they are 

heated to above their transition temperatures and act as a PCM energy storage 

material. 

The summary of the commercially available and widely applied PCM solutions are 

presented in Fig.2-11. 

 

Fig.2-11 Commercially available PCM solutions[104] 
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Phase change material based thermal energy storage (TES) have been widely used in solar 

energy systems and waste heat recovery[108]. A tank filled with a storage medium is 

commonly used to store the energy for both sensible and latent heat. As mentioned before, 

sensible thermal energy storage (STES) collects thermal energy by increasing the 

temperature of single-phase storage medium whilst latent thermal energy storage (LTES) 

uses the phase change of a PCM from solid to liquid. Currently water is the most popular 

material for heat storage, especially when using solar power (solar collector and PV/T 

panel) due to low cost and convenience [109]. 

One technique to overcome the above problem is to introduce PCM into the solar heated 

storage tank with latent heat replacing purely sensible heat. Qin et al. [110] used the PCM 

as the inside wall of the tank. The testing result showed that the length of time for the 

water to cool from 65 oC to 40 oC in the tank with PCM is over 8.5% longer compared to 

the tank without PCM. Both Ibanez [111] and Cabeza [112] placed the PCM on the top 

of the water tank, replacing some water to strength thermal energy collecting capacity. 

These experimental and numerical studies showed that owing to the large heat capacity, 

PCM not only can provides hot water continually by itself, but also can reduce the volume 

of the tank for the same heating needs. Dzikevics et al. [113] examined the effects of 

PCMs on a hot water storage tank under various flow rates. It was shown that the flow 

rate of working fluid has little effect on the heat transfer rates, which is in agreement with 

the findings of other authors that heat transfer is proportional to power rather than flow 

rates.  

A further technique has been studied, where the tank is entirely filled with PCM. López-

Navarro [114] analysed the performance of a tank filled with paraffin, with a phase-

change temperature between 3 oC and 8 oC. The results show that up to 78% of the 

maximum capacity is reached within 4 hours. Castell [115] focused on the impact of flow 
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rate and investigated two different configurations for cold storage applications. It was 

shown that the heat exchange effectiveness of the system has the same variation trend as 

the heat transfer area and the opposite variation trend as the flow rate. Furthermore, it 

keeps steady during the testing time. 

Many studies on the PCM storage tank addressed adding small amounts of PCM into 

water, which does not provide a sufficient latent heat capacity to store energy from the 

system[116]. The pure PCM tanks, while having a huge heat storage capacity, also have 

smaller heat transfer area between the PCM and passing fluid. In this case, the low thermal 

conductivity of the PCM [117] prevents its timely energy absorption from the working 

fluid, leading to the reduced energy efficiency of the system.  

2.4 Fractal theory for porous media fluid flow and heat/mass 

transfer  

Fractal theory is a mathematical branch established by Mandelbrot [118], a famous 

mathematician, to research the disordered and irregular structures in nature, such as rough 

surfaces, cost lines, mountains, rivers, lakes and a fern leaf, etc., as shown in Fig.2-12.  

  

 

  

Fig.2-12 Examples of natural fractal phenomena 
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Fractals always have two important properties, including self-similarity and non-integer 

dimension [118]. These are detailed below: 

(1) Self-similarity 

As the tree and the leaf presented in the Fig.2-12, it is obvious that every little part of the 

bigger one has the same shape as the whole, which can be regarded as self-similar. The 

same is with fractals, which can be magnified many times and after every step the same 

shape will be easily found. This is characteristic of that particular fractal. 

(2) Non-integer dimension 

The property of non-integer dimension is much more difficult to explain. It is normal to 

describe the classical geometry objects by integer dimensions, such as squares and circles 

by 2-dimention (2d), cubes and spheres by 3d. However, many natural phenomena cannot 

be described with simple integer dimensions, e.g. the coastline of the UK shown in Figure 

2, which is better to using a dimension between two whole numbers. Alternatively, this 

is that while a straight line has a dimension of one, a fractal curve will have a dimension 

between one and two, depending on how much space it takes up as it twists and curves. 

The more the flat fractal fills a plane, the closer it approaches two dimensions. Likewise, 

a "hilly fractal scene" will reach a dimension somewhere between two and three. So a 

fractal landscape made up of a large hill covered with tiny mounds would be close to the 

second dimension, while a rough surface composed of many medium-sized hills would 

be close to the third dimension. 

This theory creates an effective tool to describe this complex geometrical problem and 

associated thermal-fluid mechanisms [119]. Research on fractal theory and its application 

has progressed steadily in recent years and has made the important conclusion [119][120] 

[121] that materials with random pores can be appropriately characterised using fractal 

theory to give analytical description of the interior porous structure and associated fluid 

flow and heat/mass transfer. 
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Yu et al. (2002) [122] developed a fractal permeability model for bi-porous media 

according to the pores fractal features in the media finding that the fractal permeability is 

a function of fractal dimensions including the tortuosity fractal dimension and pore area 

fractal dimension, particles and clusters sizes, micro and the effective porosity of a 

medium. They (2004) [123][124] also investigated a complete fractal model of 

permeabilities for porous media in terms of saturated and unsaturated situation and found 

that the tortuosity fractal dimension from the present relative permeability models are 

independent of porosity/pore-area fractal dimension, and it depend only on saturation in 

the porosity below 0.9. 

Huai et al. (2007)  [125] generated a number types of fractal models to describe porous 

media structures and ultilized finite volume method (FVM) to simulate the heat 

conduction feature in these porous structures. They found that the porosity is the main 

factor determining the effective thermal conductivity of the fractal porous media. 

Spagnol et al. (2007) [126] found that in terms of the heat conduction characterization, 

periodic patterns established with elementary Von Koch snowflake are good structural 

type of nano-porous media which can apply fractal theory. They developed a numerical 

model based on fractal theory to build a determination function for the effective thermal 

conductivity of density and tortuosity. 

Based on porous media’s fractal characters and pore-throat model of capillary, Wu et 

al.(2007) [127] established a fractal resistance model of flow across porous media, which 

is a function of several parameters including porosity, pore–throat ratio,  property of fluid, 

particle sizes and pore/capillary, fluid speed and fractal dimensions of porous media. 

Zhu et al.(2013) [128] developed a fractal series-parallel model for predicting the 

effective thermal conductivity of fibrous porous media and compared this model with 
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other theoretical models and experimental data finding that the fractal models are more 

applicable for predicting effective thermal conductivity of two-phase systems. 

Li et al. (2013)[129] derived a fractal effective thermal conductivity model of biological 

tissue based on assuming that the mother channel diameters of vascular trees obey the 

fractal scaling law and found that in the fractal model, the effective thermal conductivity 

of biological media has a linear relation with the ratio of the thermal conductivity of blood 

and the effective thermal conductivity of the biological media 

Miao et al. (2017) [130] extended the methodology to study the slug flow’s seepage 

characteristics in fractal porous media and found that the relative permeability for slug 

flow is a function of micro-structural parameters of porous media including slugs, bubbles 

and fluid properties. 

Complex pore geometries within porous media make it impossible to derive accurate 

analytical expressions for the interior voids using conventional methods. Fractal theory, 

emerged at the end of the 20th century, creates an effective tool to describe this complex 

geometrical problem and associated thermal-fluid mechanisms.  

Based on the above background analysis, the authors made the first kind of attempt to 

combine a number of innovations into a single MC-LHP-PV/T system. This involves the 

use of a co-axial tubular heat exchanger as the condenser, PV bound micro-channel tubes 

array as the PV/evaporator, the upper end liquid header with tiny holes as the liquid feeder 

and liquid/vapour separator, and the upper end vapour header as the vapour collector and 

distributor. The innovative aspects of the system lie in: (1) a co-axial tubular heat 

exchanger as the condenser can have sufficient length enabling full condensation of the 

work fluid and be coupled with the multiple evaporators. This can also create the one 

point connection that can minimise the risk of leakage and facilitate the pressure maintain 
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with the LHP; (2) the PV-bound micro-channel tubes array as the evaporator, owing to 

the reduced interior cross-sectional area, can create a very high vapour speed within the 

channels which will generate a higher shear stress force against the liquid film on the 

inner wall of the micro-channel tube. This will lead to the increased heat transfer 

coefficient and the higher solar thermal and electrical efficiencies; (3) an upper end liquid 

header with numerous tiny holes can create a uniformly distributed liquid film across the 

surface of the micro-channel inner wall and prevent the dry-out effect inhibited with the 

traditional loop heat pipe, thus significantly enhancing the heat transport capacity of the 

LHP. 

This kind of MC-LHP-PV/T system would be theoretically studied by developing an 

analytical model, which is expected to gain a range of useful results that can help 

optimisation of the system configuration and prediction of its performance. However, a 

dedicated experimental study of such a MC-LHP-PV/T system seems to be necessary in 

order to evaluate its operational performance, especially the solar thermal and electrical 

efficiencies and their relevant impact factors. This research therefore would make its first 

go ahead to carry out experimental study of such a novel MC-LHP-PV/T system. The 

results of the research can help develop a high performance, commercially viable and low 

cost solar PV/T system for the use of building heat and power generation, thus leading to 

a wider deployment of the renewable solar systems in buildings and contributing to 

significant fossil fuel energy saving and carbon emission reduction on the global scale.    

2.5 Chapter summary 

This chapter presents a comprehensive review on R&D of solar PV/T technology, LHP, 

PCM, and fractal theory for porous media application. Consequently, the results of the 

work presents a general information of the current development status, existing barriers and 
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development potential in PV/T technology, the potential application of LHP technology and 

phase change materials in PV/T, as well as the new investigation methods based on fractal 

theory to study the heat and mass transfer mechanism from micro scale to macro scale.  

In brief, the current PV/T systems, using water or refrigerant as a working fluid, have a 

few critical difficulties: (1) water gives a higher pressure drop and thus needs a greater 

pump power; (2) a refrigerant has problems of liquid boiling and imbalanced distribution; 

(3) PV and thermal panels have poor binding effect owing to the different thermal & 

physical properties. This kind of system is therefore high cost, low efficient, short life 

span and unfit to buildings, and thus, has limited application. Based on the above 

background analysis, this thesis made the first kind of attempt to combine a number of 

innovations into a single PV/MCLHP system which will be detailed in following chapters.  

 

 

 



 

 

CHAPTER 3 PRELIMINARY DESIGN OF THE NOVEL PV/ 

MCLHP HEAT AND POWER SYSTEM 

3.1 Chapter introduction 

This chapter proposes a novel conceptual PV/T system for heating and power supply by 

applying a new PV/micro-channel evaporator concept, loop heat pipe technology, co-

axial triple pipe heat exchanger with phase change material (PCM) and a PCM heat 

storage tank. It is designed to accomplish the following assignments: 

 Present the design sketch drawings of the novel system with key points. 

 Describe the working principle of the novel PV/T system.  

 Introduce the unique features and key innovations of the system. 

 Provide the parametric design and the roles of different system components 

respectively for following theoretical analysis, prototype fabrication and 

experimental testing. 

3.2 System description and working principle  

This novel PV/MCLHP system is designed to make effective use of solar energy for space 

heating, hot water and power supply, thus achieving significant fossil fuel consumption, 

carbon emission reduction and renewable solar energy application. The schematic of the 

system is shown in Fig. 3-1. This system comprises (1) a PV integrated micro-channel 

tubes array as the PV/evaporator, (2) a co-axial tubular heat exchanger as the condenser, 

(3) an upper end liquid header, within which numerous tiny holes opened on the upper 

side wall of micro-channels, as the liquid distributor and liquid/vapour separator, (4) 

upper end vapour header as the vapour collector and conveyor, (5) liquid transport line, 

and (6) vapour transport line. The system was charged with R-134a with a certain filling 
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ratio [131], a refrigerant compatible with the micro-channel aluminium, and conducts the 

heat transfer with the coolant water passing across the condenser’s mid-channel. 

 

Fig. 3-1 Schematic of the novel solar PV/ MCLHP system  

When the PV/evaporator receives the solar radiation striking on its upper surface, part of 

which is converted into electricity owing the photo-electron effect of the PV cells, its 

second part is converted into heat which is absorbed by the working fluid flowing across 

the micro-channel evaporator, and the remainder is dissipated into surrounding as shown 

in Fig. 3-2. As a result, the fluid within the micro-channel evaporator is converted into 

vapour and this amount of vapour gathers at the upper end vapour header, and then 

uplifted to the condenser by the buoyancy effect of the vapour. Within the condenser, the 

vapour in the interior channel transfers heat to the coolant water at the mid-channel, 

leading to the gradual condensation of the vapour. At the end of the channel, the vapour 

is completely condensed and the condensed liquid falls into the liquid header by gravity. 
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In the meantime, the water within the mid-channel is heated to a temperature of around 

40-50oC at the end of the channel and this is delivered to a building for the purposes of 

space heating or hot water supply. The PCM particles at the outside channel is functioned 

to absorb additional heat when the interior channel fluid carries more heat than the actual 

need of the water in the mid channel, and discharge some of heat into the mid-channel 

when the interior channel fluid carries less heat than the actual need.  The condensed 

liquid gathers at the liquid header to a certain height level. This amount of water is then 

distributed to the inner wall of the micro-channel evaporator, through the holes fixed to 

the surface of the liquid header.  

 

Fig. 3-2. Cycle loop of the novel solar PV/T-MCLHP heating system 

A conventional LHP, which returns the condensed liquid refrigerant to the bottom of the 

evaporator and draws the liquid refrigerant from the evaporation section of the heat pipe 

using the capillary force of the heat pipe inner wall, suffers from the ‘dry out’ problem in 

the upper part of the evaporating section of the heat pipe and therefore has a lower heat 

transport capacity. Unlike the conventional LHPs, this novel LHP returns the condensed 

liquid refrigerant from the upper feeding liquid header. The upper feeding liquid header, 

with numerous tiny holes on the side wall of the micro-channels pipes that allow the liquid 

refrigerant to penetrate through under the effect of the pressure difference between the 

liquid on the condensation pipe and the vapour within the micro-channel pipes, can 

effectively distribute the liquid throughout the evaporation section wall, by using the 
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gravity of the refrigerant, thus preventing the ‘dry-out’ problem inhibited with the 

conventional LHPs and significantly increasing the heat transport capacity of the 

LHP[18]. 

3.3 Unique features (innovations) of the system 

Unlike a traditional LHP which employs the fin-attached round tubes as the evaporator, 

the PV/ MCLHP system employs the micro-channel tube array as the evaporator. The 

micro-channels, owing to the reduced interior cross-sectional area compared to traditional 

round tubes, lead to the increased vapour flow speed, larger shear force between the 

upward vapour flow and downward liquid flow, thinner liquid film thickness, and larger 

heat transfer coefficient between the film fluid and vapour. This will consequently result 

in the increased heat transport capacity of the LHP. Further, the micro-channel tubes 

arrays, having a larger flat surface compared to the fin-attached round tubes, can enable 

a better contact between the evaporator and PV cells with the larger and closer contact 

area. This will lead to an enhanced heat transfer and increased cooling effectiveness to 

the PV. As a result, the overall thermal and electrical efficiencies of the LHP PV/T system 

will be significantly higher than that of the traditional LHPs. Besides, there are three main 

innovations of the proposed system including, (1) a novel loop-heat-pipe (LHP), 

employing a co-axial tubular heat exchanger as the condenser, micro-channel-panels-

array as the evaporator, the upper end liquid header with tiny holes as the liquid header 

and liquid/vapour separator, enables higher heat transport capacity compared to the latest 

LHPs; (2) combination of a micro-channel LHP evaporator with the PV module using a 

unique heat-assisted-pressing approach creates a reliable, building integrate-able PV/T 

panel (3) applying PCM in a heat exchanger creates a compact and highly efficient heat 

storage/exchanger. Such technological advances are supposed to tackle the critical 
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challenges remaining with existing PV/T systems, i.e., high cost, low efficiency, short 

life span, and non-fit to buildings. 

3.4 System components and their characteristic parameters 

In this section, the comprehensive description and parametric design of all the 

components will be presented in detail. All these figures are applied as the initial input 

parameters of the computer simulation programs. 

3.4.1 PV/micro-channel evaporator with upper and lower end headers 

Structure of the PV/micro-channel evaporator is shown schematically in Fig. 3-3, where 

the micro-channel tubes, with the size of 2mm x 18mm as shown in Fig. 3-1(c), 

comprising numerous mini holes with equivalent hydraulic diameter of around 0.75mm, 

were used to make the evaporator of the loop heat pipe. These tubes were then adhered 

to an aluminium plate and grouped by the lower end liquid header and upper end vapour 

and liquid headers. This formed a fully integrated micro-channel tubes array which acted 

as the evaporator of the LHP. This evaporator was then combined with a PV module by 

including: (1) back tedlar polyester tedlar (TPT) to be used as the backsheet of PV panel 

to enhance the longevity of the panel and to keep power isolation, (2) ethylene-vinyl-

acetate (EVA) as an essential sealant of the PV module for ensuring the reliability and 

performance , (3) PV cells layer to convert part of solar energy into electricity by exciting 

electrons in silicon cells using the photons of light from the solar irradiance, (4) ethylene-

vinyle acetate (EVA), and (5) glazing cover which is directly pressed on without air gap 

to protect the PV cells and reduce the convective heat loss directly from PV cell to the air, 

thus formulating an integrated PV/micro-channel evaporator. This PV/micro-channel 

evaporator is then accommodated into an insulated house with insolation layer to prevent 

the heat loss and thus becomes a modular PV/evaporator unit.  
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As shown in Fig. 3-3, both the upper end vapour header and lower end liquid header were 

simply the aluminium cylinders with diameter of 22 mm each. These, being weld with 

the micro-channel tubes, served as the containers to collect liquid and vapour from the 

micro-channel tubes. Unlike in the upper end vapour header and lower end liquid header, 

the micro-channel in the upper end liquid header was drilled with numerous tiny holes 

which are dedicated to deliver liquid across the inner wall of the micro-channel evaporator, 

thus creating a uniformly distributed liquid film across the inner surface of the evaporator. 

It should be noted that pressure difference of the liquid prior and after the holes was 

controllable by adjusting the height of the liquid level within the header, thus matching 

the heat input through the micro-channel surface and keeping a balance between the liquid 

supply and evaporation.   

 

 

Fig. 3-3. PV/micro-channel-evaporator module 
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3.4.1.1 Glazing cover 

In order to reduce the excessive convective heat loss to the ambient air and protect the 

PV layer from external damage such as rain, dust and hail, a glazing cover is applied into 

this PV module without air gap. However, its characteristic parameters can affect the 

amount of solar energy transferred to the PV layer thus influence the solar performance 

of the PV or PV/T module. Therefore, it is essential to select proper glazing cover, which 

has detailed technical specifications shown in Table 3-1. 

Table 3-1. Parameters of the solar glazing cover 

Glazing Emissivity Transmittance 
Size (W*L*T 

mm) 

Thermal conductivity 

(W/m/K) 

Single 0.89 0.912 1980*980*3.2 2.4 

Table 3-2. Parameters of the PV panels 

Item Parameter 

Technology (PV cell) Multi-c-Si 

Packing factor (%) 85.4 

PV area Apv (m2) 1.769 

Electrical Efficiency under standard condition ηrc 

(%) 
18.6 

Temperature attenuation coefficient Βpv (1/°C) -0.45 

Isc (A) 7.637 

Voc (V) 44.894 

Pm (W) 292.792 

Ipm (A) 7.534 

Vpm (V) 38.869 

 

3.4.1.2 PV layer 

In this proposed PV module, there are 6*12 pieces of PV cells being arrayed on the glass 

with the single size of 156.75*156.75*0.3 mm and the total area of 1.769 m2, which 

covers around 95% of the baseboard surface. The performance of this kind of PV/T panel 
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was estimated under standard testing condition, i.e. solar radiation at 1000W/m2 and 

ambient air temperature at 25 ℃, and the relevant technical parameters of the PV/T panel 

are presented in Table 3-2. 

 

Fig. 3-4. Solar collector with PV/micro-channel evaporator and condensate liquid 

pathway (units in mm). 

3.4.1.3 Micro-channel layer  

As shown in Fig. 3-4, 20 micro-channel rectangular flat tubes (2mm x 18mm x 10), with 

the both ends welded into the end headers, are adhered onto the back of the Al plate by 

thermal silica gel with relatively high thermal conductivity. The structure and parametric 

design of the micro-channel layer is also illustrated in Fig. 3-4. Within the upper end 

liquid header, four tiny holes are opened on the side wall of the micro-channel tubes, 

which allows the condensate liquid to penetrate the pipe wall, and thus formulate the 

downward liquid films. It should be noted that the micro-channel tubes are arranged side 

by side; the top sides of the tubes are integrated into the vapour and liquid headers which 
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are arranged one another on the vapour transport line, while the bottom sides of the tubes 

are integrated into the liquid reservation header. 

3.4.2 Co-axial tubular triple-pipe heat exchanger with PCM (as the 

condenser) 

Structure of the co-axial tubular heat exchanger is shown schematically in Fig. 3-5, while 

the relevant parameters are presented in Table 3-3. This heat exchanger is a triple-

channels structure which allowed the heat pipe working fluid to travel across the interior 

channel, water fluid to travel through the mid-channel, and PCM particles capped into the 

outside channel. During the operation, the heat pipe working fluid within the interior 

channel transferred heat to the water at the mid-channel, leading to the gradual 

condensation of the vapour within the interior channel. At the end of the channel, the 

vapour was completely condensed and the condensed liquid fell into the liquid header by 

gravity. In the meantime, the water within the mid-channel was heated to a temperature 

of around 40oC at the end of the channel and this was delivered to a building for the 

purposes of space heating or hot water supply. The PCM particles at the outside was 

functioned to absorb additional heat when the interior channel fluid carried more heat 

than the actual need of the water in the mid-channel, and discharge some of heat into the 

mid-channel when the interior channel fluid carries less heat than the actual need.  

 

 

A - A 

Fig. 3-5. The structure of the triple-pipe heat exchanger 
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3.4.3 Vapour and liquid transportation lines 

Vapour and liquid transportation lines are designed to convey the vapour from the 

evaporator to condenser and deliver the condensed liquid from the condenser to 

evaporator as shown in Fig. 3-1. The technical specifications of the lines are presented in 

Table 3-3.  

3.4.4 Micro-channel Loop Heat Pipe (MCLHP)  

Combining the above parts, a novel preliminary Micro-channel Loop Heat Pipe (MCLHP) 

in this research is established and presented in Fig. 3-6. Within this novel MCLHP, a new 

design for the condensate liquid return path comprising the liquid transportation line and 

liquid upper feed header is proposed. It should be stressed that this kind of MCLHP has 

a unique structure which, positioning the liquid and vapour headers on the top of the 

micro-channels array, can effectively collect the vapour from the array, and more 

importantly, make an even distribution of the liquid across the inner walls of the micro-

channel pipes, via numerous tiny holes drilled on side walls of the pipes. This structure, 

originating from our previous award-winning innovation titled ‘liquid upper-fed loop heat 

pipe’ [101], can achieve constant wetting condition of the heat pipes’ wall, thus increasing 

its heat transport capacity which is justified by the limits of heat transfer. Compared to 

our previous innovation, the MCLHP has implemented several innovative concepts into 

the loop that makes it unique and distinctive: (1) micro-channel pipes array comprising 

numerous rectangular pipes that enables a better holes’ set-up and increased heat transfer; 

(2) separated vapour and liquid headers; and (3) tiny holes designed based on the pressure 

difference between the header water and the micro-channel pipe vapour. 
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3.4.5 Working fluid 

The novel MCLHP is filled with refrigerant R134a instead of water, which is chemically 

incompatible with the aluminium mini-channel. In fact, the water interaction with the 

aluminium can lead to a corrosion reaction without natural inhibition. This corrosion can 

generate non-condensable gas and then causes the breakage of the internal vacuum, which 

causes the non-functioning of the heat pipe [132]. 

Table 3-3. Parameters of the PV/MCLHP system  

Parameters Nomenclature Value Unit 

Micro-channel port width a 0.0017 m 

Micro-channel port height b 0.001 m 

Evaporator length Lhp 1.9 m 

Number of micro-channel heat pipes Nhp 20 - 

Number of micro-channel ports Np 10 - 

Total number of micro-channel ports Nch 200 - 

Operating temperature range Tv 20-60 oC 

Evaporator to condenser height difference Hhp-he 0.6 m 

Transportation line outer diameter Dltl,o/Dvtl,o 0.015 m 

Transportation line inner diameter Dltl,i/Dvtl,i 0.0174 m 

Liquid head length Llh 1 m 

Liquid Head diameter  Dlh 0.022 m 

Vapour header length Lvh 1 m 

Hole diameter dh 0.00075 m 

Transportation line length Lltl/Lvtl 1.5/1.5 m 

Heat exchanger central tube total length Lhe 5 m 

Heat exchanger central tube diameters D1/D2 0.016/ 0.017 m 

Heat exchanger middle tube diameters D2/D4 0.019/ 0.021 m 

PCM tube diameters D5/D6 0.027/ 0.029 m 

PCM melting temperature  Tpcm 44 oC 

PCM density  ρ pcm 800 kg/m3 

PCM Latent Heat Lh 242 kJ/kg 

PCM thermal conductivity  λpcm 0.18 W/mK 

PCM Maximum operating temperature  Tpcm-max 300 oC 
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Fig. 3-6. Schematic of the novel Micro-channel loop-heat pipe, the refrigerant flow 

and evaporation in the micro-channel 

3.4.6 PV power system 

As shown in Fig. 3-7, a MPPT solar power controller, installed with Maximum Power 

Point Tracking (MPPT) algorithm, can maximize the amount of current charged into the 

battery. This controller acts as both an electrical recorder and a converter, which accepts 

the DC input from the PV/T module, converts it into AC, and then deliver the AC into 

the battery bank to reserve. A separate DC/AC inverter was used to convert DC from the 

battery bank into AC which is used to driven the fan and pump in this system. The 

electrical supply of such a system is expected to meet with itself demand. 
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Fig. 3-7. Solar power process from the PVs to the User (Coils and Fan) 

3.5 Chapter summary 

This chapter presents a novel conceptual PV/T system for heat and power generation by 

applying a new PV/micro-channel evaporator concept, loop heat pipe technology, co-

axial triple pipe heat exchanger with phase change material (PCM) and its operating 

principles from the perspectives of PV/micro-channel evaporator, the LHP loop, and the 

heat exchanger. The main features of the proposed PV/MCLHP heating and power 

generation system lie in : (1) a novel loop-heat-pipe (LHP), employing a co-axial tubular 

heat exchanger as the condenser, micro-channel-panels-array as the evaporator, the upper 

end liquid header with tiny holes as the liquid header and liquid/vapour separator, enables  

higher heat transport capacity compared to the latest LHPs; (2) combination of a micro-

channel LHP evaporator with the PV module using a unique heat-assisted-pressing 

approach creates a reliable, building integrate-able PV/T panel; (3) applying PCM in a 

heat exchanger creates a compact and highly efficient heat storage/exchanger. 

This chapter also summarised a series of parameters for further characterising the 

proposed system performance, including structure, geometry and material design of 

different system components and the operational parameters. 
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The chapter provides a foundation for development of the follow-on chapters. Based on 

the proposed PV/T system, the heat transport capacity of the LHP will be investigated 

and the optimum geometrical sizes (e.g. diameter, length, and number) of the LHP will 

be determined using the HP characterisation model developed in Chapter 3. Further, the 

operational performance of the LHP-based PV/T system will be investigated using its 

dedicated analytical model, thus giving the predicted heat and power outputs of the 

system and the correlations of the heat and power outputs and associated impact factors, 

which will be addressed in Chapter 4. The simulation results obtained from Chapter 4 

will be validated by the controlled lab and site tests, which will be addressed in Chapters 

5 and 6. Consequently, the socio-economic performance of the PV/T system will be 

investigated in Chapter 7. 



 

CHAPTER 4. THEORETICAL ANALYSIS AND COMPUTING 

MODELS DEVELOPMENT 

4.1 Chapter introduction 

On the basis of the preliminary design, this chapter will address the theoretical analysis 

and computer model development of the MC-LHP and PV/MCLHP systems. These 

involve the use of fractal theory and energy balance equations among different parts of 

the systems, taking into account transient solar energy conversion, heat transfer, fluid 

flow and electricity generation. The major outcomes of the chapter include: 

(1) Theoretical equations and algorithms established  for the MC-LHP heat transfer 

limits calculation and and the PV/MCLHP operational performance analysis; 

(2) One MATLAB based computer analytic model to calculate the heat transport 

capacity of the MC-LHP system; 

(3) One MATLAB based analytic model for simulating the heat transfer performance 

of the MC-LHP system and integrated PV/ MCLHP heat and power system; 

(4) Models validation and accuracy analysis; 

(5) The models operation and results discussion. 

This part of work establishes the foundation of design and construction of the prototype 

PV/MCLHP system and enable the parallel comparison between the experimental and 

modelling results. 

4.2 Analytical model for the assessment of the heat transfer 

limits of the MC-LHP based on the Fractal Theory  

As described in Chapter 3, the MC-LHP part plays a critical role in conveying heat 

transportation from the PV rear surface to the heat collection point. Its performance 
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dominates the solar thermal efficiency of this system and will also directly affect the solar 

electrical efficiency of the PV/MCLHP panel, thus impacting on the total amount of the 

useful energy absorbed from the striking solar energy.  In this sense, investigation of the 

heat transfer limits of the MC-LHP is the precedence action for design and performance 

assessment of the the integrated PV/MCLHP system.  With the determination of the heat 

transfer limit from the analytical analysis, the maximum heat transfer capacity of the 

PV/MCLHP system can thus be understood, and associated geometrical and operational 

parameters can then be determined. 

A Loop Heat Pipe (LHP), comprising a heat pipe evaporator (wicked or wickless type), a 

condenser, a liquid transportation line, a vapour transportation line and a compensation 

chamber, is a two phase (condensation/evaporation) device that can transport heat 

throughout a long distance [133] [134]. The LHP is usually fitted with some kind of wick, 

e.g., meshes, sintered powder, or grooves, on the inner surface of the evaporator and 

condenser that can help distribute liquid streams uniformly across the surface and thus 

create an enhanced heat transfer performance. Over the past decades, sintered powder 

wick has been widely used in the evaporator of loop heat pipes [134], which can be treated 

as a layer of porous material comprising the metal skeletons and random/tortuous pores. 

The characteristic parameters of the wick, including the effective thermal conductivity, 

pores’ maximum diameter and permeability, impose significant impacts on the 

performance of the MC-LHP [135]. Complex pore geometries within porous wicks make 

it impossible to derive accurate analytical expressions for the interior voids using 

conventional methods. Fractal theory, emerging at the end of the 20th century, creates an 

effective tool to describe this complex geometrical problem and associated thermal-fluid 

mechanisms [118]. Research on fractal theory and its application has progressed steadily 

in recent years and has made the important conclusion [136][137], i.e., materials with 
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random pores can be appropriately characterised using fractal theory to give analytical 

description of the interior porous structure and associated fluid flow and heat/mass 

transfer. In terms of a wick, as its structure can be considered as a porous media, fractal 

theory [138] can therefore be applied to investigate the impact of the wick structure on 

the performance of a LHP. 

Consequently, this section presents an analytical study of the heat transfer capacity of the 

proposed novel micro-channel loop heat pipe (MC-LHP) considering the impact of a 

wick’s fractal geometrical parameters inside the micro-channels. By treating the wick of 

the micro-channel evaporator of the MCLHP as a thin porous layer, i.e. a combination of 

random/tortuous pores and water-containing skeletons, the impact of the fractal 

geometrical parameters of the wick on the heat transport capacity of the MCLHP was 

investigated. Based on the classical heat transfer limits and fractal equations, a dedicated 

computerised analytical model was developed by using the Newton-Raphson method; 

this model was then applied to analyse a few macro parameters of the wick (i.e., effective 

thermal conductivity and permeability) and heat transfer limits of the MCLHP, including 

capillary, viscous, entrainment, sonic and boiling ones. Comparison among these five 

limits was made using the minimum value searching approach, leading to the 

determination of the final heat transfer constraint of the MCLHP. To the best of our 

knowledge, this is the first kind of effort in bringing fractal theory into the study of the 

heat transfer problem in the loop heat pipe, which can generate more realistic and accurate 

outcomes. 
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4.2.1 Fractal characters of the sintered powder wick in the evaporator 

of MC-LHP 

(1) Fractal parameters 

The wick structure has a significant impact on the performance of the MCLHP. Sintered 

powder, which is one of the widely used bi-dispersed porous media [139], can be viewed 

by electron microscope scanner (SEM) [140] as shown in Fig.4-1. Its sintered particles 

form the skeletons and the void spaces between the skeletons form numerous pores which, 

acting as the vapour vent paths, can significantly increase the surface area of liquid 

evaporation. Small pores, accommodated within the skeletons, can increase the liquid 

pumping capability owing to the pores’ capillary effect. Individual metal projections, 

when linked together, can be easily identified as the skeletons and pores. However, the 

small pores within the skeletons are difficult to identify [140]. The diameter of the pores 

in the bi-dispersed porous media varies from 2μm to 200μm [140] [141]. The disordered 

nature of the pore structure in the sintered powder, especially the pore size distributions, 

plays an important role in conducting heat and mass transfer within a porous media, and 

thus can be well described using fractal theory.  

A number of studies [138][142] have been carried out to address the highly disordered 

pore distribution with a porous media through a scaling law [120], as below: 

M(L)~ L𝐷𝑓                                                                                   (4-1) 

Based on the fractal laws, the relationship between the pores’ number and pores’ 

maximum diameter [122] can be expressed as: 

N(L ≥ λ) = (
λmax

λ
)Df                                                                      (4-2) 

The total number of the pores, ranging from the minimum pore diameter λmin to the 

maximum pore diameter λmax, can be expressed as: 

Nt(L ≥ λmin) = (
λmax

λmin
)Df                                                                      (4-3) 
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Fig.4-1. The SEM image within the porous stack sintered on 

the evaporator wall [140] 

Eq. (4-1) can be further derived as:  

 

−𝑑𝑁 = 𝐷𝑓𝜆𝑚𝑎𝑥

𝐷𝑓 𝜆−(𝐷𝑓+1)𝑑𝜆                                                                   (4-4) 

 

Eq. (4-4) presents the number of pores from the diameter λ to the radius λ +d λ. 

Combination between Eq. (4-4) and Eq. (4-3) yields:  

 

−
𝑑𝑁

𝑁𝑡
= 𝐷𝑓𝜆𝑚𝑖𝑛

𝐷𝑓 𝜆−(𝐷𝑓+1)𝑑𝜆 = 𝑓(𝜆)𝑑𝜆                                                               (4-5) 

 

 

Where 𝑓(𝜆) = 𝐷𝑓𝜆𝑚𝑖𝑛

𝐷𝑓 𝜆−(𝐷𝑓+1) is the probability density function of the pore 

distribution. If 𝑓(𝜆) ≥ 0, Eq. (4-5) can be written as:  

 

∫ f(λ)dλ
∞

−∞
= ∫ Dfλmin

Df λ−(Df+1)dλ
λmax

λmin
= 1 − (

λmax

λmin
)Df                                         (4-6)                                                    

 

According to the probability theory, the probability density function should abide by the 

following correlation:  
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  ∫ 𝑓(𝜆)𝑑𝜆
∞

−∞
= ∫ 𝑓(𝜆)𝑑𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
= 1                                                               (4-7) 

 

Eq. (4-7) implies that if(
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)𝐷𝑓 = 0, Eq. (4-6) stands [130].  

 

This item is considered as a criterion for justifying whether or not a porous fibrous media 

can be characterized by fractal theory and method. In principle, if  𝜆𝑚𝑖𝑛/𝜆𝑚𝑎𝑥 ≤ 10−2, 

Eq. (4-7) stands. The cumulative probability in the range λmin to λ can be expressed as:  

 

P(λ) = ∫ f(λ)dλ
λ

λmin
= ∫ Dfλmin

Df λ−(Df+1)dλ
λ

λmin
= 1 − (

λmin

λ
)Df                        (4-8) 

 

Eq. (4-8) indicates that ifλmin = λmax, P(λ) = 0; and if  λ = λmax, P(λ) ≈ 1. A correlation 

between the fractal dimension and effective porosity of the porous media is given by [143]: 

 

𝐷𝑓 = 𝑑 −
𝑙𝑛

𝑙𝑛
𝜆𝑚𝑖𝑛
𝜆𝑚𝑎𝑥

                                                                         (4-9) 

 

Where d is the Euclidean dimension; while d values of 2 and 3 refer to the two- and three- 

dimension spaces, respectively.  

 

The fractal dimension,  𝐷𝑡, for tortuous stream tubes in a porous media can be expressed 

as [144]: 

 

 𝐷𝑡 = 1 +
𝑙𝑛𝜏𝑎𝑣

𝑙𝑛
𝐿

𝜆𝑎𝑣

                                                            (4-10) 

 

The averaged tortuosity 𝜏𝑎𝑣  can be calculated by Eq. (4-11a) 

       𝜏𝑎𝑣 =
1

2
[1 +

1

2
√1 − 휀 + √1 − 휀

√(
1

√1−𝜀
−1)

2
+

1

4

1−√1−
]                               (4-11a) 

 

The average pore/capillary diameter or size 𝜆𝑎𝑣, can be calculated by Eq. (4-11b) 
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𝜆𝑎𝑣 = ∫ 𝜆 𝑓(𝜆)𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
=

𝐷𝑓

𝐷𝑓−1
𝜆𝑚𝑖𝑛 [1 − (

𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)𝐷𝑓−1]                                  (4-11b) 

 

Derived from Eq. (4-11), the total pore area for the representative cell is expressed as 

[130][145]: 

 

𝐴𝑝 = −∫
𝜋𝜆2

4

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
𝑑𝑁 =

𝜋𝐷𝑓𝜆𝑚𝑎𝑥
2 (1− )

4(2−𝐷𝑓)
                                                    (4-12)   

 

The total cross-sectional area 𝐴 of the representative cell of the porous surface can be 

calculated by Eq. 4-13: 

 

𝐴 =
𝐴𝑝 =

𝜋𝐷𝑓𝜆𝑚𝑎𝑥
2

4(2−𝐷𝑓)

(1− )
                                                                       (4-13) 

 

Furthermore, the representative length (L0) can be calculated by Eq. 14: 

 

𝐿0 = √𝐴                                                                              (4-14) 

(2) Fractal permeability model  

The porous wick of the evaporator in a MCLHP is a mixture of numerous metal skeletons 

and water-containing pores. A fractal model established by Yu et al [122], based on 

Darcy’s law, can be applied to calculate the absolute permeability of the saturated porous 

media. This can be expressed as: 

 

K =
μL0Q

∆PA
=

π

128

L0
1−Dt

A

Df

3+Dt−Df
λmax
3+Dt                                          (4-15) 
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If Dt = 1, Eq. (4-15) can be simplified as:  

 

𝐾 =
𝜋

128

1

𝐴

𝐷𝑓

4−𝐷𝑓
𝜆𝑚𝑎𝑥

4                                                            (4-16) 

 

For an unsaturated porous media shown in Fig.4-2, a simplified model, which refers 

to a capillary tube filled with water and gas (in this proposed model, substitute water 

by R134a), was developed by Yu et all [146]. This model could be applied to calculate 

the fractal permeability of the unsaturated porous media, given by:  

 

 

 

Fig.4-2. A simplified model for the cross section of a capillary tube partially  

filled with fluid and gas [146]  

 

Kw =
π

128

L0
1−Dt

A

Df,w

3+Dt−Df,w
(λmax√Sw)3+Dt                                         (4-17a) 

Kg =
π

128

L0
1−Dt

A

Df,g

3+Dt−Df,g
(λmax√1 − Sw)3+Dt                                     (4-17b) 

Where:  

Df,w = d −
ln(Swε)

ln
λmin
λmax

   ;   Df,g = d −
ln [(1−Sw)ε]

ln
λmin
λmax

                                                   (4-18) 

SW is saturation degree of the wick [147]. 

 

(3) Effective thermal conductivity 

 



CHAPTER 4: THEORETICAL ANALYSIS AND COMPUTING MODEL 

DEVELOPMENT 

 

69 

 

Based on the Fourier's law and thermal-electrical analogy principle, Yu et al. [148] 

established a fractal model to predict the effective thermal conductivity. 

 

Ke =
𝐴𝑛

𝐴
𝑘𝑒,𝑛 + (1 −

𝐴𝑛

𝐴
)𝑘𝑒,𝑚𝑐                                                 (4-19) 

 

Where  

𝑘𝑒,𝑛 = 𝑘𝑙(1 − √1 − ε) +
𝑘𝑙(1−√1−ε)

1+(
1

𝛽
−1)√1−ε

  ; 

 

 

𝑘𝑒,𝑚𝑐 =
𝜆𝑚𝑎𝑥

2

𝐴
(
λmax

𝐿0
)

𝐷𝑡−1

∙
𝐷𝑓

𝐷𝑡 − 𝐷𝑓 + 1

∙

[
 
 
 

𝛾𝑎1

√1 − ε𝑐

𝛽√1 − ε𝑐 + 2(1 − √1 − ε𝑐)
+

1 − 𝛾𝑎1

𝛾𝑐1
2 (1 − ε𝑐)(𝛽 − 1)/𝛾𝑎1

2 + 1
]
 
 
 
−1

 

𝛾𝑎1 = 𝑙/𝑎, assumed as 0.7, is the ratio of geometrical length scale for a particle; and 

𝛾𝑐1 = 𝑐/𝑙 , assumed as 0.13, is the ratio of contact  length scale for a particle[148]; 𝑘𝑒,𝑛 

is the effective thermal conductivity of non-touchable particles or skeletons; 𝑘𝑒,𝑚𝑐 is the 

effective thermal conductivity of mixed chains of particles or skeletons with fluid; 𝛽 is 

the ratio of thermal conductivity, 𝛽 = 𝑘𝑠 /k𝑙; ε𝑐 is the porosity within the microporous 

skeletons[148]. 

Overall, the above Equations formulate a theoretical foundation for the heat pipe heat 

transfer analysis.  

4.2.2 Mathematical model for the MCLHP heat transfer limits 

The operational MC-LHP is schematically presented in Fig.4-3. This novel MC-LHP is 

composed of the following main elements: the wicked micro-channels as the heat pipe 
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evaporator, the separate liquid and vapour transportation line for the condensate liquid 

return, the upper vapour gathering header and the liquid feeding header, co-axial triple-

pipe heat exchanger as the condenser. It should be noted that within the liquid feeding 

header, four tiny holes are opened on the side wall of the micro-channel tubes, which 

allows the condensate liquid to penetrate the pipe wall, and thus formulate the downward 

liquid films; the micro-channel tubes are arranged side by side; the top sides of the tubes 

are integrated into the vapour and liquid headers which are arranged one another on the 

vapour transport line, while the bottom sides of the tubes are integrated into the liquid 

reservation header. The whole system, configured as an integrated loop, is charged with 

R134a instead of water as the working fluid. This is because water is incompatible to the 

material of micro-channel pipe (i.e., aluminium) while R134a does [149]. Particularly, 

this kind of MCLHP has a unique structure which, positioning the liquid and vapour 

headers on the top of the micro-channels array, can effectively collect the vapour from 

the array, and more importantly, make an even distribution of the liquid across the inner 

walls of the micro-channel pipes, via numerous tiny holes drilled on side walls of the 

pipes. This structure, originating from the authors’ previous award-winning innovation 

titled ‘liquid upper-fed loop heat pipe’ [101], can achieve constant wetting condition of 

the heat pipes’ wall, thus increasing its heat transport capacity which is justified by the 

limits of heat transfer. 

In this section, the correlations between the heat transfer capacity of the MCLHP and a 

number of fractal parameters of the wick, e.g., sintered powder one, will be established 

by treating sintered powder wick of a MCLHP as a thin porous layer containing numerous 

metal skeletons and pores. There are five heat transfer limits governing the heat transport 

capacities of the LHP including boiling, capillary, viscous, entrainment, and sonic ones. 
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The minimum values of these limits are the actual governing limitation of the system heat 

transfer capacity. These problems will be discussed below. 

 

Fig.4-3. Schematic of the novel solar loop-heat pipe, the refrigerant flow and 

evaporation in the micro-channel with porous wick 

(1) Boiling limit (QBL) 

The boiling limit (QBL) represents the maximum radial heat transfer rate within micro-

channel tubes, which come together to become the limit of the evaporator of the MCLHP. 

This limit generally occurs at an extremely high operational temperature, which can drive 

the liquid out of the porous wick and get the heat pipe wall dry, thus terminating the 

operation of the evaporator. Similarly, a certain level of the boiling limit will also exist 

in the condenser of the MCLHP. For the evaporator, the boiling limit can be expressed as 

[70] [75]: 
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𝑄𝐵𝐿,𝑒 = 𝑁𝑐ℎ
𝐾𝑒𝐿𝑒𝑎

𝛿𝑤

 𝑇𝑣

ℎ𝑓𝑔 𝜌𝑣
(

2𝜎

𝑟𝑏
− 𝑃𝑐)                                                                  (4-20) 

 

Where, 𝐷ℎ𝑝 is the hydraulic diameter of a single micro-channel tube; Dv,e is the equivalent 

diameter of the vapour section; Nch is the number of the micro-channels (ports) of the 

solar panel;  Le is the length of micro-channel evaporator; rb is the radius of the boiling 

bubbles, which could be assumed as 2.54 × 10-7m for the general estimation of a normal 

heat pipe performance[150]; Pc  is the capillary pressure; K𝑒  is the fractal effective 

thermal conductivity of the porous wick, which can be calculated by Eq. (4-19). Since the 

effective thermal conductivity K𝑒   is the function of fractal dimensions, the boiling limit 

of the evaporator is the function of the fractal dimensions. 

For the condenser, the boiling limit (QBL,hx) can also be obtained from Eq. (4-20) by 

deleting Nch and using the equivalent parameters of the heat exchanger tube. The 

minimum value among the evaporator and condenser boiling limits is the final boiling 

limit of the MCLHP, which can be expressed as: 

𝑄𝐵𝐿 = 𝑚𝑖𝑛 (𝑄𝐵𝐿,𝑒, 𝑄𝐵𝐿,ℎ𝑥)                                                                (4-21) 

(2) Capillary limit (QCL) 

For this novel MCLHP, the capillary limit (QCL) represents the capacity of the porous 

wick in distributing liquid across the inner surface of the micro-channel heat pipe, thus 

enabling necessary heat transfer across the heat pipe. The maximum heat transfer resulted 

from the capillary action of the wick is defined as capillary limit. A higher volume of 

liquid driven by the porous wick results in a higher heat transfer capacity of the MCLHP 
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[151][152]. Based on the calculation method developed by Zhang [70], the capillary limit 

for this novel MCLHP can be obtained by substituting the pressure drops in the MCLHP 

with the equivalent parameters of the new system, especially by replacing the 

conventional wick permeability with the new permeability obtained from Eqs. 4-15 to 4-

18 based on fractal theory. The expressions used in estimating the pressure drops at 

different sections of the MCLHP system and within the wick are given in Refs. [139] and 

[152]. 

(3) Viscous limit (QVL) 

The viscous limit represents the level of vapour flow in carrying heat on its flow path. 

When the operating temperature is low, the viscous forces affect the performance of the 

vapor flow directly [152]. Using the methods presented in Dunn and Reay [153], Babin 

et al. [154], and Busse [155], the viscous limit 𝑄𝑉𝐿,𝑒 for the evaporator can be expressed 

as [75]: 

                 𝑄𝑉𝐿,𝑒 =
𝑁𝑐ℎ 𝐴𝑣 𝑟𝑣  ℎ𝑓𝑔𝜌𝑣𝑃𝑣

16 𝜇𝑣 𝐿ℎ𝑝
                                                       (4-22)    

Where, Nch is the micro-channel port number; Av and rv are the micro-channel port vapour 

equivalent area and equivalent radius of the vapour space; hfg is the latent heat of 

vaporization; ρv is the vapour density; Pv is the vapour pressure; μv is the vapour dynamic 

viscosity and Le (m) is the evaporator length. Eq. (22) can be applied to the other 

components of the MCLHP, i.e. the vapour header QVL,vh, the vapor transportation line 

QVL,vtl and the condenser QVL,c. The minimum value of these limits would be the ultimate 

viscous limit of the MCLHP, which can be expressed as: 

QVL = min(QVL,e, QVL,vh, QVL,vtl, QVL,c )                                (4-23) 
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(4) Sonic limit (QSL) 

The sonic limit (QSL) represents the constraint of the heat transfer of a heat pipe by its 

vapour flow velocity. Increasing the operational temperature of the heat pipe leads to the 

increased vapour flow velocity. When the vapour flow velocity is close to the sonic or 

reach the supersonic level, the Mach number of the vapour will be significantly high 

which will make the heat pipe to choke. In this circumstance, the heat transfer rate of the 

heat pipe will reach the maximum that is defined as the sonic limit [156]. This sonic limit 

may occur at a point where vapour flow is in existence, e.g., evaporator, vapour header, 

vapour transport line and the condenser (heat exchanger). For the evaporator, the sonic 

limit Qsl,e can be expressed as [18] [101][149][157]:  

                                  QSL,e = Nch Avρvhfg [
(γv RvTv)

2(γv +1)
]

1

2
.                                  (4-24) 

 

Where, γv  is the vapour’s specific heat ratio whose magnitude is 4/3 for the polyatomic 

working liquid (R134a);  Tv  is the average vapour temperature in the micro-channel 

section; and Rv is the vapour constant, given by: 

𝑅𝑣 =
𝑅0

𝑀
                                                                       (4-25) 

Where, R0 = 8.314 kJ/(kmol ∙ K)  is the universal gas constant, M  is the molecular 

weight of the refrigerant R134a. 

In this system, Eq. (24) can also be applied to the vapour header, thus yielding QSL,vh. It 

can also be applied to the vapor transportation line and the condenser, yielding QSL,vtl 
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and QSL,c. Therefore, the minimum value among these limits would be the ultimate sonic 

limit of the MCLHP, which can be expressed as: 

𝑄𝑆𝐿 = 𝑚𝑖𝑛(𝑄𝑆𝐿,𝑒 , 𝑄𝑆𝐿,𝑣ℎ , 𝑄𝑆𝐿,𝑣𝑡𝑙 , 𝑄𝑆𝐿,𝑐  )                                        (4-26) 

(5) Entrainment limit (QEL) 

Owing to the counter flow layout between the liquid and vapour fluids with a heat pipe, 

a shear force will occur at the interface between the liquid and vapour phases. The 

entrainment limit represents a constraint of the heat transfer at which a very high shear 

force takes place between the liquid and vapour flows, leading to the separation of the 

liquid droplets from the liquid film attached to the heat pipe wall and the mixture of the 

liquid droplets into the vapour flow.    

In this MCLHP system, the entrainment limit may only occur at the evaporator and the 

condenser, defined as 𝑄𝐸𝐿,𝑒 and 𝑄𝐸𝐿,𝑐 respectively [76][158]. As other parts of the system, 

i.e., headers and the liquid and vapour transporting lines, have only a single phase fluid, 

no entrainment would take place between the liquid and vapour flows. These limits can 

be expressed as:  

For the evaporator 

QEL,e = Nch  Av hfg (
σρv

𝜆
)

0.5

  

                                        (4-27) 

Where 𝜆 is the pore diameter. 

For the condenser 
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𝑄𝐸𝐿,𝑐 = (
𝜋(𝐷𝑐,𝑖−2𝛿𝑤)

2
ℎ𝑓𝑔

4
)(

𝜎𝜌𝑣

𝐷𝑤
)

0.5

                                          (4-28) 

Where, 𝜎 is the surface tension coefficient of R134a; 𝐷𝑐,𝑖 is the internal diameter of the 

condenser; 𝛿𝑤 is the liquid thickness and 𝐷𝑤 is the condensed liquid hydraulic diameter. 

Thus, the smaller value between 𝑄𝐸𝐿,𝑒 and 𝑄𝐸𝐿,𝑐 is the ultimate entrainment limit of this 

system, which can be expressed as: 

QEL = min (QEL,e, QEL,c)                                                               (4-29) 

4.2.3 Algorithm of the Computer Model Set-up 

A MATLAB-based analytical model is developed by bringing together the theoretical 

analysis of the heat pipe heat transfer limits and fractal theory based analysis on 

permeability, thermal conductivity of the heat pipe wall. The algorithm of the model set-

up is: (1) to analyze various heat transfer limits by applying the classical heat transfer 

capacity equations, Newton-Raphson iteration method and fractal-theory-based analysis 

on a few key parameters (i.e., permeability, and effective thermal conductivity); (2) to 

compare these limits one another and sort out the minimum one by using the parallel 

comparison method; and (3) determination of the finalised heat transfer capacity of 

MLCHP under different operational conditions. 

The model operational procedure can be outlined as follow; this is also indicated in Fig.4- 

4: 

1) Entering the geometrical data the MCLHP system, which are shown in Table 3-

3; 

2) Entering the operational temperature of the MCLHP system, and then calculating 

the thermodynamic properties of the working fluid (R134a); 
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3) Entering the wick condition of the MCLHP, and then determining whether or not 

this wicked surface can be characterised by fractal theory, i.e., by using Equations 

(4-1) to (4-8);  

4) Giving the initial value of the effective porosity Ɛ. If Ɛ ≤1, the dimension 𝑑 value 

in the Euclidean space will be determined (either 2 or 3), fractal dimensions D f 

and Dt will then be calculated using equations (4-9) to (4-11). Otherwise, the 

program stops; 

5) Calculating the fractal permeability and effective thermal conductivity of the 

porous wick by using Equations (4-12) to (4-19); 

6) Calculating the boiling limits of the MCLHP evaporator and condenser by using 

Equations (4-20) and (4-21), and taking the smaller one as the boiling limit of the 

MCLHP system; 

7) Working out the capillary limit QCL by using the Newton–Raphson method for 

iteration, described as follow:  

a) Giving an initial value of capillary limit QCL based on the literature review; 

b) Calculating the maximum capillary head ∆𝑃𝑐, gravity pressure ∆𝑃𝑔, vapor 

pressure drop ∆𝑃𝑣 and liquid pressure drop ∆𝑃𝑙  based on the data given 

in Table 1 and the new fractal permeability obtained from Equations (4-

15) to (4-18); 

c) Calculating the error by using the Equation as following: 

𝐸𝑟𝑟𝑜r=((∆𝑃𝑐+∆𝑃𝑔)−(∆𝑃𝑣+∆𝑃𝑙))/(∆𝑃𝑐+∆𝑃𝑔). If  𝐸𝑟𝑟𝑜r≺−0.5% (error 

allowance), reducing QCL by 1, and then returning to step (2) to re-

calculate; 

d) If  𝐸𝑟𝑟𝑜r > 0.5%(error allowance),  increasing QCL by 1, and then 

returning to step (2) for re-calculate; 

e) If −0.5% ≤ 𝐸𝑟𝑟𝑜r ≤ 0.5% (error allowance), the heat balance is achieved, 

and thus the real capillary limit can be obtained.  

8) Calculating the sonic limits relating to different parts of the MCLHP system, and 

taking the smallest one as the sonic limit of the system, by using Equations (4-24) 

to (4-26); 

9) Calculating the entrainment limits in relation to the porously wicked absorbing 

micro-channel and heat exchanger, and taking the smaller one as the entrainment 

limit of the whole system by Equations (4-27) and (4-29); 
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10) Comparing the limits one another, and taking the minimum as the governing limit 

of the MCLHP system, based on the minimum value searching principle; 

11) Increasing the value of the effective porosity Ɛ, and return to the step (5) to re-

calculate.  If Ɛ >1, program stops.  
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Fig.4- 4: Computation program flow chart
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4.2.4 Case study - results and discussion 

(1) Influence of the wick structure’s fractal parameters to porosity 

The correlation between the fractal dimensions (Df) and effective porosity (ε) is shown in 

Fig.4- 5. With the Euclidean dimension values of 2 and 3, the pores distribution fractal 

dimensions Df of the porous wick increased with the increase of the effective porosity ε. 

This can be easily understood with such a logic: increasing the effective porosity (ε) leads 

to the increased portion of pores, which consequently leads to a higher pore distribution 

fractal dimension (Df).   

In terms of the limit, when the porosity figure approaches 1, the selected cell of the porous 

medium becomes a smooth plane. It is interesting to see that when porosity (ε) is less than 

0.07 and Euclidean dimension (d) is 2 and 3, the fractal dimension (Df) is always less 

than 1 and 2 respectively. This finding indicates that when porosity ε is less than 0.07, the 

pores distribution in porous media is non-fractal.  

 

0

0.5

1

1.5

2

2.5

3

3.5

0
.0

1

0
.0

5

0
.0

9

0
.1

3

0
.1

7

0.
21

0.
25

0
.2

9

0
.3

3

0
.3

7

0
.4

1

0
.4

5

0
.4

9

0.
53

0.
57

0
.6

1

0
.6

5

0
.6

9

0
.7

3

0
.7

7

0
.8

1

0
.8

5

0.
89

0
.9

3

0
.9

7

Fr
ac

ta
l d

im
en

si
o

n

Effective porosity ε

Df-d3

Df-d2

2.01

1.01

 



CHAPTER 4: THEORETICAL ANALYSIS AND COMPUTING MODEL 

DEVELOPMENT 

 

81 

 

 

Fig.4- 5: Fractal dimension Df vs. Effective porosity ε (d=2, d=3) 

 

 

Fig.4-6: Fractal dimensions Dt vs. effective porosity ε (d=2, d=3) 

Fig.4-6 indicates that for the Euclidean dimension of either 2 or 3, fractal dimensions for 

different cells in a porous media are almost the same. Furthermore, with the increase of 

porosity, the tortuosity fractal dimension initially falls sharply and then slowly 

approaches to 1. This is because an increased effective porosity (ε) leads to a lower 

tortuosity of capillaries, which gives a lower tortuosity fractal dimension. In this research, 

the dimension value of 3 is thought to be realistic figure applied.  
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Correlation between permeability (Kp) and effective porosity (ε) is shown in Fig.4-7.  

Under the condition of Euclidean dimension of 3, permeability (Kp) increases with the 

increase of effective porosity (ε). When effective porosity approaches to 1, the 

permeability Kp reaches its maximum possible value of -117 10 m2 at the pore diameter 

of 200 μm, and -121 10  m2 at the pore diameter of 50 μm.  

It is also seen that permeability is directly affected by the pores’ maximum diameter; a 

larger diameter results in a higher permeability. This could be explained as such: a larger 

pore diameter leads to a larger pore area, while a larger pore area causes a higher effective 

porosity and a higher fractal dimension. Permeability was found to grow sharply when 

effective porosity is less than 0.5 and then tend to slow down afterwards. When effective 

porosity is 0.5, the permeability Kp is about 3.74 × 10−12 at pore diameter of 100mm, 

approximately the same value as that for the experimental porous media sintered copper 

powder at porosity 0.52 [76] [158].    

 

Fig.4-7. Permeability of different pores diameter vs. effective porosity ε (d=3) 

Correlation between effective thermal conductivity (Ke) and effective porosity (ε) is 

shown in Fig.4-8. Under the condition of Euclidean dimension of 3, the effective thermal 

conductivity (Ke) decreases with the increase of effective porosity (ε). This trend can be 
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explained by the fact when the porosity increases, the solid volume fraction decreases, 

which leads to the decrease of the thermal conductivity. When effective porosity 

approaches to 1, the effective thermal conductivity Ke reaches its minimum value of 

0.066 W/m/K at the pore diameter of 50 μm, and 0.12 W/m/K at the pore diameter of 

200μm. It is also found that when the thermal conductivity is less than 0.5, the effective 

thermal conductivity decreases significantly and then tends to decrease slowly. It is seen 

that the effective thermal conductivity increases as the pore diameter increases.  

 

Fig.4-8. Effective thermal conductivity of different pores diameter vs. effective 

porosity ε (d=3) 

 

(2) The heat transfer limits of the MCLHP 

By bringing the fractal parametrical data for the sintered powder wick into the limits 

equations, the variation of the limits against these parameters was developed and analysed. 

These are illustrated below:   

Table 4-1 presents the heat transfer limits of the MCLHP at Euclidian dimension of 3 and 

maximum pore diameter of 100μm. Comparison among these five potential limits 

indicates that governing limit of the MCLHP is the capillary limit that appears to be the 
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lowest of the five limits. It is also found that the boiling limit (QBL) and the capillary limit 

(QCL) increase with the increase of the porosity, mainly owing to the fact that liquid flow 

rate is proportionally increasing with porosity. Entrainment limit (QEL) remains constant 

as the porosity is not relevant to the pore diameter. Also, the viscous limit (QVL) and the 

sonic limit (QSL) remain constant because these two items are not affected by effective 

porosity.  

Table 4-1. Different heat transfer limits (d=3, 𝛌max=100 𝛍m) 

Porosity 

ε 

Boiling 

limit  

QBL(kW) 

Capillary 

limit  

QCL(kW) 

Viscous 

limit 

QVL(kW) 

Sonic limit 

QSL(kW) 

Entrainment 

Limit QEL 

(kW) 

0.2 1490.83 0.20 698105.56 24503.70 172.69 

0.3 920.41 0.30 698105.56 24503.70 172.69 

0.4 666.14 0.40 698105.56 24503.70 172.69 

0.5 518.82 0.50 698105.56 24503.70 172.69 

0.6 423.72 0.60 698105.56 24503.70 172.69 

0.7 358.46 0.70 698105.56 24503.70 172.69 

0.8 312.31 0.80 698105.56 24503.70 172.69 

0.9 279.87 0.90 698105.56 24503.70 172.69 

 

(3) Boiling limit (QBL,e) against effective porosity (ε) and fractal dimensions (Df) 

Fig.4-9 shows the variation of the boiling limit (QBL,e) with effective porosity. Increasing 

effective porosity leads to the decreased boiling limit of the MLCHP. The reason for this 

is such explained: a higher relative porosity in a MCLHP wick reflects a lower solid 

volume fraction and thus a lower effective thermal conductivity. A lower thermal 
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conductivity increases the heat resistance of the wick. For an excessively higher heat 

resistance, the temperature of heat pipe wall is increased, which results in the boiling of 

the liquid in the wick. In this case, the vapour bubbles, due to the nucleation within the 

wick structure, cause hot spots and obstruct flow of the fluid within the heat pipe, thus 

leading to the dry-out of the wick. 

 

Fig.4-9. Boiling limit (QBL) vs. Effective porosity (ε) (Euclidean dimension d=3)  

 

Fig.4-10 shows the variation of the boiling limit (QBL) with fractal dimension (Df) of the 

pore wick area. The boiling limit decreases with the increase of the fractal dimension. 

The reason for this is such explained: a higher fractal dimension in a LHP wick surface 

represents a higher porosity, which means that a lower solid fraction in the wick leads to 

a lower wick effective thermal conductivity, and a lower level of the boiling limit of the 

MLCHP.     
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Fig.4-10. Boiling limit (QBL) vs. Pore distribution fractal dimension (Df) 

(Euclidean dimension d=3)  

Fig.4-11 shows the variation of the boiling limit (QBL,e) with tortuosity fractal dimension 

(Dt). Increasing fractal dimension (Dt) led to the increase of the boiling limit (QBL,e); This 

can be such explained: a higher tortuosity fractal dimension (Dt) reflects a higher 

tortuosity of capillaries, while a higher tortuosity of capillaries can cause a lower thermal 

resistance that tends to increase the boiling limit of a MCLHP. 

 

Fig.4-11. Boiling limit (QBL)  vs. the tortuosity fractal dimension Dt, d=3 
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(a) 

 

(b)  

Fig.4-12. Boiling limit for evaporator QBL,e vs. effective porosity ε (a) and fractal 

dimension Df (b) (d=3) 

 

Fig.4-12 shows the variation of boiling limit with effective porosity and fractal dimension 

at different pore sizes (i.e., maximum pore diameter). Increasing effective porosity and 
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fractal dimension lead to the decreased boiling limit. This may be such explained: a higher 

porosity represents a larger pore area, while a higher fractal dimension refers to a larger 

quantity of pores. Both lead to a lower solid volume fraction in the wick and this leads to 

a lower thermal resistance of the wick that can increase the potential of liquid dry out, 

thus decreasing the boiling limit of the MCLHP. It is also found that boiling limit of the 

evaporator is closely related to the pores’ size (i.e., maximum diameter). An increased 

maximum pore diameter means a decreased solid fraction of the wick and then thus this 

leads to the decrease of the wick effective thermal conductivity, which tends to decrease 

boiling limit of the MCLHP (referring to the evaporator).  

(4) Capillary limit (Qcl) against effective porosity (ε) and fractal dimension (Df) 

Fig.4-13 shows the variaiton of capillary limit (Qcl) with effective porosity (ε) and fractal 

dimension (Df) at different pore sizes. Incresing the effective porosity and fractal 

dimension lead to the increased capillary limit. Reasons for these can be such explained: 

a higher effective porosity and a higher fractal dimension lead to  a larger pores space that 

can hold more fluid within the wick. As the water will be distributed to the heat pipe 

surface through the capillary action of the wicks, and the increased water volume means 

a larger volume of water distribution, the heat transfer rate via the capillary action 

increases with the increase of the hold water within the wick.  It is also found that the 

capillary limit increases with the increase of the pores’ maximum diameter. This is 

because that a larger maximum pores diameter leads to a larger effective porosity which 

subsequently increase the capillary limit of the MCLHP. 
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(a) 

 

(b) 

Fig.4-13. Capillary limit (Qcl) vs. Effective porosity ε (a) and fractal dimension Df 

(b), (d=3) 

Fig.4-14 shows the variation of fractal dimension (Df) with porosity εc of the skeleton 

within the wick. It is interesting to see that increasing the porosity (εc) leads to a slight 

fall of fractal the dimension (Df). This is because a larger porosity (εc), though leading to 

1.00

1.50

2.00

2.50

3.00

1

10

100

1000

0
.0

7

0
.1

1

0
.1

5

0
.1

9

0
.2

3

0
.2

7

0
.3

1

0
.3

5

0
.3

9

0
.4

3

0
.4

7

0
.5

1

0
.5

5

0
.5

9

0
.6

3

0
.6

7

0
.7

1

0
.7

5

0
.7

9

0
.8

3

0
.8

7

0
.9

1

0
.9

5

0
.9

9

Fr
ac

ta
l d

im
en

si
o

n
 o

f 
p

o
re

 d
is

tr
ib

u
ti

o
n

 D
f

ca
p

ill
ar

y 
lim

it
 fo

r 
ev

ap
o

ra
to

r 
Q

cl
 (W

)
lo

g1
0 

sc
al

e

Effective porosity ε

λmax (µm)200 λmax (µm)150 λmax (µm)100 Df

1

10

100

1000

2.
01

2.
19

2.
31

2.
40

2.
47

2.
53

2.
59

2.
63

2.
68

2.
71

2.
75

2.
78

2.
80

2.
83

2.
85

2.
88

2.
90

2.
91

2.
93

2.
95

2.
96

2.
98

2.
99

3.
00

ca
p

ill
ar

y 
lim

it
 fo

r 
ev

ap
o

ra
to

r 
Q

cl
 (W

)
lo

g1
0 

sc
al

e

Fractal dimension of pores distribution Df

λmax (µm)200 λmax (µm)150 λmax (µm)100



CHAPTER 4: THEORETICAL ANALYSIS AND COMPUTING MODEL 

DEVELOPMENT 

 

90 

 

a larger number of pores within the skeleton, may also cause a blockage in the pores. 

Increasing number of the blocked micro-pores leads to the decrease of effective porosity 

(ε) of the whole wick structure, wich results in the reduced Df. However, compared to the 

macro-pores of the wick structure, influence by the blocked micro-pores is relatively 

smaller, which explains why the fall of fractal dimension (Df) is a bit smaller. 

 

Fig.4-14. Fractal dimension Df vs. Porosity of skeleton (Effective porosity ε=0.8, 

d=3 ) 

 Fig.4-15 show the variation of capillary limit with effective porosity at several height 

differences between the evaporator and the condenser. Similar to Fig.4-14a, increasing 

effective porosity of the evaporator leads to a propotional increase of the capillary limit. 

A larger height difference between the evaporator and the condenser leads to a higher 

capillary limit.  Reasons for this are such explained: as the micro-channel evaporator 

panel and the condenser are all vertically laid, which means that gravity is the driven force 

to the downward liquid flow, the impact of the height difference to capillary limit is 

positve. A higher height differnce gives a higher driven force to the liquid flow which 

help increase the level of the capillary limit. 
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(a) 

 

(b) 

Fig.4-15. Capillary limit vs. Porosity at different hight differences (d=3) 

(5) Impact of different parameters on the maximum heat transfer capacity (governing 

limit) 

By varying the investigated impactors separately while keeping the operational 

temperature, porosity at 0.8, maximum pore size at 200μm, fractal dimension Df=3,  and 

other MCLHP parameters constant, a change of single parameter can impact the 

maximum heat transfer capacity of the MCLHP. Fig.4-16 illustrated that increasing 
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evaporator inclination angle can lead a rising heat transfer capacity. And more micro-

channel flat tubes applied could bring in increasing heat transfer capacity as shown in 

Fig.4-17, whilst the longer evaporator length caused declined heat transfer capacity as 

presented in Fig.4-18. The reasons may located in the specialization of this novel MC-

LHP structure, and the governing limit is capillary limit, thus larger evaporator inclination 

angel up to vertical, more numbers of channels and declined evaporator length can lead 

higher capillary limit. 

 

Fig.4-16. Impact of evaporator inclination angle on the maximum heat transfer 

capacity 
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Fig.4-17. Impact of quantity of MC-flat tube on max-heat transfer capacity 

 

Fig.4-18. Impact of evaporator length on max-heat transfer capacity 

In summary, comparison among these five limits was made using the minimum value 

searching approach, leading to the determination of the final heat transfer constraint of 

the MCLHP, which is identified as the capillary limit. A higher effective porosity and a 

larger pore diameter lead to an increased wick fractal dimension and thus a higher 

capillary limit. An increased height difference between the evaporator and the condenser 

also increases the heat transfer (i.e. capillary) limit of the MCLHP. Decreased effective 

porosity (ε), pores portion, and increased tortuosity of capillaries help enhance the heat 

transfer (boiling) limit of the MCLHP. Overall, fractal theory is thought to be an ideal 

method to address the impact of an irregular porous wick on the heat transfer performance 

of a MCLHP.   

In addition, with the considered design of the MCLHP system and operational conditions, 

the system can achieve a higher heat transfer limit with larger evaporator inclination angel 

(vertical), more numbers of channels (21 MC-flat tube), evaporator length at 1.9m. 
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4.3 Steady state analytical model for the PV/MCLHP system 

This section aims to develop a steady-state analytical model to investigate the 

performance of this integrated PV/MCLHP heating and power generation system and its 

energy efficiencies under different controlled conditions. A parametric study will be 

performed to assess the influence of the key environmental and structure parameters on 

the energy efficiency of this novel system. In addition, the efficiency of the system will 

be compared with a conventional PVT-LHP. The theoretical model developed in this 

section will help to design and optimize such system for space heating, hot water and 

power supply. 

4.3.1 Theoretical and governing equations 

This computation model is based on the heat transfer process was developed to investigate 

the performance by establishing energy balance equations of the different section of this 

system, namely: (1) glazing cover; (2) PV layer; (3) Aluminium plate; (4) micro-channel 

loop heat pipe; (5) co-axial triple-pipe heat exchanger. In order to simplify the calculation, 

several assumptions were made as following: 

a. The temperature gradient across the glazing thickness was ignored. 

b. The ohm-electrical losses within the PV cells and layer were negligible. 

c. Heat capacities of the EVA filler were neglected, which enables assumption that the 

temperature distribution within the PV layer is uniform. 

d. Heat losses through the module insulation are negligible. 

e. Heat losses through the vapour and liquid transportation lines are ignored. 
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(1) Heat balance of the glazing layer of PV lamination 

As shown in Fig.4-19, the energy balance of glazing layer includes solar radiation input, 

cover reflection, cover absorption, heat loss (conduction, convection, radiations). Since 

there is no glazing cover, then the solar energy received by the PV module which, is a 

function of three main components including (1) solar radiation striking on the panel, (2) 

the transmittance of glazing layer of PV lamination, and (3) the absorption of the PV layer 

and its baseboard, can be expressed as [159][160]: 

𝑄𝑎𝑏𝑠 = 𝜏𝑔,𝑝𝑣[𝛼𝑝𝑣𝛽𝑝 + 𝛼𝑏(1 − 𝛽𝑝)]𝐹𝑒𝐼                      (4-30) 

Where, 𝜏𝑔,𝑝𝑣 is the light transmittance of the glazing layer of PV lamination; 𝛼𝑝𝑣 and 𝛼𝑏 

are the absorption ratios of the PV layer and its baseboard; 𝛽𝑝 is the packing factor of the 

PV layer; 𝐹𝑒 is the effective collector area of the PV/T module (m2).  

For a multi-glazing covered PV/T panel, the loss heat from the module will experience 

(1) heat transfer from the PV absorber surface to the inner glazing cover; (2) heat transfer 

from the inner cover to the outer cover; and (3) heat transfer from the outer glazing cover 

to the ambient air. The related model can be referenced to [99]Annex 2. 

 

Fig.4-19. Solar energy process model from the ambient air to the PV/MC-

evaporator 
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When the PV/evaporator receives the solar radiation striking on its upper surface, most 

of the solar radiation is absorbed by the PV/T panel, part of which is converted into 

electricity by PV cells to supply power and the rest is finally transformed into thermal 

energy. At the same time, a small percentage of the solar radiation energy will be 

dissipated into the sky resulted from the occurring directional/diffusive reflection and 

conductive/convective heat transfer. Under this relative specific steady-state operating 

condition, the useful energy obtained by the PV/T module is equal to the energy reaching 

to the PV surface minus the associate direct and indirect heat losses, which refers to the 

heat dissipation from the module surface to the sky through conduction, convection and 

infrared radiation. Thus the useful solar energy can be expressed as: 

𝑄𝑈 = 𝑄𝑎𝑏𝑠 − 𝑄𝐿                                                    (4-31) 

Where  𝑄𝐿  is the total heat loss (W) from the glazing of PV lamination to the surrounding 

air, experiencing (1) heat conducted through the adhesive layer from the PV surface to 

the glazing lamination and heat transfer from the outer surface of the glazing lamination 

layer to the surrounding air by convective and infrared radiation.  
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Fig.4-20 Thermal circuit model 

As shown in Fig.4-20, the heat loss can be written as  

𝑄𝐿 = 𝐾𝐿𝐹𝑒(𝑇𝑝 − 𝑇𝑎)                                     (4-32) 

Where, 𝑇𝑝  and  𝑇𝑎  are the average temperature of PV layer and the surrounding air 

temperature (K);  𝐾𝐿 is the heat loss coefficient (W/m2K) and can be expressed as  

𝐾𝐿 = (𝑅𝑝𝑣−𝑔 +
1

ℎ𝑐,𝑔−𝑎+ℎ𝑅,𝑔−𝑎
)−1                                (4-33) 

Where, 𝑅𝑝𝑣−𝑔 is the thermal resistance between the glazing layer and the PV (m2K/W), 

written as 𝑅𝑝𝑣−𝑔 = 𝛿𝑎𝑑/𝜆𝑎𝑑; ℎ𝑐,𝑔−𝑎  is the convective heat transfer coefficient from the 

glazing layer to the surrounding air (W/m2K), which can be expressed as 

ℎ𝐶,𝑔−𝑎 = 
8.6𝑣0.6

𝐿0.4                                              (4-34) 

𝑣 is the wind velocity (m/s), and L is the characteristic length of the collector (m) 
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And  ℎ𝑅,𝑔𝑎  is the radiation relevant coefficient which, converting the radiation heat 

transfer into equivalent convective heat transfer, can be calculated by: 

hR,g−a = εgσ(Tg
2 + Te

2)(Tg + Te )                                (4-35) 

𝑇𝑔  and 𝑇𝑒  are the average temperature of glazing layer and the sky (K) and 𝑇𝑒 =

0.0552𝑇𝑎
1.5; 휀𝑔is the emissivity of the glazing layer of PV lamination; 𝜎 is the Stefan-

Boltzman constant (5.67 × 10−8𝑊/(𝑚2 ∙ 𝐾4)). 

(2) Power generation ability 

When the PV/evaporator receives the solar radiation striking on its upper surface, part of 

the absorbed solar energy is converted into electricity by PV cells to supply power. The 

PV cells’ electrical efficiency is proven to be dependent upon the PV cells’ surface 

temperature [26], which can be written as: 

ηc = ηrc[1 − βpv(Tpv − Trc)]                               (4-36) 

Where, 𝜂𝑟𝑐 is the initial electrical efficiency at reference temperature; 𝛽𝑝𝑣 is temperature 

coefficient;  𝑇𝑝𝑣 is PV cells temperature at operation; 𝑇𝑟𝑐 is reference temperature. 

Then the overall electricity output is  

𝑄𝑒 = 𝜂𝑐𝛽𝑝𝛼𝑝𝑣 𝜏𝑔,𝑝𝑣𝐹𝑒𝐼                                  (4-37) 

Therefore, the PV module’s solar electrical efficiency can be obtained from 

𝜂𝑒 =
𝑄𝑒

𝐹𝑒𝐼
                                                   (4-38) 
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(3) The remaining absorbed solar energy is transferred into MC-LHP refrigerant 

As described above, under the relative quasi-steady state condition, except the converting 

electricity part and the heat loss, the rest part of the absorbed solar energy is finally 

transformed into thermal energy. This part is the useful energy delivered by the PV/T 

module for heating, which thus can be calculated by the rate of absorbed solar energy 

minus the converted electricity and heat loss, expressed as 

𝑄𝑡ℎ = 𝑄𝑎𝑏𝑠 − 𝑄𝐿 − 𝑄𝑒                                          (4-39) 

Where, 𝑄𝑡ℎ  , the useful energy, will finally be converted into heat which, carried out by 

the refrigerant evaporating inside the micro-channel loop heat pipe, is denoted by 𝑄𝑢. 

Subsequently as a result, the solar thermal efficiency of this PV/T module can be defined 

as 

𝜂𝑡ℎ =
𝑄𝑡ℎ

𝐹𝑒𝐼
=

𝑄𝑢

𝐹𝑒𝐼
                                               (4-40) 

Furthermore, the PV/T module’s overall solar efficiency denoted by 𝜂𝑜 can be obtained 

by 

𝜂𝑜 = 𝜂𝑒 + 𝜂𝑡ℎ                                             (4-41) 

At the LHP’s evaporation section, i.e. micro-channel array, the useful energy ( 𝑄𝑡ℎ ), 

which is converted into the micro-channels, leads to the working fluid (Refrigerant R134a) 

evaporating inside the micro-channels. Then the vapour fluid which, is gathered into the 

upper vapour header and through the vapour transportation line, moves forward to the co-

axil triple-pipe heat exchanger which works as the condenser where the vapour is 

condensed and releases the condensation heat into the adjacent water flow inside the 

middle annular tube, thus leading to hot water supply. The condensed refrigerant then 
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travels back to the upper liquid feeding header via the liquid transportation line. And 

finally, based on the pressure difference between the head liquid and the vapour in micro-

channels, the backing liquid will penetrate the tiny holes opened on the side wall of micro-

channels to formulate continuous downward wetting condition of the LHP’s evaporation 

section to absorb heat and evaporate again, thus forming the complete heat transportation 

cycle, as shown in Fig.4-3.This heat transportation process which, involves a set of 

thermal resistances resulting in temperature variation of the refrigerant, is presented in 

Fig.4-21 and detailed as the following section. 

(4) Thermal resistances 

Along the length direction of the Micro-channel heat pipe evaporation section, there 

would be no existing temperature gradient, owing to the even heat input. Then the total 

useful solar heat transferred into the water in the middle annulus tube of the co-axil triple-

tube heat exchanger from absorbed Al plate can be calculated according to the Hottel-

Whillier model[61][99] [161]: 

𝑄𝑢 = 𝐿𝑊𝐹𝑡ℎ[𝑞𝑎𝑏𝑠 − 𝐾𝐿(𝑇𝑤 − 𝑇𝑎) − 𝑞𝑒]                       (4-42) 

Where, 𝐿 and 𝑊 are the length and width of the Al plate (m); 𝑞𝑎𝑏𝑠 is the absorbed heat 

per unit (W/m2); 𝑞𝑒  is the solar energy converted into electricity; 𝑇𝑤  is the mean 

temperature of water in the middle annulus tube of the co-axil triple-pipe heat exchanger; 

𝐹𝑡ℎ the thermal efficiency factor of the PV/T system which, representing the ratio of the 

actual useful heat gain by the system to the overall converted solar heat at a certain 

working fluid temperature, can be expressed as: 

𝐹𝑡ℎ =
𝐾𝐿

−1

𝐿𝑊

𝑁𝑀𝐶𝑇
{

1

𝐿𝐾𝐿[(
𝑊

𝑁𝑀𝐶𝑇
−𝐷𝑀𝐶𝑇)𝐹𝑓+

𝐷𝑀𝐶𝑇
1+𝑟𝑝−𝐴𝑙𝐾𝐿

]

+∑ 𝑅𝑖
6
𝑖=1 }

                       (4-43) 
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Where, 𝑁𝑀𝐶𝑇 is the number of the micro-channel flat tube; ∑𝑅𝑖 is the overall thermal 

resistance of from the absorbed Al plate to the working fluid; 𝐹𝑓  is the standard fin 

efficiency which can be defined as: 

𝐹𝑓 =
tanh [𝑚(𝑊/𝑁𝑀𝐶𝑇−𝐷𝑀𝐶𝑇)/2]

𝑚(𝑊/𝑁𝑀𝐶𝑇−𝐷𝑀𝐶𝑇)/2
                                  (4-44) 

And where the variable 𝑚 is given by 

𝑚 = √
𝐾𝐿

𝜆𝐴𝑙𝛿𝐴𝑙(1+𝑟𝑝−𝐴𝑙𝐾𝐿)
                                      (4-45) 

This thermal efficiency factor of this system which, is a constant figure under the fixed 

physical and operating condition, takes consideration of all the thermal resistances from 

the absorbed Al plate to the water in the middle annulus tube of the co-axil triple-pipe 

heat exchanger, including: (1) thermal resistances between the PV cells and absorbed Al 

plate (𝑅1 = 𝑅𝑝−𝐴𝑙); (2) thermal resistance of the micro-channel heat pipe wall (𝑅2 =

𝑅𝑀𝐶 ); (3) equivalent radial thermal resistance of the flow ( 𝑅3 = 𝑅𝑒𝑞,𝑣 ), which is 

composed of the resistance of the liquid film from holes on the side of the channel 𝑅𝑙𝑓,𝑐 

assumed parallel to the radial thermal resistance of the two phase flow on the other side 

of the channel 𝑅𝑒𝑞,𝑣 ; (4) the resistance of the axial vapour flow (𝑅4 = 𝑅𝑣,𝑎 ); (5) the 

resistance of the condensation two phase flow (𝑅5 = 𝑅𝑡𝑝,𝑐); (6) the thermal resistance of 

the central tube wall of the co-axial triple-pipe heat exchanger (𝑅6 = 𝑅𝐻𝐸1 ). These 

resistances will be analysed in the following sections. And before analysing, it should be 

noticed that the resistance of the silicon sealant and the heat capacity of the adhesive layer 

are neglected, resulting from their significantly smaller values compared to other factors 

[61][99] [65]. 
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Fig.4-21 Schematic of heat transfer resistances along the PV/MC-LHP 

 

 (a) Thermal resistances between the PV cells and the Al plate  

Heat transfer between the PV module and Al plate, which is working as the heat pipe fins, 

is a conventional one-dimensional multi-layer heat conduction process, thus the associate 

thermal resistance can be expressed as [99]: 

𝑅𝑝−𝐴𝑙 = 𝑟𝑝 + 𝑟𝐸𝑉𝐴 + 𝑟𝑒𝑖 =
𝛿𝑝

𝜆𝑝
+

𝛿𝐸𝑉𝐴

𝜆𝐸𝑉𝐴
+

𝛿𝑒𝑖

𝜆𝑒𝑖
                                 (4-46) 

Where, 𝑅𝑝−𝐴𝑙, 𝑟𝑝, 𝑟𝐸𝑉𝐴 and  𝑟𝑒𝑖 are the thermal resistances per unit area (m2K/W) of PV 

cells to absorbed Al plate, PV cells, EVA layer and electrical insulation respectively ; 𝜆𝑝 

and 𝛿𝑝 , 𝜆𝐸𝑉𝐴  and 𝛿𝐸𝑉𝐴 ,  𝜆𝑒𝑖  and 𝛿𝑒𝑖  are the thermal conductivity  (𝑊/𝑚2 ∙ 𝐾 ) and 

thickness (m) of PV layer, EVA layer and electrical insulation.  
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Fig.4-22 Heat flow pattern at the elemental length ‘dx’ on the Al plate[89] 

 (b) Thermal resistance across the Al plate length 

The heat received by the Al plate is conducted to the micro-channel wall along its width 

direction, by leading the heat flow to travel across the cross sectional area of Al plate. 

This is considered a one-dimensional heat transfer process starting from the gap middle 

(x=0) to the fin base [x = (W/N𝑀𝐶𝑇 − 𝑊𝑀𝐶𝑇)/2][89]. Fig.4-22 indicates that the heat 

flow simulation process using finite element approach, where 𝑑𝑥 is taken as the step 

length of the numerical calculation. Therefore, for a controlled finite element per unit 

width, the energy conversation equation can be expressed as following: 

[
𝑞𝑎𝑏𝑠−𝑈𝐿(𝑇−𝑇𝑎)−𝑞𝑒

1+𝑟𝑝−𝐴𝑙𝑈𝐿
] 𝑑𝑥 + (−𝜆𝐴𝑙𝛿𝐴𝑙

𝑑𝑡

𝑑𝑥
)

𝑥
− (−𝜆𝐴𝑙𝛿𝐴𝑙

𝑑𝑡

𝑑𝑥
)

𝑥+𝑑𝑥
= 0             (4-47) 
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Where 𝑞𝑎𝑏𝑠 and 𝑞𝑒 are the absorbed heat and energy converted into electricity per unit 

(W/m2) respectively; 𝜆𝐴𝑙  and 𝛿𝐴𝑙  are the thermal conductivity and thickness of the Al 

plate. 

(c) Thermal resistance of the micro-channel heat pipe wall 

Through the micro-channel heat pipe wall, heat transfer is a typical one dimensional 

steady-state conduction process, thus the thermal resistance of the micro-channel heat 

pipe wall can be expressed as: 

𝑅𝑀𝐶 =
𝛿𝑀𝐶

𝜆𝑀𝐶(2×(𝑎+𝑏)×𝐿𝑀𝐶)N𝑀𝐶𝑇
                                 (4-48) 

Where, 𝛿𝑀𝐶  is the thickness of the micro-channel heat pipe wall; 𝑎 and 𝑏 are the width 

and length of a single micro-channel respectively; 𝐿𝑀𝐶  is the length of the micro-channel 

heat pipe. 

(d) Equivalent radial thermal resistance of the flow 

The equivalent radial thermal resistance of the flow is composed of the resistance of the 

liquid film from the holes on one side of the micro-channel wall and the resistance of the 

two-phase flow flowing along the other two sides of the channel port, where these two 

type of thermal resistance are assumed to be parallel. Thus the equivalent radial thermal 

resistance of the flow can be expressed as: 

𝑅𝑒𝑞,𝑓 = (
1

𝑅𝑙𝑓
+

1

𝑅𝑡𝑝,𝑓
)                                                             (4-49) 

Where, 𝑅𝑙𝑓  is the total thermal resistance of the condensate liquid film with thickness of  

𝛿𝑙𝑓 at the two opposite micro-channel walls with holes, which can be calculated by:  
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𝑅𝑙𝑓 =
𝛿𝑙𝑓

𝜆𝑙𝑓(2𝑎×𝐿𝑀𝐶)N𝑀𝐶𝑇𝑁𝑐ℎ
                                                    (4-50) 

And 𝑅𝑡𝑝,𝑓  is the thermal resistance of the two-phase flow flowing on the other two sides 

wall of the micro-channel expressed as: 

𝑅𝑡𝑝,𝑓 =
1

2𝑏 𝑜𝑓𝐿𝑀𝐶ℎ𝑡𝑝N𝑀𝐶𝑇𝑁𝑐ℎ
                                             (4-51) 

 Where, ℎ𝑡𝑝 calculated by considering the overall fin efficiency 휀𝑜𝑓 in the micro-channel 

heat pipe is the overall heat transfer coefficient of the two-phase flow in the micro-

channel. The ℎ𝑡𝑝 and 휀𝑜𝑓 can be obtained from the authors’ previous paper[99]. 𝛿𝑙𝑓 is the 

liquid film thickness which, assumed the same along the adjacent wall, is linked to the 

pressure difference between the outlets of the evaporator and condenser, where the height 

difference is denoted by  𝐻𝑐𝑒 . Based on this height difference, the condensed liquid 

penetrate the tiny holes on the side wall of the micro-channels to formulate this liquid 

film, which can be approximated as 

When 𝑅𝑒 ≤ 400,    𝛿𝑙𝑓 = (
3𝜇𝑙

2

𝜌1
2𝑔

)
1/3

𝑅𝑒1/3  ;   

When 𝑅𝑒 > 400,    𝛿𝑙𝑓 = 0.369(
3𝜇𝑙

2

𝜌𝑙
2𝑔

)
1/2

𝑅𝑒1/2 

Where 𝜇𝑙 is the liquid dynamic viscosity (𝑃𝑎 ∙ 𝑠);𝜌𝑙 is the liquid density (kg/m3);  𝑅𝑒 is 

the Reynolds number given by  

𝑅𝑒 =
𝜌𝑢𝑙𝑓

𝜇1
𝛿𝑙𝑓                                                                       (4-52) 
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𝑢𝑙𝑓  is the superficial velocity of the liquid film flow expressed as following, which 

depends on the pressure difference of the loop and is assumed to be the same for each 

tiny hole opened on the side wall of the micro-channel.  

𝑢1 = 𝐴ℎ
(2𝑔𝐻𝑒𝑣−𝑐𝑜)1/2

𝐴𝑙𝑓(1−𝐶𝑑
2(𝑑ℎ/𝑑𝑙ℎ))

                                                 (4-53) 

Where, 𝐴ℎ  is the cross-sectional area of the tiny hole; 𝐻𝑒𝑣−𝑐𝑜  is the height difference 

between the top of the PV/micro-channel evaporator and the condenser working as the 

driving pressure head; 𝑑ℎ and 𝑑𝑙ℎ are the diameter of the tiny hole and the liquid header 

respectively; 𝐴𝑙𝑓  is the liquid film cross-sectional area expressed as: 

𝐴𝑙𝑓 = 𝛿𝑙𝑓𝑎                                                       (4-54) 

And 𝐶𝑑 is the discharge coefficient of the flow from the upper liquid header to the tiny 

holes, which can be calculated by [162][163]: 

𝐶𝑑 = 0.611 [87 (
4.5𝜇𝑙

𝜌𝑙𝑑ℎ√𝑔𝐻𝑒𝑣−𝑐𝑜
)
1.43

+ (
4.5𝜇𝑙

𝜌𝑙𝑑ℎ√𝑔𝐻𝑒𝑣−𝑐𝑜
)

−1.26

]

−0.7

                   (4-55) 

(e) The resistance of the axial vapour flow (𝑅4 = 𝑅𝑣,𝑎) 

The vapour flow process from the PV/micro-channel evaporator to the condensing co-

axial triple-pipe heat exchanger experiences certain pressure drop and consequently 

temperature decreasing, thus leading heat transfer resistance which can be expressed 

as[99][164]: 

𝑅𝑣,𝑎 =
𝑇𝑣

2𝑅0∆𝑃𝑣N𝑀𝐶𝑇𝑁𝑐ℎ

𝑄𝑢ℎ𝑓𝑔𝑃𝑣
                                                       (4-56) 
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Where ∆𝑃𝑣 which, is the total pressure drop including (1) pressure drop in the PV/micro-

channel evaporator section (∆𝑃𝑒); (2) vapour pressure drop in the upper vapour header 

(∆𝑃𝑣ℎ,𝑣); (3) pressure drop in the vapour transportation line (∆𝑃𝑣𝑡𝑙); (4) pressure drop in 

the condensing co-axial triple-pipe heat exchanger section (∆𝑃𝑐𝑜𝑛𝑑), can be calculated by 

[61]: 

∆𝑃𝑣 = ∆𝑃𝑒 + ∆𝑃𝑣ℎ,𝑣 + ∆𝑃𝑣𝑡𝑙 + ∆𝑃𝑐𝑜𝑛𝑑                                    (4-57) 

These pressure drops have been calculated in the authors’ previous publication [149]. 

(f) The resistance of the condensation flow (𝑅5 = 𝑅𝑐𝑜𝑛𝑑) 

According to Newton's law of cooling, the equivalent thermal resistance of the 

condensation flow in the central tube of the heat exchanger can be expressed as: 

𝑅𝑐𝑜𝑛𝑑 =
1

𝜋𝐷1𝐿ℎ𝑥ℎ𝑐𝑜𝑛𝑑
                                                     (4-58) 

Where, 𝐷1 is the diameter of the central tube of the heat exchanger (m); 𝐿ℎ𝑥 is the total 

length of the heat exchanger (m); ℎ𝑐𝑜𝑛𝑑 is the condensation (convective) heat transfer 

coefficient (W/m2K), which can be calculated according to the Reynolds number of the 

vapour 𝑅𝑒𝑣: 

When 𝑅𝑒𝑣 < 3500, 

ℎ𝑐𝑜𝑛𝑑 = 0.555 [
𝑔𝜌𝑙(𝜌𝑙−𝜌𝑣)𝜆𝑙

3ℎ𝑓𝑔

𝜇𝑑1(𝑇𝑙−𝑇𝑤𝑎𝑙𝑙)
]
1/4

;                              (4-59) 

When 𝑅𝑒𝑣 ≥ 3500,  

hcond =
kl

D
0.23 ReD

0.8Prl
0.4 [1 +

2.22

Xtt
0.89

] 
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ReD = 4 ṁ(1 − x)/(πDμl)̇  

 Xtt = (
1 − x

x
)
0.9

(
ρv

ρl
)
0.5

(
μl

μv
)
0.1

 

Where 𝑔, 𝑑1, 𝜌𝑙 , 𝜌𝑣 , 𝜇, 𝜆𝑙 are the relevant acceleration of gravity, inner diameter of tube1, 

density of liquid(saturate), density of vapour(saturate), mean dynamic viscosity (kg/m-s), 

thermal conductivity of liquid respectively; 𝑇𝑙, 𝑇𝑤𝑎𝑙𝑙 are the temperature of liquid film 

and inner tube wall respectively, which is assumed that  𝑇𝑙 = 𝑇𝑣 , 𝑇𝑤𝑎𝑙𝑙 = 𝑇𝑤  . Inner tube 

wall’s temperature equals to the adjacent water temperature. 

(g) The thermal resistance of the central tube wall of the co-axial triple-pipe heat 

exchanger 𝑅6 = 𝑅𝐻𝐸1 

Heat transfer through the central tube wall is a typical heat conduction process, thus the 

relevant thermal resistance can be expressed as 

𝑅6 = 𝑅𝐻𝐸1 =
1

2𝜋𝜆1
𝑙𝑛

𝐷2

𝐷1
                                           (4-60) 

Where, 𝐷2 is the outer diameter of the central tube (m); 𝜆1 is thermal conductivity of the 

central tube wall (W/mK). 

(h) Heat transfer in the co-axial tubular triple-tube heat exchanger with PCM 

The useful energy delivered by the PV/T module for heating 𝑄𝑡ℎ  leads to the evaporation 

of working fluid (R134a) in MCLHP. Then the vapour fluid, via the vapour transportation 

line, moves forward to the co-axial tubular triple-tube heat exchanger with PCM, where 

the evaporated fluid condenses and transfers the condensation heat into the adjacent 

cooling fluid (water) and PCM, thus heating the coolant water in the middle annulus tube, 

and leading to the fusion/melting of PCM in the outer channel of the heat exchanger to 
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storage excess heat. The condensed fluid in the heat pipe, via the liquid transportation 

line, then returns to the heat pipe evaporation section to regain heat, thus forming a 

complete heat transportation cycle. Fig.4-23 shows the design of the heat exchanger. 

 

Fig.4-23. The design of the heat exchanger 

Owing to the charge and discharge of the PCM in the outer tube, there are two heat 

transfer process of the coolant water in the middle annulus tube. The thermal resistance 

of the PCM considering the fraction of the melted PCM is expressed as the sum of the 

resistance of the PCM solid layer and the PCM liquid layer and is expressed as follows: 
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   (4-61) 

When charging the PCM, The heat transferred from water in the middle tube to the PCM 

is expressed as following: 

 inc,outc,mincc TTCεQ       (4-62) 

With Cmin (W/K) the minimum heat transfer capacity, c  is the average effectiveness of 

the melting process and is expressed as following [165]: 
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fd))
CR

1
exp((1ε

1

0 minT

c        (4-63) 

Where f is the fraction of melted PCM and varies from 0 (only solid) to 1 (only liquid), 

RT is the total resistance from the water to the PCM material and is expressed as follows:  

PCMmtwT RRRR      (4-64) 

Where Rw is the water resistance, Rmt is the resistance of the middle tube and RPCM is the 

resistance of the PCM material. The different resistances are expressed as follows: 

he2w

w
LDπh

1
R       (4-65) 

The convective heat transfer coefficient hwof the water on the annulus side can be 

calculated by  

hw =
Nu kw

D45
     (4-66) 

Thermal resistance of the middle tube Rmt, the conductive thermal resistance of the middle 

tube is expressed as follows: 













3

4

hemt

mt
D

D
log

Lkπ2

1
R                    (4-67) 

When discharging the PCM, The heat transferred from water in the middle tube to the 

PCM is expressed as follows: 

 inc,PCMminddPCM, TTCεQ     (4-68) 
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With d  the average effectiveness of the solidification process. And the total heat 

transferred to the cold water is assumed equal to the sum of the heat released from the 

PCM material QPCM,dand the useful heat Qu, so that the total heat transfer rate Qw can be 

expressed as: 

Qw = QPCM,d + Qu    (4-69) 

(5) The coefficient of performance (COP) of the system 

The coefficient of performance (COP) of the system could be defined as the ratio of 

system’s overall heat output (including the Power output converted to heat) and power 

consumption of the water pump as following [166]: 

COP =
Qw+Qe 0.38⁄

Ppump
    (4-70) 

The electricity consumption of the pump is expresses as follows: 

Ppump =
Qv ρwg Η

ηpump
      (4-71) 

 

Where Qv is the water volume flow rate, ηpump the efficiency of the pump and H the total 

height H expressed as following: 

H = fan
Lhe

D3−D2
(

uw
2

2 g
) + ∑K (

uw
2

2 g
)    (4-72) 

 

Where fan is the friction factor for an annular tube given in ref.[99] and ∑K is the sum of 

loss coefficient for the four 180 returned bend, inlet and outlet fittings[167] 
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4.3.2 Programme algorithm development 

When this PV/MCLHP system operates at a relative steady state condition after the 

beginning period, the heat transfer processes of this system will eventually achieve an 

energy balance and each component of the system will establish a certain dynamic steady 

temperature. Thus, in order to investigate the solar performance of this MC-LHP-PVT 

system based on different impactors, a computer model was established based on above 

analytical equations to simulate the performance. 

This simulation model is resolved by applying the principle of heat balance at the 

PV/micro-channel evaporator and the co-axial triple-pipe heat exchanger with PCM. And 

the algorithm is summarized as following steps and the flow chart is presented in the 

Fig.4-24. 
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Fig.4-24. PV/MCLHP system model simulation flow chart 

The algorithm is illustrated as following: 

(i) Input external weather variables, system design and operating parameters; 

(ii) Calculate the Absorbed heat equation (4-30); 

(iii) Set the cold water mass flow 𝑚𝑤 rate and the water inlet temperature Tc,int 

(iv) Assume the outlet temperature of the water Tc,out. 

 (v) Assume the cell temperature Tp, and commence the following analysis:  
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A. Heat balance of the glazing cover could be analysed using equations (4-30) 

to (4-35), which gives the heat loss, QL;  

B. Heat balance of the PV cells gives of the converted solar electricity, Qe 

and heat, Qth; (Eq. (4-37) and Eq. (4-39)). 

C. Heat transfer from the PV cells to the PCM heat exchanger could be 

analysed by equations (4-42) to (4-45), which gives the useful heat gain, Qu; 

D. If (Qth – Qu) / Qth > 0.1% (error allowance), then increase tp by 0.1 oC 

and return to step (vi) for re-calculation; 

E. If (Qth – Qu) / Qth < -0.1% (error allowance), then decrease tp by 0.1 oC 

and return to step (vi) for re-calculation; 

F. If -0.1% ≤ (Qth – Qu) / Qth ≤ 0.1%, the system achieves heat balance;  

(vi) Calculate the total heat transfer rate to water Qw equation (4-62) (Charge 

process) or (4-68) (Discharge process). 

(vii) If (Qu – Qw) / Qu > 0.1% (error allowance), then increase Tc,out by 0.1 oC 

and return to step (iii) for re-calculation;  

(viii) If (Qu – Qw) / Qu < -0.1% (error allowance), then decrease 0.1 oC and return 

to step (iii) for re-calculation; 

(ix) If -0.1% ≤ (Qu – Qw) / Qu ≤ 0.1%, the system achieves heat balance; 

(x) Calculate the module’s solar thermal, electrical and overall efficiencies 
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4.3.3Modelling results and case studies 

4.3.3.1 Influence of the solar radiation 

By varying the solar radiation from 200 W/m2 to 800 W/ m2 while keeping the other 

external variables constant, i.e. air temperature at 25oC, air velocity at 1 m/s, the energy 

performance of the is assessed. The PCM is assumed at the melting temperature of 44oC. 

Fig.4-25a shows the influence of the solar radiation I on the thermal th, electrical e and 

overall o efficiencies. The increase of the solar radiation would lead to an increase of the 

thermal and overall efficiency and a decrease of the electrical efficiency. The thermal 

efficiency outweighs the electrical efficiency and then the overall efficiency follows the 

increasing trend. The increase is most significant for relatively lower solar radiations (I < 

400 W/m2) and is nearly linear. It can be found that the trend becomes rapid in 200-400 

W/m2; however, it slows down above the solar radiation of 400 W/m2. For each 100 W/m2 

increase the overall efficiency increases by nearly by7% and by 1.6 % for the slow trend. 

The slow trend is due to the increase of the water outlet temperature, therefore the heat 

loss from the panel to the ambient air while increasing the solar radiation. For a solar 

radiation of 800 W/m2 the PVT module reaches an overall efficiency of 67.8 %. 

Otherwise, the increase of the solar radiation from 200 W/m2 to 800 W/ m2, leads to a 

small decrease (0.28 %) of the electrical efficiency from 12.48 to 12.2 %. The higher solar 

radiation brings more instant heat to the PV layer, resulting in an increase of the PV cell 

temperature as shown in Fig.4-25b and the decrease of the electrical efficiency. For a 

solar radiation of 800 W/m2 the PVT module reaches an overall efficiency of 67.8 %.  
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a b 

Fig.4-25. Influence of solar radiation on: a) the thermal, electrical, overall 

efficiencies; b) PV cell temperature 

Fig.4-26a shows the influence of the solar radiation on the useful heat Qu transferred to 

the circulating water temperature, the total heat transferred Qw to the network/heat storage 

tank and Qpcm. Increasing the solar radiation would increase the useful Qu heat and 

therefore the total heat transferred to the circulating water the Qw. The heat released 

(discharged) by the PCM Qpcm and transferred to the water is constant as the calculation 

has been performed an assumed constant PCM temperature of 44oC (Equation 25). The 

amount of heat released by the PCM is 110 W. The contribution of the PCM release in 

the total heat transfer rate decreases with the solar radiation increases. For the solar 

radiation of 200 W/m2, the heat from the PCM Qpcm represents 43% of the total heat 

transfer rate (Qw=256 W) and this percentage is 11 % (Qw=987 W) for higher solar 

radiation of I=800 W/m2. It is seen that the presence of the PCM permits to increase the 

total heat transfer rate wick is more important for lower solar radiations. Increasing the 

solar radiation by 100 W/m2 would increase the water output temperature by 1.33 oC 

(Fig.4-26b). For a solar radiation of 800 W/m2, the system delivers a water temperature 

of 45.8 oC. 
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a b 

Fig.4-26. Influence of solar radiation on: a) the heat outputs, and b) the water 

outlet temperature  

Fig.4-27 presents the influence of the solar radiation the COP of the PVT system which 

considers both electrical and thermal outputs (Equation 28). The COP increases linearly 

with the solar radiation. The high COP value (2-3 order) reflects the small power 

consumption of the Pump. The increase of solar radiation significantly influences the 

COP which is multiplied by 4.3 when the solar radiation increases from 200 W/m2 to 800 

W/ m2. The solar radiation increase is very beneficial to the PVT system. 

 

Fig.4-27. Influence of solar radiation on the COP 
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4.3.3.2 Influence of the Ambient Temperature 

Varying the air temperature from 5oC to 35oC while keeping the other external variables 

constant, i.e. solar radiation at 800 W/m2, air velocity at 1 m/s, PCM melting temperature 

of 44oC, the energy performance of the system has been assessed. Fig.4-28a shows that 

increasing the ambient temperature would increase the thermal and the overall efficiency 

but decrease the electrical efficiency. As the thermal efficiency outweighs the electrical 

efficiency, the overall efficiency follows the thermal efficiency which increases linearly. 

For each 5oC ambient temperature increase the overall efficient increases by 4 %. From 

5oC to 35oC ambient temperature, the electricity efficiency decreases slightly because of 

the the PV cell temperature rose of 2.58oC, from 39.3oC to 41.9oC as shown in Fig.4-28b. 

This little increase of the PV cell tell temperature can be explained by the high capacity 

of the micro-channel evaporator to absorb heat flux, the two phase heat transfer 

coefficient in the microchannel evaporator is in the order of 4 ×103 W/m2/K and by the 

heat loss decrease when increasing the ambient temperature. 

 

  

a b 

Fig.4-28. Influence of the ambient air temperature on: a) the thermal, electrical, 

overall efficiencies, b) PV cell temperature 

Fig.4-29a presents the evolution the heat output rates and the circulation water outlet 

temperature at the PCM heat exchanger. Higher ambient temperature would lead to higher total 
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heat transfer rate Qw. At 35oC, the system achieves a total heat transfer rate of 1096 W. Fig.4-

29b shows that from 5 oC to 35oC ambient temperature, the water outlet temperature increases 

by 4oC, this means for each 7.5oC ambient temperature increase the water outlet temperature 

increases by 1oC. 

 

  

a b 

Fig.4-29. Influence of the ambient temperature on a) the heat outputs and b) the 

water outlet temperature 

 

Fig.4-30 presents the influence of the ambient temperature on the COP. The COP of the 

system increases linearly with the increase of the ambient temperature due the linear 

increase of the total heat transferred to the water Qw. The temperature increase is a 

favourable factor on the COP that is multiplied by 1.34 when the ambient temperature 

increases from 5oC to 35oC. It can been seen that the influence of the solar radiation on 

the COP (Fig.4-27) is stronger than the influence of the ambient temperature (Fig.4-30). 
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Fig.4-30. Influence of ambient temperature on the COP 

4.3.3.3 Influence of the Wind Velocity 

Varying the wind velocity from 0.5 m/s to 5 m/s and holding the other external variables 

constant, i.e. solar radiation at 800 W/m2, air temperature at 25oC, the energy performance 

of the system has been assessed. It was found that increasing wind velocity would 

decrease slightly the overall efficiency and increase the electricity efficiency very slightly 

(Fig.4-31a). Increasing the wind velocity by 1 m/s decreases the overall efficiency by 

0.3 % (from 67.9 - 66.5 %). This decrease is due to the little increase of the heat loss due 

to the increase of the convective heat transfer coefficient from the PV to the surroundings. 

However, this heat transfer coefficient in favourable for the electricity efficiency that 

increases very slightly (almost constant) from 12.2 to 12.2 %. As shown in Fig.4-31b, the 

wind velocity increase led to a very slight decrease in the temperature of the PV cells 

(40.6oC to 40.4oC). This PV cell temperature decrease is favourable to the system but 

weak. This phenomenon can be explained that: owing to one glazing layer, because higher 

wind velocity causes higher convective heat transfer coefficient. Therefore, it will 

enhance the heat loss due to the increase of the convective heat transfer coefficient from the 

PV to the surroundings, making slightly decrease of overall efficiency. While the increase 
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of the convective heat transfer coefficient can help to cool the PV cells, which would increase 

the electricity efficiency. 

 

 
a b 

Fig.4-31. Influence of the wind velocity on the a) the thermal, electrical, overall 

efficiencies, b) PV cell temperature 

Fig.4-32 presents the influence of the wind velocity on the total heat transfer rate and the 

water outlet temperature. Increasing the wind velocity by 1 m/s slightly decreases the 

total heat transfer rate Qw by 0.8 % (Fig.4-32a) and the water outlet temperature Tc,out by 

0.08oC (Fig.4-32b). 

 

a 

 

b 

Fig.4-32. Influence of wind velocity on: a) the heat outputs and b) the water outlet 

temperature 
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Fig.4-33 shows that COP decreases slightly with an increasing the velocity. Increasing 

the velocity from 0.5 m/s to 5 m/s decreases the COP by 4%. It can be seen that the 

influence the wind velocity on the COP of the system is very weak compared to the 

influences of the solar radiation (Fig.4-27) and the ambient temperature (Fig.4-30). 

 

Fig.4-33.  Influence of wind velocity on the COP 

 

4.3.3.4 Influence of Number of cover 

By varying the number of top glazing covers from 0 to 2 while the other parameters 

remained constant, solar radiation at 800 W/m2, air temperature at 25oC, velocity 1 m/s, 

it was found that increasing the number of glazing covers would increase the thermal and 

slightly decrease the electrical efficiency (Fig.4-34a). The thermal efficiency overweighs 

the electrical efficiency and the overall efficiency follows the thermal efficiency increase. 

The increases of the overall efficiency can be explained by the fact adding more glazing 

covers helps to reduce the overall heat losses and the amount of absorbed solar energy 

due to its reflection and reduced transmittance; therefore, the thermal efficiency and the 
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PV cell temperature rises slightly from 39.2 to 40.9oC (Fig.4-34b), and then the electrical 

efficiency falls slightly (12.19 % to 12.17 %). The increase of the cover number is 

favourable for thermal efficiency and unfavourable for electrical efficiency. 

  

a b 

Fig.4-34. Influence of the cover number on the efficiency 

Fig.4-35 shows that increasing the number of cover from 1 to 2 increases the heat transfer 

rate by 7.3 % (Fig.4-35a) and water outlet temperature by 0.8oC (Fig.4-35b). Fig.4-36 

shows that the cover number is a favourable factor for the performance of the system. 

From 1 to 2 number of cover the COP increases only by 5.4% (Figure 4-31), this means 

using 2 covers does not significantly increase the COP. To minimize heat loss and 

maximize solar energy input, the single-glazing cover was considered to be the most 

appropriate option. 
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a 

 

b 

Fig.4-35. Influence of the cover number on heat transfer rates and the outlet water 

temperature 

 

Fig.4-36. Influence of the cover on the COP 

 

4.3.3.5 Influence of the packing factor 

The influence of the packing factor on the energy performance of the system has been 

investigated for a constant solar radiation at 800 W/m2, air temperature at 25oC, velocity 

1 m/s. The packing factor has been varied by changing the number of PV cells. It was 

found that increasing the packing factor from 0.1 to 0.9 increases the overall efficiency 
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from 60.4 % to 67.7% (Fig.4-37a). This increase is in majority due to the significant 

increase of the electricity efficiency (1.5 % to 12.2 %), the thermal efficiency decreases 

less (58.9 % to 55.5 %). Fig.4-37b shows that the increase of the packing factor slightly 

influences the PV cell temperature. The packing is significantly favourable to the 

electricity efficiency and unfavourable to the thermal efficiency. 

   

a b 

Fig.4-37. Influence of the packing on the efficiency 

Fig.4-38 shows that total heat transferred to the water Qw and the outlet water temperature 

decreases slightly with the packing factor. As a result, from a packing factor of 0.1 to 0.9 

the COP decreases slightly by 36.5 % (Fig.4-39). In fact, this increase of the COP is due 

to the increase of the electrical output that compensates the small decrease of the total 

heat output. Finally, it was found that higher packing factor is beneficial for the overall 

system performance. 
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a b 

Fig.4-38. Influence of the packing factor on heat transfer rates and the outlet water 

 

Fig.4-39. Influence of the packing factor on the COP 

 

4.3.3.6 Influence of Number of heat pipe 

By varying the number of heat pipes from 5 to 10 while the other parameters remained 

constant, solar radiation at 800 W/m2, air temperature at 25oC, velocity 1 m/s. It was 

found that increasing the number of microchannel heat pipes increases the overall 

efficiency of the system from 64.9 % to 67.85 % (Fig.4-40a) and the effect is most evident 

for of heat pipe quantities less than 10. It is found that for the microchannel heat pipe 

number (Nhp) superior to 20 the overall heat transfer coefficient is approximately constant. 
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The total heat transfer rate tends also to be constant. Fig.4-41 shows also that for Nhp >20, 

the PV cell and the outlet water temperatures, 40.48oC 5oC and 45.8oC respectively, are 

constant. The COP of system follows also this behaviour (Fig.4-42) and is constant for a 

Nhp superior to 20. This means that 20 microchannel heat pipes represent an optimal 

microchannel number. 

  

a b 

Fig.4-40 Influence of the microchannel heat pipe number on the efficiency 

 

 
  

a b 

Fig.4-41. Influence of microchannel the heat pipe number on the PV cell 

temperature and the outlet water temperature 
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Fig.4-42. Influence of microchannel heat pipe number on the COP 

4.3.3.7 Influence of water inlet temperature 

By varying the cold water inlet temperature at the heat exchanger from 20oC to 40oC. 

While the other parameters remained constant solar radiation at 800 W/m2, air 

temperature at 25oC, velocity 1 m/s. It was seen that increasing the water inlet temperature 

would significantly decrease the overall efficiency of the system (Fig.4-43a). This 

decrease in due to the increase of the water outlet temperature (Fig.4-44b) that increases 

the heat loss in the loop system. Figure 4-38a shows that the increase of the water inlet 

temperature significantly decreases the total heat transfer rate. This significant decrease 

is due to the decrease of the useful heat Qu because of the heat loss incises and the decrease 

of the total heat released the PCM Qcm. It can be seen that for water inlet temperature near 

48oC the useful heat Qu is superior to the total heat transfer rate Qw (Fig.4-3939b). This 

means there is excess heat is charged in the PCM material. 
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a b 

Fig.4-43. Influence of the water inlet temperature on the efficiency 

 

 

a 

 

b 

Fig.4-44.  Influence of the water inlet temperature on heat transfer rates and the 

outlet water 

Fig.4-45 shows that the COP evolution presents a maximum value where the heat excess 

is beginning to be charged in the PCM material and the COP falls. 
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Fig.4-45 Influence of the water inlet temperature on the COP 

 

4.3.3.8 Influence of the water mass flow 

By varying the water mass flow rate from 0.01 to 0.087 kg/s, while the other 

parameters remained constant, the influence this variation on the system performance has 

been assessed. For lower mass flow rates mw < 0.04 m/s, the overall efficiency of the 

module increases with the flow rate, after this point  the efficiency tends to be constant 

(Fig.4-46a). This can be explained by the fact that increasing the mass flow rate decreases 

the mean temperature of the water in the annular tube and then decreases of the heat losses 

in the system. Consequently, the useful heat gain increases (Fig.4-47b) and the thermal 

efficiency increases. The electrical efficiency also increases because of the PV cell 

temperature decreases (Fig.4-46). Otherwise the increase of the mass flow rate decreases 

the heat released by the PCM for flow rate inferior to 0.02 kg/s and above this tends to be 

constant. Fig.4-48 shows that the increase of the mass flow rate significantly influences 

the COP of the system, because of the supplementary electricity consumption of the 

system. It is seen that the flow rate of 0.0125 kg/s would be an optimal value for high 

COP and high heat output simultaneously. 
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a b 

Fig.4-46. Influence of the water mass flow rate on heat transfer rates and the outlet 

water 

  

a b 

Fig.4-47. Influence of the water mass flow rate on the efficiency 
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Fig.4-48. Influence of the water mass flow rate on the COP 

4.3.4 Comparision of the novel system with the conventional system 

In this section the novel PVT system has been compared with a conventional system as 

shown in Fig.4-49. The conventional system has a hydraulic diameter of 12 mm (vs 1.2 

mm for the novel system) and the loop heat pipe has a plate flat heat exchanger for the 

condensation. The model of the plate heat exchanger is described in [25]. For the 

conventional system, the liquid return enters by the bottom of the system. For each system 

the same number (20) of heat pipe collectors has been supposed. For the two systems the 

same PV and glazing cover optical and thermal properties were used. The efficiency of 

these systems was assessed for an ambient temperature of 25oC and wind velocity of 1 

m/s. 
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a b 

Fig.4-49 Comparison between, a) the novel PVT system b) the conventional PVT 

system  

 

Fig.4-50 shows the efficiency of the system for different solar radiation intensities and 

the resulting efficiency increase. Compared to the novel system, the system efficiency 

increases at least by 33% for the thermal efficiency, 8.7% for the electrical efficiency and 

28.8% for the overall efficiency. The efficiency increase is more important at lower solar 

radiations. This performance is due to three main factors: Firstly, the higher heat transfer 

rate in the micro-channel evaporator that absorbs more heat (4340 W/m2/K against 1500 

W/m2/K), secondly the significantly decrease of the PV cell temperature (e.g. decrease of 

12.31oC at 800 W/m2) and finally because of the heat released by the PCM heat exchanger. 
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a 

 

b 

Fig.4-50. Comparison between the new PVT system and the conventional PVT 

system a) evolution of thermal, electrical, overall efficiencies b) overall efficiency 

increase 

 

Fig.4-51 shows the COP of the system for different solar radiation intensities and the 

COP ratio of the novel system to the conventional system. It was found that the overall 

COP of the system was at least 2.2 times higher when compared to the conventional 
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system. This higher COP is due to the higher heat output of the novel system and the 

lower power consumption of the water pump (0.18 W against 0.12 W). 

 

 

a 

 

b 

Fig.4-51. Comparison between the new PVT system and the conventional PVT 

system a) evolution of the COPPVT and b) the ration of COP novel by COP 

conventional 

4.3.5 Conclusion 

This section presented a novel solar PVT Loop Heat Pipe (PVT-LHP) system using a 

Micro-channel evaporator and a PCM triple heat exchanger. A computer model was 

developed to assess the performance of the PVT-LHP system on the basis of a heat 
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balance mechanism, which gave the predicted PV modules’ solar thermal, electrical and 

overall efficiencies, and the system’s overall performance coefficient (COPPV/T) at the 

specified operational conditions. The influence of the environmental parameters (i.e. solar 

radiation, air temperature, wind velocity), structural parameters (i.e. glazing covers, 

number of the absorbing heat pipes, PC cell packing factor), the variable inputs (i.e. water 

inlet temperature, mass flow rate) on the energy performance of the system was 

investigated individually. The novel PVT-LHP has been compared with a conventional 

Solar PVT-LHP system. It was found that: 

(1) Increasing the solar radiation led to an increase in thermal efficiency and a decrease 

in the electrical efficiency, resulting in an increase the system’s overall performance 

coefficient (COPPV/T);  

(2) Increasing the ambient air temperature led to an increase in the thermal efficiency, a 

decrease in the electrical efficiency and an increase in the system’s overall performance 

coefficient (COPPV/T); 

(3) Increasing the wind speed led to a slight decrease in the thermal efficiency, slight 

increase decrease in the electrical efficiency and slight decrease in the system’s overall 

performance coefficient (COPPV/T); 

(4) Increasing number of the glazing covers led to increase in the module’s thermal 

efficiency but a decrease in the module’s electrical efficiency and in the system’s overall 

performance coefficient (COPPV/T) 

(5) Increasing the packing factor led to decrease in the module’s thermal efficiency but 

an increase in the module’s electrical efficiency and in the system’s overall performance 

coefficient (COPPV/T) 
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(6) Increasing number of the heat absorbing pipes led to increase in the fin’s efficiency 

and in the system’s overall performance coefficient. 

(7) Increasing the cold water inlet temperature led to decrease in the module’s thermal 

efficiency, the module’s electrical efficiency and the system’s overall performance 

coefficient (COPPV/T). 

(8) Increasing the water mass flow rate led to an increase in the module’s thermal 

efficiency and the module’s electrical efficiency and in a decrease the system’s overall 

performance coefficient (COPPV/T) because of the increase of the pump electricity 

consumption. The results show that a flow rate of 0.0125 kg/s would be an optimal flow 

for a high Heat output and high COP simultaneously. 

Furthermore, on the whole, the increase of solar radiation, ambient temperature, cover 

number, heat pipe number, packing factor have seen as the favourable factors for the 

COPPV/T (Coefficient Of Performance) of the system, whereas higher wind velocity and 

cold water mass flow rate have seen to be unfavourable. Under the given design 

conditions, a number of micro-channel heat pipes of 20 and one glazing cover was found 

optimal. The electrical, thermal and overall efficiency of the PVT-LHP module were 

found 12.2%, 55.6 % and 67.8 % respectively and can achieve 28% higher overall energy 

efficiency, 2.2 times higher overall coefficient of performance COPPV/T compared to the 

conventional system. The model developed in this study can be used to design and 

optimize the energy performance of a novel PVT-LHP system. 

4.4 Chapter summary 

This chapter presents the investigation of the heat transport capacity of a specific micro-

channel loop heat pipe (MC-LHP) by applying the latest fractal theory and heat transfer 
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limits calculation method. In the MC-LHP analytical model, fractal theory was applied to 

analyse the equivalent heat conductivity of the LHP wicks and a set of operational heat 

transfer limits including viscous, sonic, entrainment, capillary, boiling and liquid filling 

mass limit were calculated using the heat pipe heat transfer analytical theories. The results 

show that the capillary limit is the governing limit of this ML-CHP system. This study 

helps the assessment of the heat transfer capacity and determination of the optimum 

geometrical sizes (e.g. diameter, length, and number) of the LHP, thus assisting in the 

design of the PV/MCLHP system. 

Further, this chapter also presents an analytical study of a specifically designed 

PV/MCLHP system using a dedicated energy balance simulation model. A number of 

factors, including solar radiation, air temperature, air velocity, heat pump evaporation 

temperature, and the number of heat-absorbing pipes, were found to impact on the 

operational performance of the PV/MCLHP system. It is found that under the given 

design conditions, 20 sets of MC-LHP with a single glazing cover is able to achieve the 

highest heat and power outputs. The electrical, thermal and overall efficiency of the 

PV/MCLHP module were 12.2%, 55.6 % and 67.8 % respectively and had 28% higher 

overall energy efficiency, 2.2 times higher overall coefficient of performance (COP) 

compared to the conventional system. The model developed in this study can be used for 

design and optimization of the PV/MCLHP system and prediction of its energy 

performance under various operational conditions.  



 

 

CHAPTER 5: PROTOTYPE CONSTRUCTION AND 

EXPERIMENTAL TESTING, AND MODEL VALIDATION 

5.1 Chapter introduction 

This chapter presents the fabrication and experimental testing of a prototype PV/MCLHP 

system, as well as associated computer model validation/refinement. The major works 

involved include: 

(1) The fabrication of the major PV/MCLHP system components, i.e. the 

PV/MCLHP-evaporator, the co-axial trip-pipe heat exchanger, and the integrated 

PV/MCLHP module. 

(2) Experimental testing of 1.2kW rated PV/MCLHP system with a water tank 

under the controlled laboratory and real weather conditions 

(3) Investigation of the impact of the operational parameters to the performance 

of the PV/MCLHP system. These parameters include solar radiation, coolant 

water flow rate, coolant water inlet temperature, ambient temperature, as well as 

the height difference between the condenser and the evaporator.  

(4) Validation/refinement of the computer analytical model established in Chapter 

4, by using the experimental data obtained from the experiment. 

5.2 Fabrication of the prototype system 

5.2.1 PV/micro-channel evaporator with headers 

Structure of the PV/micro-channel-evaporator is shown schematically in Fig.5-1, while a 

photograph of such an experimental PV/T evaporator prototype is shown in Fig.5-2. The 
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parametrical data of PV panel were shown in Table 5-1. The micro-channel tubes, 

comprising numerous mini holes with equivalent hydraulic diameter of around 0.75mm, 

were used to make the evaporator of the loop heat pipe. These tubes were then adhered 

to an aluminium plate and grouped by the lower end liquid header and upper end vapour 

and liquid headers. This formed a fully integrated micro-channel tubes array which acted 

as the evaporator of the LHP. This evaporator was then combined with a PV module by 

including: (1) back tedlar polyester tedlar (TPT), (2) ethylene-vinyl-acetate (EVA), (3) 

PV cells, (4) ethylene-vinyle acetate (EVA), and glazing cover which is directly pressed 

on without air gap, thus formulating an integrated PV/micro-channel evaporator. This 

PV/ micro-channel evaporator was then accommodated into an insulated house and thus 

became a modular PV/evaporator unit. 

 

Fig.5-1. PV/micro-channel-evaporator module 
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Fig.5-2. The photographic image of Micro-channel evaporator 

Table 5-1. Parametrical data of the PV panels 

Item Parameter 

Technology (PV cell) Multi-c-Si 

Packing factor (%) 85.4 

PV area Apv (m2) 1.769 

Electrical Efficiency under standard condition ηrc 

(%) 

18.6 

Temperature attenuation coefficient Βpv (1/°C) -0.45 

Isc (A) 7.637 

Voc (V) 44.894 

Pm (W) 292.792 

Ipm (A) 7.534 

Vpm (V) 38.869 

 

Both the upper end vapour header and lower end liquid header were simply the aluminium 

cylinders with a diameter of 22 mm each. These, being weld with the micro-channel tubes, 

served as the containers to collect liquid and vapour from the micro-channel tubes. Unlike 

in the upper end vapour header and lower end liquid header, the micro-channel in the 

upper end liquid header was drilled with numerous tiny holes which are dedicated to 

Laminated PV layer 
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deliver liquid across the inner wall of the micro-channel evaporator, thus creating a 

uniformly distributed liquid film across the inner surface of the evaporator. It should be 

noted that pressure difference of the liquid prior and after the holes was controllable by 

adjusting the height of the liquid level within the header, thus matching the heat input 

through the micro-channel surface and keeping a balance between the liquid supply and 

evaporation.   

5.2.2 Co-axial tubular triple-pipe heat exchanger with PCM (as the 

condenser) 

(1) Structure of the co-axial tubular heat exchanger 

Structure of the co-axial tubular heat exchanger is shown in Fig. 3-5, while its 

parametrical data are presented in Table 3-3. This heat exchanger, laid with a serpentine 

form with a total length of 5m, is composed of three co-axially laid copper pipes. The 

inner pipe is the refrigerant flow path in which the refrigerant is gradually condensed. 

The middle annulus pipe is the water flow path in which the water absorbs the heat 

released from the refrigerant during its condensation process and thus is heated to the 

required temperature.  The outer annulus pipe is for accommodation of an organic PCM 

which absorbs the heat from the water if its temperature is higher and releases heat when 

the water temperature is lower. In order to observe the phase state of the refrigerant inside 

the central pipe, four sight glasses were installed on the turning corners of the central pipe. 

At the both ends of the pipe, two vertical copper pipes were assembled, with one for 

refrigerant charging and the other for pressure sensor installation. A photograph of the 

co-axial tubular heat exchanger is shown in Fig.5-3. The design drawings of the co-axial 

tubular heat exchanger is shown in Fig.5-4. The item description of the co-axial tubular 

heat exchanger is presented in Table 5-2. 
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Fig.5-3. A photograph of such a co-axial condensation heat exchanger  

  

Fig.5-4. Co-axial condensation heat exchanger  

Table 5-2. Item description of the heat exchanger configuration 

Item No. QTY Description 

1 1 Ref. (R134a) Tube 

2 4 PCM External Tube 

3 5 Screw End Cap 

4 5 Water Tube 

5 1 Sight Glass 

6 10 End Caps 

7 5 Threaded 

8 4 Water Spacer 

9 2 In/Out Pipe 

10 2 R134a Connector Purge 

11 2 R134a In/Out Pipe 

12 2 Connecting Nut 

(2) Selection of phase change material (PCM) 

PCM material within the outer tube was produced by Phase Change Material Products 

Ltd. In order to find the proper PCM for the heat exchanger of this system, the Differential 

Scanning Calorimeter (DSC) technique was applied to investigate the thermal 
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performance of a range of PCMs with phase change temperatures varying from 28℃ to 

58℃. Work was largely focused on PCMs with phase change temperature in the region 

of 45℃. Through the experiments conducted by PCM Ltd., A44 is found to be the 

candidate PCM which, as shown in Fig.5-5, has a narrow freezing/melting range, and a 

latent heat of 242kJ/kg. The thermal physical properties of A44 are presented in Table 5-

3. 

This PCM is shaped into a thin layer and fitted into the outer tube of the heat exchanger 

to serve as the heat storage body with a relatively high thermal conductivity. This forms 

a lower cost and small-sized heat storage/exchanger. 

 

Fig.5-5 DSC of A44 

Table 5-3. Thermal physical properties of PCM (A44) 

PCM type A44 

Phase change temperature (̊C) 44 

Latent heat capacity (kJ/kg) 242 

Specific heat capacity (kJ/kg/K) 2.15 

Thermal conductivity (W/m∙K) 0.18 
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5.2.3 The integrated PV/MCLHP Module 

In order to reduce the thermal resistance between the PV cells and the Al plate, PV cells 

covered with textured tempered glass is directly pressed on the aluminium (Al) plate by 

applying a thermal grease, which has thermal conductivity of 2.68W/m∙K owing to the 

addition of silver. The MC-LHP evaporator was pressed and attached on the aluminium 

plate, which works as heat conductor fin sheet adhering to the back surface of the PV 

layer, by applying thermal-conductive silica gel with relatively high thermal conductivity. 

Before grouping all the components, a leakage test of the MC-LHP evaporator was 

undertaken in order to avoid any potential refrigerant leakage. The MC-LHP evaporator 

was then connected to the water line to test the heat transfer performance between the 

refrigerant and water flow, as shown in Fig.5-6. Further, the PV panels were tested to 

ensure their electrical output at the normal standard. 

After completing the preliminary tests of the major system components, the PV/MCLHP 

module, as illustrated in Fig.5-7, was fabricated. This is simply made by integrating all 

the sysem components including the single glass covering, PV layer, aluminium plate, 

MC-LHP evaporator into an AL-alloy casing, which is filled with fiber glass wool to 

provide excellent thermal insulation. 

The co-axial tubular heat exchanger (i.e. condenser) and the PV/MCLHP evaporator were 

then connected using the long flexible hoses, thus formulating a complete PV/MCLHP 

heat and power system. The flexible hoses, acting as the vapour and liquid transportation 

lines, enable the refrigerant to circulate between the PV/MCLHP evaporator and the co-

axial tubular heat exchanger. The integrated PV/MCLHP system was fixed to a vertical 

frame to make both the evaporator and condenser in vertical position, which helps the 

liquid working fluid to flow from the condenser to the evaporator and also favours the 
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formation of the uniform liquid film on the inner wall of the evaporator to assist the 

evaporation of the refrigerant. 

 

Fig.5-6. MC-LHP evaporator pre-assembling testing 

 

Fig.5-7.  The photographic image of the PV/MCLHP module 
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5.3 Experimentation set-up  

5.3.1 Experimental system  

A single experimental PV/MCLHP system with a 45-litre water tank was designed and 

constructed to test the performance of the system. The coolant water is designed to take 

the heat away from the condenser of the LHP and discharge the collected heat to an 

external source (e.g. water tank). The water loop consists of (1) a water circulation pump 

which is used to drive water through the loop by overcoming the relevant flow resistances 

within the loop; (2) an axial fan to discharge the heat from the coolant water to the 

atmosphere; (3) flow meter, pressure meter, and water pipelines that, being connected to 

the co-axial heat exchanger, forms the circulation route for the coolant water. The 

technical specifications of the loop components are presented in Table 5-4. 

Table 5-4. List of the testing and monitoring components 

Item Specification 

Temperature sensor T-type 

Power sensor Solar Power controllerMPPT 

Pressure sensor 
Diffused silicon pressure transmitter sensor (4-20mA, 0.1~2.5Mpa, 

G1/4) 

Pyranometer 
HQTBQY (Wuhan Hanqin System Science & Technology Co., Ltd. 

China) 

Data logger Aglient 34972A, TR230X temperature recorder 

Water pump BJZ037-B (Head 20m) 

Fan coil 1.5p*4D300/380 (1380r/min, max 1450m3/h, Boyoung Co., Ltd. China ) 

Solar simulator 
PD1-ZNK1  (600-1200W/m2, 280-3000nm  ±5%, Sunshine Technology 

Co., Ltd. China)  

 

As shown in Fig.5-8, a MPPT solar power controller, installed with Maximum Power 

Point Tracking (MPPT) algorithm, can maximize the amount of current charged into the 

battery. This controller acts as both an electrical recorder and a converter, which accepts 

the DC input from the PV/T module, converts it into AC, and then deliver the AC into 
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the battery bank to reserve. A separate DC/AC inverter was used to convert DC from the 

battery bank into AC which is used to driven the fan and pump in this system. Such a 

system can keep a balance between the electrical supply and demand. 

 

 

Fig.5-8. Solar power process from the PVs to the User (Coils and Fan) 

The electrical efficiency of the PVs is proven to be dependent upon the PV cells’ 

temperature[26]. In line with this unique feature and considering the light spectrum 

characteristics of the solar simulator which, falling into a range between 280 and 3000 

nm, is only suitable for the use in solar thermal simulation, we decided to measure the 

solar electrical and thermal efficiencies separately. The electrical efficiency of the 

PV/MCLHP system was measured under real weather condition which aimed to 

determine the one-to-one relationship between the solar electrical efficiency and PV cells’ 

temperature. The photograph of the outdoor experimental system is shown in Fig.5-9. 

Solar thermal efficiency of the system was a bit more complex and varied with numerous 

operational parameters, e.g., solar radiation, coolant water flow rate, coolant water inlet 

temperature, ambient temperature, as well as the height difference between the condenser 

and the evaporator. In order to evaluate the operational performance of the PV/MCLHP 

system, a range of tests were carried out at an indoor (laboratory, as shown in Fig.5-10) 
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space at GDUT in which the relatively steady state operational conditions can be 

maintained. These tests were dedicate designed to investigate the impact of a range of 

operational conditions to solar thermal efficiencies of the system. This will be achieved 

by remaining other parametrical data unchanged but letting only one parametrical data 

change. 

 

Fig.5-9. Outdoor experimental system 

The fully established experimental system was equipped with various measurement 

instruments and sensors, including a pyranometer, a rotameter, thermocouples/ 

temperature probes, and pressure sensors, which were installed at appropriate positions 

to measure solar radiation, flow rate, temperature and pressure, respectively. A Solar 

Power Controller (MPPT) was used to test the output electricity of the PV/MCLHP 

module. Table 5-4 presents the technical information of the measurement instruments/ 

sensors used in the testing process. Fig.5-11 shows the installation profile of the 

measurement instruments and sensors in the experimental system. 
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Fig.5-10 Experimental PV/MCLHP heating system view in the lab 

 

P1-pressure of the LHP; T5, T6, T7-Surface temperature of PV panel 

T8,T9,T10-Surface temperature of Al plate; T11,T12,T13-Temperature of micro-channel 

Fig.5-11. Schematic of the experimental set up and instrumentation 
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5.3.2 Experimental procedure 

The measurement data was recorded at 30s interval and logged into the computer to 

enable the follow-on analysis to be made. The analyses of the experimental data took into 

account the potential uncertainties of the measurement instruments, e.g. tolerance of the 

solar radiation (±10W), measurement discrepancy of the temperature sensors (±0.1℃), 

etc. Furthermore, some potential random errors, caused by personal mal-operation, 

random electronic data fluctuation, and fluid friction etc, were also taken into 

consideration. 

5.3.3 Performance evaluation indicators 

A number of key indicators, including the output power, solar electrical and thermal 

efficiencies, and overall solar efficiency, were applied to evaluate the performance of the 

PV/MCLHP system. These are defined as below: 

Output power of PV/T (𝑃𝑃𝑉𝑇) can be expressed as:  

 

𝑃𝑃𝑉𝑇 = 𝑈𝑃𝑉𝑇𝐼𝑃𝑉𝑇         (5-1) 

 

Where; 𝑈𝑃𝑉𝑇 is the output voltage of the PV/MCLHP panel and 𝐼𝑃𝑉𝑇 is the current of the 

PV/MCLHP panel. 

 

Solar electrical efficiency (𝜂𝑒) can be expressed as:  

 

𝜂𝑒 =
𝑃𝑃𝑉𝑇

𝐺∙𝐴𝑃𝑉
=

𝑈𝑃𝑉𝑇𝐼𝑃𝑉𝑇

𝐺∙𝐴𝑃𝑉
                                                                                   (5-2) 
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Where 𝜂𝑒  is the electrical efficiency of PV/T panel, 𝑃𝑃𝑉𝑇 is the output power of PV/T 

panel, 𝑈𝑃𝑉𝑇 is the output voltage of PV/T panel, 𝐼𝑃𝑉𝑇 is the current of the PV/T panel, 

and G is the solar radiation, 𝐴𝑃𝑉 is the PV area of base panel. Alternatively, Electrical 

efficiency (ηe) can be written as: 

 

𝜂𝑒 = 𝜂𝑟𝑐[1 − 𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑟𝑐)]                                                                    (5-3) 

 

Where, 𝜂𝑟𝑐 is the initial electrical efficiency at reference temperature; 𝛽𝑃𝑉 is temperature 

coefficient;  𝑇𝑃𝑉 is PV cells temperature at operation; 𝑇𝑟𝑐 is reference temperature. 

 

Solar thermal efficiency (𝜂𝑡) can be expressed as:  

 

𝜂𝑡 =
𝑞𝑡ℎ

𝐺∙𝐴𝑃𝑉
=

𝑐𝑤𝑚𝑤(𝑇𝑤𝑜𝑢𝑡−𝑇𝑤𝑖𝑛)

𝐺∙𝐴𝑃𝑉
                                         (5-4) 

 

Overall solar efficiency can be expressed as:  

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑒 + 𝜂𝑡                                                                      (5-5) 

 

5.3.4 Uncertainties analysis  

The uncertainties of this experiment were analysed based on to the theory of error 

propagation, i.e. the experimental error of the independent variables, such as temperature, 

output power and solar radiation, is determined by the accuracy of the specific 

measurement instrument; while the error of dependent variables, such as solar efficiencies, 
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can be calculated on the error of the independent variables. For a given dependent variable 

y, the following equation can apply:  

𝑦 = 𝑓(𝑥1, 𝑥2,⋯ , 𝑥𝑛)                                                           (5-6) 

The relative error (RE) can be expressed as [44, 45]: 

 

𝑅𝐸 =
𝑑𝑦

𝑦
=

𝜕𝑓

𝜕𝑥1

𝑑𝑥1

𝑦
+

𝜕𝑓

𝜕𝑥2

𝑑𝑥2

𝑦
+ ⋯+

𝜕𝑓

𝜕𝑥𝑛

𝑑𝑥𝑛

𝑦
                                       (5-7) 

 

Where 𝑥𝑖 (𝑖 = 1,2,… , 𝑛) is the variable of the dependent variable 𝑦; and 𝜕𝑓/𝜕𝑥 is the 

error transfer coefficient of the variables. 

The experimental relative mean error (RME) during the test period can be expressed as: 

𝑅𝑀𝐸 =
∑ |𝑅𝐸|𝑁

1

𝑁
                                                       (5-8) 

Based on the Eqs. (6) to (8), the REMs of all the variables were calculated and the results 

were listed in Table 5-5. 

Table 5-5. The experimental RMEs of the variables 

Variable T (%) G (%) 𝜼𝒆 (%) 𝜼𝒕 (%) 

RME 0.067 2.0 4.2 21.4 

5.4 Results and discussion  

The key performance indicators of the novel PV/MCLHP system, including temperature 

distribution across the PV/MCLHP evaporator panel surface and along the LHP 

components, solar thermal, electrical efficiency and overall efficiency were obtained from 



CHAPTER 5: PROTOTYPE CONSTRUCTION AND EXPERIMENTAL 

TESTING, AND MODEL VALIDATION 

 

154 

 

dedicated experimental testing. These indicators are found to be largely dependent upon 

the operational condition of the system, including solar radiation, coolant water flow rate, 

coolant water inlet temperature, ambient temperature, and height difference between the 

condenser and evaporator. The impacts of each parameter to the performance of the 

system were presented and discussed below. 

5.4.1 Solar electrical efficiency of the novel PV/MCLHP system  

Solar electrical efficiency of the PV/MCLHP was measured under the real weather 

condition running from 21st to 27th Dec. 2018.  Fig.5-12 shows the variation of solar 

radiation, output power and cell temperature during a single day operation from 10:00 to 

16:30. Based on these measurement data, correlation between the solar electrical 

efficiency and cell temperature was established and this is shown in Fig.5-13. Meanwhile, 

theoretical correlation between the solar electrical efficiency and PV cells’ temperature 

was obtained from the manufacturer testing, as shown in Table 5-1, with the intersection 

efficiency (ɳ0) of 18.6% and slope factor of 0.45. The statistic curve for the experimental 

solar electrical efficiency shows that when the temperature of the PV cells changed from 

19 to 60oC, the solar electrical efficiency changed from 18.3% to 15.6%. In addition, it is 

seen that both the experimental and theoretical correlations show a reasonably good 

agreement, with discrepancy of -4.18%-1.48%. The reasons for the difference were 

multiple, including insufficient measurement data, errors in the measurement, as well as 

sensors’ discrepancy etc. 
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(a) 

 

(b) 

Fig.5-12. (a) Solar radiation, (b) electrical efficiency, and power output  

 

Fig.5-13. Solar electrical efficiency against PV cells temperature  
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5.4.2 Impact of the solar radiation 

Keeping other parameters unchanged (i.e., height difference at 1.3m, ambient air 

temperature at 30±0.5oC, inlet coolant water temperature at 25±1oC, coolant water flow 

rate at 0.17 m3/h), and varying solar radiation from 489W/m2, 561 W/m2, and 667 W/m2 

respectively, impact of the solar radiation on the performance of the PV/MCLHP system 

was experimentally investigated. Fig.5-14 shows the variation of the PV/T evaporator 

surface temperature against solar radiation. It is found that the mid-level of panel had a 

higher temperature than the lower and higher levels of the panel, indicating that solar 

radiation distribution across the panel is non-uniform and mid-level of the panel received 

a higher radiation compared to the lower and upper parts. In view of different layers of 

the panel, it is surprised to see that the aluminium plate in the mid-layer achieved a little 

higher temperature compared to the PV surface and micro-channel evaporator which were 

above and below the aluminium plate respectively. This indicates that the heat transfer 

across the panel was two-directional: one part of the heat is transferred from the 

aluminium plate to ambient through the glazing cover, and the other part is conducted 

directly into the refrigerant within the LHP evaporator. This phenomenon can be 

explained by the energy transaction processes according to section 3 of the authors’ 

previous published paper[99]. 
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Fig.5-14 Temperature distribution on different parts the PV/T panel under three 

solar radiation levels 
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A higher radiation led to a higher panel surface temperature, thus creating the enhanced 

heat transfer between the panel surface and fluid across the evaporator. However, solar 

thermal performance of the system may not follow the same variation trend. Under the 

three different radiation levels (i.e., 489W/m2, 561 W/m2 and 667 W/m2), the average 

solar thermal efficiency of the panels varied from 43.49%, 57.13% and 50.28%, as shown 

in Fig.5-15, indicating that 561W/m2 is the most appropriate radiation level under this 

specific operational condition. 

 

Fig.5-15. Variation of the average solar thermal efficiency against solar radiation 

5.4.3 Impact of the coolant water inlet temperature   

By varying the coolant water inlet temperature from 18℃ to 37℃ and keeping other 

parametrical data unchanged (i.e., solar radiation at 561 W/m2, coolant water flow rate at 

0.17m3/h, ambient air temperature at 30℃), impact of the coolant water inlet temperature 

on the performance of the PV/MCLHP system was experimentally investigated. Fig.5-16 

shows the variation of the solar thermal efficiency of the panel against the coolant water 

inlet temperature. It is clear to see that under this testing condition, (1) when the inlet 

coolant water temperature is 18 oC , the system achieved a peak solar thermal efficiency 
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of 71.67%; (2) the solar thermal efficiency decreased with the increase of the coolant 

water inlet temperature, which complied well with the common knowledge of the solar 

thermal collector. When the coolant water temperature is increased, the heat transfer 

between the refrigerant within the interior channel of the co-axial tubular exchanger and 

the coolant water through the mid-channel of the exchanger is decreased. The reduced 

heat transfer directly affected the performance of the MC-LHP, leading to either the 

reduced cycling refrigerant flow rate or increased refrigerant temperature. As a result, the 

heat loss of the PV/evaporator panel to the ambient was increased and solar thermal 

efficiency of the system was reduced. 

 

Fig.5-16. Solar thermal efficiency against the coolant water inlet temperature  

5.4.4 Impact of the coolant water flow rate 

By varying the coolant water flow rate from 0.05, 0.13, to 0.17m³/h and keeping other 

parametrical data unchanged (i.e., solar radiation at 560±5W/m2, height difference at 

1.3m, ambient air temperature at around 30 ℃, inlet water temperature at 20±1℃), impact 

of the coolant water flow rate to the performance of the PV/MCLHP system was 

experimentally investigated. Fig.5-17 shows variation of the solar thermal efficiency of 
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the panel against the coolant water flow rate. It is clear to see that the thermal efficiency 

of the PV/evaporator panel increased with the increase of the coolant water flow rate 

firstly and then lightly decreased.  

It is clear to see that the thermal efficiency of the PV/evaporator panel increased with the 

increase of the coolant water flow rate, which complied well with the common knowledge 

of the solar collector. When the coolant water flow rate was increased, heat transfer rate 

between the refrigerant within the interior channel of the co-axial tubular exchanger and 

the coolant water within the mid-channel of the exchanger was increased. This led to the 

increased heat transfer rate of the MC-LHP, represented by an increased refrigerant flow 

rate. As a result, the heat loss of the PV/evaporator panel to ambient was decreased and 

solar thermal efficiency of the system was increased. Under this specific operational 

condition, the solar thermal efficiency increased from 42.83% to 49.70% while the 

coolant water flow rate increased from 0.05m3/h to 0.17 m3/h. 

 

Fig.5-17. Solar thermal efficiency against coolant water flow rate 
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5.4.5 Impact of the ambient temperature  

By varying the ambient temperature from 24.1, 26.3, to 30 oC while keeping other 

parameters unchanged (i.e., solar radiation at 560±5W/m2, coolant water flow rate at 0.17, 

height difference at 1.3m, inlet water temperature at 25±1℃), impact of the ambient 

temperature on the performance of the PV/MCLHP system was experimentally 

investigated. Fig.5-18 shows variation of the solar thermal efficiency of the panel against 

the ambient temperature. It is clearly seen that the thermal efficiency of the PV/evaporator 

panel increased with the increase of the ambient temperature, which complied well with 

the common knowledge of the solar collector performance. When the ambient 

temperature is increased, the heat transfer between the PV/evaporator panel surface and 

surrounding is decreased. As a result, the heat loss of the PV/evaporator panel to ambient 

was decreased and solar thermal efficiency of the system was increased. Under the 

specific operational condition, the average solar thermal efficiency increased from 47.05% 

to 57.13% while the ambient temperature of the fluid increased from 24.1oC to 30oC. 

 

Fig.5-18. Average heat efficiency vs ambient air temperature 
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5.4.6 Impact of the height difference between the condenser and the 

evaporator 

By varying the height difference from 0.7, 0.9, 1.1, to 1.3m and keeping other 

parametrical data unchanged (i.e., solar radiation at 560±5W/m2, coolant water flow rate 

at 0.17, ambient air temperature at 30±1℃, inlet water temperature at 25±1℃), impact of 

the condenser-evaporator height difference to the performance of the PV/MCLHP system 

was experimentally investigated. Fig.5-19 shows the variation of the solar thermal 

efficiency of the PV/MCLHP system against the height difference between the heat 

exchanger and the evaporator. Increased height difference led to the increased solar 

thermal efficiency of the PV/MCLHP system, which complied well with the common 

knowledge of the solar thermal collector. When the height difference is increased, the 

heat transfer capacity of the LHP is increased owing to the enhanced thermo-siphon effect 

caused by the density difference between the refrigerant vapour and liquid. This led to 

the increased heat transfer rate from the evaporator to condenser. As a result, the solar 

thermal efficiency of the system was increased. Under this specific operational condition, 

solar thermal efficiency of the system increased from 48.85% to 57.13% while the height 

difference increased from 0.7 m to 1.3m. In addition, it is obvious that there is not much 

difference between the average solar thermal efficiency when the height difference is 

1.1m and 1.3m, so 1.1m is taken as an optimal value of height difference between heat 

exchanger and evaporator. 



CHAPTER 5: PROTOTYPE CONSTRUCTION AND EXPERIMENTAL 

TESTING, AND MODEL VALIDATION 

 

163 

 

 

Fig.5-19. Solar thermal efficiency changing with height difference between heat 

exchanger (condenser) and evaporator 

5.4.7 Overall efficiency of the PV/MCLHP system 

Based on the above tests, the most favourite operational condition of the PV/MCLHP 

system was identified. This is outlined as: coolant water flow rate at 0.17m3/h , height 

difference at 1.1m, and initial coolant water temperature at 18℃. Taking this as the testing 

condition, a full range of tests against the PV/MCLHP system were undertaken under the 

real weather condition dated in 18th Dec. 2018 in Guangzhou, China. The measurement 

data of the solar radiation, ambient temperature, panel temperature, coolant water 

temperatures and flow rate are presented in Table 5-6 and Fig.5-20. The solar thermal, 

electrical and overall efficiencies of the PV/MCLHP system were calculated and 

presented in Fig.5-21. Correlations between the efficiencies and the indicative parameter, 

(Tin-Ta)/G, were further developed and these are shown graphically in Figure 5-22. It is 

found that all efficiencies decreased with the increase of the indicative parameter, (Tin-

Ta)/G, with both the thermal and overall efficiencies varying sharply but the electrical 

efficiency varying slightly. In addition, under these specific operational condition and the 

real weather solar radiation, the solar thermal efficiency of the system was in the range 
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25.2% to 62.2%, and the average thermal, electrical and overall efficiencies are 38.36%, 

16.54% and 54.90%, respectively. 

 

Fig.5-20. Water tank temperature under real weather 

 

 

Fig.5-21. Solar thermal and electrical performance under real weather 
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Table 5-6: The test data of the PV/MCLHP system under real weather condition 

Time 
Solar radiation 

(W/m2) 

Ambient 
temp 

(℃) 

panel 

surface 

temp 

(℃) 

Micro-

channel 

temp 

(℃) 

Water 

tank 

temp 

(℃) 

Water 

flow 
rate 

m3/h 

Power 

(W) 

10:01 485.1 16.15 50.55 47.95 18 0.17 154.39 

10:10 443 16.75 51.85 48.95 19.05 0.17 145.95 

10:20 499.4 17.5 53.8 51.65 20.05 0.17 145.95 

10:30 535.7 18 53.85 51.95 21.1 0.17 152.6 

10:40 502.7 17.65 55.6 53.4 22.1 0.17 154 

10:50 509.3 17.05 55.35 53.85 23.25 0.17 163.8 

11:00 522.5 17.6 56.75 54.15 24.45 0.17 131.1 

11:10 533.5 18.1 52.95 55.55 26.35 0.17 166.6 

11:20 535.7 18.55 49.25 54.9 28.25 0.17 166.6 

11:30 547.8 18.35 50.15 54.25 29.55 0.17 177.32 

11:40 552.2 19.6 52 55.4 30.9 0.17 178.75 

11:50 552.2 18.8 55.15 56.9 31.95 0.17 181.44 

12:00 568.7 19.85 55.1 58.4 33.25 0.17 178.92 

12:10 566.5 20.15 56.35 59.1 34.45 0.17 184.15 

12:20 565.4 20.95 57.3 59.15 35.45 0.17 178.55 

12:30 564.3 19.85 55.65 57.7 36.45 0.17 187.03 

12:40 563.2 22.05 56.4 57.6 37.1 0.17 182.46 

12:50 561 23.25 58.35 58.55 37.5 0.17 171.12 

13:00 546.7 21.85 59.85 59.2 38.1 0.17 159.25 

13:10 539 21.4 60.45 60.25 38.75 0.17 154.18 

13:20 530.2 20.85 59.75 59.6 39.3 0.17 154.85 

13:30 512.6 23.65 60.3 60.3 39.9 0.17 147.24 

13:40 496.1 22.15 60.9 60.6 40.55 0.17 139.94 

13:50 476.3 22.9 60.6 60.65 41.05 0.17 135.56 

14:00 469.7 21.35 59.95 60.3 41.5 0.17 136.29 

14:10 434.5 22.15 59.3 59.05 42 0.17 128.53 

14:20 411.4 23.05 59.05 59 42.15 0.17 122.61 

14:30 380.6 23.85 56.75 58.1 42.8 0.17 121.26 

14:40 353.1 24.8 56.75 57.1 42.9 0.17 112.50 

14:50 331.1 24.1 56.25 56.7 43.25 0.17 107.07 

15:00 298.1 23.25 56.9 56.35 44.45 0.17 94.52 
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Fig.5- 22. Correlations between the efficiencies and the indicative parameter, (tin-

ta)/G 

5.4.8 Comparison between the PV/MCLHP system and the existing 

PV/T system and BIPV/T system 

Comparison between the PV/MC-LHP- and the existing PV/T and BIPV/T system was 

undertaken and the results are shown in Table 5-8. This derived the experimental 

correlations between the overall solar efficiency and indicative operational parameter (i.e., 

Tin – Ta/G or (Tin – Ta)/H) for the three systems.  

Under the a specific operational condition (i.e., Solar radiation of 16.14MJ/m2/day 

(560.41W/m2), water inlet temperature of 35℃, ambient temperature of 36.7℃, and 8 

hours per day in operation, the new PV/MC-LHP-T system had the average thermal 

efficiency of 51.9% and average electrical efficiency of 16.54%, while the existing PV/T 

system had the average thermal efficiency of 41.34% and average electrical efficiency of 

10%[168]. Compared to the existing PV/T system, the new PV/MCLHP system obtained 

33.31% higher overall solar efficiency.     
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Under the a specific operational condition (i.e., solar radiation of 850W/m2, water inlet 

temperature of 20℃, and ambient temperature of 25℃), the new PV/MCLHP system had 

the average thermal efficiency of 51.91% and average electrical efficiency of 16.54%, 

while the existing PV/T system had the average thermal efficiency of 44.3% and average 

electrical efficiency of 14.1%[169]. Compared to the existing BIPV/T system, the new 

PV/MC-LHP- system obtained 17.20% higher overall solar efficiency.     

Table 5-7: The novel PV/MCLHP system vs. other PV/T systems 

System MC-LHP-PV/T 
Conventional 

PV/T 
BIPV/T 

Solar thermal equation (ƞth=ƞ0 – α0T* , 

T*= (Tin – Ta)/G or T*= (Tin – Ta)/H ) 

ƞth=0.519-

0.0088T*, 

T*= (Tin – Ta)/G 

ƞth=0.400-

0.195T*, 

T*= (Tin – Ta)/H 

- 

Solar thermal efficiency under specific 

operational condition 1 (Solar radiation: 

H=16.14MJ/m2/day or G=560.41W/m2; 

Tin=35℃; Ta=36.7℃; operational time: 

8h/day) 

51.90% 41.34% - 

Solar thermal efficiency under specific 
operational condition 2 (Solar radiation: 

850W/m2; Tin=20℃; Ta=25℃) 

51.91% - 44.30% 

Daily average electrical efficiecny 16.54% 10% 14.10% 

Overall efficiency under condition 1 68.44% 51.34% - 

Overall efficiency under condition 2 68.45% - 58.40% 

Ref. Present study [168] [169] 

Overall efficiency improving ratio to 

Ref.[168] 
33.31% - - 

Overall efficiency improving ratio to Ref. 

[169] 
17.20% - - 

5.5 Comparison between the experimental and modelling 

results - model validation 

To evaluate the degree of agreement between the experimental and simulation results, the 

relative errors (RE) are calculated by: 



CHAPTER 5: PROTOTYPE CONSTRUCTION AND EXPERIMENTAL 

TESTING, AND MODEL VALIDATION 

 

168 

 

RE =
𝑌𝑒𝑥𝑝−𝑌𝑠𝑖𝑚

𝑌𝑒𝑥𝑝
× 100%                        (5-9 ) 

Where the 𝑌𝑒𝑥𝑝  and 𝑌𝑠𝑖𝑚  are the values of the experimental and simulation results 

respectively. 

5.5.1 Influence of the ambient air temperature 

The average solar radiation from the solar simulator to the surface of the PV/MCLHP 

collector was 561W/m2 and the circulating water flow rate was set as a constant value of 

0.17m3/h with a fixed inlet water temperature at around 25℃. Further, the height 

difference between the evaporator and the condenser was kept at 1.3m, while the air 

temperature varied from 24.1, 26.3, 30, to 32.2 oC during the experiment time.  

The experimental and simulation results of the outlet water temperature under different 

ambient air temperature are presented in Fig.5-23, indicating that the outlet water 

temperature of coolant loop of the PV/MCLHP system slightly increases with the ambient 

air temperature when keep other parameters constant. The relative errors between the 

experimental and simulation the outlet water temperatures are less than 5%, which shows 

that the simulated results are in good agreement with the experimental ones.  
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Fig.5-23. Experimental and simulation results of outlet water temperature under 

different ambient air temperature 

 

Fig.5-24. Experimental and simulation results of the solar thermal efficiency with 

different ambient air temperature 

Fig.5-24 shows the experimental and simulation results of solar thermal efficiencies 

under different ambient air temperature. Both results show that the trend of the solar 

thermal efficiencies are increasing with the ambient air temperature. When the ambient 

air temperature were 24.1, 26.3, 30, and 32.2 oC, the simulation results of the solar thermal 

efficiencies were 52.3%, 57.2%, 60.1%, and 68.1%, whilst the experimental results were 

47.3%, 54.7%, 56.9%, and 66.4%, respectively. This phenomenon complied well with 

the common knowledge of the solar collector performance that when the ambient 

temperature is increased, the heat transfer between the PV/evaporator panel surface and 

surrounding is decreased. As a result, the heat loss of the PV/evaporator panel to ambient 

was decreased and solar thermal efficiency of the system was increased. 

5.5.2 Influence of solar radiation 

The average ambient air temperature was around 30 oC and the circulating water flow rate 

was set as a constant value of 0.17m3/h with a fixed inlet water temperature at around 

25℃. As well as, the height difference between the evaporator and the condenser was 
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kept at 1.3m, while the average solar radiation from the solar simulator striking on the 

surface of the PC/MC-LHP collector were set varied from 489, 561, to 667 W/m2 during 

the experiment time.  

The experimental and simulation results of the outlet water temperature under different 

solar radiation are presented in Fig.5-25, indicating that the outlet water temperature of 

coolant loop of the PV/MCLHP system slightly increases with the solar radiation when 

keep other parameters constant. The relative errors between the experimental and 

simulation the outlet water temperatures are less than 5%, which shows that the simulated 

results are in good agreement with the experimental ones.  

 

Fig.5-25. Influence of the solar radiation on the outlet water temperature of the 

PV/MCLHP system (exp. vs sim.) 

Then the modelling results of the solar thermal efficiencies were compared with the test 

results obtained under the same operational conditions, which yielded the comparison 

diagram displayed as Fig.5-26. Good agreement between the experimentation and 

simulation was observed with relative errors in the range of -0.75% ~ 15.16%. It was 

found that the increasing solar radiation didn’t lead to an increase in the solar thermal 

efficiency of this system, whilst the solar thermal efficiency performed a highest value at 
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66.67% when the average solar radiation was 561W/m2, indicating that 561W/m2 is the 

most appropriate radiation level under this specific operational condition. 

 

Fig.5-26. Influence of the solar radiation on the solar thermal efficiency of the 

PV/MCLHP system (exp. vs sim.) 

5.5.3 Influence of different height difference between evaporator and 

condenser 

By varying the height difference between the evaporator and condenser from 0.7m, 0.9m, 

1.1m to 1.3m while the other parameters keeping constant as that the average ambient air 

temperature was around 30 oC and the circulating water flow rate was set as a constant 

value of 0.17m3/h with a fixed inlet water temperature at around 25℃, as well as that the 

average solar radiation was set around 561W/m2. A simulation was completed by using 

the established computation model. And the simulation results were evaluated in parallel 

vs the experimentation results, thus giving the comparison illustrations in Fig.5-27 and 

Fig.5-28. Good agreements were found in these two sets of comparison, giving  relative 

errors in the range of -1.31% ~ 0.32% and -10.00% ~ 3.65% for outlet water temperatures 

and solar thermal efficiencies respectively. It was found that increasing height difference 

led to rising solar thermal efficiency of the PV/MCLHP system. When the height 
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difference is increased, the heat transfer capacity of the LHP is increased owing to the 

enhanced thermo-siphon effect caused by the density difference between the refrigerant 

vapour and liquid. This led to the increased heat transfer rate from the evaporator to 

condenser. As a result, the solar thermal efficiency of the system was increased. In 

addition, it is obvious that there is not much difference between the average solar thermal 

efficiency when the height difference is 1.1m and 1.3m, so 1.1m is taken as an optimal 

value of height difference between heat exchanger and evaporator as described as before. 

 

Fig.5-27 Influence of height difference on the outlet water temperature (exp. vs 

sim.) 

 

Fig.5-28 Influence of height difference on solar thermal efficiency (exp. vs sim.) 
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5.5.4 Error analysis 

It was found that the certain relative errors existed between the modelling and test results 

for all sets of comparison were no greater than 16%, which are acceptable in terms of 

general engineering applications and indicate that the established model can predict 

system performance at a reasonable level of accuracy. The minor differences in existence 

may be due to simplified assumptions, the utilisation of empirical formulas, and 

measurement errors.  

5.6 Chapter summary 

This chapter addressed a dedicated experimental investigation into a novel solar micro-

channel loop-heat-pipe PV/T (PV/ MCLHP) system in order to evaluate its operational 

performance and assess the impact of a number of operational parameters to its 

performance, as well as the steady-state simulation model validation with the 

experimentation results.  

The system made use of the co-axial tubular heat exchanger as the condenser, PV 

integrated multiple micro-channel-tubes-array as the PV/evaporator, the upper end liquid 

header with tiny holes as the liquid feeder and liquid/vapour separator, and the upper end 

vapour header as the vapour collector and distributor. The combination of these 

innovations was proved to be able to create the improved condensation and evaporation 

effects within the LHP, and thus, lead to the 17.20% to 33.31% higher overall efficiency 

compared to the existing solar PV/T and BIPV/T systems.  

Solar thermal and electrical efficiencies were considered as the key performance 

indicators of the PV/MCLHP system. The electrical efficiency was found to be dependent 

upon the temperature of PV cells. A higher cell temperature led to a reduced PV electricity, 



CHAPTER 5: PROTOTYPE CONSTRUCTION AND EXPERIMENTAL 

TESTING, AND MODEL VALIDATION 

 

174 

 

with the intersection efficiency (ɳ0) of 18.6% and slope factor of 0.45. The experimental 

relationship shows a good agreement with the theoretical one, with the discrepancy 

between -4.18% and 1.48%.  

Solar thermal efficiency of the PV/MCLHP system varied with the inlet temperature and 

flow rate of coolant water, ambient temperature, as well as height difference between the 

condensation and the evaporator. A lower inlet water temperature, a higher water flow 

rate, a higher ambient temperature, and a larger height difference between the condenser 

and evaporator can help increase the solar thermal efficiency of the system. Under the 

refrigerant charge ratio of 30%, solar radiation of 561W/m2, initial inlet water 

temperature of 18oC, water flow rate of 0.17 m3/h, ambient temperature of 30oC, and 

height difference of 1.3m, the system achieved a peak solar thermal efficiency of 71.67%. 

These operational parametrical data in combination are therefore regarded as most 

favourite operational condition of the PV/MCLHP system. Under these specific 

operational condition and the real weather solar radiation, the solar thermal efficiency of 

the system was in the range 25.2% to 62.2%.   

The solar simulator generated a certain level of non-uniformity in radiation distribution 

across the surface of the PV/evaporator panel, leading to a higher temperature at the mid-

part of the panel and lower temperature at the lower and higher parts of the panel. This 

may cause certain level of inaccuracy in the efficiency calculation. 

A higher solar radiation created a larger heat transfer rate within the PV/MCLHP system. 

However, the solar thermal and electrical efficiency of the system may not follow the 

same variation trend. Under the three different radiation levels (i.e., 489, 561, and 

667W/m2), the thermal efficiency of the panels varied from 43.49%, 57.13% and 50.28%, 

indicating that 561W/m2 is the most appropriate radiation level.   
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The certain relative errors existed between the modelling and test results for all sets of 

comparison were no greater than 16%, which are acceptable in terms of general 

engineering applications and indicate that the established model can predict system 

performance at a reasonable level of accuracy. The minor differences in existence may 

be due to simplified assumptions, the utilisation of empirical formulas, and measurement 

errors.  



 

 

CHAPTER 6: ENERGY SAVING, ECONOMIC, 

ENVIRONMENTAL AND REGIONAL ACCEPTANCE ANALYSIS 

6.1 Chapter introduction 

In this chapter, the computation model developed in chapter 4 is applied to predict the 

annual operational performance of the proposed novel PV/MCLHP system. Further the 

system life cycle, carbon dioxide emission reduction, and power and heat output will be 

theoretical analysed to evaluate the relevant socio-economic and environmental impacts. 

6.2 Annual operational performance 

Based on the good agreement between the simulation model and the experimental results 

being achieved in previous chapters. The established model is applicable for prediction 

of the annual operational performance of the PV/MCLHP heat and power system. 

6.2.1 Weather conditions as the input parameters 

Weather data by region can be download from EnergyPlus[170], such as London 

‘GBR_London.Gatwick. 037760_IWEC’, and ‘450070_City UHK’ for Hong Kong. The 

monthly averages for solar radiation and ambient air temperature in London and Hong 

Kong are presented in Fig.6-1 and Fig.6-2 respectively.  

Table 6-1 presents the monthly average wind speed for these two places. It can be found 

that (1) the monthly solar radiation of London is on a lower level, while in Hong Kong it 

is on a relative higher level; (2) London is warm in summer and cold in winter, whilst 

Hong Kong is hot in summer and warm in winter; (3) the monthly average wind speed in 

Hong Kong is larger than in London. 
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Fig.6-1. Monthly average solar radiation in London and Honking 

 

Fig.6-2. Monthly average ambient air temp London and Hong Kong 

 

Table 6-1 Monthly average wind speed in London and Hong Kong (m/s) 

Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

London 3 2.6 2.7 2.2 2.4 2.1 2.3 1.9 2 2.2 2.2 2.4 

Hong Kong 5.4 5.6 5.8 5.8 5.3 5.4 5.5 5.1 5.2 5.3 5.4 5.3 
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In terms of the annual performance simulation, it was supposed that the prototype system 

starts work from 9:00 to 17:00 as the end. The monthly average weather data were applied 

to be the instant input parameter to calculate the monthly average performance indicators. 

6.2.2 Monthly performance predictions of the PV/MCLHP system in 

London and Hong Kong  

This section studies the annual operational performances of the PV/MCLHP prototype 

system in London and Hong Kong. Fig.6-3 shows the monthly average PV temperature 

and air temperature in these two regions. It is easy to find that the PV temperature had a 

similar variation trend to the ambient air temperature and the solar radiation, where Hong 

Kong reached to a maximum temperature in March and a minimum temperature in winter 

while London in July and winter respectively. In London, the monthly temperature of PV 

was in the range from 36.4°C (in December) to 45.3°C (in July).  

 

Fig.6-3. Monthly average PV temperature and air temperature in London and 

Hong Kong 

In Hong Kong, the monthly temperature of PV was in the range from 41.5°C (in 

December) to 48.9°C (in March) owing to the highest monthly average solar ration 

occurring in March. PV temperature in London is lower than in Hong Kong throughout 
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the whole year. The predicted year average PV temperatures in London and Hong Kong 

were 41.2°C and 45.3°C respectively. 

 

Fig.6-4. Solar energy efficiencies of the PV/MCLHP system in London and Hong 

Kong 

Fig.6-4 gives the monthly solar energy efficiencies of the PV/MCLHP module showing 

that the monthly solar electrical efficiencies of the module varies in the opposite of the 

PV temperature presented by the value of it in the range from 11.9% (July) to 12.5% 

(December) in London and from 11.7% (March) to 12.2%(December) in Hong Kong. It 

was found that the monthly solar electrical efficiencies in London are relatively higher 

than in Hong Kong throughout the year, owing to that monthly PV temperature in London 

is lower than in Hong Kong throughout the whole year as mentioned before.  However, 

the monthly solar thermal efficiencies of the module varies at the same trend as its PV 

temperature while inversely to the solar electrical efficiency, indicated by the value of 

solar thermal efficiency in the range from 12.6%(December) to 44.7%(July) in London 

and from 38.1%(January) to 51.3%(August) in Hong Kong. In addition, the monthly solar 

thermal efficiencies in London are relatively lower than in Hong Kong in the year round 

which presents a larger difference between solar thermal efficiencies than the difference 



CHAPTER 6: ENERGY SAVING, ECONOMIC, ENVIRONMENTAL 

ANALYSIS 

 

180 

 

between in solar electrical efficiencies. Furthermore, there is clear trend that the operation 

of the PV/MCLHP system in Hong Kong is more stable than in London owing to the 

warmer temperature and higher solar radiation in Hong Kong, generating a much higher 

annual average thermal efficiency at around 46.7%. From aspect of the overall efficiency, 

there is a tendency that overall efficiencies of the PV/MCLHP prototype system which, 

varies in a same way as the solar thermal efficiency, have annual averages at around 58.5% 

in Hong Kong and around 44.6% in London. 

 

Fig.6-5. Overall energy output of the PV/MCLHP system in London and Hong 

Kong 

The overall energy outputs are illustrated in Fig.6-5, showing that the amount of energy 

outputs is positively correlated with the magnitude of solar radiation and influenced by 

the ambient air temperature of the region. The electricity generated by the prototype 

system in London varied from 20.12kWh (November) to 42.80kWh (July) with the 

average value of 33.34kWh, while in Hong Kong it varied from 31.78kWh (November) 

to 54.66kWh (March) with the average value of 40.00kWh. The solar thermal output 

ranges of the prototype system were from 21.60kWh (December) to 160kWh (July) with 
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the average value of 95.84kWh in London, whilst from 101.65kWh (December) to 

213.90kWh (March) with the average value of 157.67kWh in Hong Kong. Apparently, 

operating this system in Hong Kong could have much more energy output than in London 

which can also be proved by the overall output figure as shown in Fig.6-5 and the total 

annual energy output listed in Table 6-2, owing to the rich solar resources and warm 

climate in Hong Kong. 

Table 6-2 Total annual energy output of the prototype system in Hong Kong and 

London 

Location Hong Kong London 

Solar radiation (kWh/m2 - yr) 2044.41 1669.94 

Solar electricity output of this prototype system (kWh/m2 - yr) 259.15 216.02 

Solar thermal output of this prototype system (kWh/m2 - yr) 1018.10 620.86 

6.3 Life-cycle economic analysis 

6.3.1 Capital cost of the PV/MCLHP systems 

(1) Capital cost 

Based on the prototype system and demonstration system constructions and testing results, 

the capital cost of a 1.2kW related PV/MCLHP system has been estimated and the results 

are presented in Table 6-3. The capital cost of the overall PV/MCLHP system is 

calculated by adding all the individual prices of the different components in the whole 

system, including appropriate commercial profits (20%). It is found that the initial cost of 

this type of PV/MCLHP system is GBP 941.10. In addition, the PV/MCLHP module was 

the most expensive of this system components, which accounts for around 53% of the 

total system cost. 
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Table 6-3: 1.2kW related PV/MCLHP capital cost summary 

No.  Component Type Quantity/Size 
Unit 

Price (¥) 
Cost  (¥) 

PV/MCLHP Model       ( 3746       53.07% ) 

1 PV/T module 2000*1000 1 1550 1550 

2 

Heat 

exchanger 

(condenser) 

Triple pipe 

heat 

exchanger  

1 2000 2000 

3 
Transportation 

Lines 
TS2732412 2 98 196 

Other components       ( 1842    26.10% ) 

3 
water pump 

for the system 

BJZ037-B 

(Head 20m) 
1 338 338 

5 Refrigerant R134a (kg) 1.2 150 150 

6 
Eelectrical 

wire 
(coil) 1 80 80 

7 

Hot water 

storage tank 

(closed) 

45L 1 200 200 

8 
DC/AC 

inverter 
2kW 1 150 150 

9 
Temperature 

Sensor 
Pt 2 53 106 

10 
Pressure 

sensor 
4-20mA  1 468 468 

11 
Solar Power 

Controller 
MPPT 1 350 350 

Other accessories     ( 1470     20.83% ) 

12 

Waterproof 

insulation 

materials 

cover the 

water tank 

and 

transportation 

lines 

5 29 145 

13 

PV/T system 

Module 

bracket 

Aluminum 

alloy 
1 800 800 

14 
Thermal 

silicon seal 

K-5205 

(bottle) 
35 15 525 

Subtotal 

Total system fabrication cost (¥) 7058 

Additional profit (20% of total fabrication cost)(¥) 1411.6 

Capital cost(¥) 8469.6 

Capital cost(GBP) 941.1 
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 (2) Renewable Earning (RE) 

To install a new solar PV or solar heating system, it might be possible to get grants 

through the government’s renewable policy, such as the Renewable Heat Incentive (RHI) 

scheme in London to encourage the uptake of renewable heating technologies within 

households, businesses and communities through the provision of financial incentives. 

The financial support available for installing such a solar thermal system are ‘‘P20.06/kW 

h yr heat (7 years)’’ for UK[171], and ‘HKD5/kWh-yr-power (from 2018 to 2023)’ for 

Hong Kong[172] in China. Then the ultimate initial cost of installing such a PV/MCLHP 

heating system equals the value obtained by subtracting the local incentive amounts for 

renewable projects from the capital cost. 

Table 6-4: Renewables tariffs for the installation of a solar system in London and 

Hong Kong 

location London Hong Kong 

Tariff £ 0.2006/kWh-yr-heat  HK$ 5/kWh-yr-power  

Years 7 15 

Total earning(£) 1743.62 3416.88 

 

6.3.2 Annual operational cost and saving of the PV/MCLHP systems 

The annual operational cost and saving calculation is based on the 1.2 kW prototype 

PV/MCLHP system with a 45-litre water tank taken into consideration for the economic 

analysis. The initial water temperature in the water tank was assumed to be equal to the 

local ground water temperature [32] [70]. The final hot water temperature was set to be 

45℃. Therefore the annual hot water heat demand, 𝑄ℎ,𝑤 (W), can be obtained by  

𝑄ℎ,𝑤 = 𝑀𝑤𝑐𝑤∆𝑇𝑤𝑁𝑑                                          (6-1) 
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Where 𝑄ℎ,𝑤   is the thermal energy for hot water; 𝑀𝑤  is the quality of hot water per 

day[173] (150L/p/d for Hong Kong[174], and 100L/p/d for London [175] water 

consumption was taken into calculation for hypothesis.); ∆𝑇𝑤  is the temperature 

difference of the initial and final water temperature (K); 𝑁𝑑 is the annual number of days 

for hot water, which is assumed to be 365 day/yr.  

Table 6-5 Annual operational costs of different systems 

location   Hong Kong London 

Energy price and demand 

Gas price(GBP/kWh) [176]  0.15 0.05 

Electricity price(GBP/kWh)  0.12 0.14 

Feed-in Tariff (GBP/kWh)[172]  0.5 0.20 

Total heat demand  (kWh/yr)  1405.25 1149.75 

    

PV/MCLHP heat pump system operational performance 

Installation fee (GBP) 75.29 94.11 

Heat produced from system (kWh/yr) 2036.20 1241.72 

Energy required from auxiliary heater (kWh/yr) -630.95 -91.97 

Total electricity output from module (kWh/yr) 518.30 432.04 

Electricity consumed by water pump (kWh/yr) 1065.60 1065.60 

Net electricity output (kWh/yr) 1093.98 477.40 

Operational cost(GBP/yr)  65.68 62.52 

Maintenance fee(GBP/yr)  18.82 18.82 

       

Electric water heater (efficiency 90%) 

capital cost (GBP)  150.00 150.00 

Installation fee (GBP) 30.00 30.00 

Electricity consumed  by electric heater(kWh/yr) 1561.39 1277.50 

Operational cost(GBP/yr)  187.37 178.85 

Maintenance fee(GBP/yr)  9.00 15.00 

       

Gas Boiler (efficiency 80%)     

capital cost (GBP)  200.00 200.00 

installation fee (GBP)  12.00 20.00 

Required gas energy (kWh/yr)  1756.56 1437.19 

Operational cost(GBP/yr)  263.48 71.86 

Maintenance fee(GBP/yr)  12.00 12.00 

       

Annual saving by replacing a gas boiler (GBP/yr) 190.99 26.39 

Annual saving by replacing a electric heater (GBP/yr) 111.87 112.51 
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In terms of some terrible weather that the proposed system may operate unsatisfactorily, 

an auxiliary heater is needed to heat the water up to the expected 45℃. A power heater 

and gas boiler are taken into consideration as the auxiliary heater of the prototype 

PV/MCLHP system, respectively, when comparing to a conventional gas boiler with 

efficiency of 80% and a typical electric heater with efficiency of 90%[70]. These systems’ 

annual operational cost can be calculated and the results are presented in Table 6-5. It is 

found that operating the proposed PV/MCLHP system can save nearly GBP 191/112, 

GBP 26/113 per year in Hong Kong and London respectively by replacing a conventional 

gas boiler/electric heater. 

6.3.3 Annual maintenance cost 

Normally, the annual maintenance cost of a solar heating and power system is around 

1.75%-3% of the capital cost[32][177]. Therefore, the maintenance fee of this 

PV/MCLHP system is assumed to be 2% in this research for the economic analysis as 

calculated in Table 6-5. 

6.3.4 Cost payback time and life-cycle net cost savings 

Replacing the conventional heating system, gas boiler and electric heater, by the proposed 

PV/MCLHP system, the cost payback period (𝑃𝑃𝑃𝑉/𝑀𝐶−𝐿𝐻𝑃) can be estimated by 

𝑃𝑃𝑃𝑉/𝑀𝐶𝐿𝐻𝑃 =
𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝐶𝑜𝑠𝑡 − 𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒𝑠

𝐴𝑛𝑛𝑢𝑎𝑙 (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 & 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒)𝐶𝑜𝑠𝑡𝑆𝑎𝑣𝑖𝑛𝑔
 

=
𝐶𝐶𝑃𝑉/𝑀𝐶𝐿𝐻𝑃−𝐶𝑅𝐸−𝐶𝐶𝐶𝐻

(𝐶𝑂,𝐶𝐻+𝐶𝑀,𝐶𝐻)−(𝐶𝑂,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃+𝐶𝑀,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃)
                              (6-2) 
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Where 𝑃𝑃𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  is the payback period of PV/MCLHP system (year); 𝐶𝐶𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  and 

𝐶𝐶𝐶𝐻  are the capital cost of the proposed PV/MCLHP system and the conventional 

heating system respectively (GBP); 𝐶𝑅𝐸 is the renewable earnings according to the local 

RHI (GBP); 𝐶𝑂,𝐶𝐻  and 𝐶𝑀,𝐶𝐻  are the operational and maintenance cost of the 

conventional heating system; 𝐶𝑂,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  and 𝐶𝑀,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  are the annual operational 

cost and maintenance cost of the novel PV/MCLHP heating and power system (GBP).  

As one of solar photovoltaic and thermal system, this novel hybrid solar PV/MCLHP 

system is assumed to have a life span of 25 years [70]. Thus the life-cycle net cost saving, 

𝐶𝑆𝑃𝑉/𝑀𝐶−𝐿𝐻𝑃  of this system in energy bills can be calculated by  

𝐶𝑆𝑃𝑉/𝑀𝐶𝐿𝐻𝑃 = (𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 − 𝑝𝑎𝑦𝑏𝑎𝑐𝑘𝑡𝑖𝑚𝑒)

× 𝐴𝑛𝑛𝑢𝑎𝑙(𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 & 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒)𝐶𝑜𝑠𝑡𝑆𝑎𝑣𝑖𝑛𝑔 

𝐶𝑆𝑃𝑉/𝑀𝐶𝐿𝐻𝑃 = (25 − 𝑃𝑃𝑃𝑉/𝑀𝐶𝐿𝐻𝑃)[ (𝐶𝑂,𝐶𝐻 + 𝐶𝑀,𝐶𝐻) − (𝐶𝑂,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃 + 𝐶𝑀,𝑃𝑉/𝑀𝐶𝐿𝐻𝑃)]                                         

(6-3) 

As shown in Table 6-6, the payback period and life-cycle net cost saving of the novel 

solar PV/MCLHP system were estimated compared to the conventional heat system. 

Table 6-6 Cost payback period and life-cycle net cost saving 

location   Hong Kong London 

Replacing a gas boiler      

Payback period PPPV⁄MCLHP(yr) 4.21 27.60 

Life-cycle cost saving CSPV⁄MCLHP(GBP) 3970.32 - 

Replacing a electric heater     

Payback period PPPV⁄MCLHP(yr) 5.16 6.83 

Life-cycle cost saving CSPV⁄MCLHP(GBP) 2219.53 2044.03 
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When compared to a conventional gas boiler, this PV/MCLHP system has the shortest 

cost payback period of less than 5 years and the highest life-cycle net cost saving of nearly 

GBP 3970 in Hong Kong. While in London, the cost payback period would be around 28 

years, which exceeds life span of the system. In terms of 28 years payback period in 

London, it is essential to reclaim the initial investment owing to the current lowest gas 

charging tariff, which shows that it would be uneconomical to replace a gas boiler by the 

proposed PV/MCLHP system in this area at this moment. When replacing a conventional 

electric water heater, the payback periods of this proposed system were estimated at 

nearly 5.6 and 7 years in Hong Kong and London, respectively, due to the different 

governmental support policies and electricity feed-in tariffs. The net cost saving would 

be around GBP 2220 and GBP2044 in Hong Kong and London respectively, throughout 

the system life span. 

6.4 Life-cycle environmental benefits based on CO2 emission 

The carbon emissions are mostly contributed by fossil fuel combustion and cement 

production where raw coal was the primary source of CO2 emissions, accounting for 

52.58% in 2015. Further, it was recognized that the energy production and heavy 

manufacturing industries were the primary contributors. Consequently, the development 

of cleaner and sustainable energy production has become a major focus. In this section, 

we will analyse the environmental impacts of our PV/MCLHP system in relation to CO2 

emissions. 

Annual carbon emission performance is one of the main indicator to evaluate the 

environmental benefits when operating a renewable system. Therefore, when running this 

proposed PV/MCLHP system to replace a traditional gas boiler or a conventional electric 

water heater. The carbon reduction can be calculated by [70] 
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𝐶𝑅𝑃𝑉/𝑀𝐶𝐿𝐻𝑃 = 𝑓′
𝐶𝐻

𝑄𝐶𝐻 − 𝑓′
𝑒𝑙𝑒

𝑄𝑃𝑉/𝑀𝐶𝐿𝐻𝑃                             (6-4) 

Where 𝐶𝑅𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  is the quality of CO2 emission reduction (kg); 𝑓′
𝐶𝐻

 represents the 

CO2 emission factor of burning gas (𝑓′
𝑔𝑎𝑠

)  or electricity consumption (𝑓′
𝑒𝑙𝑒

), (kg 

CO2/kWh ); 𝑄𝐶𝐻 and  𝑄𝑃𝑉/𝑀𝐶𝐿𝐻𝑃  are the energy produced by the conventional heater and 

the proposed PV/MCLHP system (kWh/yr). 

Table 6-7 Annual CO2 emission reduction of the proposed PV/MCLHP system 

location Hongkong London 

CO2 emission factor (kg/kWh) 

Electric consumption[178] 0.740 0.545 

Gas burning[179]  0.26 0.26 

CO2 emission reduction (kg/yr)    

Annual CO2 emission reduction saving by replacing a 

gas boiler  
456.71 373.67 

Annual CO2 emission reduction saving by replacing a 

electric heater 
1299.86 783.27 

 

Table 6-7 presents the comparison of the annual CO2 emission among the proposed 

PV/MCLHP system and the conventional gas boiler and electric heater. It is estimated 

that the proposed PV/MCLHP system can reduce annual CO2 emission 456.71kg and 

373.67kg in Hong Kong and London when compared to gas boiler, while compared to 

the traditional electrical water heater, the annual CO2 emission reduction is 1299.86kg 

and 783.27kg in Hong Kong and London, respectively. 

6.5 Chapter summary 

In this chapter, the computation model developed in chapter 4 is applied to predict the 

annual operational performance of the proposed novel PV/MC-LHPT system; and the 

system life cycle, carbon dioxide emission saving, power and heat output will be 

theoretical analyzed to evaluate the relevant socio-economic and environmental impacts. 
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The system monthly performance indicators were predicted in the London and Hong 

Kong. The results indicate that the system obtained the highest heat output of 1018 

kWh/m2-yr in Hong Kong, which allowed the system to provide sufficiently high water 

temperatures (above 45 ℃) throughout the year. In London, the system provided a lower 

volume of electricity and heat than in Hong Kong, owing to its low solar radiation and air 

temperature. As a result, the system, if operated in London, would consume a higher 

volume of additional energy provided by the backup heaters. The simulation results 

indicate that the prototype PV/MCLHP heat pump system would be best suited for use in 

a subtropical climatic region, such as Hong Kong.  

Compared to a conventional gas boiler, this PV/MCLHP system has the shortest cost 

payback period of less than 5 years and the highest life-cycle net cost saving of nearly 

GBP 3970 in Hong Kong. While in London, the cost payback period would be around 28 

years, which exceeds life span of the system. When replacing a conventional electric 

water heater, the payback periods of this proposed system were estimated at nearly 5.6 

and 7 years in Hong Kong and London, respectively, due to the different governmental 

support policies and electricity feed-in tariffs. The net cost saving would be around GBP 

2220 and GBP2044 in Hong Kong and London respectively, throughout the system life 

span. the proposed PV/MCLHP system can reduce annual CO2 emission 456.71kg and 

373.67kg in Hong Kong and London when compared to gas boiler, while compared to 

the traditional electrical water heater, the annual CO2 emission reduction is 1299.86kg 

and 783.27kg in Hong Kong and London, respectively. 

Nevertheless, as the solar panels are installed on roofs, no extra land usage is required 

and the extra energy can be supplied to the grid. Thus we can confidently conclude that 

the PV/T system is an effective means for the sustained development in regions using 
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solar energy (a renewable energy resource) for cleaner air, greener energy supply, and 

minimal environmental impact. For maintenance, it only requires some washing of the 

panels and replacement of the faulted panels, which are relatively easy to recycle.   

 

 

 



 

CHAPTER 7: CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

This research has investigated a novel solar PV/MCLHP heat and power system through 

a critical literature review, preliminary design, theoretical analysis, computation 

modelling,  prototype design and construction, indoor (laboratory-controlled) and outdoor 

(real weather conditions) testing, simulation models validation, and energy saving and 

socio-economic performance analysis. 

The major achievements include: (1) a novel micro-channel loop heat pipe (MC-LHP) 

with an upper liquid feeding header; (2) an integrated PV/MCLHP heat and power system; 

(3) a MC-LHP analytical model based on fractal theory to evaluate its heat transfer 

capacity; (4) a steady state simulation model for the integrated PV/MCLHP system to 

investigate its heat and power generation performances; (6) a prototype PV/MCLHP heat 

and power system; (7) a socio-economic performance model for predicting the system’s 

annual performance, concerning the energy saving and associated 

economic/environmental benefits for the use of the novel PV/MCLHP system in London 

and  Hong Kong. The key conclusions derived from this PhD research are given as below. 

7.1.1 Micro-channel loop heat pipe with a unique upper liquid feeding 

header  

An innovative micro-channel loop heat pipe (MC-LHP) with an upper liquid feeding 

header was developed and investigated. Compared to the conventional LHP system in 

which the condensed liquid returns from the bottom of the system, the novel MC-LHP 

can prevent the dry-out phenomena occurring in the upper part of the LHP evaporator and 

incur a clear separation between the vapour and liquid, thus providing a higher heat 

transfer rate compared to the conventional LHP (4340 W/m2/K against 1500 W/m2/K).  
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In terms of the wick structure in the LHP, a fractal theory based analytical model was 

developed to study the impact of the wick’s fractal parameters on the heat transfer 

capacity of the LHP.  By treating the wick of the MCLHP as a thin porous layer, i.e. a 

combination of random/tortuous pores and water-containing skeletons, the impact of the 

fractal geometrical parameters of the wick on the heat transport capacity of the MCLHP 

was investigated. Based on the classical heat transfer limits and fractal equations, a 

dedicated computerised analytical model was developed by using the Newton-Raphson 

method; this model was then applied to analyze a few macro parameters of the wick (i.e., 

effective thermal conductivity and permeability) and heat transfer limits of the MCLHP, 

including capillary, viscous, entrainment, sonic and boiling ones. Comparison among 

these five limits was made using the minimum value searching approach, leading to the 

determination of the final heat transfer constraint of the MCLHP, which is identified as 

the capillary limit. A higher effective porosity and a larger pore diameter lead to an 

increased wick fractal dimension and thus a higher capillary limit. An increased height 

difference between the evaporator and the condenser also increases the heat transfer (i.e. 

capillary) limit of the MC-LHP. Decreased effective porosity (ε), pores portion, and 

increased tortuosity of capillaries help enhance the heat transfer (boiling) limit of the MC-

LHP. Overall, fractal theory is thought to be an ideal method to address the impact of an 

irregular porous wick on the heat transfer performance of a MC-LHP. 

7.1.2 An integrated PV/MCLHP heat and power system 

An integrated PV/MCLHP heat and power system was investigated. This system makes 

use of a novel micro-channel loop heat pipe (MCLHP) as the evaporator and a co-axial 

triple-pipe heat exchanger with PCM as the condenser. A computer simulation model was 

established to assess the performance of this novel PV/MCLHP system on the basis of a 

heat balance mechanism, which gave the PV modules’ solar thermal, electrical and 
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overall efficiencies, and the system’s overall performance of coefficient (COP-PV/T) at 

the specified operational conditions. The influence of the environmental parameters (i.e. 

solar radiation, air temperature, and wind velocity), structural parameters (i.e. glazing 

covers, number of the absorbing heat pipes, PC cell packing factor), the variable inputs 

(i.e. water inlet temperature, mass flow rate) on the energy performance of the system 

was investigated individually. It is found that (1) increasing the solar radiation led to an 

increase in thermal efficiency but a decrease in the electrical efficiency, resulting in an 

increase the system’s overall coefficient of performance (COPPV/T); (2) increasing the 

ambient temperature led to an increase in the thermal efficiency, a decrease in the 

electrical efficiency and an increase in the system’s overall coefficient of performance 

(COP-PV/T); (3) increasing the wind speed led to a slight decrease in the thermal 

efficiency, slight increase in the electrical efficiency and slight decrease in the system’s 

overall performance coefficient (COPPV/T); (4) increasing the number of the glazing 

covers led to an increase in the module’s thermal efficiency but a decrease in the module’s 

electrical efficiency and in the system’s overall performance coefficient (COP-PV/T); (5) 

increasing the packing factor led to a decrease in the module’s thermal efficiency but an 

increase in the module’s electrical efficiency and in the system’s overall coefficient of 

performance (COP-PV/T); (6) increasing the number of the heat absorbing pipes led to 

an increase in the fin’s efficiency and in the system’s overall performance coefficient; (7) 

increasing the cold water inlet temperature led to a decrease in the module’s thermal and 

electrical efficiency, and the system’s overall coefficient of performance (COP-PV/T); (8) 

increasing the water mass flow rate led to an increase in the module’s thermal efficiency 

and the module’s electrical efficiency, and in a decrease the system’s overall coefficient 

of performance (COP-PV/T) because of the increase of the pump electricity consumption. 

The results show that a flow rate of 0.0125 kg/s would be an optimal value enabling the 

maximum heat output and highest COP simultaneously. 
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Compared to the conventional PV/LHP system, the new PV/MCLHP system achieves 33% 

higher thermal efficiency, 8.7% higher electrical efficiency and 28.8% higher overall 

efficiency. It overall COP is 2.2 times that the conventional PV/LHP system. 

7.1.3 A prototype PV/MCLHP system for testing and model validation 

A prototype PV/MCLHP heat and power system employing R134a as the working fluid 

was designed, constructed and tested. The testing results were used to evaluate its 

operational performance including solar thermal and electrical efficiencies and their 

relevant impact factors. It is found that solar thermal efficiency of the PV/MCLHP system 

varied with the inlet temperature and flow rate of coolant water, ambient temperature, as 

well as height difference between the condenser and evaporator. A lower inlet water 

temperature, a higher water flow rate, a higher ambient temperature, and a larger height 

difference between the condenser and the evaporator can help increase the solar thermal 

efficiency of the system. Under a range of testing conditions with the refrigerant charge 

ratio of 30%, a peak solar thermal efficiency (i.e., 71.67%) happened at solar radiation of 

561W/m2, inlet water temperature of 18°C, water flow rate of 0.17m3/h, ambient 

temperature of 30°C, and height difference of 1.3m. This set of parametrical data is 

therefore regarded as the optimal operational condition of the PV/MCLHP system. Under 

these specific operational conditions and the real weather solar radiation, the solar thermal 

efficiency of the system was in the range 25.2% to 62.2%, while the solar electrical 

efficiency varied from 15.59% to 18.34%. Compared to the existing PV/T and BIPV/T 

systems, the new PV/MCLHP system achieved 17.20% and 33.31% higher overall solar 

efficiency. 

7.1.4 Energy saving and socio-economic analysis  

A dedicated environmental and socio-economic performance study of this novel 

PV/MCLHP heat and power system was carried out. The simulation is conducted based 
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on real weather conditions of London in UK and Hong Kong in China. The system’s 

monthly performance indicators were predicted in the London and Hong Kong. The 

results indicate that the system obtained the highest heat output of 1,018 kWh/m2-yr in 

Hong Kong, which allowed the system to provide sufficiently high water temperatures 

(above 45oC) throughout the year. In London, the system provided a lower amount of 

electricity and heat than in Hong Kong, owing to its low solar radiation and air 

temperature. As a result, the system, if operated in London, would consume a higher 

volume of additional energy provided by the backup heaters. The simulation results 

indicate that the prototype PV/MCLHP heat and power system would be best suited for 

the use in a subtropical climatic region, such as Hong Kong. This system has a cost 

payback period of around 5 years and the life-cycle net cost saving of nearly GBP 3970 

in China compared to to a conventional gas boiler, while compared to a conventional 

electric water heater, the cost payback period of around 5 years and the life-cycle net cost 

saving of this proposed system are 5.6 years and GBP 2220 respectively. Further, the 

relevant CO2 emissions reduction are 456.7kg and 1751.3kg in Hong Kong. 

7.2 Further opportunities and Challenges 

7.2.1 System demonstration  

Based on the theoretical modelling and lab testing, the parameters of the PV/MCLHP 

system has been characterized. The on-site demonstration of this kind of PV/MCLHP 

system should be undertaken in order to evaluate its real life operational performance and 

compatibility to different weather conditions. 

7.2.2 PV/MCLHP stakeholders 

Aiming to conduct widespread application of such a PV/MCLHP technology, the explicit 

advantages and challenges for the PV/MCLHP stakeholders should be investigated. 
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Based on the challenges/barriers existing for the PV/MCLHP technologies, more study 

and collaboration among the stakeholders need to be carried out in the coming years. It is 

essential to develop an interdisciplinary working package in PV/MCLHP technology and 

the information includes R&D, specifications of design, fabrication challenges, 

investigation theory, experimentation methods, practical installation challenges, market 

exploitation analysis, policy improvement, etc. Therefore, this interdisciplinary 

cooperation could bring in a better understanding about the various barriers which may occur 

throughout the PV/MCLHP development. 

7.2.3 Research Development 

Although the performance of such a PV/MCLHP system has been investigated, further study 

is still needed in order to improve its performance. These include: (1) enabling durable 

thermal interaction between heat storage tank and PV/MCLHP panel; (2) evaluating the solar 

energy performance under different control and operational conditions, such as cloudy or 

rainy date and an overnight preheating mode under a low-price electricity tariff; (3) designing 

an auxiliary heat source (e.g. air source heat pump) (4) applying better thermal greases with 

higher thermal conductivity into the integration of heat pipe and the PV module; (5) utilising 

more effective technology to produce better wick structure for the micro-channel heat pipes 

for better heat transfer; (6) improving manufacturing standards; (7) developing a high 

performance PCM applicable to the condenser of the PV/MCLHP system. 

7.2.4 Evaluation Standards 

To date, there is no legal standard applied to such a PV/MCLHP system owing to its 

initial stage status. As soon as the system is converted into a commercial technology, the 

legal technical and manufacturing standards are required. Further, assessment standard 

for the PV/MCLHP system should be specified. Current approaches are not suitable for 

comparing such a PV/MCLHP with other energy systems equally, as the results are 
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various from different operational conditions e.g. climate region, PV cell types. It is 

therefore essential to develop relevant suitable testing procedures or standards based on 

the existing standards of stand-alone PV panels and solar thermal collectors. 

7.2.5 Market analysis 

Global photovoltaic (PV) market and outlook  

According to the Bloomberg NEF(2019), the global newly installed PV capacity reached 

109 GW in 2018, which was the second time it surpassed the combination of fossil fuels 

and nuclear since 2017.  The global total solar power capacity has now reached 511 GW, 

exceeding the previous capacity of 402 GW in 2017, 300 GW in 2016 and 200 GW in 

2015 (Solar Power Europe, 2018). IHS Markit predicts that the global new PV installed 

capacity will increase to 123 GW in 2019 (IHS Markit, 2019).  

The prospective of the Top 20 global solar market until 2022 is positive, even though the 

manufacturers might suffer from the continual price drop of the PV panels, the increased 

affordability of PV and PV/T systems will definitely contribute to further market 

expansion over the next five years. According to Solar Power Europe, the estimated 

global PV capacity is expected to reach approximately 1,270 GW in 2022. The optimistic 

perspective of the Solar PV market will benefit the development of PV/T systems, 

encouraging innovation and adoption. 

Global thermal market and outlook  

The solar heating & cooling systems used for both commercial and household purposes 

continues to draw global interest. In 2016, the newly installed solar heat capacity was 457 

GW corresponding to 653 million square metres operated in a record breaking 66 

countries (AEE-Institute for Sustainable Technologies, 2018).  
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According to the report of the solar heating & cooling programme, the optimistic growth 

was in the markets of India (26%), Mexico (7%) and Turkey (4%). It is worth noting that 

approximately 90% of the solar water heating systems were installed in residential 

properties, such as houses and flats. However, the market for the system is also under 

pressure from competition of heat pumps and PV systems (AEE-Institute for Sustainable 

Technologies, 2018). 

There is great potential for the developed system in Southern Europe and the near East, 

where solar irradiance is much greater meaning that the end user will see even greater 

savings each year. Access the European market would be very valuable, but the various 

accreditations and certifications will pose a significant challenge to overcome in order to 

access the market properly. 

Global PV/MCLHP market analysis  

Although markets for PV and solar thermal have been investigated on annual base, the 

market perspectives of the PV/T, including this new PV/MC-LHP, have yet been studied. 

The market analysis will be undertaken by both top-down and bottom-up approaches. 

Top-down approach includes survey and interview solar industry experts about industry 

potential of this new system within three years and Delphi process with experts’ solar 

manufacturer & distributor to forecast industry potential of this new system in terms of 

sales volume and revenue. Bottom-up approach includes survey with households and 

facility managers in various climate regions in the UK to forecast the market penetration 

of this new system and Delphi process with marketing experts to forecast the market 

potential of this new system in terms of sales revenue. The market analysis results need 

to take into account the influence of global warming and climate changes, Ofgem's 

electricity decarbonisation action plan, and the possible new innovation of the 

PV/MCLHP system.  
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