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ABSTRACT 

With the widespread deployment of solar photovoltaic (PV) and thermal 

devices imminent, this research aims to resolve some engineering barriers to 

the existing solar photovoltaic/thermal (PV/T) technologies by incorporating an 

innovative loop heat pipe (LHP) and a typical heat pump. In addition, a coated 

aluminium-alloy (Al-alloy) sheet replaces the conventional baseboard for the 

PV cells to improve heat exportation. As a result, this research has developed a 

novel solar PV/LHP heat pump system to maximise the electrical output of a 

PV module and generate an additional amount of heat simultaneously.  

The overall investigation followed the basic methodology of combined 

theoretical and experimental analysis, including procedures for a critical 

literature review, optimal concept design, mathematical derivation, the 

development of simulation models, prototype fabrication, laboratory-controlled 

and field testing, simulation model validation and socio-economic analysis. A 

full range of specialised simulation models was developed to predict the 

system performance with reasonable accuracy. The proposed LHP device has a 

maximum heat transfer limit of about 900W. The Al-alloy baseboard improved 

PV efficiency by nearly 0.26% when compared with a traditional PV baseboard. 

During the real-time measurement conditions, the mean electrical, thermal and 

overall energetic/exergetic efficiencies of the PV/LHP module were 9.13%, 

39.25% and 48.37%/15.02%, respectively. The basic thermal and advanced 

system coefficients of performance (COPth/COPPV/T) were almost 5.51 and 

8.71, respectively. The test results indicated that this system performed better 

than conventional solar/air energy systems. The feasibility analysis illustrated 

that this system could generate a substantial amount of energy in subtropical 

climatic regions, such as Hong Kong. It is cost effective to operate this system 

in areas with high energy charging tariffs, such as London and Hong Kong. 

The research results are expected to configure feasible solutions for future 

PV/T technologies and develop a new solar-driven heating system. The core 

technologies may enable a significant reduction in or even elimination of the 

carbon footprint in the built environment. 
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CHAPTER 1: INTRODUCTION 

1.1 Research Background 

In the context of the recent call from the Copenhagen Summit in 2009, the 

urgency of global climate change has become fully realised across the world. 

Extensive fossil fuel consumption by human activities has led to serious 

atmospheric and environmental problems. Consequently, global warming, 

greenhouse gas (GHG) emission, climate change, ozone layer depletion and 

acid rain terminologies have started to appear frequently in the literature. To 

abate the impacts of the above disasters, many governments in the world have 

addressed ambitious goals by using new technologies to reduce their energy 

footprint and CO2 emissions. As reported by the Copenhagen conference, by 

2020, the European Union (EU) further aims to reduce the GHG emitted by   

20% to 30% below 1990 levels and China is attempting to reduce CO2 

emission intensity by 40% to 45% below 2005 levels [1.1].  

In the EU, the building sector accounts for nearly 30% of industrial 

employment, contributing about 10.4% of the gross domestic product [1.2]. 

Hence, the building sector is fully aware of its huge responsibility in being the 

highest energy consumer in the EU (about 40% [1.3]) and the main contributor 

to GHG emissions (nearly 36% of the EU’s total CO2 emissions [1.4]). 

Nowadays, the primary energy demand in built environment mainly comes 

from electricity and heat, which are usually for hot water, space 

heating/cooling, ventilation, lighting, etc (Fig. 1-1) [1.5]. Thus, reducing the 

electricity/heat energy demand in buildings and improving their energy 

efficiencies have become a priority and a challenge, as seen throughout EU 

research and low-carbon economic plans. 
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Fig. 1-1: Energy consumption in residential and commercial buildings  

In 2009, the European Energy Efficient Buildings Association issued its scope 

and vision document [1.6], stating that ‘by 2050, most buildings and districts 

could become energy neutral, and have a zero CO2 emission. A significant 

number of buildings would become energy positive, thus becoming real power 

plants, integrating renewable energy sources, clean distributed generation 

technologies and smart grids at district level’. A high fraction of locally 

available renewable energy sources in the energy mix will be necessary, in 

addition to a significantly reduced energy demand by buildings. Among the 

renewable resources, solar energy comes at the top of the list due to its 

abundance and its more even distribution in nature than any other renewable 

energy type, such as wind, geothermal, hydraulic, wave and tidal energies [1.7].  

Indeed, solar energy is currently playing a crucial role in the energy supply 

field for buildings using different conversion methods. Applications of solar 

energy in terms of solar thermal collectors and PV devices have been emerging 

on the market for years and still have space for growth, which would be driven 

by continuous technical advances and increased concerns regarding energy 

saving and environmental protection.  
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Solar thermal systems are one of the most cost-effective renewable energy 

technologies and have an enormous market potential globally. They represent 

more than 90% of the world-installed solar capacity that has been applied for 

various purposes, including domestic hot water generation and space heating, 

solar-assisted cooling, and industrial process heating. The global solar thermal 

market has been continuously growing since the beginning of the 1990s and, in 

EU, the solar thermal market tripled from 2002 to 2006 and is still booming. A 

vision plan issued by the European Solar Thermal Technology Platform 

indicates that solar thermal energy has the potential to cover 50% of the total 

heat demand by 2050 (Fig. 1-2) [1.8]. The European Solar Thermal Industry 

Federation (ESTIF) has also predicted that by 2020 the EU will reach a total 

operational solar thermal capacity of between 91 and 320 gigawatts (GW), thus 

leading to savings equivalent to at least 5,600 tons of crude oil. By 2050, the 

EU will eventually achieve 1,200 GW of solar thermal capacity [1.9]. 

 

Fig. 1-2: Contribution of solar thermal energy to EU heat demand by sector  

PV technology is now becoming commercially available and can generate and 

meet part of electricity demand by solar energy. Although the current capacity 

of PV installations is still small and provides only 0.1% of the world’s total 

electricity generation, a market review indicates that global PV installations are 

growing at a 40% average annual rate [1.10]. With continuous technical 

development, increased installation volume, reduced price and encouraging 
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legal policies, PV technology will certainly maintain its fast-growing pace and 

eventually become a significant energy supplier across the world. It was 

predicted by the International Energy Agency (IEA) in its recent Technology 

Roadmap - Solar Photovoltaic Energy that PV systems will deliver about 5% of 

global power needs by 2030 and 11% by 2050, as illustrated in Fig. 1-3 [1.10]. 

The accelerated use of PV technology will result in more than 100 giga-tonnes 

(Gt) of CO2 emission reduction between 2008 and 2050 [1.10]. 

 

Fig. 1-3: Evolution of PV electricity generation by end-use sector  

PV/thermal (PV/T) technology allows the dual functions of solar collection in 

one module with outputs of both electricity and heat. Such synergetic 

integration of PV and thermal collection not only results in improved PV 

efficiency [1.11], but also generates more energy per unit area than a stand-

alone PV panel or solar collector. Additional characteristics of PV/T 

technology lie in the potential saving in material use, reduction in installation 

cost and homogeneous facade appearance [1.11]. It is now becoming a 

significant solution to yielding more electricity and offsetting heating load 

freely in contemporary building environments. The market potential of PV/T 

technology would, therefore, be significantly higher than individual PV and 

solar thermal systems. This strategic concept will boost the solar energy 

application, which is absolutely in line with the long-term energy roadmap. 
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1.2 Research Objectives 

Although PV/T research has yielded a rich harvest, it still faces some critical 

challenges, such as low efficiency, insufficient energy supply, leakage risk, and 

uneven fluid distribution. To overcome these critical barriers, this research had 

the aim of developing a novel PV/T technology (plus a full package of 

design/simulation models) incorporating several technical initiatives. To 

achieve this goal, the research set out six interlinked objectives, as below:  

(1) To carry out an extensive literature study of PV/T technologies, identify the 

existing technical challenges and suggest potential solutions.  

(2) To design a conceptual PV/T system incorporating the potential initiatives 

concluded from the literature review. 

(3) To develop a full range of computer simulation models to optimise the 

configurations of the proposed system and predict its operational performance, 

including an analytical model for the LHP heat-transfer limitations and steady-

state/dynamic performance simulation models for the integrated PV/LHP heat 

pump system. 

(4) To construct and test a prototype system in laboratory-controlled conditions 

and validate the steady-state simulation model using the experimental data. 

(5) To evaluate performance of the prototype system in real climatic conditions 

and validate the dynamic simulation model using the experimental data. 

(6) To establish a socio-economic model to carry out energy saving, economic, 

environmental and regional acceptance analysis of the integrated PV/LHP heat 

pump system. 

1.3 General Description of the Research Concept 

The overall concept, as shown in Fig. 1-4, is to use an LHP device to cool the 

PV cells, thus enabling improvement in PV efficiency and, meanwhile, make 
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feasible use of the absorbed heat through a heat pump for one or more of the 

following purposes: space heating, hot water supply, desiccant and evaporative 

cooling, and natural ventilation in buildings. Electricity generation from the PV 

cells, either exported to the national grid or stored in batteries, will meet the 

building electrical load and drive the heat pump compressor. The LHP device 

can passively transfer a large amount of heat for a long distance using its 

capillary power, thus eliminating the need for a circulation pump. The 

combination of these concepts is expected to create a low (zero) carbon heating, 

ventilation and air conditioning (HVAC) and hot water supply system driven 

by solar energy.  

However, in this research, the proposed system would only be designed for 

basic hot water generation due to the limited project budget, while the other 

functions could be explored during future investigation. 

 

Fig. 1-4: Schematic of the PV/LHP heat pump micro-generation system 

1.4 Research Methodology 

The proposed project involved typical applied research aiming to develop a 

new PV/LHP heat pump system. It followed the basic procedure of concept 

formation and its validation/optimisation. The approaches to processing the 

scientific and technological works were as follows: (I) identification of the 
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nature of PV/T technology to bring forward questions and potential solutions 

(for objective 1); (II) concept design (for objective 2); (III) theoretical analysis 

and computer modelling (for objective 3); (IV) experimental testing and 

simulation model validation (for objectives 4 and 5); and (V) energy saving, 

economic, environmental and regional acceptance analysis (for objective 6). It 

was obvious that approaches 1 and 2 involved concept formation, while 

approaches 3, 4 and 5 were linked together to prove or revise the established 

concept through the integrated efforts of theoretical, experimental and socio-

economic analysis (as shown in Fig. 1-5). These approaches, correlated to the 

relevant objectives, are given briefly below.   

 

Fig. 1-5: Schematic of the research methodology 

 Approach to objective 1 – Investigating the nature of PV/T technology 

to identify potential questions and corresponding solutions 

This approach would (1) identify the basic PV/T operational mechanism and 

research methodology; (2) involve a series of quantitative and qualitative 

reviews into the research and development (R&D) works and the practical 

application of existing PV/T technologies; (3) identify crucial features, 

research highlights and technical barriers regarding existing PV/T technologies; 

and (4) propose potential solutions for resolving the technical challenges. This 

Overall aim: 

 To develop a novel PV/LHP heat pump system and a full range of simulation models. 

Objective 6 : Energy saving, economic, and environmental analysis (Chapter 7)   

Performance prediction Economic analysis (LCCA)  Environmental assessment  

Objectives 4 & 5: Experimental testing and simulation tool validation (Chapters 5 & 6) 

Prototype fabrication Experimental testing Model validation 

Objective 3: Theoretical analysis and computer modelling (Chapter 4) 

LHP analysis model (IM) Steady-state model (IM) Dynamic model (BDF/FEM) 

Objective 2: Conceptual design (Chapter 3)  

Integrate initiatives Schematic design (AutoCAD) Suitable design parameters 

Objective 1: Literature review (Chapter 2)  

Study research methodology Identify technical barriers Propose solutions  
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approach would enable recognition of current PV/T research status and build 

the foundation for the rest of the objectives. 

 Approach to objective 2 – Concept design of the proposed technology 

This approach would (1) complete the sketch drawings of the system 

components and the integrated PV/LHP heat pump system; (2) describe the 

basic working principle of the proposed concept; and (3) deliver alternative 

components in terms of material type and geometric size. This approach would 

generate the system concept and build the foundation for objectives 3, 4 and 5. 

 Approach to objective 3 – Theoretical analysis and computer 

simulation models 

This approach would (1) carry out the fundamental mathematical analysis of 

the energy balances and transfer processes occurring in different system 

components; (2) develop and operate an analytical computer simulation model 

on the basis of the iterative method (IM) to investigate the heat transfer limit of 

the LHP, which would enable (a) the LHP operational performance against 

different variables to be established, (b) recommendation of the appropriate 

LHP design and operational parameters, and (c) determination of the optimum 

geometric sizes and capacities of other system components; (3) develop and 

operate a steady-state computer simulation model on the basis of the IM to 

characterise the system performance, which would enable (a) determination of 

the system performance against different variables, (b) clarification of the 

optimum system configuration, and (c) recommendation of the appropriate 

system design and operational parameters; and (4) develop and operate a 

dynamic computer simulation model by combining the backward 

differentiation formula (BDF) and finite element method (FEM) to evaluate the 

system performance, which would enable (a) prediction of the system 

performance in real climate conditions, (b) prediction of the seasonal system 

performance, and (c) recommendation of the appropriate climate region for 

system operation. This approach would enable the refined system design 

addressed in objective 2 and data validation as well as the socio-economic 

analysis to be undertaken in regard to the following objectives. 
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 Approach to objectives 4 and 5 – Experimental testing and computer 

model validation 

This approach would (1) propose the fabrication methods for the PV/LHP heat 

pump prototype system in practice and construct it according to the simulation 

recommendations; (2) characterise the performance of the prototype system 

under laboratory conditions and verify the steady-state simulation model; and 

(3) evaluate its operational performance in real climate conditions and verify 

the dynamic simulation model. This approach would enable verification of the 

simulation models derived from objective 3 and development of an 

experimental prototype with a feasible fabrication method in practice. 

 Approach to objective 6 – Energy saving, economic, environmental 

and regional acceptance analysis 

This approach would develop and run the dynamic simulation model to predict 

the annual operational performance of the prototype system and discuss its 

socio-economic impacts using the method of life-cycle assessment (LCA). The 

adaptability of this technology to a number of typical climatic regions would be 

analysed. This approach would enable evaluation of the potential benefits and 

impact raised by the proposed technology, including its payback period, life-

cycle cost saving, and carbon emission reduction. 

1.5 Research Novelty 

In brief, the research has the following identifiable novel aspects: 

 Concept: (1) the LHP device works as a solar thermal absorber; (2) the 

coated Al-alloy sheet serves as the PV baseboard; and (3) the heat pump 

controls the PV cells in a low-temperature operation mode. 

 System structure: (1) the top-positioned three-way structure is designed 

for vapour-liquid separation flow in the LHP; (2) configuration of the 

PV/LHP module is simplified with only one or two LHPs; and (3) the LHP 
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can passively transport heat for a long distance owing to capillary power 

that removes the need for a circulation pump in the system. 

 Methodology: a full range of computer simulation models has been 

developed, including an analytical model for LHP heat transfer, steady-

state and dynamic models, and a socio-economic model for predicting the 

integrated system performance. 

 Simulation method: the combination of the backward differentiation 

formula (BDF, also known as Gear’s method) and the finite element 

method (FEM) was adopted to solve the ordinary differential equations 

(ODE) and parabolic partial differential equation (PDE), respectively, in 

the transient code by means of MATLAB’s ODE and PDE solvers 

(“ode15s” and “pdepe”) for the efficient output of numerical results. 

 Fabrication: a fabrication procedure and technique for the new LHP with 

a three-way liquid-vapour separation structure have been developed. 

1.6 Thesis Structure 

Chapter 1 – Introduction: this briefly describes the research background, 

significance, objectives, research concept, methodology and novelty. 

Chapter 2 – Literature review: this involves an extensive review of the 

existing PV/T technologies, including basic theory, research methodology, 

evaluation standards, R&D processes and practical applications. The current 

research status and technical barriers regarding PV/T technologies are 

examined. As a result, potential opportunities for future development are 

identified.  

Chapter 3 – Conceptual design: this describes the basic working principle of 

the proposed system and creates a schematic design for key components. 

Alternative structures, materials, geometric and operating conditions of the 

system are recommended for the further input of theoretical simulation.  

Chapter 4 – Theoretical analysis and computer modelling: this develops a 

group of dedicated computer simulation models for the LHP device and the 
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whole system (both steady state and dynamic) by analysing the fundamental 

equations of the energy balances, solar transmittance, heat transfer, fluid flow 

and photovoltaic generation. Through running the simulation model, 

appropriate LHP design/operational parameters are recommended, and the 

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

These results are subsequently applied to the prototype construction and 

experiment testing. 

Chapter 5 – Prototype system fabrication, laboratory measurement and 

validation of the steady-state performance model: this describes the detailed 

process and method for the fabrication of the prototype system. A series of 

laboratory-based experiments are set up to evaluate the AL-alloy-based PV 

layer and validate the steady-state modelling. The results are applied to identify 

the different factors impacting upon the system performance, which is intended 

to form the basis for further system optimisation. 

Chapter 6 – Evaluation of the prototype system in real climatic conditions, 

and validation of the dynamic performance model: this evaluates the 

prototype system in outdoor weather conditions throughout a consecutive 

period of about one week. The test results verify the dynamic simulation model 

at a reasonable level of accuracy. As a result, a validated dynamic simulation 

model is ready to predict seasonal system performance. 

Chapter 7 – Energy saving, economic, environmental and regional 

acceptance analysis: this discusses the system’s annual performance, energy 

payback periods, and carbon emission reduction for the prototype system in 

three climate areas. It addresses the potential feasibility of such a system in 

different regions in comparison with traditional water heaters by assessing both 

economic and environmental benefits. 

Chapter 8 – Conclusion and further works: this concludes the main 

observations from this research. A pilot-scale demonstration of this system is 

described with the initial test results. Opportunities and challenges are 

discussed for further development of the technology. 
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All the above chapters are systematically connected, as indicated in Fig. 1-5, to 

enable achievement of the overall project aim. The new PV/T technology 

should enable a higher overall solar-energy conversion ratio than either an 

independent PV panel or a solar thermal collector. This will allow PV/T 

technology to become a widely applicable system for building heat and power 

supply. This innovation will have the potential to reduce fossil fuel 

consumption and CO2 emission significantly. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Chapter Introduction 

This chapter will carry out a critical review of R&D progress and the practical 

application of solar PV/T technologies. The major aims are briefly given as 

follows: 

(1) Present the concept of PV/T technology and the theory behind it. 

(2) Describe the evaluation standards relating to the technical, economic and 

environmental performance of PV/T systems. 

(3) Illustrate a comprehensive literature review into the R&D works and 

practical applications of PV/T devices. 

(4) Analyse the review in the categories of PV/T type and research 

methodology.  

(5) Identify the major features, current R&D status, research highlights and 

existing technical barriers of various PV/T technologies.  

(6) Discuss the opportunities for further development of PV/T technology.  

This part of the work provided the foundation for the entire investigation and 

helped to: (i) identify the technical barriers existing in current PV/T technology; 

(ii) establish the scientific methods for PV/T research; (iii) develop new 

research topics; and (iv) set up the research direction for subsequent chapters. 

2.2 Basic Concept and Theory, Classification and Performance Evaluation 

Standards of PV/T Technology 

2.2.1 Basic Concept and Theory behind PV/T Operation 

PV cells are well known as solar electricity-generating semiconductors and 

solar efficiency is a critical parameter for justifying their performance, which is 

largely dependent upon the cells’ materials and temperature. Overall, PV 

electrical efficiency is in the range of 6% to 18%, which is a value measured at 



14/233                                               [LITERATURE REVIEW]  CHAPTER 2 

 

 

the nominal operating cell temperature (NOCT) (0.8 kW/m
2
 of solar radiation, 

20 
o
C of ambient temperature, and 1 m/s of air velocity) [2.1]. It is well known 

that the electrical efficiency of a PV cell falls with a rise in its operating 

temperature, as shown in Fig. 2-1. Increasing the temperature of a PV cell by   

1K leads to 0.4% to 0.5% reduction in the electrical efficiency for crystalline 

silicon cell [2.2, 2.3] and 0.25% for amorphous silicon (a-Si) cell [2.4].  

 

Fig. 2-1: Established efficiency-to-temperature relationship 

To increase PV electrical efficiency and make full utilisation of solar radiation, 

it is desirable to remove the accumulated heat from the concealed PV surface 

and collect the residual heat effectively. PV/T technology has been developed 

for this purpose, and combines PV cells and heat extraction components in a 

single module. This subsequently allows cooling of the PV cells, increasing PV 

electrical efficiency and simultaneously supplying the extracted heat to the end 

users. Thus, this hybrid solar collector can obtain an enhanced overall solar 

efficiency and provide an effective method for the utilisation of solar energy. 

The PV/T device represents a new direction for renewable heating and power 

cogeneration. Fig. 2-2 shows the interrelationship between different solar 

conversion technologies. 

 

Fig. 2-2: Network of different solar conversion technologies 
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A typical PV/T module is a sandwiched structure comprising several layers: 

flat-plate clear glazing as the top layer; a layer of photovoltaic cells or a 

commercial PV lamination beneath the cover with a small air gap; a thermal 

absorber closely adhered to the PV layer; and a thermally insulated layer 

located immediately below the flow channels. All the layers are fixed into a 

frame using adequate clamps and connections. The most basic technique for 

fabricating a PV/T module is to glue a commercial PV lamination to a thermal 

absorber. Fig. 2-3 displays a schematic of a typical PV/T module structure. 

 

Fig. 2-3: A focused cross section of a typical PV/T module 

The general concept of PV/T technology was originally addressed by Kern and 

Russell [2.5] in 1978. For a PV/T module, solar irradiation with a wavelength 

from 0.6-0.7 μm is absorbed by the PV cells and converted into electricity, 

whilst the remaining irradiation is mostly transformed in the form of thermal 

energy. PV/T modules can collect solar energy at different grades 

(wavelengths), leading to enhanced energy and exergetic efficiency [2.6]. 

According to Zongdag et al. [2.6] and Zhao [2.7] et al., a PV/T module can 

collect and convert a higher percentage of solar energy than either an 

individual PV panel or a thermal collector at the same absorbing area and, 

therefore, offers the potential to be developed into a low-cost and highly 

effective heat and power cogeneration system. 

A PV/T module is principally derived from the combined functions of a flat-

plate solar (thermal) collector and a PV panel. The overall efficiency is the sum 

of the collector’s thermal efficiency and the PV electrical efficiency, which are 

defined as the ratio of useful system heat gain and electricity gain to the 

incident solar irradiation striking the collector’s absorbing surface 
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o th e   
                                                                                                  [2-1] 

where, ηo is the overall efficiency; ηth and ηe represent the thermal and the 

electrical efficiencies respectively. 

(1) Thermal Efficiency  

The thermal efficiency of a flat-plate PV/T collector is the ratio of the useful 

thermal energy to the overall incident irradiation 

u
th

c

Q

IA
 

                                                                                                       [2-2] 

where, Qu is the useful thermal energy (W); I is the incident irradiation (W/m
2
) 

and Ac is the collecting area of the module (m
2
). 

The heat gathered by the flat-plate PV/T collector could either be given as 

( )u p out iQ mc T T 
                                                                                         [2-3] 

where, m is the mass flow rate of working medium (kg/s); cp is the specific heat 

capacity at a constant pressure of working medium (J/kg-K); Tout and Ti are the 

temperatures of the module outlet and inlet (K). 

Or could simply be expressed by the difference in the absorbed solar radiation, 

heat loss and electrical energy produced  

,[ ( ) ( ) ]u c L p m a eQ A I U T T q   
                                                               [2-4] 

where, τα is the transmittance-absorption coefficient of glazing cover; UL is the 

heat loss coefficient (W/m
2
-K); Tp,m and Ta are the temperatures of the PV 

module and ambient (K); qe is module electrical output per unit area (W/m
2
). 
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To allow engineering analysis, equations for a flat-plate solar collector were 

modified by Hottel and Whillier [2.8] through the inlet temperature (Ti) of the 

fluid to replace the mean absorber temperature (Tp,m), which has been widely 

used in the design and evaluation of solar collectors. The equations are 

correlated to the solar collector configuration, as shown in Fig. 2-4.  

 

Fig. 2-4: Schematic of an absorber plate with dimensions 

Hence, the heat gathered by the PV/T collector can be related to the fluid inlet 

temperature (Ti) by 

[ ( ) ( ) ]u R c L i a eQ F A I U T T q   
                                                             [2-5] 

where FR is the heat removal factor that is connected with the efficiency factor 

(F’) using the following equation 

'

' '
[1 exp( )]

pR L

L p

IcF U F

F U F Ic
  

                                                                         [2-6] 

where F’ is a variable dependent upon the type of working medium (e.g., water 

or air), which has the different expressions as followings due to the different 

structures of water or air based PV/T modules 

' 1/

1 1 1
[ ]

[ ( ) ]

L

L o o b i wm

U
F

W
U D W D F C D h



 
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    for water                             [2-7] 
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       for air                                     [2-8] 

where, W is the distance between tubes (m); Do and Di are the outside and 

inside diameter of flow tubes (m); Cb is thermal conductance of the bond 

between the fin and tube (W/m-K); hwm is the heat transfer coefficient of 

working medium; A/Ac is the ratio of heat transfer area to collector aperture 

area; hr is the equivalent radiation coefficient (W/m
2
-K); F is the fin efficiency, 

which could be given by 

tanh[ ( / )( )]
2

( / )( )
2

o
L

o
L

W D
U k

F
W D

U k








                                                                     [2-9] 

where, k is the thermal conductivity of the fin (W/m-K) and δ is the fin 

thickness (m). 

(2) Electrical Efficiency  

It is known that the electrical efficiency of a PV module decreases with an 

increase in the cell’s working temperature, and this dependence is [2.9] 

[1 ( )]e rc PV P rcT T    
                                                                           [2-10] 

where, ηrc is the initial electrical efficiency at reference temperature; βPV is the 

cell efficiency temperature coefficient (1/K); Tp and Trc are respectively the PV 

cell temperature and its reference temperature (K). 

Alternatively, in practical applications, the electrical efficiency (ηe) of a PV 

module is represented as the ratio of measured output power, Po (W), to the 

overall incident solar radiation: 
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The generated electrical energy, Qe (W), can be expressed as 

e o e cQ P IA 
                                                                                          [2-12] 

2.2.2 Classification of PV/T Technology 

PV/T modules can be classified into different groups in terms of configuration, 

cooling medium, temperature level and function. From the cooling medium 

point of view, there are currently four types of PV/T collector available, which 

are the devices developed using air, water, refrigerants, and heat pipes. 

(1) Air-based PV/T Technology 

An air-based PV/T module is a solar air heater with an additional PV layer 

laminated on the top or bottom of a naturally or mechanically ventilated air 

channel. This PV/T type can be formulated by incorporating an air gap 

between the PV module’s back surface and the building fabric (facade or tilted 

roof). Usually, this PV/T system is designed for end users who have a demand 

for hot air, space heating, agricultural/herb drying or increased ventilation, as 

well as electricity generation. For this module type, air can be delivered from 

above, below or on both sides of the PV absorber, as shown in Fig. 2-5. 

(2) Water-based PV/T Technology 

A water-based PV/T module has a similar structure to a conventional flat-plate 

solar collector. The absorber is attained with numerous PV cells that are 

connected in a series or parallel and fixed under serpentine or a series of 

parallel tubes. Water is forced to flow across the tubes and, if the water 

temperature remains low, the PV cells will be cooled, thus leading to increased 

electrical efficiency. In the meantime, the passing water will be heated by 

absorbing the PV heat and will be delivered to certain heat devices to provide 
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heating. This part of the water may be consumed or, alternatively, cooled in the 

heating services and returned to the module to retain heat. Compared to the air-

based system, a water-based PV/T system can achieve enhanced cooling 

effectiveness due to the higher thermal mass of water over air and, therefore, 

both the thermal and electrical efficiencies of the system will be higher. 

Zondag et al. [2.10] addressed several water flow patterns for PV/T collectors, 

i.e., sheet and tube, channel, free flow and two absorber types, which are 

shown schematically in Fig. 2-6. 

 

Fig. 2-5: Cross sections of air-based PV/T modules 

 

Fig. 2-6: Cross sections of water-based PV/T modules 
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(3) Refrigerant-based PV/T Technology 

In recent years, refrigerant-based PV/T heat pump systems have been studied. 

Kern and Russell [2.5] initially proposed a simple PV/T collector connected 

with a heat pump system and studied the energy saving and economic benefits. 

Recent study has suggested a novel concept of a PV/T module for heat pump 

application. This solar technology lays direct expansion evaporation coils 

underneath the PV modules, which allows a refrigerant to be evaporated when 

passing through the modules. In this way, the coils act as the evaporation sector 

of the heat pump, which allows the refrigerant to evaporate at a remarkably low 

temperature, e.g., 0-20 
o
C. As a result, the PV cells are cooled to a similar low 

temperature, which leads to a significant increase in the panel’s heat and 

electrical efficiencies. The compressor of the heat pump increases the pressure 

of the vapour generated from the panels and delivers it to the condenser to 

provide heating. In operation, the compressor would be driven by PV-

generated electricity, thus creating a solar-powered heat pump independent of 

fossil fuel energy. Fig. 2-7 gives a cross-sectional view of a glazed PV 

evaporator (PV/e) roof panel [2.7], and Fig. 2-8 shows a schematic of a PV/T-

based heat pump system and its thermodynamic process in a Pressure-Enthalpy 

(P-H) diagram [2.7].  

 

Fig. 2-7: Cross-section of a PV evaporator roof panel 
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Fig. 2-8: Schematic of (a) PV/e roof module-based heat pump system and (b) its 

thermodynamic process in a Pressure-Enthalpy diagram 

(4) Heat-pipe-based PV/T Technology 

Heat pipes are considered an efficient heat transfer mechanism that combines 

the principles of both thermal conductivity and phase transition. A typical heat 

pipe, as indicated in Fig. 2-9 [2.11], consists of three sections: an evaporation 

section (evaporator), an adiabatic section and a condensation section 

(condenser), and provides an ideal solution for heat removal and transmission.  

 

Fig. 2-9: Schematic of a conventional heat pipe 
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The PV/heat pipe combination has recently been studied. Zhao et al. [2.12-2.14] 

proposed a PV/flat-plate heat pipe array for the cogeneration of electricity and 

hot air/water. This prototype module comprises a PV layer and a flat-plate heat 

pipe containing numerous micro-channel arrays acting as the evaporation 

section of the heat pipe. The other end of the heat pipe is the condensation 

section, which releases heat to the passing fluid. The authors claim that the flat-

plate geometry was more efficient due to the excellent thermal contact between 

the PV cells and the heat extraction devices, which results in lower thermal 

resistance and higher overall solar conversion efficiency. In this way, PV 

efficiency could increase by 15-30% compared to a standard PV panel if its 

surface temperature is controlled to around 40-50 
o
C. The overall solar 

conversion efficiency of the module tested at around 40%. Fig. 2-10 [2.12] and 

Fig. 2-11 [2.14] show three types of PV/heat pipe modules acting as thermal 

and power cogeneration units. 

 

Fig. 2-10: Three types of flat-plate heat pipe with micro-channel array  

 

Fig. 2-11: PV/flat-plate heat pipe: a) air cooling; b) water cooling  
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Qian et al. [2.15, 2.16] brought a new concept for buildings that integrated a 

PV/T system utilising an oscillating heat pipe. This system was designed as 

facade components for transporting heat from concealed PV cells (OHP-

BIPV/T), as shown in Fig. 2-12 [2.22]. The system consists of the oscillating 

heat pipes, headers, finned tube, graphite conductive layer, metal frame, PV 

laminate module and insulation. During operation, the working fluid within the 

metal heat pipes will absorb heat from the PV cells and will then be evaporated 

into vapour fluid. The vapour will flow up into the finned tube, where it 

condenses by releasing heat to the passing fluid and returns to the absorber by 

the effect of gravity and capillary forces. 

 

Fig. 2-12: Schematic of the OHP-BIPV/T module  

(5) Technical Characteristics of Currently Available PV/T Types  

A general comparison of the four currently available PV/T types was made in 

terms of their technical characteristics. The overall module efficiencies for 

different PV/T types were calculated with the same external solar/weather 

conditions (i.e., weather conditions on 22
nd

 December in the Midwestern area 

of the UK) and operational conditions (i.e., 0.01 kg/m
2
-s of mass flow rate, 10% 

of initial PV efficiency). The calculation models used were as follows: (1) an 

indoor-simulator (IS) model for air-based PV/T [2.17]; (2) an integrated PV/T 

system (IPVTS) model for water-based PV/T [2.18];   (3) a PV solar-assisted 
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heat pump (PV-SAHP) model for refrigerant-based PV/T [2.19]; and (4) a 

PV/flat-plate heat pipe (PV/FPHP) model for heat-pipe-based PV/T [2.13]. 

Table 2-1 gives a specific description of the characterised results.  

Table 2-1: The characteristics comparison of different PV/T types 

PV/T models Efficiency Advantage Disadvantages  

IS model for air- 

based PV/T type 

[2.17] 

24%–47% -  Low cost  

-  Simple structure  

- Low thermal mass 

- Large air volume 

- Poor thermal removal effectiveness 

- High heat loss 

IPVTS model for 

water-based PV/T 

type [2.18] 

33%–59% - Low cost 

- Direct contribution 

- High thermal mass 

- Low flow volume 

- Still high PV temperature 

- Unstable heat removal effectiveness 

- Complex structure 

- Possible pipe freezing 

PV-SAHP model 

for refrigerant- 

based PV/T type 

[2.19] 

56%–74% - Low PV temperature 

- Stable performance 

- High efficiency 

- Effective heat removal 

- Risk of leakage 

- Unbalanced liquid distribution 

- High cost 

- Difficult to operate  

PV/FPHP model 

for heat-pipe- 

based PV/T type 

[2.13] 

42%–68% - Low PV temperature 

- Stable performance 

- High solar efficiency 

- Effective heat removal 

- Reduced power input 

- High cost 

- Risk of damage 

- Complex structure 

In general, the air PV/T type has a poor heat removal performance due to its 

low thermal mass and less-organized air flow; the water type remains with 

increasing water temperature and a fall in solar efficiency because of varying 

water temperatures over operational time and the heat removal effectiveness 

will actually become poor while at high-temperature operation; the refrigerant 

type is difficult to handle in operation as pressurisation and depressurisation 

are required along the system, and risks of leakage and an imbalance in 

refrigerant distribution remain high during the whole process; the heat-pipe 

type remains with a large number of pipe arrays and a high cost problem that 

may affect its wide deployment in practical projects.   
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2.2.3 Performance Evaluation Standards 

Several national/regional standards are currently available for evaluating the 

performance of standard solar thermal and PV devices. For solar thermal 

devices, the available standards include EN 12975 [2.20, 2.21], EN 12976 

[2.22, 2.23], EN 12977 [2.24-2.28], Solar Keymark [2.29], ISO 9806 [2.30-

2.32], MCS 004 [2.33] and other national solar thermal themes; for PV devices, 

the available standards include IEC (61215, 61646, 61730) [2.34-2.37], UL 

(1703, 1741, 4703) [2.38-2.40], IEEE (1262 and 929) [2.41, 2.42], CE-marking 

[2.43] and other national electrical codes. No published standards were found 

to address the performance of PV/T system. Instead, methods for evaluating 

the PV/T devices were provided in some academic papers. The technical 

performance of PV/T systems is usually evaluated using several indicative 

parameters, including overall energetic efficiency, overall exergetic efficiency, 

primary energy saving efficiency and solar fraction. The economic 

performance of PV/T systems is measured by the life-cycle cost and cost 

payback time (CPT). The environmental benefit of a PV/T system is justified 

using life-cycle carbon saving or energy payback time (EPT) and greenhouse 

gas payback time (GPBT).  

(1) Technical Parameters for Performance Evaluation  

I. Overall Energy Efficiency 

Overall energy efficiency is the ratio of collected electrical and heat energy to 

the incident solar radiation striking a PV/T absorber. It comes from the first 

law of thermodynamics and indicates the percentage of the energy converted 

from solar radiation. In a PV/T module, the electrical efficiency is much lower 

than the thermal efficiency and, therefore, the overall energetic efficiency will 

largely depend on the thermal energy conversion of the system. It should be 

pointed out that the overall energetic efficiency ignores the difference between 

heat and electrical energy in terms of energy grade (quality) and is inadequate 

for justifying the energy performance of PV/T systems. 
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II. Overall Exergetic Efficiency 

Overall exergetic efficiency takes into account the difference in energy grades 

between heat and electricity and involves the conversion of low-grade thermal 

energy into the equivalent high-grade electrical energy using the theory behind 

the Carnot cycle. The Carnot cycle is a theoretical thermodynamic cycle for 

converting a given amount of thermal energy into work, or conversely creating 

a temperature difference by given amount of work. The behaviour of a classical 

Carnot heat engine is illustrated by a temperature-entropy (T-S) diagram in Fig. 

2-13, in which the thermodynamic state is specified by a point with entropy (S) 

as the horizontal axis and temperature (T) as the vertical axis. The Carnot cycle 

is therefore considered to take place between the working medium inside the 

PV/T panel (hot reservoir) at temperature Twm and the ambient temperature 

(cold reservoir) at temperature Ta.  

 

Fig. 2-13: A Carnot cycle acting as a heat engine on a Temperature-Entropy diagram 

The exergetic efficiency is defined as the ratio of total exergy output to total 

exergy input 
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                                                            [2-13] 
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where, Exo, Exth and Exe are the overall, thermal and electrical exergy output 

respectively (W); Exsun is the total exergy input of solar radiation (W);  ξth and 

ξe are the thermal and electrical exergetic efficiency respectively; ξ0 is the 

overall exergetic efficiency of PV/T module. 

The electrical and thermal exergetic efficiencies are written by following 

equations respectively 

e e
e

sun sun

Ex Q

Ex Ex
  

                                                                                     [2-14] 
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                                                                                    [2-15] 

where, ηc is the ideal Carnot efficiency for a heat engine, which is the fraction 

of the heat energy extracted from the PV/T Panel (hot reservoir) and converted 

to the electricity (mechanical work), defined as 
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where, Wcarnot is the work done by the Carnot system (J); Ewm is the heat put 

into the Carnot system (J); In above equation, the initial temperature of the 

fluid medium is simply assumed equal to the ambient temperature [2.44] while 

Ta is the temperature of the ambient (cold reservoir, K) and Twm is the final 

temperature of the working medium (hot reservoir, K); S1 and S2 are the 

minimum and the maximum entropy of heat engine system respectively (J/ K). 

In a PV/T system, the overall exergy intput of solar radiation is described by 
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                                                                             [2-17] 
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where, Tsun is the solar radiation temperature at 6000 K.  

The exergy represents the maximum quantity of work that can be produced by 

the system in the given environment. Exergetic efficiency considers the energy 

grade difference between heat and electricity, which is a more rational index 

for evaluating performance. 

III. Primary Energy Saving Efficiency 

Huang et al. [2.18, 2.45] proposed another performance evaluation method to 

recognise the energy grade difference between heat and electricity: namely, the 

primary energy saving efficiency (Ef), which is given by 

/f e power thE    
                                                                                 [2-18] 

where, ηpower is the electrical power generation efficiency for a conventional 

power plant at 0.38. Huang et al. [2.18] recommended that the primary energy 

saving efficiency of a PV/T system should be higher than 0.50 to complete a 

solar hot water system. 

IV. Solar Fraction 

From the primary energy saving point of view, solar fraction (f) can also be 

used to evaluate the performance of PV/T systems. It is defined as the 

fractional ratio of the primary energy saving that a PV/T system can obtain to 

the overall energy demand, and can be given as 
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 
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                                        [2-19] 

where, Qload,t and Qaux,t is the overall thermal load and auxiliary heat required; 

Qload,e and Qaux,e is the total electrical load and auxiliary electricity needed. 

Kalogirou [2.46] indicated that the solar fraction is lower in the winter months 
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and higher in the summer months. For a typical hot water supply system, the 

average solar fraction has a value of 0.49 annually. 

In summary, energetic and exergetic efficiencies are the most appropriate 

indexes for the performance evaluation of PV/T systems, whereas primary 

energy saving efficiency and solar fraction are occasionally used to evaluate 

the fossil fuel saving capacity of PV/T systems. In reality, different end users 

have different energy demands that will somewhat affect the performance of 

the PV/T systems in use. Choosing an appropriate evaluation method for a 

specific PV/T installation will need to take both energy supply and demand 

into consideration.   

(2) Economic and Environmental Measurements 

In terms of the economic measures of PV/T, Tripanagnostopoulos et al. 

suggested the life-cycle cost assessment method, which takes into account the 

capital cost of system installation and the associated operational and 

maintenance cost across the system’s life cycle [2.47]. Time-related issues such 

as inflation, tax and company discount rates should also be factors to be 

considered [2.48]. A simplified approach to the assessment of PV/T economic 

value is to use cost payback time (in years), which ignores the time-relevant 

items and maintenance cost and is, therefore, inaccurate. Table 2-2 [2.47] 

specifies the cost breakdown and payback issues for various PV/T types.   

In terms of the environmental measures of PV/T technology, the most common 

method is to use the life-cycle carbon emission saving indicator by multiplying 

the PV/T energy output by the energy-to-carbon conversion factor [2.47]. 

Tripanagnostopoulos et al. [2.47] and Chow [2.48] also suggested using EPBT 

and GPBT as the environmental assessment factors. EPBT is the ratio of the 

embodied energy of the PV/T system to its annual energy output, while GPBT 

is the ratio of the greenhouse gas embodied by the PV/T system to its reduction 

of greenhouse gas. The environmental measures of some PV/T devices are 

presented in Table 2-3 [2.47]. 
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Table 2-2
1
: Cost breakdown and cost payback time of different PV/T systems [2.47] 

 

Table 2-3: EPBT and CO2 PBT values for different PV/T systems [2.47] 

 

                                                 

1
 Note: HRU: heat recovery unit; UNGL: unglazed; GL: glazed; REF: stationary flat diffuse 

reflectors; TILT: tilted installation. 
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2.3 R&D Progress and Practical Applications of PV/T Technologies 

2.3.1 Overview of R&D works in the PV/T Field 

Numerous pieces of research have been carried out to study the performance of 

different PV/T configurations, optimise their geometric sizes and recommend 

the most appropriate operational parameters. As a result, a sufficient quantity 

of experience has been obtained and this is selectively indicated as follows. 

Hendrie [2.49] developed a theoretical model for a flat-plate PV/T solar 

collector and carried out a study into the thermal and electrical performance of 

air- and liquid-based PV/T solar collectors. He concluded that when the PV 

modules were not in operation, the air- and liquid-based collectors could 

achieve peak thermal efficiencies of 42.5% and 40%, respectively. However, 

when the PV modules were functioning, the air- and liquid-based units 

obtained slightly lower thermal efficiencies than the previous case, of 40.4% 

and 32.9%, respectively. In the meantime, the measured peak electrical 

efficiency of these units was 6.8%.  

Florschuetz [2.50] used the well-known Hottel–Whillier [2.8] thermal model 

for flat-plate solar collectors to analyse the performance of a combined PV/T 

collector. By slightly modifying the parameters existing in the original 

computer program, the model was made available for analysing the dynamic 

performance of the PV/T collector. Assuming that the solar PV electrical 

efficiency was linearly reduced when the cell’s temperature increased, the 

thermal and electrical efficiencies of the combined PV/T collector were 

obtained and the results were further analysed to enable development of the 

correlations between the efficiencies and the various operational parameters of 

the collectors. 

Raghuraman [2.51] developed two one-dimensional analytical models to 

predict the thermal and electrical performance of both liquid- and air-based 

flat-plate PV/T collectors. The analysis took into account the difference in 

temperature of the primary absorber (the PV cells) and the secondary absorber 
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(a flat-plate thermal absorber), and a number of design were recommended to 

enable the maximised energy utilisation of the collectors. 

Bergene and Lovvik [2.52] developed a dedicated PV/T mathematical model 

and associated algorithms, enabling quantitative predictions of system 

performance. The model was established by analysing the energy transfer 

processes, including conduction, convection and radiation, initiated by Duffie 

and Beckman [2.9], and the results of the model’s operation suggest that the 

overall efficiency of the PV/T collectors was in the range of 60% to 80%. 

Sopian et al. [2.53] developed steady-state models to analyse the performance 

of both single- and double-pass PV/T air collectors. The models yielded the 

temperature profiles of the glass cover, plates, and air stream, while the mean 

plate temperature could be applied to evaluate the efficiency of the PV cells. 

Performance analysis showed that the double-pass PV/T solar collector 

produced a better performance than the single-pass module at a normal 

operational mass flow rate range. In addition, the thermal and the combined 

thermal and electrical efficiencies increased when the packing factor (defined 

as the ratio of the PV cell area to the absorber area) decreased, whereas the 

electrical efficiency of the PV decreased slightly.  

Sandnes and Rekstad [2.54] constructed a PV/T unit by using a polymer solar 

heat collector combined with a single-crystal silicon PV cell. An analytical 

model derived from the Hottel–Whillier equations was used to simulate the 

temperature distribution and the performance of both the thermal and PV parts. 

The simulation results were in agreement with the experimental data. The 

authors found that increasing the number of solar cells on the absorbing surface 

would reduce the absorbed energy by the panel (about 10% of incident energy) 

due to the lower optical absorption of the solar cells compared to the black 

absorber plate. Further, there was increased thermal resistance at the surface of 

the absorber and within the fluid, which reduced the collector’s heat removal 

factor, FR. Moreover, they concluded that the solar cells’ temperature was 

strongly related to the system inlet-fluid temperature and the collector’s heat 

transport characteristics. The combined PV/T concept could, therefore, be 
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associated with applications of sufficiently low temperature to give a desired 

cooling effect. 

Tiwari and Sodha [2.55] developed a thermal model for an integrated PV/T 

solar collector system and compared it with a model of a conventional solar 

water heater by Huang et al. [2.18]. Based on the energy balance of each 

component in the system, an analytical expression for the temperature of a PV 

module and water was derived. The simulations predicted a daily primary 

energy saving efficiency of around 58%, which was in good agreement with 

the experimental figure (61.3%) obtained by Huang et al. 

Dubey et al. [2.56] developed an analytical model that indicated the electrical 

efficiency of a PV module with and without cooling flow as a function of 

climatic and PV physical/operational parameters. Four different PV 

configurations i.e., case A (glass-to-glass PV module with duct), case B (glass-

to-glass PV module without duct), case C (glass-to-Tedlar PV module with 

duct), and case D (glass-to-Tedlar PV module without duct) were investigated. 

It was found that the glass-to-glass PV modules with duct gave a greater 

electrical efficiency and a higher outlet air temperature among all four cases. 

The annual average efficiencies of the glass-to-glass type PV module with and 

without duct were reported to be 10.41% and 9.75%, respectively. 

Chow [2.57] developed an explicit dynamic model with seven nodes for a 

single-glazed flat-plate water-heating PV/T collector that was used for system 

dynamic simulation. This model, derived from control volume finite difference 

formulation and incorporated with a transport relay subprogram, could provide 

information on the transient performance, including the real-time thermal/ 

electrical gains, their efficiencies, and the thermal conditions of various 

components. Further to an extension of the nodal scheme to include multi-

dimensional thermal conduction on PV and absorber plates, this model was 

able to perform a complete energy analysis of the performance of the hybrid 

solar collector. 

Cox and Raghuraman [2.58] explored several useful design features for air-

based flat-plate PV/T collectors in order to determine their effectiveness and 
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interaction on the basis of a computer simulation. They found the air PV/T 

types were usually less efficient than the liquid ones due to the relatively lower 

PV cell packing factor, lower solar absorptance, higher infrared emittance and 

a lower absorber to air heat transfer coefficient. Two methods were 

recommended to tackle these existing problems: (1) increasing the solar 

absorptance and (2) reducing the infrared emittance. The results showed that 

when the packing factor was greater than 65%, a selective absorber could 

actually reduce the thermal efficiency when a gridded-back cell was applied. 

The optimum air PV/T configuration was suggested to consist of gridded-back 

PV cells, a non-selective secondary absorber, and a thermal cover above the 

PV cells. 

Grag and Agarwal [2.59] developed a simulation model to investigate the 

effect of both the design and operational parameters of a hybrid PV/T air 

heating system on its performance. It was found that whether or not to use 

single or double glass covers in a PV/T air heating system largely depended on 

its design temperatures, as the extra glass cover might lead to larger 

transmission losses and, beyond some critical point, the single-glass cover 

could collect more heat than the double glass. The parametric studies indicated 

that the system efficiency is positively proportional to collector length, mass 

flow rate and cell density, while it is negatively proportional to the duct depth 

for both configurations. However, as material cost increases with the number 

of glass covers, collector length, cell density, duct depth and mass flow rate, 

the final selection of design parameters and operational variables for a PV/T 

system must be based on the cost-effectiveness consideration, which was 

represented by the minimised system life-cycle cost.  

Kalogirou [2.46] carried out a computer modelling of the performance of a 

hybrid PV/T solar water system by using TRNSYS, which is a transient 

simulation program with typical meteorological year (TMY) conditions for 

Nicosia in Cyprus. The PV system consisted of a series of PV panels, a battery 

bank and an inverter, whereas the thermal system consisted of a hot water 

storage cylinder, a pump and a differential thermostat. The results indicate that 

the hybrid system would enable an increase in the mean annual PV efficiency 
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from 2.8% to 7.7% and, meanwhile, cover nearly half the hot water needs in a 

house, leading to a mean annual overall efficiency of 31.7%. The life-cycle 

saving of the system was CYP 790.00 (Cyprus Pound) and the payback time 

was 4.6 years.  

Tripanagnostopoulos et al. [2.60] constructed an air-based PV/T solar collector 

which applied two low-cost approaches to enhance heat transfer between the 

air flow and the PV surface. A finned metal sheet was attached to the back wall 

of the air channel to improve heat extraction from the PV modules. 

Experimental tests were carried out on the air-based PV/T system, which used 

a 46 W-rated commercial a-Si PV module with a 0.4 m
2
 aperture area as the 

absorber plate. The results showed good agreement between the predicted 

figures and the measurement data. It was found that the induced mass flow rate 

and thermal efficiency decreased with a higher ambient (inlet) temperature and 

increased with a larger tilt angle at a given insulation level. The results also 

showed that the optimum channel depth was in the range of 0.05 m to 0.1 m for 

this system. This type of PV/T system is practical, cost effective and suitable 

for integration within a building with both heat and electricity demands.  

Dubey et al. [2.17] designed and constructed a PV/T solar air heater, and 

investigated its performance in different operational conditions while the 

parameters remained steady. The experimental system consisted of three PV 

modules (mono-crystalline silicon solar cells) of glass-to-Tedlar type, each 

rated at 75 Wp, 0.45 m in width and 1.2 m in length and mounted on a wooden 

duct. They found that the thermal, electrical and overall efficiency of the solar 

heater was 42%, 8.4% and 50%, respectively, in the designed laboratory 

conditions. They also proposed an indoor standard test procedure for thermal 

and electrical testing of the PV/T collectors connected in series. It was 

concluded that this test procedure could be used by manufacturers for testing 

different types of PV modules in order to optimise their geometric sizes. 

Shahsavar and Ameri [2.61] designed and tested a direct-coupled PV/T air 

collector with and without a glass cover in Kerman in Iran. In this study, a thin 

aluminium sheet suspended in the middle of the air channel was used to 

increase the heat exchange area and consequently improve the heat extraction 
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from the PV panels. This PV/T system was tested in natural forced convection 

conditions (with two, four and eight fans operating). Good agreement between 

the measurement data and those calculated by the simulation model was 

achieved. It was concluded that there was an optimal fan number to match the 

maximum electrical efficiency. Results also indicated that adding a glass cover 

to photovoltaic panels would lead to increased thermal efficiency and 

decreased electrical efficiency. 

Huang et al. [2.45] studied an integrated PV/T system set-up. A commercial 

polycrystalline PV module was used to make a PV/T collector, which was part 

of the system configuration. The test approach for conventional solar hot water 

heaters was used to evaluate the thermal performance rating of the system. The 

measurement results indicated that the solar PV/T collector made using a 

corrugated polycarbonate panel could obtain a primary energy saving 

efficiency of about 61.3%, while the temperature difference between the tank 

water and the PV module was around 4 
o
C.  

De Vries [2.62] and Zondag et al. [2.10, 2.63] carried out testing on a PV/T 

solar boiler with a water storage tank in the Netherland, which indicated that a 

sheet-and-tube system with cover was the most appropriate PV/T configuration 

for the purpose of tap water heating. It was reported that the water-based PV/T 

system could provide good architectural uniformity, and reduce roof space use, 

as well as the payback period. This PV/T system could achieve annual average 

solar efficiencies in the range of 34% to 39% for the sheet-and-tube system 

with cover, and 24% for the same system without cover.  

Chow et al. [2.64] conducted an experimental study into a combined 

centralised photovoltaic and hot water collector wall system that can serve as a 

water preheater. The collectors were mounted on vertical façades with different 

operational modes in various seasons. The authors found that natural water 

circulation was better than forced circulation in their solar collector system. 

The thermal efficiency was reported at 38.9% and the corresponding electricity 

conversion efficiency was 8.56% during the late summer in Hong Kong. For 

the PV/T wall, the space thermal loads can be significantly reduced both in 

summer and winter, leading to a significant amount of energy savings. 
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Zhao et al. [2.14] designed two experimental prototypes by integrating a flat-

plate heat pipe with mono-ci PV cells at an effective area of 0.0625 m
2
, while 

the surplus heat was taken away, respectively, via natural air flow and passive 

water circulation. In comparison with an independent PV system, the PV/T 

modules were found to be able to achieve enhanced electrical efficiencies of 

2.6% and 3% and reduced cell temperatures of 4.7 
o
C and 8 

o
C, respectively, 

for air- and water-based conditions.  

Ji et al. [2.65] developed a solar PV/T heat pump system that combined a 

Rankine refrigeration cycle with a PV/T solar collector. A dynamic model for 

the PV evaporator was established using a distributed parameter approach to 

investigate the effect of the refrigerant parameters (e.g., pressure, temperature, 

vapour quality and enthalpy) on the system’s solar efficiencies and the 

temperature distribution across the evaporator channels. The results indicated 

that the PV electrical efficiency and evaporator thermal efficiency were around 

12% and 50%, respectively, during the test period in Hefei in China. 

Ji et al. [2.19] also carried out the testing of the system under a range of 

operational conditions. The results indicated that the PV-SAHP system had a 

higher COP figure than the conventional heat pump system and the PV 

electrical efficiency was also higher. The heat pump COP could achieve 10.4, 

whilst the average COP value of the traditional heat pumps was around 5.4. 

Overall, the average PV efficiency was around 13.4%. The highest overall 

COP figure, taking into account the performance of PVs and evaporators, was 

around 16.1. 

Zhao et al. [2.7] designed a novel PV/e roof module to act as a roof element, 

electricity generator and the evaporator of a heat pump system. The energy 

profiles and system operational conditions were analysed and the temperature 

distribution across the module layers was simulated. This study indicated that 

the combined system should operate at 10 
o
C of evaporation and 60 

o
C of 

condensation temperature. Borosilicate as a top cover had better thermal 

performance than polycarbonate and glass, whilst the mono-crystalline 

photovoltaic cells showed higher electrical efficiency over the polycrystalline 

and thin films. Under typical Nottingham (UK) operational conditions, the 
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modules achieved 55% thermal efficiency and 19% electrical efficiency, whilst 

the module-based heat pump system had an overall efficiency of over 70%. It 

was also addressed that the integration of the PV cells and evaporation coil into 

a prefabricated roof would lead to a large saving in both capital and running 

costs over separate arrangements of the PV panel, heat pump and roof structure. 

Apart from the above reports, many other works in this subject were found by 

the literature study and a few more examples of these are briefed below. 

For air-based PV/T, Komp and Reeser [2.66] reported the design and 

installation of a stationary concentrating glazed roof-integrated PV-air collector 

for an off-grid dwelling. The hybrid collector with fins was intended to 

enhance the heat transfer between the PV cells and the air; the air was then 

drawn into the house using a fan in winter and by natural convection in 

summer. Fudholi et al. [2.67] reported that the drying of agricultural and 

marine products was one of the most attractive and cost-effective applications 

for solar PV/T technology. Takashima [2.68] concluded that the surface 

temperature of PV panels could be reduced when an air gap was above the PV 

panels to form a thermal collector. Moshtegh and Sandbergy [2.69, 2.70] 

studied the performance of air flow induced by the buoyancy effect and the 

heat transfer within a vertical channel heated from the PV side wall. The study 

reported that the induced velocity led to increased heat flux non-uniformity 

inside the duct and its several impacts depended upon the sizes and geometry 

of the air exit. Bhargvaa [2.71] and Parkash [2.72] studied the performance of a 

single-pass PV/T air collector and analysed the influence of air mass flow rate, 

the depth of the air channel and the packing factor on the system’s overall 

efficiency. Sopian et al. [2.53] analysed the performance of both single- and 

double-pass PV/T air collectors using steady-state computer models. The 

results showed that double-pass PV/T air collectors had higher efficiencies than 

the single-pass ones but their capital cost was slightly higher. Kelly [2.73] and 

Tripanagnostopoulos et al. [2.74] suggested several possible approaches to 

enhance the cooling effect, such as modifying channel geometries to create 

turbulent flows. Tiwari and Sodha [2.75] indicated that glazed air PV/T 

collectors had higher thermal efficiency than the paralleled unglazed types, 
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especially at low temperature conditions where the double-glazing cover was 

found to be superior to single glazing [2.76]. On the other hand, the glazing 

cover would slightly reduce the overall performance of a collector owing to 

unavoidable solar reflection.  

For water-based PV/T, Agarwal and Grag et al. [2.77, 2.78] designed 

prototypes for thermo-syphonic and flat-plate PV/T water heaters. Bergene and 

Lovvik [2.79] then conducted an energy transfer study into a PV/T water 

system consisting of a flat-plate solar collector and a group of PV cells, which 

indicated that an overall efficiency of 60% to 80% could be achieved. It was 

found that the proposed system could be used to preheat domestic hot water. 

More recently, Zondag et al. [2.10] classified water-based PV/T collectors into 

four main types: sheet-and-tube collectors, channel collectors, free-flow 

collectors, and two absorber collectors. Chow et al. [2.64] suggested that 

implementing the water flow channels beneath a transparent PV module may 

be a good choice to achieve enhanced solar efficiency. However, the single-

glazing sheet-and-tube hybrid PV/T collector was regarded as the most 

promising design as it has high overall efficiency. Kalogirou and 

Tripanagnostopoulos [2.46, 2.4] simulated a PV/T water supply and storage 

system and found that the economic viability of the PV/T water system was 

much better than the air-based type. Elswijk et al. [2.80] installed a number of 

large PV/T arrays on residential buildings and reported that the use of PV/T 

systems would save around 38% in roof area relative to a side-by-side system 

of PV and solar thermal. Ji et al. [2.81] studied a façade-integrated PV/T 

collector for residential buildings in Hong Kong. The annual thermal 

efficiencies were around 48% for thin film silicon and 43% for the crystalline 

silicon case. In addition, the building-integrated system was able to reduce the 

cooling requirements of the building substantially due to the reduced heat 

absorption by the walls.  

For refrigerant/heat-pipe-based PV/T, Nishikawa et al. [2.82] studied a PV/T 

heat pump system using R22 as the refrigerant. When the PVs were effectively 

cooled, the system could achieve a higher COP than a conventional heat pump. 

Ito et al. [2.83] investigated a similar PV/T heat pump and concluded that when 
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the condensation temperature was set at 40 
o
C, the COP of the heat pump could 

achieve as high as 6.0. Further, Ito et al. [2.84] analysed the effect of a few 

physical parameters e.g., collector area, and the width, length and thickness of 

the collector plate on the system’s solar efficiency and COP. Zhao et al. [2.12-

2.14] initiated a PV/flat-plate heat pipe containing micro-channel arrays to 

produce electricity and hot air/water simultaneously, as shown in Fig. 2-11. 

Qian et al. [2.15, 2.16] invented a building-integrated photovoltaic/thermal 

system using an oscillating heat pipe for combined heat and power generation 

using solar energy. This type of system is shown in Fig. 2-12. 

2.3.2 Practical Applications of PV/T Technology 

Although PV/T technology is at the start-up stage, some commercial products 

or engineering projects involving PV/T application can be found in practice. A 

number of practical PV/T works are addressed below. 

Grammer Solar GmbH in Germany has developed an air-based PV/T solar 

collector entitled TWINSOLAR, which is designed to preheat ventilation air in 

buildings with an absorber area in the range of 1.3 m² to 12.5 m². The modules 

can be assembled vertically or horizontally, on the roof or on south-, southeast-, 

or southwest-facing façades. It was observed that at a maximum solar radiation 

of 700 W/m², the air temperature increased to 40 ºC and nearly 70% of the 

solar incident energy was converted into thermal energy and transported into 

the building, as shown in Fig. 2-14 [2.85]. 

  

Fig. 2-14: TWINSOLAR application and its performance curve  
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In Denmark, SolarVenti units are mainly used for ventilation, supplementary 

heating and assisting in air dehumidification. The larger capacity SolarVenti 

models have a substantial amount of thermal output and can drive a significant 

amount of air flow due to the buoyancy effect. The thermal energy is captured 

directly from solar radiation across the spectrum, which could supplement the 

existing space-heating system in any domestic or commercial building. Table 

2-4 provides the energy outputs for the SolarVenti models [2.86]. 

Table 2-4: Energy outputs of different SolarVenti models 

Model Air volume Temperature 

increase 

Max Output kW 

(per hour) 

Max Output kW 

per year (1000 hrs sun) 

SV14 60 m³/Hr ~30°C 0.6 600 

SV30 120 m³/Hr ~40°C 1.6 1,600 

SV30H 100 m³/Hr ~40°C 1.3 1,300 

The Canadian company Conserval Engineering Inc. provides SolarWall and 

rooftop SolarDuct products. The SolarWall is a proprietary solar air-heating 

system that can heat buildings using the ventilation air, and is usually mounted 

on walls or roofs for various purposes, including heating for buildings and 

running agricultural and manufacturing drying processes. The SolarWall is a 

PV/T combined system that has a significantly lower payback period than a 

standard PV panel. It can produce up to 400% more usable energy than an 

individual PV panel. The SolarDuct PV/T is a modular rooftop system with 

total operational efficiency of above 50%, where the thermal panels have 

doubled the output from the PV racking system. Fig. 2-15 indicates the product 

series available from this company [2.87]. 

  

Fig. 2-15: Solar air PV/T products from Conserval Engineering  
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The Dutch-based PVTWINS company has developed PV/T water-heating 

products for a niche market, as shown in Fig. 2-16 [2.88]. The PV/T water 

collectors can be used in individual and integrated domestic hot water systems. 

This PV/T type can achieve a temperature as high as 90 °C. The electrical yield 

is measured with 125 Wp/m
2
 and the thermal yield is about 1.2 GJ/m

2
 per year. 

The PV/T collectors have three available sizes e.g., 1800 × 1800 mm, 900 × 

5600 mm and 1800 × 2400 mm, and are suitable for being integrated into tilted 

or flat roofs using a common connection method. 

 

Fig. 2-16: PV/T liquid collector – the PVTWIN produced by PVTWINS  

Israel-based Millennium Electric Ltd has developed a MULTI SOLAR PV/T 

System that enables the conversion of solar energy into thermal and electrical 

energy simultaneously using a single hybrid system, as shown in Fig. 2-17 

[2.89]. The Multi Solar System is made of façade/roof tile-like panels which 

behave as a ‘living’ skin around a building, allowing the flow of water to chill 

the PV cells, capture heat and store it in an insulated tank, thus enabling the 

heat control of a living environment. The system can generate 30% higher PV 

efficiency for domestic electricity. 

 

Fig. 2-17: MULTI SOLAR PV/T System produced by Millennium Electric  
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In terms of PV/T concentrators, there are three leading manufacturers in the 

world, namely, Absolicon in Sweden, Menova Energy in Canada, and 

HelioDynamics in the UK. Absolicon has produced the X10 PV/T commercial 

heat and power system, as shown in Fig. 2-18 [2.90]. The system consists of a 

cylinder-parabolic reflector that concentrates ten times the amount of solar 

light onto the receiver. It is equipped with the latest generation of PV 

technology and a solar tracking system using electrical custom-designed high-

quality linear actuators. The aim is to rotate the X10 concentrator to allow 

sunlight to be focused onto the cells all the time. The tracking system has a 

program that can automatically protect the photovoltaic cells from being 

overheated or from storms. If the temperature exceeds a certain value, the X10 

automatically turns the receiver away from the sun.   

 

Fig. 2-18: X10 PV/T system produced by Absolicon  

Menova Energy provides the Power-Spar PV/T concentrator for use in 

domestic applications, as shown in Fig. 2-19 [2.91]. The Power-Spar model 

has been specifically engineered to provide an enhanced performance, even 

when exposed to extreme winter conditions. 

 

Fig. 2-19: Power-Spar produced by Menova Energy  
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HelioDynamics provides a tracking PV/T Fresnel concentrator, namely the 

Harmony HD 211, as shown in Fig. 2-20 [2.91]. It is designed for both 

flat/sloping roofs and can be pole-mounted over parking areas at the mid-

latitudes (20
o
 to 40

o
). 

 

Fig. 2-20: Harmony HD211 produced by HelioDynamics  

Ventilated PV with heat recovery is a type of PV/T air collector system that has 

recently emerged. The system is designed to provide solutions to ventilating 

PV cells and utilising the PV heat to preheat the ventilation air. Standardised 

products for this purpose have been manufactured by Secco Sistemi, an Italian 

PV manufacturer, as shown in Fig. 2-21 [2.91].  This system type has been 

used in various engineering projects, including the Fiat Research Centre, the 

Imagina Studio in Barcelona, and the Professional Training Centre in Casargo. 

 

Fig. 2-21: Ventilated PV with heat recovery produced by Secco Sistemi  
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2.3.3 Analysis of the Reviewed Works 

A significant quantity of research works related to PV/T technology was found, 

although the above case-by-case statement may be too scattered to capture the 

main sense of this subject. To enable clear justification of the research progress 

and engineering practice in PV/T, the above works were further analysed from 

two angles: (1) system type and (2) research methodology.  

(1) Analysis of Research Works in Terms of PV/T Type 

In terms of the PV/T types, the research falls into four categories: (1) air-based 

PV/T; (2) water-based PV/T; (3) refrigerant-based PV/T; and (4) heat-pipe-

based PV/T technology. Of these systems, the air- and water-based types are 

relatively mature and have already been widely used in practical projects. The 

refrigerant- and heat-pipe-based systems are still at the research/laboratory 

stage and some technical/economic barriers remain.  

I. Air-based PV/T Technology 

Air-based PV/T is one of the most commonly used PV/T technologies and has 

been developed into commercial units and used in many engineering practices. 

This type of system usually comprises (1) commercial laminated PV modules; 

(2) specially-designed air flow channels/ducts; (3) active fans; and    (4) air-

handling units or air/air heat exchangers [2.85, 2.87]. The most common unit 

configuration and material is the integrated frameset of an aluminium absorber 

and lamina-separated channels with either the presence or absence of built-in 

commercial PV cells [2.85]. The relation between the various solar efficiencies 

and the external/operational conditions is presented in Fig. 2-22 [2.17].  

In summary, a typical air-based PV/T type can achieve up to 8% electrical 

efficiency and 39% thermal efficiency [2.17]. Its performance is largely 

dependent upon air flow speed and temperature. Research relating to this type 

of PV/T system mainly focuses on (i) studying the most common air flow 

patterns e.g., buoyancy-driven and forced flow; (ii) determining the optimised 

channel geometry and sizes to enable the creation of effective turbulence 

within the channels; and (iii) selecting the proper glazing modes, e.g., 
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uncovered or covered with single/double glass sheets. The major problem with 

the air-based system lies in its relatively poor heat removal effectiveness owing 

to the low thermodynamic properties of air, such as density, specific heat 

capacity and thermal conductivity. 

 

Fig. 2-22: Correlation between module efficiencies and external/operational conditions 

represented by (Tfi-Ta)/I 

II. Water-based PV/T Technology 

Water-based PV/T is another common solar thermal and power cogeneration 

device, and has gained in practical use over recent years. Numerous 

commercial products have emerged on the market and the most impressive 

examples include the PVTWIN series products by PVTWINS, and MULTI 

SOLAR by Millennium Electric. The performance of water-based PV/T 

technology is usually indicated by its electrical and thermal efficiencies, which 

are found to vary with the water temperature, flow rate, water flow channel 

geometry and sizes and PV type, as well as external climatic conditions. The 

most common unit configuration is a PV module with single glazing and a 

sheet-and-tube absorber integrated in an insulated aluminium frame. This is 

regarded as the most promising design as it has relatively high overall 

efficiency and is easy to construct [2.88]. The correlation between the solar 

efficiencies and the external/operational conditions is given in Fig. 2-23 [2.18], 

and was established based on the fixed geometric conditions and PV type.  
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Fig. 2-23
2
: Correlation between daily testing of efficiency and external/operational 

conditions represented by (Ti-Ta)/Ht 

In summary, a typical water-based PV/T type can achieve up to 9.5% electrical 

and 50% thermal efficiency [2.18]. Its performance is largely dependent upon 

water temperature, flow rate, water flow channel geometry, PV type, and 

external climatic conditions. Research related to water-based PV/T systems 

usually focuses on (i) determining appropriate water flow velocity and 

temperature; (ii) optimising water flow channel geometry and size; and          

(iii) suggesting configurations for the integrated PV/T panels, including the 

covers, the PV cells and their connections.  

In comparison with an air-based PV/T type, a water-based PV/T system could 

improve the electrical efficiency of PV modules and, therefore, increase solar 

heat energy utilisation. However, the improvement is limited due to some 

inherent technical difficulties. Firstly, the heat removal effectiveness of water 

is poor in practice as the water continuously rises in temperature over the 

operating period and fails to improve the solar efficiency when operating at a 

high water temperature; secondly, additional back-up heating devices (to 

achieve the required water temperature) would increase the complexity of the 

                                                 

2
 Note: Ht: daily solar radiation; ηs: characteristic efficiency of solar energy. 
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system and reduce its efficiency. Further, freezing may be a problem when the 

system operates in a cold climatic region.    

III. Refrigerant-based PV/T Technology 

Refrigerant-based PV/T is a recently emerging technology and research into 

this subject shows that this type of device could improve the solar utilisation 

rate significantly over the air- and water-based systems and, therefore, has the 

potential to replace the two former systems in the near future. The system 

usually operates in conjunction with a heat pump, and its performance is 

justified by the electrical and thermal efficiencies of the PV/T modules and the 

COP of the PV/T heat pump system. These parameters (efficiencies and COP) 

vary with the flow rate of the refrigerant, its preset evaporation and 

condensation temperature/pressure, flow channels, geometric sizes, PV type 

and external climatic conditions. The most common configuration is to attach a 

PV module to the front surface of an aluminium fin plate with a section of 

serpentine copper coils between the two layers [2.19, 2.65]. The interrelation 

between the solar efficiencies and the external/operational conditions is shown 

in Fig. 2-24 [2.7], which was developed on the basis of the fixed geometric 

conditions and PV type.  

 

Fig. 2-24
3
: Correlation between module efficiencies and external/operational conditions 

represented by (Tmean-Ta)/I  

                                                 

3
 Note: PV/e: photovoltaic/evaporator; Tmean: mean PV temperature; Ta: air temperature. 
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In summary, a typical refrigerant-based PV/T type can achieve up to 10% 

electrical and 65% thermal efficiency [2.19]. Research relating to refrigerant-

based PV/T systems usually focuses on (i) determining appropriate refrigerant 

type, flow rate, evaporation/condensation temperature and pressure;                

(ii) optimising flow channel geometric sizes; and (iii) suggesting a system 

configuration, including the panel configuration e.g., covers, PV cells, the 

combination of PV modules and refrigerant channels, and the connection 

between the PV/T panels and the heat pump.  

In comparison with air-/water-based systems, a refrigerant-based system could 

significantly improve the electrical efficiency of PV cells and increase solar 

heat energy utilisation. This initiative represents a step forward in PV cooling 

technology but its practicality still faces many challenges: for example, the 

refrigerant piping cycle needs a perfect seal in order to maintain various 

pressures in different sections to prevent air being sucked into the system 

during operation, which is very difficult to achieve owing to the large number 

of welding joints. There are also high risks of refrigerant leakage and the 

problem of achieving balanced refrigerant distribution across the multiple coils 

installed in a large PV panel area is technically difficult.  

IV. Heat-pipe-based PV/T Technology 

Heat-pipe-based PV/T is also a relatively new technology and research into this 

subject is very limited. To date, flat-plate and oscillating heat pipes have been 

studied for potential use in PV cooling and the results indicate that heat pipes 

may have the potential to overcome problems existing in a refrigerant-based 

system, e.g., the possible leakage of refrigerant, an imbalance in the 

distribution of refrigerant flow, and the difficulty of retaining pressurisation or 

depressurisation states in different parts of the system.    

This system usually operates in conjunction with a heat pump or a heating 

cycle, and its performance is justified by the electrical and thermal efficiencies 

of the PV/T module and the heat pipe heat transfer capacity. These 

performance parameters vary with the structure/material and vacuum degree of 

the heat pipe, the type of heat pipe working fluid, the temperature and flow rate 
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of the secondary fluid, PV type and external climatic conditions. The most 

common unit configuration is a commercial PV module attached to aluminium 

flat-plate heat pipes while its headers are located in a water manifold. The 

interrelation between the solar efficiencies and the running time is presented in 

Fig. 2-25 [2.13], which was developed on the basis of the fixed geometric 

conditions and PV type.  

 

Fig. 2-25: Variation of full-day testing efficiency versus operating time 

In general, a typical heat-pipe-based PV/T type [2.13] can achieve up 10% 

electrical and 58% thermal efficiency. Research relating to heat-pipe-based 

PV/T systems mainly focuses on (i) determining appropriate heat-pipe 

structure/material and vacuum degree, heat pipe fluid type and volume, and the 

flow rate and inlet temperature of the secondary fluid; (ii) optimising heat pipe 

geometry; and (iii) suggesting a configuration for an integrated PV/T and other 

heat removing system, including panel configuration, e.g., the covers, PV cells, 

the combination between the PV modules and heat pipes, and the connection 

between the PV/T panels and the secondary fluid cycle.  

In comparison with a refrigerant-based system, a heat-pipe-based system could 

achieve an equivalent performance if the heat pipes operate at an adequate 

temperature. This system may overcome the difficulties that exist in a 

refrigerant-based system and become the next generation of technology for 

removing heat from PV cells and effectively utilising this part of the heat. 

However, this system type also has some disadvantages that require further 
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resolution, e.g., the high cost of heat pipes and reliable control of heat pipe 

performance.   

(2) Analysis of Research Works in Terms of Research Methodology  

In terms of research methodology, the research results can be classified into    

(i) theoretical analysis and computer modelling, (ii) experimental study,         

(iii) combined modelling and experimental study, (iv) economic and 

environmental analysis, and (v) a demonstration of the technology and a 

feasibility study. 

I. Theoretical Analysis and Computer Modelling 

Many pieces of theoretical research have been carried out in terms of a 

performance study of PV/T modules and the associated heat and power system. 

These works are dedicated to: (1) revealing the temperature distribution across 

the various layers of the PV/T modules and the energy (heat and power) 

conversion mechanism; (2) optimising the structural/geometric parameters of 

the PV/T modules, including constitution, connection, and geometric shapes 

and sizes; and (3) recommending the optimum operational conditions, e.g., 

fluid flow rate, temperature and pressure. 

Theoretical works so far have covered (1) simple analytical models addressing 

heat transfer and heat balance across different parts of the PV/T modules and 

module-based energy systems [2.49, 2.50]; (2) one-dimensional thermal 

models derived from a conventional solar thermal flat-plate collector with the 

inclusion of PV electrical yields [2.51-2.54]; (3) two-/three-dimensional 

models addressing the energy transfer and distribution across PV/T modules 

and module-based energy systems [2.63, 2.65]; (4) transient energy models 

simulating the dynamic characteristics of PV/T modules and module-based 

energy systems [2.57, 2.72]; and (5) energetic and exergetic analytical models 

to study the overall energy utilisation performance of integrated systems [2.44, 

2.93]. 

In summary, the established theoretical models have sufficient breadth and 

depth to reveal the nature of PV/T technology and predict its performance, and 
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to optimise further the system’s configuration and suggest optimum operational 

conditions. Further work in this methodology category may fall into a dynamic 

performance study of a system under long-term operational conditions e.g., 

seasonal and annual schemes. 

II. Experimental and Combined Modelling/Experimental Study  

Experimental studies, running from individual modules to whole system 

schemes, have measured various operational parameters, including temperature, 

flow, and heat and power conversion rates. The aims are to (1) reveal the 

practical performance of PV/T components and associated systems under 

specified operational conditions; (2) examine the reliability and accuracy of 

established computer models and provide clues for further modification; and  

(3) establish the correlation between theoretical analysis and practical 

application.   

The experimental and combined modelling/experimental works completed so 

far cover (1) PV electrical efficiency and its relevance according to various 

operational parameters, especially PV temperature [2.18, 2.47, 2.55]; (2) the 

heat removal effectiveness of various cooling media e.g., air, water, refrigerant 

and heat pipe fluids [2.17, 2.64, 2.19, 2.13]; (3) the temperature and fluid flow 

characteristics of PV/T modules and module-based energy systems [2.94, 2.95]; 

(4) the thermal and electrical conversion rates of PV/T modules and their 

associated energy systems [2.75, 2.96]; (5) comparison between and error 

analysis of modelling results and experimental data [2.61, 2.65]; and               

(6) the validation, accuracy analysis, tuning and modification of a computer 

model [2.55].      

In summary, the experimental and combined modelling/experimental works are 

also very substantial, and have found reasonable agreement with most 

theoretical results. These works also provide feasible approaches to leading the 

theoretical findings towards practical applications. Further work may lie in the 

measurement of system performance under long-term conditions. 
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III. Economic and Environmental Analysis 

Some research works have focused on the economic and environmental 

analysis of PV/T technology by comparing its performance against that of 

independent PV and solar thermal technologies. In terms of economic issues, 

simple payback time and life-cycle cost are addressed, taking into account 

primary fossil fuel energy saving and increases in capital cost and maintenance 

cost needed during system operation. In terms of environmental issues, life-

cycle carbon emission reduction, energy payback time and greenhouse gas 

payback time are calculated to justify the environmental benefits of the system. 

Works related to economic and environmental analysis cover (1) PV/T energy-

saving potential, its augmented cost, estimated payback time and life-cycle cost 

saving [2.47]; (2) PV/T life-cycle carbon emission saving, energy payback time 

and greenhouse gas payback time [2.47]; and (3) comparison between different 

PV/T configurations, PV and solar thermal alone and separately laid PV and 

solar-thermal arrangements [2.6, 2.7].   

In summary, economic and environmental analysis works are adequate for 

indicating the performance of PV/T technology in terms of its economic and 

carbon benefits. Further work may focus on long-term (seasonal and annual) 

analysis of the system’s performance by taking into account the influence of 

climatic conditions.    

IV. Demonstration and Feasibility Study 

Although PV/T technology has been used in many practical projects, there has 

been very little reporting found that focuses on assessing the long-term 

performance of PV/T technology under real climatic conditions, and, 

consequently, the feasibility of the system in practice as a long-term measure 

has not yet been fully studied.  

2.3.4 Summary of the Current PV/T Research and its Potential Challenges  

The established research into PV/T technology so far is substantial and usually 

aims to (1) reveal the nature of the energy transfer and conversion occurring in 
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PV/T modules and module-based systems; (2) identify the optimal system type; 

(3) optimise the structural and geometric parameters of PV/T systems and 

suggest appropriate operational conditions; (4) build the link between 

theoretical analysis and practical application; and (5) analyse the economic and 

environmental benefits of PV/T systems and study their feasibility. All these 

efforts will contribute to develop a PV/T system that is as efficient as possible 

for the least cost and with the simplest structure. 

Although numerous pieces of research have been carried out in the field of 

PV/T technology, these systems still face various inherent technical barriers, 

such as inefficient heat removal effectiveness, the higher temperature of the 

working fluid, potential freezing, risk of fluid leakage and an imbalance in 

liquid distribution. Air-based PV/T modules have the least heat removal 

effectiveness owing to their low thermodynamic attributes. Water-based PV/T 

modules face barriers of a continuous increase in water temperature over the 

operating period and freezing potential in cold climates. Refrigerant-based 

PV/T systems are also not ideal solutions, as they have several practical 

challenges, including the high risk of refrigerant leakage and uneven 

refrigerant distribution across multiple coils in a large area. Heat-pipe-based 

PV/T systems have recently been proposed but still require further 

investigation. Additional challenges may lie in the long-term reliability of 

PV/T operations in real climate conditions.  

2.4 Potential Opportunities in the Development of PV/T Technology 

2.4.1 Reducing Thermal Resistance between PV Modules and Thermal 

Absorbers 

The most common method of fabricating a PV/T module is to glue commercial 

PV lamination to a thermal absorber. This will normally lead to high thermal 

resistance between the PV module and the thermal absorber due to the non-

conductive Tedlar-Polyester-Tedlar (TPT) baseboard, which will thus reduce 

the overall PV/T performance. In comparison with a conventional TPT 
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baseboard, a treated aluminium-alloy (Al-alloy) sheet can be considered an 

ideal replacement for integration with PV cells, as it has the advantages of 

much higher thermal conductivity (144 W/m-K versus 0.648 W/m-K), higher 

solar absorptance (5% versus 2%), lower solar transmittance (0.2% versus 

12.8%) and lower reflectance of solar beams in the wavelengths of 340-1100 

nm [2.97]. In this thesis, an Al-alloy sheet was utilised for the PV baseboard to 

accelerate heat transfer at the back of the PV cells. 

2.4.2 Developing a Heat-pipe-based Thermal Absorber  

Existing PV/T types have been found to have a number of disadvantages that 

prohibit wide application in practice. The opportunity for developing new 

PV/T technology remains open. A heat-pipe-based system is still in the start-up 

stage and there is a large area of space to explore. Heat pipes have specific 

characteristics to overcome some of the technical barriers in existing PV/T 

technology, such as a large heat transfer capacity, the availability of anti-

freezing media, hermetically sealed loops, and homogeneous capillary force. A 

heat pipe is a perfectly sealed container with no joints and connections; by 

virtue of trapping a small amount of anti-freezing fluid inside, there is no 

leakage or freezing during its operation. Heat pipes also have equivalent 

capillary forces, which allows the entire system to achieve an even fluid 

distribution.  

A loop heat pipe (LHP), as a special type of heat pipe, is famous for its large 

capacity for remote and passive heat transfer by circulating the working fluid in 

a closed loop. Fig. 2-26 illustrates a basic LHP construction. An LHP has a 

separate configuration of vapour and liquid transportation lines without 

entrainment between the two-phase flows, which leads to a large heat flux 

transported across a long distance [2.98-2.101]. Such features enable the wide 

application of LHPs in the thermal control of satellites, spacecraft, electronics, 

lighting, and cooling/heating systems [2.102-2.105]. Combining a gravitational 

LHP and a solar heat collecting system was recently proposed in order to 

transport solar heat from a building’s exterior to its interior [2.106].  
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Fig. 2-26: Schematic of a typical LHP and its evaporator 

However, conventional gravitational LHPs usually face a common ‘dry-out’ 

phenomenon on the top wick surface due to the limited capillary force for 

liquid elevation [2.101]. In this thesis, a novel LHP structure with the top-

positioned vapour-liquid separation device was therefore proposed to overcome 

the above difficulty. This new LHP structure can be placed under the PV layer 

to form a new modular PV/LHP module. A heat pump was also coupled with a 

PV/LHP module with the expectation of controlling the PV cells at a relatively 

low working temperature, which should help to reduce thermal loss from the 

module to the surroundings and, therefore, increase the total utilisation rate of 

solar energy for heat and electricity production. Fig. 2-27 illustrates the 

relationship between the proposed concept and existing PV/T technologies.  

 

Fig. 2-27: Schematic of the PV/T module and the systems network 
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2.4.3 Developing a Full Range of Computer Simulation Models  

Previous PV/T researchers have normally developed one or two independent 

simulation models for their investigation. A full range of computer simulation 

models needed to be developed for a comprehensive investigation of the 

proposed PV/LHP technology. These models included (1) an analytical model 

of the heat transfer capacity of the thermal absorber; (2) a steady-state model of 

the heat transfer and heat balance across different system components; (3) a 

transient energy model for system dynamic performance; and (4) an analytical 

model of the life-cycle cost and carbon saving. Such theoretical models were 

utilised to reveal the nature of the PV/LHP technology, optimise its 

configuration, enable the recommendation of appropriate operational 

conditions, evaluate system performance under real climate conditions, and 

predict the system’s economic and environmental benefits. 

2.4.4 Evaluating System Performance in Real Climatic Conditions 

The steady-state performance of various PV/T systems has been studied 

comprehensively by a number of researchers from both theoretical and 

experimental aspects. However, an evaluation of the PV/T systems under real 

climatic conditions has not yet been fully examined. This work retains certain 

challenges, however, as there are several uncertain factors, including dynamic 

weather conditions, thermal adaptability in different climate zones and system 

robustness. Combined theoretical and experimental study may enable a feasible 

solution to this study.  

2.4.5 Demonstrating System Operation in Practical Buildings 

Although PV/T technology has been applied in many practical projects, few 

reports have been found that focus on the assessment of system performance 

under operation in real buildings. Further research could be carried out on this 

point by installing and monitoring PV/T systems in practical buildings. This 

would allow the assessment of a system’s real performance and 

commercialisation potential. This work could follow up the research outcomes 

for commercial application.   
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2.5 Development of the PV/T Technology in the PhD Project  

In summary, in accordance with the previous research results and future 

potential opportunities in the development of PV/T technology, this PhD 

project would address the following aspects: (1) reducing the thermal 

resistance between the PV panel and the thermal absorber through application 

of a coated Al-alloy sheet as the PV baseboard; (2) developing a novel LHP as 

the thermal absorber; (3) developing a full range of computer simulation 

models, including initial concept design, optimisation of the PV/LHP 

configuration, evaluation of PV/LHP energy performance and socio-economic 

analysis of the PV/LHP technology; and (4) investigating the PV/LHP 

technology under both laboratory and real climatic conditions. These works 

were intended to achieve the systematic development of a new PV/T 

technology and cover some of the points missing in the previous research. The 

research results will contribute a certain added value to the development of 

PV/T technology.  

2.6 Chapter Summary  

A critical review into R&D works and the practical application of emerging 

PV/T technology has been carried out. The results of the work helped to 

understand the current status of PV/T technical development, identify potential 

difficulties and barriers remaining in this sector, develop potential research 

topics/directions to improve the performance of PV/T technology, establish 

associated strategic plans, standards and regulations of PV/T design and 

installation, and promote its market exploitation throughout the world.         

PV/T module has various structures. Currently available PV/T configurations 

could be classified as air-, water-, refrigerant- and heat-pipe-based types. The 

technical performance of a PV/T system is usually evaluated by its energetic 

and exergetic efficiencies, whereas economic performance and environmental 

benefit are measured by life-cycle cost saving, payback time, life-cycle carbon 

saving or energy payback time, and greenhouse gas payback time.  
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Air-based PV/T is one of the most commonly used PV/T technologies and has 

been developed in commercial units and used in a number of engineering 

practices. This type of system can achieve up to 8% electrical and 39% thermal 

efficiency, and its performance is largely dependent on air flow speed and 

temperature. The major problem with air-based systems lies in their relatively 

poor heat removal effectiveness owing to the low thermodynamic attributes of 

air, such as density, specific heat capacity and conductivity.  

Water-based PV/T is also a very popular technology and has applied in many 

practical projects. This type of system can achieve up to 9.5% electrical and 50% 

thermal efficiency, and its performance is largely dependent upon water 

temperature and flow rate, and water flow channel geometric shape and size. 

Compared to air-based systems, water-based systems could improve the 

electrical efficiency of PV units and increase solar thermal energy utilisation. 

However, the scope for improvement is limited by inherent technical 

difficulties, such as rising water temperature during operation and a complex 

system layout.  

Refrigerant-based PV/T technology could improve the solar utilisation rate 

significantly over air- and water-based systems and, therefore, has the potential 

to replace the two former systems in the near future. Such systems usually 

operate in conjunction with a heat pump, and performance is largely dependent 

upon the type and thermal/physical properties of the refrigerant and the 

structural/geometric parameters of the refrigerant flow channels. Refrigerant-

based PV/T technology can achieve up to 10% electrical and 65% thermal 

efficiency. This type of system represents a significant step forward in PV 

cooling technology but its practicality faces several challenges, such as 

potential refrigerant leakage, an imbalance in refrigerant distribution across the 

panel coils, and difficulty in pressure maintenance across the operation 

duration.   

Heat-pipe-based PV/T is also a relatively new technology and its operation is 

often in conjunction with a heat pump or heat cycle. A heat-pipe-based PV/T 

system can achieve up to 10% electrical and 58% thermal efficiency, and its 

performance is largely dependent upon the structure/material and vacuum 
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degree of the heat pipe, the heat pipe working fluid, the inlet temperature and 

the flow rate of the secondary fluid. This system may overcome the difficulties 

in a refrigerant-based system and become the next generation of technology for 

removing heat from PV cells and effectively utilising this part of the heat. 

However, this type of system also has some disadvantages that require further 

resolution, e.g., the high cost of heat pipes and the effective control of heat pipe 

performance.   

The established research in PV/T technology is substantial, and usually aims to 

(1) reveal the nature of the energy transfer and conversion occurring in PV/T 

modules and module-based systems; (2) identify common system types;         

(3) optimise the structural/geometric parameters of PV/T systems and suggest 

appropriate operational conditions; (4) build the link between theoretical 

analysis and practical application; and (5) analyse the economic and 

environmental benefits of PV/T systems and study their feasibility. All these 

efforts have contributed to developing PV/T systems that are as efficient as 

possible with the least cost and simplest structure. 

Although numerous pieces of research have been carried out in the field of 

PV/T technology, the industry still faces various inherent technical challenges, 

such as inefficient heat removal effectiveness, increasing temperature of the 

working fluid, potential freezing, risk of fluid leakage, and an imbalance in 

liquid distribution. To overcome these technical barriers, opportunities for 

further development of PV/T technology have been discussed, including         

(1) reducing thermal resistance between the PV module and thermal absorber;     

(2) developing a new heat-pipe-based thermal absorber; (3) developing a full 

range of simulation models; (4) evaluating system performance in real climate 

conditions; and (5) demonstrating the system in practical buildings.    

The review results helped to (1) identify the technical barriers existing in 

current PV/T technology, (2) establish a scientific methodology for the PV/T 

research, (3) propose new research opportunities, and (4) build the research 

direction for subsequent chapters. 
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CHAPTER 3: CONCEPTUAL DESIGN OF THE PV/LHP HEAT PUMP 

WATER HEATING SYSTEM 

3.1 Chapter Introduction 

This chapter proposes a new PV/T concept for hot water generation by 

incorporating a coated Al-alloy sheet, an innovative LHP device and a heat 

pump. It is intended to complete the following tasks: 

(1) Present the sketch drawings of the primary system components. 

(2) Describe the basic working principle of the whole system. 

(3) Identify the heat-transfer requirement of LHP absorber for further design, 

simulation and testing as well as other several parameters relating to the 

system performance, including design (structure, geometry and materials), 

and operating and external parameters. 

(4) Provide a parametric design of the different system components for further 

theoretical analysis, prototype fabrication and experimental testing. 

A conceptual design illustrates the precedence for the hypothetical function by 

the creation of new ideas and builds the fundamental physical structure for the 

theoretical and experimental investigations in the following chapters. 

3.2 System Description and Working Principle  

The proposed PV/LHP heat pump water heating system is schematically shown 

in Fig. 3-1 (a). The system comprises a modular PV/LHP collector (entitled 

‘PV/LHP module’), an electricity control/storage unit, fluid vapour/liquid 

transportation lines, a flat-plate heat exchanger acting as the condenser for the 

LHP and the evaporator of the heat pump, a hot water tank, a compressor, a 

coil-type condenser embedded into the water tank and an expansion valve. The 

LHP absorber is a specific LHP configured with external fins, internal wicks 
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and a top-positioned three-way tube (the vapour-liquid separation structure). 

This pipe enables water evaporation to take place on its inner surface when 

receiving solar irradiation on the outer surface. To maintain the continuous 

operation of this process, the top three-way tube is a dedicated design, as 

shown schematically in Fig. 3-1 (b), for the even distribution of water films 

across the inner-wall surface of the pipe, thus preventing the ‘dry-out’ potential 

of water across the wick surface. A piece of ‘ ’-shaped copper tube with 

expanded edges is internally connected to a refined three-way copper fitting. 

When tightly compressing the bottom expander edge against the wick structure, 

the returned liquid is evenly distributed from the top of the evaporator across 

the wick surface owing to the equivalent capillary force within the wick 

structure. The three-way tube, meanwhile, can also deliver the vapour upward 

to the flat-plate exchanger through the vapour transportation line. This creates a 

clear separation between the liquid and vapour flows in the heat pipe.  
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Fig. 3-1: Schematics of (a) the heat pump-assisted PV/LHP solar water heating system 

and (b) concept design of the LHP three-way vapour-liquid separation structure 

In the PV/LHP module, the unique LHP device is fitted beneath the PV layer, 

as shown in Fig. 3-2 (a), in order to extract the heat from the back of PV 

module and thus reduce the PV cell temperature and increase PV electrical 

efficiency. During operation, this part of the heat is delivered to the flat-plate 

heat exchanger through the vapour transportation line, within which heat 

transfer between the heat pump refrigerant and the heat pipe working fluid 

occurs. This interaction between the heat pipe fluid and the heat pump 

refrigerant leads to condensation of the heat pipe working fluid. The condensed 

liquid returns to the LHP absorber via the liquid transportation line, thus 

completing the heat pipe fluid circulation. In addition, an Al-alloy sheet coated 

with anodic oxidation film was also proposed to replace the conventional TPT 

baseboard of PV cells during the module lamination process in order to 

increase the overall heat transfer. Fig. 3-2 (b) indicates the configuration of the 

Al-alloy-based PV layer. It consists of clean tempered glass on the top, a group 

of PV cells in the middle, a treated Al-alloy sheet at the back and two layers of 

ethylene-vinyl acetate (EVA) sealant to connect all three components. 

(b) 
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Fig. 3-2: Concept design of (a) the PV/LHP collector and (b) configuration of the PV layer 

In the heat pump cycle, the liquid refrigerant is vaporised in the heat exchanger, 

which, under the pressurisation of the compressor, is subsequently converted 

into higher pressure, supersaturated vapour, and thus transfers heat energy into 

the tank water via the coil exchanger (condenser for the heat pump cycle), 
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leading to a temperature rise in the tank water. The heat transfer process within 

the coil exchanger also leads to the condensation of the high pressure, 

supersaturated vapour, which, when passing through the expansion valve, is 

downgraded to a low-pressure liquid refrigerant. This refrigerant undergoes an 

evaporation process within the flat-plate heat exchanger (the evaporator for the 

heat pump cycle), thus completing the whole heat pump cycle. 

As the essential component of a heat-pump cycle, the mechanical compressor 

normally has two functions: (1) to deliver refrigerant throughout the heat-pump 

system and (2) to compress gaseous refrigerant from evaporating pressure to 

condensing pressure. In practice, once the evaporation and the condensation 

temperatures are set constantly in a heat pump cycle, the evaporation and the 

condensation pressures will be fixed accordingly. As a result, the compressor 

will remain the temperatures and pressures relatively constant, regardless of 

changing of external conditions, by two alternative methods, i.e. automatically 

varying the driver speed or simply switching on/off. For instance, as the 

evaporation temperature grows higher than the settings while receiving the 

solar radiation continuously, the heat-pump compressor will automatically 

increase its driving speed to deliver more refrigerant or start up to circulate the 

refrigerant until the evaporator is cooled down. So essentially speaking, both 

these two methods is to enable the heat pump ultimately adapted to the external 

conditions by adjusting the overall mass flow rate of refrigerant (the switching 

on/off of compressor can also be considered as a special approach to fluctuate 

the mass flow rate of refrigerant during a certain operation period). The mass 

flow rate of refrigerant is therefore regarded as the primary parameter that 

determines the thermodynamic process in the heat pump during the further 

dynamic simulation and experiments. 

A temperature-entropy (T-S) chart based on the thermodynamic cycle of the 

refrigerant within the heat pump cycle is displayed schematically in Fig. 3-3, 

where the isentropic efficiency is taken into account at the compressor for 

analysis, as additional power will be consumed in the practical operation. 
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Fig. 3-3:  Heat pump thermodynamic cycle in a Temperature-Entropy chart 

The distinct features of the PV/LHP heat pump system lie in the following:     

(1) the temperature of the LHP working fluid can be controlled to a lower level 

through adjustment of the evaporation pressure of the refrigerant in the heat 

pump cycle; this will lead to reduced PV cell temperature, increased PV 

electrical and thermal efficiencies, and increased solar output per unit of 

absorbing surface; (2) the refrigerant temperature/pressure will be increased to 

the required level using a compressor to enable heat to be transferred from the 

refrigerant to the hot water; (3) the power desired for compressor operation can 

be provided by PV-generated electricity if the system is appropriately designed 

(such as the direct-current powered solar compressors from the Danfoss 

Company [3.1]), thus creating a low (zero) carbon heating operation. It can be 

predicted that more or less electricity surplus or deficiency may occur, which 

could be matched through battery storage or a grid. This system can be 

installed on a building where the PV/LHP modules could be mounted on the 

facade or roof. For this application, the heat exchanger could be positioned on 

the upper side of the modules, while the heat pump is installed inside the 

building. Alternatively, the system can be installed as an independent heat and 

power micro-generation unit.  

3.3 Parameters of the New PV/LHP Heat Pump System  

For the new research topic of PV/T technology, a number of parameters were 

identified for characterisation of the system performance, including: (1) design 

(structure, geometry and material), (2) operational and (3) external parameters. 
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These variables were applied for the subsequent theoretical analysis, prototype 

fabrication and experimental testing, as summarised in Table 3-1. 

Table 3-1: Summary of different parameters for further characterisation 

Parameter type Variables for characterisation 

 

 

 

 

Design parameters 

Structure (1) Glazing cover 

(2)  LHP wick type 

(3)  LHP numbers 

Geometry (1) LHP evaporator diameter 

(2)  LHP evaporator length 

(3)  LHP vapour column diameter in three-way fitting 

(4)  LHP evaporator-to-condenser height difference 

Material (1) PV baseboard 

Operating parameters (1) LHP operational temperature 

(2)  LHP evaporator inclination angle 

(3) LHP liquid filling mass 

(4)  Heat pump evaporation temperature 

(5)  PV mounting solution 

External conditions (1) Solar radiation 

(2)  Air temperature 

(3)  Air velocity 

(4)  Operating time 

3.4 Parametric Design of System Components 

This section presents the parametric design of the different system components 

with certain alternative varying ranges, including the glazing cover, PV layer, 

LHP, fin sheet, flat-plate heat exchanger, heat pump, electrical unit and 

insulation material. The parametric data will be further applied as the input 

figures for the modelling and optimisation in subsequent chapters. 

3.4.1 Glazing Cover 

The glazing cover of the PV/LHP module is significant to the overall 

absorption of solar energy because it can maximise the amount of solar 

absorption and minimise heat loss. It also protects the PV/LHP module from 

external damage. However, increasing the number of glazing covers will have 

the opposite effect of reducing the input of solar radiation due to the glazing 
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transmittance. Hence, the relationship between the number of glazing covers 

and the module energy performance was investigated. There were two different 

glazing types proposed, as shown below in Table 3.2.  

Table 3-2: Alternative parameters for the glazing covers 

Glazing type Emissivity Transmittance Thickness (m) Conductivity (W/m-k) 

Double glazing 0.79 0.85 0.010 1.2 

Single glazing 0.89 0.92 0.004 2.4 

3.4.2 Al-alloy-based PV Layer 

In the preliminary design, mono-crystalline PV cells were applied with a total 

effective absorbing area of 0.612 m
2
. This layer consisted of 36 (4 × 9 array) PV 

cells, each with a size of 125 × 125 × 0.3 (mm × mm × mm), and which covered 

nearly 90% of the baseboard surface. Table 3-3 gives the design parameters of 

the PV panel, which had a nominal efficiency of 16.8%. In comparison with a 

conventional TPT baseboard, the treated Al-alloy sheet can be considered an 

ideal replacement for integration with PV cells, for it has the advantages of a 

much higher thermal conductivity (144 W/m-K versus 0.648 W/m-K), a higher 

solar absorptance (5% versus 2%), a lower solar transmittance (0.2% versus 

12.8%) and a lower reflectance of solar beams in the wavelengths of 340-1100 

nm [2.97]. The coated Al-alloy sheet was designed to be 0.5 mm thick, which 

not only served as an electrical insulation device, but also protected the 

baseboard from corrosion during its life-cycle operation. 

Table 3-3: Design Parameters of the Al-alloy-based PV panel 

Parameters Nomenclature Value Unit 

Number of PV cells NPV 36 (4 × 9) - 

Packing ratio βPV    0.9 - 

Nominal efficiency  ηPV,o 16.8 % 

Thermal conductivity of Al-alloy kAl        144 W/m-K 

Solar absorptance of Al-alloy αAl 5 % 

Solar transmittance of Al-alloy τAl    0.2 % 

Thickness of Al-alloy δAl    0.5 mm 
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3.4.3 LHP with Fin Sheet 

As the subsequent experiment would be carried out in Shanghai in China, the 

maximum heat transfer capacity required by the LHP absorber in Shanghai is 

estimated at about 730 W/m
2
 by assuming the maximum thermal efficiency of 

60% of a typical solar thermal collector when the maximum solar radiation 

striking the south-facing tilted plane reaches nearly 1328 W/m
2 
[3.2]. 

In the LHP design, the working fluid not only required a high thermodynamic 

performance, but also an anti-freezing attribute. As a result, a solution of water 

and glycol (95%/5%) was proposed. A 5 mm thick aluminium Ω-type fin sheet 

wrapped the LHP evaporation section. The LHP wall is a copper material with 

a high thermal conductivity of 394 W/(m-K). A refined three-way fitting is 

internally connected with a piece of ‘ ’-type tube (smaller diameter) serving as 

the vapour-liquid separation structure. There are three alternative wick 

structures in this LHP, as shown in Table 3-4: screen mesh, sintered powder 

metal and groove.  

Table 3-4: Alternative wick structures in the LHP evaporator 

Parameters Nomenclature Value Unit 

 

Mesh screen  

Wire diameter (layer I) Dowi,ms 7.175×10
-5

 m 

Layer thickness (layer I) δowi,ms 3.75×10
-4

 m 

Mesh number (layer I) Nowi,ms 6299 /m 

Wire diameter (layer II) Diwi,ms 12.23×10
-5

 m 

Layer thickness (layer II) δiwi,ms 3.75×10
-4

 m 

Mesh number (layer II) Niwi,ms 2362 /m 

Conductivity ks,ms 394 W/m-K 

 

Sintered powder  

Pore diameter Dpo,sp 4.47×10
-5

 m 

Layer thickness δwi,sp 7.5×10
-4

 m 

Porosity εwi,sp 0.64 - 

Layer number Nwi,sp 1 - 

Conductivity ks,sp 16.3 W/m-K 

 

Rectangular groove  

Groove depth δwi,g 7.62×10
-4

 m 

Groove width Wwi,g 4.57×10
-4

 m 

Groove number Nwi,g 44 - 

Conductivity ks,g 394 W/m-K 
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The liquid fill level is considered to be one-third to one-fourth of the 

evaporator length [3.3]. The height difference between the LHP condenser and 

absorber determines the capillary limit due to the gravity effort. The 

specifications of the loop components are listed in Table 3-5.  

Table 3-5: Design parameters of the LHP operation  

Parameters Nomenclature Value Unit 

External diameter of evaporator Dhp,o 0.014-0.022 m 

Internal diameter of evaporator Dhp,in 0.012-0.0196 m 

Internal diameter of vapour column  Dvt 0.004-0.018 m 

Operating temperature range Tv 20-60 
o
C 

Vacuum presssure in heat pipe Php 1.3 ×10
-4

 Pa 

Evaporator length Lhp,e 1-2 m 

Evaporator inclination angle φe 0-90 degree 

Evaporator-to-condenser height difference Hhx,hp 0.2-1.2 m 

Liquid filling mass mfl 0.001-0.045 kg 

Transportation line outer diameter  Dltl,o / Dvtl,o 0.022 m 

Transportation line inner diameter  Dltl,in / Dvtl,in 0.0196 m 

Transportation line length  Lltl / Lvtl 0.65-1.0/0.5-0.9 m 

Fin sheet (length/width) Lfin/Wfin 1.2/0.55 m 

Table 3-6 presents the properties of water at different operating temperature 

levels [3.4-3.5]. The thermodynamic properties of the water/glycol mixture can 

be considered to be approximately the same as water when the glycol only 

accounts for less than 5% of the total liquid volume.  

Table 3-6: Thermodynamic properties of water with operating temperatures  

Tv hfg Pv ρv ρl kl μv μl σ 

oC kJ/kg Pa kg/m3 (e-02) kg/m3 W/k-m kg/m-s (e-06) kg/m-s (e-04) N/m (e-02) 

20 2454 2337 1.73 998 0.600 8.84 10.00 7.28 

25 2442 3172 2.38 997 0.613 9.03 8.70 7.20 

30 2430 4242 3.04 996 0.621 9.22 8.03 7.12 

35 2418 5622 4.08 994 0.627 9.42 7.16 7.04 

40 2407 7375 5.12 992 0.634 9.62 6.45 6.96 

45 2395 9582 6.71 990 0.64 9.82 5.98 6.88 

50 2393 12335 8.30 988 0.645 10.00 5.53 6.79 

55 2371 15740 10.70 986 0.650 10.20 5.09 6.71 

60 2358 19920 13.00 983 0.654 10.40 4.71 6.62 
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Sample dimensional drawings of the LHP vapour-liquid separation structure 

and the PV/LHP module are illustrated in Fig. 3-4. 

 

 

Fig. 3-4: Dimensional drawings of (a) the LHP liquid-vapour separation structure and (b) 

the PV/LHP module  

3.4.4 Flat-plate Heat Exchanger 

A flat-plate heat exchanger is well suited to transferring heat between medium- 

and low-pressure liquids using layers of plates with a larger surface area. This 

comprises a series of thin and corrugated thermal plates commonly made of 

stainless steel, which are compressed together into a frame to form an 

arrangement of parallel flow channels with alternating hot and cold fluids. The 

plates are all welded to each other, which reduces the risk of fluid leakage. In 

comparison to shell-and-tube heat exchangers, plate-heat exchangers require a 

(a) 

(b) 
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lower temperature and smaller size for the equivalent heat exchanged [3.6]. 

The design of the flat-plate heat exchanger is given in Table 3-7. 

Table 3-7: Design parameters of the flat-plate heat exchanger 

Parameters Nomenclature Value Unit 

Heat exchanger plate thickness δhx 0.00235 m 

Heat exchanger plate height Hhx 0.206 m 

Heat exchanger plate cluster width Whx 0.076 m 

Heat exchanger plate cluster length Lhx 0.055 m 

Heat exchanger number of plates Nhx 20 - 

Heat exchanger operating temperature range Thx -160-225 ºC 

Heat exchanger operating pressure range Phx 0-3.24 MPa 

3.4.5 Heat Pump 

A heat pump is a device that transfers heat energy from a heat source to a heat 

sink against a temperature gradient through phased changes in the refrigerant. 

The environmentally friendly R134a was considered as the working fluid in 

this design. The evaporation and condensation temperatures are set at 0-25 
o
C 

and 55 
o
C, respectively. A water tank with built-in copper heat-exchanging 

coils is connected to the heat pump, acting as its condenser and hot water 

storage. The simple thermodynamic properties for each point (1, 2s, 3 and 4 in 

Fig. 3-3) are displayed in Table 3-8 through the “Allprops” software, which is 

a special program developed to calculate properties of pure substances 

(enthalpy, entropy and special heat capacity etc.) for various categories of 

fluids (cryogenic, hydrocarbons and refrigerant etc.). 

Table 3-8: Sample thermodynamic properties of the R134a refrigerant in the heat pump 

Point Phase Pressure 

(MPa) 

Temperature 

(ºC) 

Enthalpy(H) 

(kJ/kg) 

Entropy(S) 

(kJ/kg
.
K) 

1 Vapour 0.5717 20 409.748 1.71804 

2s Vapour 1.4915 58.34 429.449 1.71804 

3 Liquid 1.4915 55 279.469 1.26106 

4 (x
4
=0.2853) Liquid/Vapour 0.5717 20 279.469 1.27363 

                                                 

4
 Note: x means the saturation of refrigerant 
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3.4.6 Electrical Control and Storage Unit 

To match the capacity of the PV cells, the electrical control and storage system 

consisted of a 12 V (10 A) controller, an 800 W DC/AC inverter, a 100 AH (12 

V) battery, and connection wires. A schematic of the solar electrical generation 

system is given in Fig. 3-5. 

 

Fig. 3-5: Schematic of the solar electrical control and storage system 

3.4.7 Insulation Material 

Insulation materials, such as fibreglass, polyurethane foam and polystyrene 

board, are applied to minimise the heat loss of the system components. The 

efficiency of the insulation material is measured by its thermal resistance (R-

value). A larger R-value results in higher insulating effectiveness. Table 3-9 

lists the R-values of some insulation materials [3.7]. 

Table 3-9: Thermal resistance of typical insulating materials 

Insulating materials Thermal resistance (K-m²/W) 

Fibreglass  0.546-0.616 

Polyurethane foam 0.986-1.356 

Polystyrene boards 0.634-0.933 

3.5 Chapter Summary  

This chapter has described the system concept and its working principles from 

the aspects of the PV/LHP module, the LHP and the heat pump. The distinct 
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features of the proposed PV/LHP heat pump system lay in the following:        

(1) the temperature of the LHP working fluid can be controlled to a lower level 

through adjustment of the refrigerant evaporation pressure in the heat pump 

cycle; this would lead to reduced PV cell temperature, increased PV electrical 

and thermal efficiencies, and increased solar output per unit of absorbing 

surface; (2) the refrigerant temperature/pressure would be upgraded to the 

required level using a compressor to enable heat to be transferred from the 

refrigerant to the hot water; (3) the power desired for compressor operation 

could be provided by the PV-generated electricity if the system was 

appropriately designed, thus creating a low (zero) carbon solar heating 

operation. Any electricity surplus or deficiency could be matched through 

battery storage or a grid. This system can be installed either on a building 

facade or as an independent heat and power micro-generation unit.  

A number of parameters desired for further characterisation of the system 

performance were summarised, including the design (structure, geometry and 

material) and the operational and external parameters. The chapter also 

presented the parametric design of the different system components with 

certain alternative varying ranges, including the glazing cover, PV layer, LHP, 

fin sheet, flat-plate heat exchanger, heat pump, electrical unit and insulation 

material. As the subsequent experiment would be carried out in Shanghai, 

China, the maximum heat transfer capacity required by the LHP absorber 

should be over 730 W/m
2
 (the baseline for further LHP simulation). These 

parametric data will be applied as the input figures for the modelling and 

optimisation in subsequent chapters. 
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CHAPTER 4: THEORETICAL ANALYSIS AND DEVELOPMENT OF 

THE COMPUTER SIMULATION MODELS   

4.1 Chapter Introduction   

Based on the established conceptual design, this chapter reports the theoretical 

analysis and development of the associated computer simulation models. The 

theories are coupled with the energy balance equations within different parts of 

the system, including transient solar transmittance, heat transfer, fluid flow and 

photovoltaic generation. The main works achieved are described in this chapter 

as follows: 

(1) Three theoretical models were built, respectively, for the LHP heat transfer 

limits and the system steady-state and dynamic performance. 

(2) The iterative method (IM), backward differentiation formula (BDF or 

Gear’s method) and finite element method (FEM) were applied to solve the 

mathematical models by means of computer. 

(3) A group of computer-based simulation models were subsequently 

developed to simulate the performance of the LHP device and the 

integrated PV/LHP heat pump system 

(4) These simulation models were preliminarily validated by the published test 

data, indicating that reasonable accuracies could be achieved in predicting 

the performance of the LHP device and integrated PV/LHP heat pump 

system.  

(5) Operation of the simulation models led to the optimisation of the geometric 

configurations and a recommendation for the most appropriate operational 

conditions for both the LHP device and the entire system.  

This part of the work facilitated the foundation of the prototype fabrication and 

experimental testing, which will be addressed in Chapter 5 and Chapter 6. 
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4.2 Analytical Model for the LHP Heat Transfer Limit 

4.2.1 Modelling Objective for the LHP Heat Transfer Limit 

As the LHP serves as the crucial heat-exchanging device in the integrated 

system, it will directly affect PV working efficiency and the overall amount of 

heat absorbed from the solar sources. Analysis of the LHP heat transfer limit 

was thus required prior to the investigation of the integrated system. Once the 

maximum LHP heat transfer value was determined, the size and capacity of 

other system components could be determined. Development of an analytical 

model for the LHP device enabled (a) maximum heat transfer capacity of the 

LHP device at the given geometric setting and operational condition;              

(b) determination of the LHP operational performance against different 

variables; (c) recommendation of an appropriate LHP design and operational 

parameters; and (d) determination of the optimum geometric sizes and 

capacities of other system components. 

4.2.2 Thermal Fluid Theory and the Associated Mathematical Equations 

of the LHP Heat Transfer Model 

A schematic showing the LHP operation is displayed in Fig. 4-1. The LHP 

device incorporates a unique three-way fitting with an expender to provide 

homogeneous and swift liquid distribution across the evaporator wick surface. 

This three-way fitting enables the connection of the LHP evaporator and 

vapour/liquid transporting lines. With tight compression of the expander edge 

against the wick, liquid will be evenly distributed across the wick surface. The 

speed of the liquid film drop will be automatically controlled by the interior 

vapour pressure, which will be affected by external heat input. Ideally, the 

liquid flowing across the wick can be instantly evaporated without or with little 

reservation at the bottom of the LHP evaporator during operation, which will 

help maximise the heat transport capacity of the LHP. This configuration can 

create an even distribution of the liquid across the evaporator wick surface, 

which will result in enhanced heat transfer capacity over conventional LHP 

systems. 
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Fig. 4-1: Schematic of the thermal and hydrodynamic couplings in the LHP 

In this section, six limits will be discussed in determining the LHP heat 

transport capacity, i.e., the viscous, sonic, entrainment, capillary, boiling and 

liquid filling mass limits. The minimum values of these limitations are the 

actual restraint on the system heat transfer. The magnitudes of these limits are 

directly related to the thermal properties of the working fluids, wick structures, 

heat pipe dimensions, and operating conditions, which will be discussed in the 

following sections. 

(1) Viscous Limit, QVL 

At low-temperature operation, the viscous forces dominate the performance of 

vapour flow. This limit reflects the level of vapour flow for carrying heat 

[2.100]. Bussel et al. [4.1] initially developed an equation for the viscous limit 

4

,

,
256

v e fg v v

VL e

v e

D h P
Q

L

 




                                                                                    [4-1] 

where, QVL,e is the viscous limit at the absorbing section (W); Dv,e and Le are 

the diameter (m) and length (m)of vapour space in the absorbing section; hfg, ρv, 

μv and Pv are the thermodynamic properties of the vapour at certain operating 

temperature respectively, which are the latent heat of vaporization (J/kg), 
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density (kg/m
3
), dynamic vapour viscosity (kg/m-s), and corresponding 

saturated vapour pressure (Pa). 

This expression could be further applied to other LHP components by 

replacing the evaporator’s parameters (diameter and length) with the respective 

characteristic parameters, e.g., the vapour column in the three-way fitting 

(QVL,vt), the vapour transporting line (QVL,vtl) and the heat exchanger (QVL,hx). 

The minimum value among these items will be the ultimate viscous limit (QVL) 

 , , , ,min , , ,VL VL e VL vt VL vtl VL hxQ Q Q Q Q                                                                [4-2] 

(2) Sonic Limit, QSL 

At higher temperature operation, the Mach number of the vapour will increase 

significantly. Particularly when the vapour velocity is close to the sonic or 

supersonic level, the compression state of the vapour should be taken into 

consideration to evaluate its heat transfer capacity. A heat pipe may be choked 

by high-speed vapour flow, which would limit the total heat transfer capacity 

in the pipe. This limit for the evaporator is given by [2.100] 
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        

                                                                 [4-3] 

where, QSL,e is the sonic limit at the absorbing section (W); γv is the vapour 

specific heat ratio whose magnitude is 4/3 for polyatomic working liquid 

(water); Tv is the average vapour temperature (K) in the absorbing section; Rv, 

is the vapour constant (kJ/kg-K), given by: 

0
v

R
R

m


                                                                                                          [4-4] 

where, R0 is the universal gas constant (R0 = 8.314kJ/kmol
.
k); m is the 

molecular weight of the vapour (m = 18 for water). 
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The sonic limit may also occur in places where vapour flow exists, including 

the vapour column in the three-way fitting (QSL,vt), the vapour transporting line 

(QSL,vtl) and the heat exchanger (QSL,hx). These figures can be attained by 

substituting the evaporator’s parameters with characteristic parameters. The 

final sonic limit (QSL) can be determined by the minimum value, expressed as 

 , , , ,min , , ,SL SL e SL vt SL vtl SL hxQ Q Q Q Q                                                                [4-5] 

As observed from the equations, wick geometry and structure will not affect 

the sonic limit, while the vapour core diameter and the characteristic properties 

of the working fluid will impose an influence on the heat transfer. For most 

LHP operations, the effect of the sonic limit is temporary, and will disappear 

when the operational temperature moves to a higher level [4.2].  

(3) Entrainment Limit, QEL 

The opposite flow directions of liquid and vapour may result in shear force at 

the liquid-vapour interface. When the vapour velocity is sufficiently high, the 

liquid will be torn from the wick surface and entrained into the vapour [2.100]. 

Entrainment can lead to a sudden substantial increase in fluid circulation and, 

consequently, the immediate drying out of the wick at the evaporator, which 

will decrease the heat transport capacity of conventional heat pipes. In this 

LHP operation, since the liquid and the vapour flow separately in the three-way 

fitting and transporting lines, the entrainment limit may only happen in the 

evaporator and heat exchanger. Such a benefit could largely reduce the flow 

resistance and increase the associated heat transport capacity. The expression 

of this limit at the evaporator is given as [2.100] 
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                                                                          [4-6] 

where, σ is the surface tension coefficient of water (N/m); rh,s is the hydraulic 

radius of wick surface pore (m), for a screen mesh wick which is given by
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where, Nwi,in and Dw,ins are mesh number (1/m) and wire diameter of the inner 

screen layer (m). 

For a sintered powder wick, the hydraulic radius of a surface pore is 

, , / 2h s po spr D
                                                                                                 [4-8] 

where, Dpo,sp is the pore diameter in the sintered powder wick structure (m). 

For an open rectangular groove wick, the pore hydraulic radius is 

,h s gr w
                                                                                                          [4-9] 

where, wg is the groove width (m). 

For the entrainment limit in an LHP condenser, the same equation can be 

applied by substituting the evaporator’s parameters (diameter, hydraulic radius) 

with the structural parameters of the heat exchanger and the hydraulic radius of 

liquid film. Hence, the smaller of the limit values between the evaporator and 

the heat exchanger (QEL,hx) will be the eventual entrainment limit (QEL), 

defined by 

 , ,min ,EL EL e EL hxQ Q Q                                                                                [4-10] 

(4) Capillary Limit, QCL 

The capillary limit represents the ability of heat pipe wicks to carry over the 

maximum liquid flow. A heat pipe has a higher heat transport capacity with a 
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larger volume of liquid pumped by wicks [4.3]. During heat pipe operation, the 

maximum capillary pumping head (△Pc,max, Pa) must be greater than or at least 

equal to the total pressure drops along the heat pipe. The pressure drops consist 

of three aspects [2.100]: the viscous and inertial drop in the vapour (△Pv, Pa); 

the viscous drop in the liquid (△Pl, Pa); and the gravitational head (△PG, Pa), 

which contains radial and axial hydrostatic pressure drops (△PrG and △PaG). 

For this particular operation, where the heat pipe fluid is mainly driven by 

gravity, the overall gravitational head is positive. The pressure relationship is  

,maxc G v lP P P P                                                                                   [4-11] 

I. Maximum Capillary Head (△Pc,max) 

The capillary pressure power across a curved liquid-vapour interface achieves 

the maximum value when the contact angle in the evaporator (θe) equals zero
 

and in the condenser (θc) is π/2 (see Fig. 4-2). The maximum capillary pressure 

for such LHP operations is given by [2.100] 

 
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 
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                                                                                     [4-12] 

where, re is the effective capillary radius (m) which has the different 

expressions with wick structures, for a compound mesh screen wick
 

,

1

2
e

owi ms

r
N


                                                                                                  [4-13] 

where, Nwi,o is the mesh number of the outer screen layer (1/m). 

For a sintered powder wick, the effective capillary radius is 

,0.41
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                                                                                              [4-14] 
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 For an open rectangular grooves wick, the effective capillary radius is 

e gr w
                                                                                                           [4-15] 

 

Fig. 4-2: Wick and pore parameters in the evaporator and condenser

 

Zhao [4.3] recommended that the contact angle (θ) should be about π/3
 
for any 

heat pipe application. Imura et al. [4.4] suggested that the theoretical capillary 

force should be multiplied by a correction ratio of 2/3 for a mesh-screen 

wicked heat pipe design. These correction factors are necessary for the 

determination of the actual capillary power of this LHP during practical design. 

II. Gravity Pressure Head (△PG) 

If a heat pipe works at a gravitational field and the circumferential 

communication of liquid in the wick is possible, the radial hydrostatic pressure 

drop has to be considered, and is the effort of liquid rising in a direction 

perpendicular to the heat pipe axis against the force of gravity, expressed by  

, cosrG l v eP gD   
                                                                                    [4-16] 

where, ρl is the liquid density (kg/m
3
); φ is the collector title angle (rad). For an 

open-groove wick structure, the radial hydrostatic pressure drop is equal to 

zero, as the circumferential communication of liquid in this wick structure is 

impossible. The positive axial hydrostatic pressure head of the liquid column is 



84/233       [THEORETICAL ANALYSIS & SIMULATION]        CHAPTER 4 

 

 

generated by the overall height difference between the heat pipe condenser and 

the bottom of the evaporator. This pressure difference is 

 / 2 sinaG l hx hx hp eP g H H L                                                               [4-17] 

where, Hhx is the height of the heat exchanger plate (m); Hhx-hp is the height 

difference between the heat exchanger and the top of absorbing heat pipes (m). 

Thus, the overall gravity head is 

G aG rGP P P   
                                                                                         [4-18] 

III. Vapour Pressure Drop (△Pv) 

A vapour pressure drop (△Pv) occurs in four LHP parts, including the 

evaporator (△Pv,e), the vapour column of the three-way fitting (△Pv,vt), the 

vapour transportation line (△Pv,vtl), and the condenser section (△Pv,,hx) 

, , , ,v v e v vt v vtl v hxP P PP P     
                                                               [4-19] 

i. Vapour Pressure Drop in the Evaporator (△Pv,e), the Vapour Column of the 

Three-way Fitting (△Pv,vt), and the Vapour Transportation Line (△Pv,vtl) 

The vapour pressure gradient at the evaporator can be written as [2.100] 

, ,v e v e e CLF LP Q
                                                                                            [4-20] 

where, QCL is the capilry limit (W); Fv,e is the vapour frictional coefficient in 

the absorbing section, given by
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                                                                               [4-21] 
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where, Cv,e and fv,e are the characteristic parameter and the friction factor in the 

absorbing section, which can be determined once the local axial Reynolds 

number and Mach number are defined. These expressions are given below
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Kraus and Bar-Cohen [4.5] gave the full expression of Cv,e and fv,e with 

different conditions 
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The vapour pressure gradient at the vapour column in the three-way fitting 

(△Pv,vt) and vapour transportation line (△Pv,vtl) can be similarly carried out 

using the equations from [4-20] to [4-27] by substituting the evaporator’s 

parameters (i.e., diameter and length of the vapour flow) with the respective 

characteristic parameters in each vapour core space of the LHP. 

ii. Vapour Pressure Drop in the Condenser Section (△Pv,hx) 

As the vapour channels in the heat exchanger have the same structure/geometry 

and are connected in parallel with the same amount of vapour passing across, 

the vapour pressure drop in one plate could represent a pressure loss in the 

whole condenser section. For a single plate, the vapour pressure drop is [4.6] 
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                                                                [4-28]

 

where, Nhx is the number of heat exchanger plates; Fv,,hx is the vapour frictional 

coefficient in the heat exchanger, which can be similarly determined through 

equations [4-21] to [4-27] by substituting the evaporator’s hydraulic diameter 

with the characteristic diameter of the vapour space in the heat exchanger. 

IV. Liquid Pressure Drop (△Pl) 

A liquid pressure drop (△Pl) also occurs in four parts, i.e., the condenser 

section (△Pl,hx), the liquid transportation line (△Pl,ltl), the liquid feeding inlet 

(△Pl,lt) of the three-way fitting, and the evaporating section (△Pl,e). The overall 

liquid pressure drop is, therefore, defined by 

, , , ,l l hx l ltl l lt l eP P PP P       
                                                                  [4-29] 

i. Liquid Pressure Drop in the Condenser Section (△Pl,hx) 
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The liquid pressure drop in each heat exchanger plate channel can represent a 

total liquid pressure drop in the condenser. For a single-plate channel, the 

liquid pressure drop can be described using Darcy’s Law [2.100] 
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                                                                [4-30] 

where, Fl,hx is the liquid frictional coefficient in the heat exchanger, defined as 

, 2 2

4

( )

l
l hx

hx lf l fg

F
D D h



 


                                                                            [4-31] 

where, Dhx and Dlf are respectively the hydraulic diameters of plate (m) and 

liquid film in the heat exchanger (m); μl is the dynamic viscosity of the 

working liquid (kg/m-s). 

ii. Liquid Pressure Drop in the Liquid Line (△Pl,ltl) and the Three-way Fitting 

(△Pl,lt) 

The liquid pressure drop in the liquid transportation line is [2.100] 

, ,l tl l ltl ltl CLF LP Q 
                                                                                          [4-32] 

where, Ltll is the length of the liquid transportation line (m); Fl,tl is the liquid 

frictional coefficient in the liquid transportation line, defined as
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                                                                                        [4-33] 

where, Dl,ltl is the diameter of liquid core in the liquid transportation line (m).  

The liquid pressure gradient in the three-way feeding structure (△Pl,lt) can be 

similarly carried out through equations [4-32] and [4-33] by substituting the 
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length and diameter of the liquid line with the respective characteristic 

parameters of the three-way fitting. 

iii. Liquid Pressure Drop in the Evaporator (△Pl,e) 

The liquid pressure drop in the evaporator is written as [2.100] 

, ,l e l e e CLF LP Q
                                                                                            [4-34] 

where, Fl,e is the liquid frictional coefficient in absorbing pipe, given as 
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                                                                                          [4-35] 

where, Aw is the cross sectional area of liquid flow in the wick (m
2
); Kp is the 

wick permeability (m
2
), which varies with different types of wick structures: 

For a compound mesh-screen wick structure, the cross area of the liquid flow 

and its permeability can be determined by the inner screen layer, given by [4.3] 

2 2

, ,( ) / 4w iwi in v eA D D 

                                                                              
[4-36] 

where, Diwi,in is the diameter of inner screen layer in the absorbing pipe (m).  
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where, εwi,in is the porosity of inner mesh screen layer, written as
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For a sintered powder structure, the equation for calculating the liquid flow 

area at the evaporator is the same as that for a heat pipe with a mesh-screen 

wick, while its permeability is different from the mesh-screen wick, given by 
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                                                                                       [4-39] 

For an open rectangular grooves structure 

,( )w v e g gA D   
                                                                                     [4-40] 

where, δg is the groove depth. 
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where, εg is the porosity of the grooves wick, and can be given by
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where, Ng is the grove number and rhl,g is the groove hydraulic radius (m), 

which is expressed as
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The (flRel) factor is the frictional coefficient in the rectangular channels, which 

can be obtained from Fig. 4-3 [2.100]. 
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Fig. 4-3: Frictional coefficients in the rectangular pipes 

Combining the above equations yields the final expression of the capillary limit  

,max

,

, , ,

,

, , ,

2

2

c G

CL

v hx hx

v e e v vt vt v ltl ltl

hx

l hx hx

l e e l ltl ltl l lt lt

hx

P P
Q

F H
F L F L F L

N

F H
F L F L F L

N

  

  

    
  

  
     

   

                                                [4-44]
 

(5) Boiling Limit, QBL 

The boiling limit represents the maximum radial heat density at the evaporator 

and occurs at an extremely high heat pipe operational temperature, which 

causes burning out of the liquid at certain areas of the wicks or heat pipe wall. 

Similarly, a limited heat flux will exist in the condenser (heat exchanger) of the 

LHP. For the evaporator, the analytical expression is [2.100] 
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where, rb is the radius of the bubbles, which could be assumed at 2.54 × 10
-7

m 

for the general estimation of a normal heat pipe performance; Pc,max is the 
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maximum capillary power (Pa), which can be ignored by comparing with the 

value of 2σ /rb; kwi is the effective thermal conductivity of the liquid-saturated 

wick (W/m-K), for the outer mesh screen layer in cylindrical geometry, which 

is given by 
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where, kl and ks,ms are the thermal conductivities of liquid and outer screen layer 

(W/m-K). The effective thermal conductivity of the inner screen layer can be 

similarly obtained from above equation, thus the overall wick effective 

conductivity is simply expressed as 

 , , , / 2s ms owi ms iwi msk k k 
                                                                             [4-47] 

For the sintered metal wick, kwi, is given [2.100] 
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For the rectangular grooves wick, kwi, is given [2.100] 
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where, wf is the groove fin width, written as 
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For the boiling limit within the heat exchanger (QBL,hx), the same equations can 

be used from [4-45] to [4-50] by substituting the evaporator’s parameters 

(diameter, vapour core space) with the equivalent inner diameter and vapour 

space of the heat-exchanger plate. Thus, the smaller limit value between the 

evaporator and the heat exchanger will be the ultimate entrainment limit (QBL), 

determined by 

 , ,min ,BL BL e BL hxQ Q Q
                                                                               [4-51] 

(6) Liquid Filling Mass Limit, QFL 

The liquid filling mass limit is the minimum liquid level required to be filled 

into the loops, which affects the heat transportation capacity using liquid 

gravity force. This limit reflects the minimum amount of liquid that is fully 

circulated in the heat pipe loop with the assistance of gravity at a certain height. 

The liquid filling mass limit for the evaporator is [4.6] 
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                                                                       [4-52] 

where, mf is the filled liquid mass (kg); x is the parameter relating to the filled 

liquid mass, which is assumed at 0.8 for pipes with wick structure and 1.0 for 

those sections without wick. 

4.2.3 Method and Algorithm for the LHP Heat Transfer Model 

Development and Operation 

The algorithm for analysing the above six limits is indicated in Fig. 4-4, which 

gives a flow chart illustrating the computer programming process. The iterative 

method was applied, especially in calculating the capillary limit. 

(i)  Given the geometry of the LHP system components, the technical 

parameters can be obtained from Tables 3-1 and 3-2. 

(ii) Given certain system operating temperatures/pressures, the thermodynamic 
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properties of the working fluids can be obtained from Table 3-3. 

(iii) Calculate the viscous limits at appropriate regions, taking the minimum 

value as the ultimate viscous limit using equations [4-1] and [4-2].    

(iv) Calculate the sonic limits at appropriate regions, taking the minimum value 

as the ultimate sonic limit using equations [4-3] to [4-5].    

(v) Calculate the entrainment limits at the wicked absorbing pipes and heat 

exchanger, taking the smaller value as the ultimate entrainment limit using 

equations [4-6] to [4-10].    

(vi) Run a numerical iteration to calculate the capillary limit, QCL,  using 

equations [4-11] to [4-44]: 

a. Given an initial value of QCL;  

b. Capillary pressure, ΔPCL, can be obtained by equations [4-12] to [4-15]; 

c. Gravity pressure, ΔPG, can be obtained by equations [4-16] to [4-18]; 

d. Vapour pressure drop, ΔPv, can be obtained by equations [4-19] to [4-28]; 

e. Liquid pressure drop, ΔPl, can be obtained by equations [4-29] to [4-43]; 

f. If [(ΔPCL+ΔPG) – (ΔPv+ΔPl)] / (ΔPCL+ΔPG) < -0.1% (error allowance), 

then decrease QCL by 10, and return to step ‘b’ for re-calculation; 

g. If [(ΔPCL+ΔPG) – (ΔPv+ΔPl)] / (ΔPCL+ΔPG) > 0.1% (error allowance), 

then increase QCL by 10, and return to step ‘b’ for re-calculation; 

h. If –0.5% ≤ [(ΔPCL+ΔPG) – (ΔPv+ΔPl)] / (ΔPCL+ΔPG) ≤ 0.1% (error 

allowance), heat balance is achieved and the real value of QCL can be 

obtained;  

(vii) Calculate the boiling limits at the wicked evaporator and the heat 

exchanger, taking the smaller value as the ultimate boiling limit using 

equations [4-45] to [4-51];    

(viii) Calculate the liquid filling mass limit at the evaporator using equation [4-

52];    

(ix) Take the minimum value of the above six limits as the governing limit of 

the whole operation. 

(x) Program stops. 
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Fig. 4-4: Flow chart for calculating the LHP heat transfer limits 
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4.2.4 Statistical Analysis 

To analyse the difference between the theoretical and experimental results 

(published or later test data), the correlation coefficient (r) and the root mean 

square percentage deviation (e) were applied and defined by 
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where, n is the number of experiments implemented; and Xe and Xs represent 

the experimental and simulation results, respectively. 

4.2.5 Validation of LHP Heat Transfer Model by the Published Results 

The analytical model developed for the LHP device was validated for accuracy 

by comparing it with previously published experimental results of an LHP with 

a double-layer wick structure. Wu et al. [4.7] developed the double-layer wick 

in order to improve the structural strength and heat transfer of the LHP device. 

The outer layer of such a double-layer wick is a bi-porous wick, which has two 

different pore sizes: the larger-sized pores are designated for vapour 

transportation and the smaller-sized ones for liquid transportation. The inner 

layer of such a double-layer wick is a mono-porous wick, which performs two 

functions: enhancing the capillary force and increasing the overall wick 

strength. Fig. 4-5 shows schematically the experimental rig used, and Table 4-

1 summarises the figures for the geometric and operational parameters relating 

to the LHP. The gravitational head in this test was considered to be zero, as the 

LHP evaporator was laid horizontally. The condensation (sink) temperature 

was maintained at 10 
o
C during the whole measurement process, which enabled 

development of the correlation between the LHP evaporator temperature and 

the heat load applied. The three different wicks for the experiments of the heat 
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transfer measurements of the heat pipes were mono-porous, bi-porous, and 

double-layer wicks. 

 

Fig. 4-5: Referenced rig for the LHP thermal measurement [4.7] 

Table 4-1: Design and operation parameters of the referenced LHP [4.7] 

Design parameters Value Design parameters Value 

Capillary evaporator Vapour line 

Total length (mm)  65 Outer/inner diameter (mm)  6/5 

Active length (mm)  40 Length (mm)  470 

Outer/inner diameter (mm)  16/12.5 Liquid line 

Material  Stainless 

steel 

Outer/inner diameter (mm)  6/4.5 

Sintered nickel powder wick Length (mm)  583 

Outer/inner diameter (mm)  12.5/9 Condenser 

Mono-porous particle size (μm) 2.2-2.8 Outer/inner diameter (mm)  6.4/5 

Mono-porous porosity level 0.55-0.65 Length (mm)  800 

Bi-porous particle size (μm) 32-48 Working fluid Ammonia 

Mono-porous porosity level 0.75-0.85 Air temperature (
o
C) 20 

Conductivity (W/k-m) 90.9 Sink temperature (
o
C) 10 

Compensation chamber Mass flow rate  (l/min) 8 

Outer/inner diameter (mm)  29/24 Operate temperature (
o
C) 10- 85 

Length (mm)  118 Heat load (W) 50-700 



CHAPTER 4 [THEORETICAL ANALYSIS & SIMULATION]         97/233 

 

 

Fig. 4-6 presents the correlation between the LHP evaporator temperature and 

the applied heat load derived from the computer modelling, which was 

obtained by inputting the design and operation parameters of the referenced 

LHP experiment. In the simulation model, the compensation chamber was 

considered equivalent to the three-way vapour-liquid separation structure. The 

correlation coefficients (r) between the modelling and the experimental results 

for the mono-porous, bi-porous, and double-layer wicked heat pipes were 

0.9895, 0.9962 and 0.9986, respectively. The root mean square percentage 

deviation (e) for the modelling and testing of the three wicked heat pipes was 

4.48%, 4.89% and 6.44%, respectively. The reason for error generation may be 

attributed to the utilisation of simplified assumptions and empirical formulas, 

the inaccurate estimation of heat exchange in the condenser, and ignorance of 

the heat loss to the surrounding environment. However, the accuracy degree 

achieved by this simulation model was considered to be acceptable from the 

engineering point of view, and could be applied to predict the LHP thermal 

performance and give appropriate recommendations for further system 

fabrication and operation. 

 

Fig. 4-6: Comparison between the LHP simulation results and the published test data  
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4.2.6 Model Operation and Result Discussion of LHP Heat Transfer Limit 

The LHP’s heat transfer capacity is a factor that depends upon its several 

operational and geometric parameters, i.e., working temperature, wick type, 

evaporator diameter/length, evaporator inclination angle, vapour column 

diameter in the three-way fitting, liquid filling level, and evaporator elevation 

above the condenser. The impacts of these parameters on LHP heat transfer 

capacity are presented in the following sections and the results are then 

discussed to address important recommendations for the follow-on system 

fabrication and testing. As the subsequent experiment would be carried out in 

Shanghai, China, the maximum heat transfer capacity required by the LHP 

absorber should be over 730 W/m
2
. This figure is treated as the baseline for the 

LHP simulation. 

(1) Impact of Operational Temperature  

Each vapour pressure figure within the LHP will be coupled with a 

corresponding saturated vapour temperature, termed as the operational 

temperature. Water vapour pressure in the LHP is considered as a function of 

temperature and can be determined with Clausius–Clapeyron relation [4.8] 

 
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                                                      [4-55] 

where, T and P are the corresponding temperature (K) and vapour pressure (Pa) 

of water at certain thermodynamic status. 

Taking consideration of the design parameters, i.e., the compound mesh screen 

as the wick structure, the evaporator internal diameter of 19.6 mm, the 

evaporator length of 1.5 m, the evaporator inclination angle of 30
o
, the vapour 

column diameter of 14 mm in the three-way fitting, the liquid filling mass of 

0.03 kg, and the evaporator-to-condenser height difference of 0.3 m, the above 

analytical computer model was run to obtain the results. The relation between 

the heat pipe operational temperature and the heat transfer limits was simulated 
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and the results are presented in Fig. 4-7. It was found that the boiling limit 

decreased with an increase in temperature, while the other five limits increased 

when the operational temperature grew higher. The capillary limit was found to 

be the governing limit. A linear correlation between the capillary limit and the 

operating temperature was found to exist. The viscous limit in the three-way 

feeding structure was observed as being far larger than the LHP limitation.  

 

Fig. 4-7: Impact of operational temperature on the heat transfer performance of the LHP 

This phenomenon could be explained in that at the higher operational 

temperatures, an enhanced evaporation rate of the liquid occurred and, as a 

result, the heat transport capacity of the LHP was increased. Increasing the 

operational temperature would lead to a change in the thermodynamic 

properties of the working fluid and this would further create increased fluid 

turbulence (the Reynolds number) within the piping, which would then lead to 

an increased viscous limit. When the operational temperature rises, the sonic 

limit (occurring in the three-way fitting) would become higher due to the 

increased vapour density and the larger amount of vapour circulation mass in 

the loop. The entrainment limit would also grow larger as a lower shear force 

would occur at the vapour-liquid boundary within the wicked absorbing pipes. 

Sufficient vaporisation enabled a higher heat transport capacity within the heat 

pipes to overcome the vapour flow resistance and, furthermore, the liquid 

return resistance was also lowered owing to the lower liquid flow viscosity 
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while the temperature rose. This behaviour immediately strengthened the 

overall capillary force. As the heat transfer in the heat pipes dominated the 

boiling limit, when the overall liquid vaporisation increased with the operating 

temperature, the dry-out danger of the heat pipe appeared and the boiling limit 

decreased. The higher latent heat of the liquid vaporisation helped to raise the 

liquid filling mass limit.  

However, the operating temperature of the loop heat pipe should be 

counterbalanced against the required PV temperature to a certain scope while 

their working efficiency and capacity vary in an opposite way with temperature. 

(2) Impact of Wick Structure  

While keeping all other operating and design parameters the same, changing 

the wick structure in the evaporator from screen mesh, sintered powder to an 

open rectangular groove led to a variation in the LHP heat transfer limit, and 

the correlation between these two variables is presented in Table 4-2.  

Table 4-2: Impact of wick structure on the heat transfer performance of the LHP  

Wick type QVL  QSL QEL QCL QBL QFL QL 

Screen mesh (kW) 17.93 1.77 1.50 0.90 401.29 23.26 0.90 

Sintered powder (kW) 17.93 1.77 2.12 0.64 337.71 23.26 0.64 

Open groove (kW) 17.93 1.77 0.86 6.92 702.43 23.26 0.86 

It was found that the screen-mesh wick could obtain the highest heat transport 

capacity (operating limit) over the other two wicks in this case. The critical 

limits were respectively observed as the entrainment limit for the groove wick 

and the capillary limit for the other two wicks. The groove wick had the largest 

capillary and boiling limit but the smallest entrainment limit. The other three 

limits, i.e., viscous, sonic and liquid filling mass limits, were the same for all 

the wicks. This phenomenon could be explained in that a groove wick structure 

usually has the lowest liquid frictional force and radial heat transfer resistance 

in a gravity-assisted operation and, therefore, should have a much higher 

capillary limit at the same working conditions. The groove wick has a 

relatively larger pore hydraulic radius and higher wick effective thermal 
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conductivity than the other two wicks, which would consequently result in a 

higher boiling limit but a relatively lower entrainment limit. Depending on the 

definitions of the viscous, sonic, and liquid filling limits, the wick structure 

will not impose an influence on these three limits when having a fixed design 

and operational parameters, e.g., loop geometry, vapour core space, operational 

temperature, and working fluid. 

(3) Impact of Evaporator Diameter  

While the other loop operating and design parameters remained the same, the 

correlation between the evaporator diameter and the LHP heat transfer limit is 

presented in Fig. 4-8.  

 

Fig. 4-8: Impact of evaporator diameter on the heat transfer performance of the LHP  

In this case, only the liquid filling mass limit fell, while the other five limits 

increased with an increase in the evaporator diameter. The capillary limit was 

found to be the governing limit for this operation, and a linear relation between 

the capillary limit and the evaporator diameter was found to exist. This 

phenomenon could be explained in that increasing the evaporator diameter 

would result in a higher Reynolds number, a greater rate of liquid evaporation, 

a broader fluid flow space, a lower vapour flowing velocity, and a larger 
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amount of liquid to be evaporated within the evaporator. These trends of 

variation will consequently assist in increasing the values of viscous, sonic, 

entrainment, capillary, and boiling limits of the LHP. However, the sonic limit 

originally occurred in the evaporator when its diameter was less than 15 mm 

and later began to appear in the three-way fitting constantly; changing the 

evaporator diameter would not affect this limit any more. As the internal 

evaporating space was inversely proportional to the liquid filling mass limit, an 

increased evaporator diameter would require more liquid to fill it and, with the 

current liquid volume, this limit would, therefore, decrease. 

(4) Impact of Evaporator Length 

While the other loop operating and design parameters remained the same, the 

correlation between the evaporator length and the LHP heat transfer limit is 

given in Fig. 4-9.  

 

Fig. 4-9: Impact of evaporator length on the heat transfer performance of the LHP  

In this circumstance, the viscous, capillary and liquid filling mass limits 

decreased as the evaporator length increased, while the boiling limit varied in 

the opposite trend, and the other two limits remained constant. The capillary 

limit was also found to be the critical limit. This phenomenon could be 

explained in that the increased evaporator length represented an increased fluid 
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flow distance, leading to increased fluid frictional resistance and possibly 

decreased volume flow rate (a smaller Reynolds number), which thus led to 

decreased viscous and capillary limits. Since an increased evaporator space 

would require more liquid to fill it, at the current liquid level, the liquid filling 

mass limit was thereby reduced. During this process, the boiling limit became 

larger as the increased evaporator length led to an increase in the overall loop 

volume, the evaporation rate of the water and the operational temperature. For 

the other limits, no interrelation is found between them and the evaporator 

length and, therefore, caused no impact upon them. 

(5) Impact of Evaporator Inclination Angle  

While the other loop operating and design parameters remained the same, the 

correlation between the evaporator inclination angle and the LHP heat transfer 

limit is illustrated in Fig. 4-10.  

 

Fig. 4-10: Impact of evaporator inclination angle on the heat transfer performance of the 

LHP  

The capillary limit was observed as the primary limit in this case, which 

increased with the evaporator inclination angle, while the other five limits 

remained constant. A smooth logarithmic relation between the capillary limit 

and the evaporator inclination angle exists due to the effect of gravity. The 
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capillary limit significantly increased when the inclination angle varied from 0
o
 

to 60
o
, but then gently grew to its maximum value. A higher inclination angle 

led to greater hydrostatic force, which improved the system’s capability in 

returned liquid flow, and thus led to increased heat flux, while the other limits 

had no internal relationship with this factor. 

(6) Impact of Vapour Column Diameter  

While the other loop operating and design parameters remained the same, the 

correlation between the vapour column diameter in the three-way fitting and 

the LHP heat transfer limit is shown in Fig. 4-11.  

 

Fig. 4-11: Impact of vapour column diameter on the heat transfer performance of the 

LHP  

It was found that the viscous, sonic and capillary limits increased with a larger 

vapour column diameter in the three-way fitting, whereas the other limits 

remained constant. The system viscous limit occurred in the three-way fitting 

when the vapour column diameter was below 9 mm. In this case, the governing 

limit varied with the different diameter level in the vapour column. The sonic 

limit, occurring in the three-way fitting, was initially found to be the critical 

limit, while the vapour column diameter was below 10 mm, whereas the 
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capillary limit became the governing limit when the column diameter was 

above 10 mm. Through this observation, it was concluded that the minimum 

vapour column diameter in the three-way fitting should be no less than 10 mm 

for this LHP operation in order to avoid the overall heat transfer ability being 

weakened. 

(7) Impact of Liquid Filling Mass  

While the other loop operating and design parameters remained the same, the 

correlation between the liquid filling mass and the LHP heat transfer limits is 

displayed in Fig. 4-12. It was found that the liquid filling mass limit increased 

with an increase in liquid mass, whereas the other limits remained constant. 

The governing limit was first observed to be the liquid filling mass when the 

mass level was below 0.01 kg, but it became the capillary limit when the mass 

level was above 0.01 kg. On the basis of this phenomenon, it was concluded 

that the minimum liquid filling mass should be more than 0.01 kg for the 

screen-mesh wick; otherwise, a surface dry-out state would occur within the 

evaporator. 

 

Fig. 4-12: Impact of liquid filling mass on the heat transfer performance of the LHP  
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(8) Impact of Evaporator-to-condenser Height Difference  

While the other loop operating and design parameters remained the same, the 

correlation between the heat pipe evaporator-to-condenser height difference 

and the LHP heat transfer limit is described in Fig. 4-13. In this circumstance, 

the capillary limit increased with the evaporator-to-condenser height difference, 

while the other five limits all remained the same. The capillary limit dominated 

the heat transfer when the height difference was below 1.1 m, while the 

entrainment limit (occurring in the heat exchanger) became the governing 

factor when the elevation difference was above 1.1 m. A linear relation 

between the capillary limit and the height difference was found to exist owing 

to the effect of gravity. A greater height difference brought on higher 

hydrostatic force, which enhanced the system’s capability to deliver the 

returned liquid flow, and, therefore, transfer more applied heat load. The other 

limits showed no relation with this parameter and remained constant. 

 

Fig. 4-13: Impact of evaporator-to-condenser height difference on the heat transfer 

performance of the LHP 

In summary, the maximum heat transfer capacity required by the LHP absorber 

in Shanghai is about 730 W/m
2
 (illustrated as the baseline), a single LHP can 

then meet such heat removal demand for a unit solar collecting area when its 

maximum heat transfer capacity is nearly 900 W at the specific design and 
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operating conditions, e.g., a compound mesh screen wick structure, an 

evaporator internal diameter of 19.6 mm, an evaporator length of 1.5 m, an 

evaporator inclination angle of 30
o
, a vapour column diameter of 14 mm in the 

three-way fitting, a liquid filling mass of 0.03 kg, and an evaporator-to-

condenser height difference of 0.3 m. 

4.3 Steady-state Model for the Characterisation of System Performance 

4.3.1 Modelling Objective for the System Steady-state Performance 

The purpose of developing a steady-state numerical model was to characterise 

the performance of the integrated PV/LHP heat pump system under laboratory-

controlled conditions, which would enable (a) determination of the system 

performance against different variables, (b) determination of the optimum 

system configuration, and (c) recommendations for the appropriate system 

design and operational parameters. All the analytical results are directly useful 

for further system prototype fabrication and operation. 

4.3.2 Thermal Fluid Theory and the Associated Mathematical Equations 

of the System Steady-state Model 

For a steady-state PV/LHP heat pump system, the solar energy conversion and 

transfer includes four processes (as shown in Fig. 4-14): ○1  absorbing part of 

the striking solar radiation and dissipating the rest into the surrounding air;     

○2  converting part of the absorbed energy into electricity using the PV cells;     

○3  transporting the remaining part of the absorbed energy into the passing 

refrigerant via the LHP; and ○4  upgrading the refrigerant heat to higher-grade 

heat using a heat pump. These processes are interlinked and finally achieve a 

balance under the steady-state operation.  

To simplify the energy model, the following hypotheses were made: 

a. The system operates under a quasi-steady condition. 

b. The ohm electrical losses within the solar cells and PV module are ignored. 

c. The transmittance of the EVA layers is considered to be 100%. 
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d. Heat losses across the module insulation layers are negligible. 

e. Heat losses through the heat pipe transportation lines are ignored. 

 

Fig. 4-14: Schematic of steady-state solar energy conversion and transfer processes 

(1) Absorbing Useful Solar Radiation and Heat Dissipation 

When the solar radiation passes across the top covers and strikes the surface 

of the PV/LHP module, a small percentage of the radiation energy will be 

dissipated into the surroundings owing to the occurrence of directional/ 

diffusive reflection and conductive/convective heat transfer, while the 

remaining radiation energy will be converted into electricity and heat using 

the PV/LHP settings. Under steady-state operating conditions, the useful 

energy obtained by the module is equal to the energy reaching the PV 

surface minus the associated direct or indirect heat losses, which refers to the 

heat dissipation from the module surface to the surrounding air through 

conduction, convection and infrared radiation.  

The solar energy received by the PV module is a function of the solar 

radiation striking the module, the transmittance of the glazing cover and the 

absorptance of the PV surfaces, which can be given by [2.9, 4.9] 

 , 1
Nc

abs c g pv p p b p mQ A I        
                                                         [4-56] 
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where, τc and τg,pv are the visual transmittances of cover plate and the glazing 

layer of PV lamination respectively; Nc is the number of cover plates; αabs and 

αb are the absorption ratios of the PV layer and its baseboard; βp is the packing 

factor of PV layer; Am is the collector area of the module (m
2
). 

Owing to the temperature difference between the PV surface and the 

surrounding air, a certain amount of the absorbed energy will be transferred 

into the surrounding air through the top cover; while back and edge heat 

transfers could be ignored if super insulation at those directions is provided. 

Under the steady-state condition, the heat loss from a double-glazed 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 surrounding air [4.9]. As 

shown in Fig. 4-15, the three forms of heat transfer are laid in a series and 

achieve a balance.  

 

Fig. 4-15: Thermal network of heat loss for a typical double-cover module 

Therefore, the total heat loss is written as [4.9] 

 L L m p aQ U A T T 
                                                                                     [4-57] 
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where, QL and UL are respectively the total heat loss (W) and the heat loss 

coefficient (W/m
2
-K); Tp and Ta are the average temperatures of PV layer and 

the ambient air (K).  

Where the UL is the overall heat transfer coefficient and could be written 

1

, 2 , 2 , 2 1 , 2 1 , 1 , 1

1 1 1
L

c p c R p c c c c R c c c c a R c a

U
h h h h h h



     

 
       

                         [4-58] 

where, hc,p-c2, hc,c2-c1 and hc,c1-a are respectively the convective heat transfer 

coefficients (W/m
2
-K) of PV layer (p) to inner cover surface (c2),  inner cover 

surface (c2) to external cover surface (c1) and external cover surface (c1) to 

ambient air (a); hR,p-c2, hR,c2-c1 and hR,c1-a are the radiative heat transfer 

coefficients (W/m
2
-K) of PV layer (p) to inner cover surface (c2),  inner cover 

surface (c2) to external cover surface (c1) and external cover surface (c1) to 

ambient air (a) respectively. 

I. Heat Transfer from the PV Absorber Surface to the Inner Glazing Cover  

In this case, a relatively steady convective air layer exists between the PV 

absorber surface and the inner glazing cover. Its associated convective heat 

transfer coefficient, hc,p-c2, is termed as [4.9] 

1.6

, ,
,

, 2
0.333

,
,

1708 1708sin(1.8 )
1 1.446 1 1

cos cos

cos
1

5830

a p a p
a p

c p c

a p
a p

Ra Rak
h

Ra



 

 



 

    
             

  
   

    
     

                          

[4-59] 

where, ka,p is thermal conductivity of air gap at the average temperature of PV 

layer and inner cover surface (W/m-k); δa,,p is the PV layer to glazing cover 

distance (m); θ is the collector slop (degree); the bracket with plus means zero 

and positive values only; Raa,p is the Rayleigh number of the air gap at PV 

layer and inner cover surface, given by 
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where, g is the gravity acceleration (m/s
2
) and νa is kinematic viscosity of air 

at the PV and inner cover surface (m
2
/s); Pra,p is the Prandtl number of the 

air gap at PV layer and inner cover surface, which is assumed to be 

independent of temperature and taken equal to 0.7; Ta,m is the average air 

temperature of PV layer and inner cover surface which is 

 , 2 / 2a m p cT T T 
                                                                                         [4-61] 

where, Tp and Tc2 are respectively the average temperatures (K) of PV layer 

and inner cover surface.  

Converting the radiation transfer into the equivalent convective one, a 

radiation-relevant factor, hr, p-c2, is expressed by 

  
   

2 2

2 2
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21/ 1/ 1

p c p c

R p c

p c
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h



 


 


                                                                    [4-62] 

where, Tc1 is the average temperature of external cover surface (K); εp and εc2 

are emissivity of the PV layer and inner cover surface; σ is the Stefan–

Boltzman constant (5.6679×10
-8 

W/m
2
-K

4
). 

II. Heat Transfer from the Inner Glazing Cover to the Outer Cover 

Similarly, heat transfer from the inner glass to the outer glass can be 

calculated using equations [4-59] to [4-62] to substitute corresponding 

parameters, including temperature, air properties, and emissivity. 
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III. Heat Transfer from the Cover’s Outer Surface to the Surrounding Air 

For a surface exposed to the outside wind, the convective coefficient could be 

calculated using the Klein equation [4.10], addressed below 

0.6

, 1 0.4

8.6
c c a

V
h

L
                                                                                              [4-63] 

where, V is the wind speed (m/s); L is the characteristic length of the collector 

(m). The minimum convective coefficient for a wind-exposed surface is 

considered to be 5 W/m
2
-k [4.10]; if the above calculation gives a lower value, 

this should be replaced by the minimum value of 5.  

Since the temperature of the sky has little impact on the calculation result, it is 

usually represented by the air temperature, thus 

  2 2

, 1 1 1 1r c a c c a c ah T T T T    
                                                                    [4-64] 

For modules with single glazing or with no glazed cover, the items addressed 

in sections (II) or sections (I)-(II) should be removed. In such cases, the heat 

transfer from the inner glass to the outer glass will not be counted, or only the 

heat loss between the module surface and the ambient air is considered.   

(2) Converting Part of the Absorbed Energy into Electricity  

The PV cells’ electrical efficiency is adversely proportional to their surface 

temperature and this dependency can be written as 

[1 ( )]e rc PV p rcT T    
                                                                           [4-65] 

The overall electricity output is, therefore, given as 

,
cN

e e p p c g pv mQ IA    
                                                                               [4-66] 
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The module’s solar electrical efficiency could be calculated through 

e
e

m

Q

IA
 

                                                                                                       [4-67] 

(3) Transferring the Remaining Absorbed Energy into the Heat Pump 

Refrigerant 

Under the steady-state condition, the rate of useful heat delivered by the 

module equals the rate of the absorbed energy minus the overall heat loss and 

converted electricity, expressed as 

th abs L eQ Q Q Q  
                                                                                      [4-68] 

This part of the heat will eventually be converted into the heat received by 

the refrigerant, which is denoted by Qu. In this case, the module’s thermal 

efficiency can be defined by 

th u
th

m m

Q Q

A I A I
  

                                                                                           [4-69] 

The module’s overall solar efficiency, ηo, would be the sum of both the 

electrical and thermal efficiencies 

o e th   
                                                                                                   [4-70] 

At the heat pipe’s evaporation section, part of the solar energy is converted into 

heat (Qth), which leads to the evaporation of heat pipe working fluid. This 

vapour fluid, via the vapour transportation line, moves forward to the 

condensing heat exchanger, where the evaporated fluid is condensed and 

transfers the condensation heat into the adjacent refrigerant flow, thus leading 

to the evaporation of refrigerant at the next channel of the heat exchanger. The 
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condensed fluid in the heat pipe, via the liquid transportation line, then returns 

to the heat pipe evaporation section to retain heat, thus forming a complete heat 

transportation cycle, as depicted in Fig. 4-16. This process involves a number 

of thermal resistances that result in changing the working fluid temperature, 

which is detailed as follows. The resistances of the silicon sealant and liquid-

vapour interface at the wicked surface are ignored owing to their significantly 

smaller values compared to the others [2.99]. 

 

Fig. 4-16: Temperature drops and equivalent thermal resistances along the heat transfer 

path 

Heat transfer between the PV module and heat pipe fins is a conventional one-

dimensional multi-layer heat conduction process and its associated thermal 

resistance is [4.11] 

p EVA ei
p fin p EVA ei

p EVA ei

r r r r
k k k

  
      

                                                           [4-71] 

where, rp-fin, rp, rEVA and rei are respectively the thermal resistances per unit 

area (m
2
-K/W) of PV cells to fin sheet, PV cells, EVA layer and electrical 
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insulation; kp, kEVA, kei, δp, δEVA, and δei are respectively the thermal conductivity 

(W/m-K) and thickness (m) of PV layer, EVA layer and electrical insulation. 

I. Thermal Resistance across the Fin Length  

Heat absorbed by the fin will be conducted to the heat pipe wall along its width 

direction, by leading the heat flow to travel through the cross-sectional fin area. 

This is considered a one-dimensional heat transfer process starting from the fin 

end (x = 0) and finishing at the fin base [x = (W/Nhp-Dhp,o)/2]. Fig. 4-17 

indicates the heat flow simulation process using the finite element approach, 

which takes dx as the step length of the numerical calculation. 

 

 

Fig. 4-17: Heat flow pattern at the elemental length ‘dx’ on the fin sheet 

For a controlled finite element per unit width, the following energy conversion 

equation can be applied 

 
0

1

abs L a e

f f f f

x x dxp fin L

q U T T q dT dT
dx k k

r U dx dx
 



       
         

                             
[4-72] 

where, qabs and qe are the absorbed solar energy and produced electricity rate at 

per unit length of the PV/LHP module (W/m
2
); kf and δf are the thermal 

conductivity (W/m-K) and thickness (m) of the fin sheet.  
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Along the heat pipe evaporation section, no temperature gradient exists along 

its length owing to even heat input. The overall useful solar heat conducted 

through the Hottel-Whillier model [2.9, 4.9] from the fin to the heat pipe is  

,( )u th abs L r m a eQ LWF q U T T q                                                                   [4-73] 

where, L and W are respectively the length (m) and width (m) of the fin sheet; 

Tr,m is the mean temperature of refrigerant in the heat pump; Fth is the collector 

thermal efficiency factor, defined as 
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                       [4-74] 

where, Nhp is the number of heat pipes; ∑Ri is the overall thermal resistance 

from the fin sheet to the refrigerant (W/m-K). The standard fin efficiency, Ff, is 

defined as 

 
 
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tanh / / 2

/ / 2
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m W N D
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 
 

                                                                 [4-75] 

where, the variable, m, is given by [2.9, 4.9] 

 1

L

f f p fin L

U
m

k r U 


                                                                                [4-76] 

In terms of the physical implication, Fth represents the ratio of the system’s 

actual useful heat gain to the overall converted solar heat at a certain working 

fluid temperature. The system’s thermal efficiency factor is a constant figure 
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under the fixed physical and operating condition. However, this factor’s value 

varies in the following ways: it decreases with increasing fin width, increases 

with increasing material thickness and thermal conductivities, decreases when 

there is an increase in the overall heat loss coefficient, and increases with 

decreases in the overall system heat transfer resistance.  

II. Thermal Resistances from the Heat Pipe Wall to its Working Fluid  

i. Heat Pipe Wall, R1 

Heat transfer through the heat pipe wall is a typical steady-state conduction 

process, and its thermal resistance can be written as  

 , ,

1

,

ln /

2

hp o hp in

hp e hp

D D
R

L k
                                                                                    [4-77] 

where, Dhp,o, Dhp,in, Lhp,e and khp are the outer diameter (m), inner diameter (m), 

length (m) and thermal conductivity of the absorbing heat pipe (W/m-K). 

ii. Thermal Resistance of the Wick Structure, R2 

The inner surface of the heat pipe wall is attached to the mesh wick, which 

causes a certain resistance in heat transfer; this part of the resistance is 

addressed as 

 , ,

2

,

ln /

2

hp in v e

hp e wi

D D
R

L k


                                                                                     [4-78] 

where, kwi is the effective thermal conductivity of wick structure (W/m-K), 

whose expression can be derived from equations [4-38], [4-46] and [4-47]. 

iii. Thermal Resistance of the Vapour Flow, R3 



118/233       [THEORETICAL ANALYSIS & SIMULATION]        CHAPTER 4 

 

 

Vapour flow from the evaporation section to the condensing heat exchanger 

experiences a certain pressure loss and, consequently, a temperature drop. This 

creates a resistance in the heat transfer which could be written as [2.99] 

2

0

3

v v hp

u fg v

T R
R

Q h P

P N




                                                                                         [4-79] 

where, Tv is the average temperature of vapour (K); hfg is the latent heat of 

vaporisation (J/kg); R0 is the universal gas constant per unit mole (R0 = 8314J/ 

kg-K); Pv is the corresponding pressure at certain temperature (Pa); Nhp is the 

number of loop heat pipes; △ Pv is the total pressure drops (Pa) from the heat 

pipe evaporation section to condensation section, which should be the sum of 

the pressure drops in four regions: (i) the absorbing pipe △ Pv,e, (ii) the three-

way fitting △ Pv,f, (iii) the vapour transportation line △ Pv,tl, and (iv) the heat 

exchanger channels (vapour side) △ Pv,hx. 

, , , ,v v e v f v tl v hxP P PP P     
                                                           [4-80] 

The expressions of the vapour pressure drop in the evaporator, three-way 

fitting, vapour transportation line and condensation section can be referred to 

using equations [4-20] to [4-28]. 

iv. Thermal Resistance of the Condensed Liquid Film, R4 

The condensed liquid film is evenly distributed on the surface of the 

condensing heat exchanger (on the heat pipe side) and its associated flow 

resistance is [4.11] 

 
 

, ,

4

ln / 2

2 / 2 1

hx in hx in lf

lf lf hx

D D
R

L k N





 
 

                                                                      [4-81] 
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where, δlf, Llf and klf are the thickness (m), length (m) and thermal conductivity 

(W/m-K) of the liquid film; Dhx,in is the internal hydraulic diameter of heat 

exchanger (m); Nhx is the number of heat exchanger plates. 

v. Thermal Resistance of the Heat-exchanging Plate, R5 

The equivalent thermal resistance of the heat-exchanging plate is derived as 

 
   

, ,

5

ln /

2 / 2 / 2 1

hx o hx in

hx hx hx

D D
R

H k N


                                                                   [4-82] 

where, khx is the thermal conductivity of heat exchanger plate (W/m-K). 

vi. Thermal Resistance of the Heat Pump Refrigerant, R6 

The refrigerant in the heat pump cycle passes across the channels of the 

condensing heat exchanger (on the refrigerant side), where it is evaporated into 

vapour. This process involves turbulent and forced convection heat transfer, 

and its associated thermal resistance is [4.11]  

 
6

,

1

/ 2r hx r hx

R
h A N


                                                                                    [4-83] 

where, Ahx,r is the internal surface area of refrigerant flow in each heat-

exchanging channel (m
2
); hr is the heat transfer coefficient (W/m

2
-K) of two-

phase refrigerant flow for each heat-exchanging channel, which is given by 

 
 

0.040.76
0.8

, 0.38

3.8 1
1

Pr

r r

r r l r

r

x x
h h x

 
   

  
                                                      [4-84] 

where, xr, is the saturation of refrigerant; hr,l, is heat transfer coefficient of the 

liquid refrigerant (W/m
2
-K). 
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                                                                                                 [4-85] 

where, kr,l is the thermal conductivity of liquid refrigerant (W/m-K). The 

Nusselt number of refrigerant can be derived from the Dittus-Boelter equation 

0.8 0.4

, ,0.023Re Prr r l r lNu 
                                                                             [4-86] 

The Reynolds number of the liquid refrigerant (Rer,l) within the channel is  

 

 
,

, ,

,

1
Re

/ 2

r r hx in

r l

r l hx hp hx rN

m x D

AN




                                                                        [4-87] 

where, μr,l and 
.

rm are respectively the mean dynamic viscosity (kg/m-s) and 

mass flow rate (kg/s) of liquid refrigerant within each heat-exchange channel.  

The Prandtl number of the refrigerant (Prr,l) is calculated using 

, , , ,Pr /r l r l pr l r lc k
                                                                                        [4-88] 

where, cpr,l is specific heat of liquid refrigerant at a constant pressure (J/kg-K). 

(4) Upgrading Solar Heat into Condensation Heat by the Heat Pump  

The refrigerant is evaporated at the heat exchanger after it absorbs solar heat. 

This refrigerant vapour is then upgraded through a compressor to a high-

temperature refrigerant vapour, which, at the condenser of the heat pump cycle, 

is condensed and releases heat to the tank water. [4.12]. This part of heat 

absorbed by the refrigerant is given as  

 , 1 4u e t r crQ Q m A H H  
                                                                         [4-89] 
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where, H1 and H4, are the thermal enthalpies (kJ/kg) of refrigerant at point 1 

and point 4 in Fig. 3-3; Acr is the cross sectional area in refrigerant tube (m
2
). 

The compressor operation was initially assumed to be an isentropic condition 

and the heat output of the heat pump (Qc,t) can be calculated as 

   1

, 2 3 ,

i i

c t r cr s w p w w wQ m A H H m C T T                                                  [4-90] 

where, H2s and H3 are the thermal enthalpies (kJ/kg) of refrigerant at point 2s 

and point 3.  

The power input into the heat pump (Qc,e) at the ideal isentropic condition is  

 , 2 1c e r cr sQ m A H H 
                                                                                [4-91] 

Thus, the net electricity generation of the system (Qe,n)  is 

, ,e n e c eQ Q Q 
                                                                                              [4-92] 

Consequently, the net electrical output ratio of the prototype system (ηe,n) is 

defined as the ratio of net electricity output to overall solar radiation 

, , /e n e n mQ A I 
                                                                                            [4-93] 

The basic thermal performance coefficient (COPth) of a heat pump system is 

defined as the ratio of the heating or cooling generated over the electrical 

energy consumed. However, as such a PV/LHP system yields not only heat, 

but also electricity, the overall coefficient indicating the thermal and the 

electrical performance (COPPV/T) of the system is mostly as desired. This 

coefficient converts the electricity into the equivalent thermal energy using the 

average electricity-generation efficiency (commonly 38% [2.18]) at a coal-

fired power plant:  
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                                                                         [4-94]
5
 

By taking the compressor’s isentropic efficiency into account, the system’s 

advanced performance coefficient during experiment (COPPV/T-exp) would be an 

even lower figure, which could be redefined as [2.18]  

, exp exp

/ exp

,

/ 0.38
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c t e
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c e s

Q Q
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Q 

 




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                                                             [4-95] 

where,  Qc,t-exp and Qe-exp are respectively the experimental figures of heat 

output of heat pump (W) and electricity generation of the whole system (W). 

The compressor’s isentropic efficiency (ηs) is given as 

, 2 1

, exp 2 1

c e s
s

c e

Q H H

Q H H





 

                                                                                [4-96] 

where,  Qc,e-exp is the experimental figure of electricity input of heat pump (W). 

4.3.3 Method and Algorithm for the Steady-state Model Development and 

Operation 

The heat transfer processes eventually achieve an energy balance when the 

system operates at the steady-state condition and each part of the system 

establishes a certain temperature when in operation. The algorithm used for 

modelling the set-up is shown schematically in Fig. 4-18 and illustrates as the 

followings:  

(i)  Input external weather conditions, system design and operating parameters; 

                                                 

5
 The COPPV/T will be preliminarily used in this section to characterise the system performance 

comprehensively, while an overall assessment of the heat pump cycle, including both the basic 

thermal COPth and COPPV/T, will be applied in practice during the next section.  



CHAPTER 4 [THEORETICAL ANALYSIS & SIMULATION]         123/233 

 

 

(ii) Assume the refrigerant mass flow rate mr and the refrigerant evaporating 

heat gain, calculating Qe,t using equation [4-89]; 

(iii) Assume the cell temperature tp, and commence the following analysis:  

A. Heat balance of the glazing cover could be analysed using equations 

[4-57] to [4-68], which results in determination of the heat loss, QL; 

B. Heat balance of the PV cells could be analysed using equations [4-56], 

[4-69], [4-70] and [4-72], which results in determination of the 

converted solar electricity, Qe and heat, Qth; 

C. Heat transfer from the PV cells to the heat pump evaporator could be 

analysed by equations [4-75] to [4-92], which results in determination 

of the useful heat gain, Qu; 

D. If (Qth – Qu) / Qth > 0.1% (error allowance), then increase tp by 0.1 
o
C 

and return to step (iii) for re-calculation; 

 

Fig. 4-18: Flow chart for the calculation of steady-state system performance 
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E. If (Qth – Qu) / Qth < -0.1% (error allowance), then decrease tp by 0.1 
o
C 

and return to step (iii) for re-calculation; 

F. If -0.1% ≤ (Qth – Qu) / Qth ≤ 0.1%, the system achieves heat balance; 

(iv) If (Qu – Qe,t) / Qu > 0.1% (error allowance), then increase mr by 0.001 kg/s 

and return to step (ii) for re-calculation; 

(v) If (Qu – Qe,t) / Qu < -0.1% (error allowance), then decrease mr by 0.001 kg/s 

and return to step (iii) for re-calculation; 

(vi) If -0.1% ≤ (Qu – Qe,t) / Qu ≤ 0.1%, the system achieves heat balance; 

(vii) Calculate the module’s energetic efficiencies, system work-back ratio and 

the advanced performance coefficient of COPPV/T using equations [4-71], 

[4-73], [4-74] and [4-93] to [4-96];  

(viii) Finally determine Tp and the program stops.  

4.3.4 Validation of the System Stead-state Model by the Published Data 

The steady-state model for the whole system was validated for its suitability 

and accuracy by comparing the modelling results with the published 

experimental data for a PV/solar-assisted heat pump/heat pipe (PV-SAHP/HP) 

system developed by Fu et al. [4.13].  They attached groups of PV cells to a 

flat-plate heat pipe thermal collector and a direct-expansion evaporator in a 

heat pump for hot water generation. There were three operating modes during 

their testing, and the heat pipe operating mode with the greatest similarity to 

the proposed PV/LHP system was selected to validate the steady-state model. 

Fig. 4-19 schematically shows the testing rig, while Table 4-3 displays the 

design and operational parameters of the reference system. The system 

performance indicators are defined congruously according to the mathematical 

descriptions in this section. For the heat pipe operating mode, heat pipes are 

regarded as exchanging heat with the tank water directly. The correlation 

coefficient (r) and the root mean square percentage deviation (e) defined in 

equations [4-53] and [4-54] were applied to analyse the difference between the 

theoretical and the published experimental results.  
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Fig. 4-19: Schematic of the referenced PV-SAHP/HP test rig [4.13] 

Table 4-3: Design and operation parameters of the referenced PV-SAHP/HP system [4.13] 

Design parameters (unit) Value 

Glazing cover 

Tempered glazing Single cover 

PV layer 

Thickness of transparent TPT cover (mm) 0.2  

EVA thickness (mm) 0.5  

Type of PV cells mono-crystalline silicon   

Standard efficiency of PV cells (%) 15.8 

Thickness of TPT baseboard (mm) 0.2 

Cell area of single module (m
2
) 0.728 

Total PV area (m
2
) 2.912 

Fin sheet 

Aluminium plate (length × width × thickness, mm) 1260 × 962 × 1.16 

Heat pipe 

Pipe dimension (diameter × thickness × length, mm) 8 × 0.7 × 1000 

Distance between two adjacent heat pipes (mm) 140 

Number of heat pipes 9 

Heat pipe condenser 

Pipe dimension (diameter × thickness × length) 24 × 1 × 120 
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Design parameters (unit) Value 

Water flow cycle 

Water pump power (W) 46 

Water flow rate (l/min) 7.35 

Water tank  capacity (litres) 560 

Collecting area 

Single module area (m
2
) 1.167 

Total module area (m
2
)  4.688 

Fig. 4-20 presents the steady-state simulation results of the module efficiencies 

against external weather parameters by inputting the design, operation and 

weather conditions of the referenced PV-SAHP/HP experimental rig. The 

correlation coefficients (r) and the root mean square percentage deviation (e) 

for modelling and testing the module electrical/thermal efficiencies were 

0.9812/0.9094 and 1.49%/11.59%, respectively.  

 

Fig. 4-20: Comparison of steady-state simulation results with the published testing data 

The reason for errors may exist in the utilisation of the simplified 

assumptions/empirical formulas, and an inaccurate estimation of the heat loss 

coefficient due to a lack of wind data. However, the accuracy achieved by this 

steady-state model was acceptable from the engineering point of view, and 
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could be therefore applied to characterise the system performance and 

recommend appropriate parameters for further system fabrication and operation. 

In addition, this steady-state model was further verified for accuracy by the 

dedicated experiments described in the next chapter. 

4.3.5 Model Operation and Result Discussion of the System Steady-state 

Performance 

Through the established steady-state model, parametric studies of the PV/LHP 

heat pump system could, therefore, be conducted under a series of laboratory-

controlled conditions, including the impacts of solar radiation, air temperature, 

air velocity, heat pump evaporation temperature, glazing cover, and the number 

of heat-absorbing pipes. A detailed discussion will be presented in the next 

chapter for a straightforward parallel comparison between the modelling and 

test results of the fabricated prototype system, thus leading to verification or 

modification of the steady-state model for system performance characterisation. 

4.4 Dynamic Model for the Evaluation of System Performance 

4.4.1 Modelling Objective for the System Dynamic Performance 

The dynamic modelling had the aim of evaluating the performance of the 

integrated PV/LHP heat pump system in real climatic operational conditions, 

which are simultaneously affected by several critical factors, i.e., solar 

radiation, air temperature, air velocity and operating time. This modelling 

enabled (a) a prediction of system performance in real climatic operational 

conditions, (b) a forecast of seasonal system performance, and (c) a 

recommendation for an appropriate climate region suitable for the operation of 

such a PV/LHP heat pump system. The results derived from the dynamic 

modelling were utilised in the system’s socio-economic analysis, which will be 

conducted in Chapter 7. 
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4.4.2 Thermal Fluid Theory and the Associated Mathematical Equations 

of the System Dynamic Model 

For the PV/LHP module-based heat pump water heating system, the transient 

operational model involved six energy balance equations (as illustrated in Fig. 

4-21): ○1  a heat balance equation for the glazing cover; ○2 a heat balance 

equation for the PV layer; ○3 an one-dimensional unsteady-state heat 

conductance of the fin sheet; ○4  a heat balance equation for the LHP operation; 

○5  heat balance equations for the heat pump cycle and ○6  the water tank. To 

simplify the energy model, the following hypotheses were made: 

a. The vertical temperature gradient over the glazing cover was ignored. 

b. The ohm electrical losses in the solar cells and PV module are negligible. 

c. The heat capacities of the EVA filler (the adhesive for connecting the PV 

cells and PV glass during lamination) were not included, treating the PV 

layer as a uniform temperature variation. 

d. Heat conduction in the longitudinal direction of the fin sheet was ignored. 

e. An isentropic efficiency up to 88% was assumed for the calculation of the 

compressor power consumption. 

 

Fig. 4-21: Schematic of the transient energy balances in the system 
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(1) Heat Balance of the Glazing Cover 

To describe the time dependence of the heat flows on a single glazing cover, 

the corresponding energy balance equation is given by [4.11] 

     , , , ,
c

c c c c c p c R p c p c c c a R c a c a

T
c I h h T T h h T T

t
      


      

             [4-97] 

where, ρc, cc and δc are respectively the density (kg/m
3
), specific heat capacity 

(J/kg-K) and thickness (m) of the glazing cover; t is the operation time (s); Tc 

and Ta are respectively the temperatures (K) of glazing cover and ambient air; 

hc,p-c and hc,c-a are respectively the convective heat transfer coefficients 

(W/m
2
-K) from PV layer to cover and from cover to ambient air; while hR,p-c 

and hR,c-a are respectively the radiative heat transfer coefficients (W/m
2
-K) 

from PV layer to cover and from cover to ambient air. The corresponding 

convective heat transfer coefficients can be derived from equations [4-59] to 

[4-64]. 

(2) Heat Balance of the PV Layer 

The energy balance equation for the combined PV lamination is [4.11] 

     

    , ,
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  


    
 

                                              [4-98]
 

where, ρp, cp and δp are respectively the average density (kg/m
3
), specific heat 

capacity (J/kg-K) and thickness (m) of the PV layer; Tp and Tf are average the 

temperatures (K) of PV layer and fin sheet; (τcα)b and (τcα)p are the respectively 

the transmittance-absorption coefficients of baseboard and PV layer; βp is the 

packing factor of PV layer; Rp-f is the overall thermal resistances (K/W) from 

PV cells to fin sheet; Ap is the absorbing area of PV layer (m
2
). 

The overall transient solar transmittance for a single cover becomes [4.9] 
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In above equation, the transmittance due to absorption, τc,a is written as 

 2cos
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c e
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 
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                                                                                         [4-100] 

And the refraction angle of direct solar beam, θ2 (rad),  is given 

1 1
2

sin
sin

gn


 

 
   

    
                                                                                     [4-101] 

where, ng is the ratio of the refraction index and is typically 1.526 for glass. θ1 

is the incidence angle (rad) striking the glazing surface, and for a south-facing 

tilted plane in the Northern Hemisphere, the expression for the incidence angle 

is given by [4.9] 

           1cos sin sin cos cos cosm m m m mL L h       
    

                   [4-102] 

The thermal resistance from PV cells to the fin sheet is calculated as 

p EVA ei
p f p EVA ei

p p EVA p ei p

R R R R
k A k A k A

  
      

                                         [4-103] 

where, Rp, REVA and Rei are respectively the thermal resistances (K/W) of PV 

cells, EVA layer and electrical insulation; kp, kEVA, kei, δp, δEVA, and δei are 

respectively the thermal conductivities (W/m-K) and thickness (m) of PV layer, 

EVA layer and electrical insulation. 
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The corresponding electricity output per unit area, qe (W/m
2
), is defined by 

   1e c p rc PV p rcp
q I T T       

                                                           [4-104] 

(3) Heat Balance of the Fin Sheet  

The time-dependent heat conductance of the PV-based fin sheet can be tackled 

as a typical one-dimensional unsteady-state heat transfer on an infinite flat 

plate. The fin sheet can be divided into various small segments depending on 

the specific sheet size and differential step space, shown in Fig. 4-22. The 

temperature profile is thereby assumed to be symmetrical with respect to the 

LHP evaporator location and its heat balance equations are expressed as [4.11] 
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where, ρf, cf and δf are respectively the average density (kg/m
3
), specific heat 

capacity (J/kg-K) and thickness (m) of fin sheet; Tf  and Thp,w are the average 

temperatures (K) of fin sheet and heat-pipe wall surface; Tp,11 and Tf,11 are the 

temperatures (K) of PV layer and fin sheet at the 11 node; kf is the thermal 

conductivity of fin sheet (W/m-K); x is the lengh along the fin width direction 

(m); Rf-a and Rf-hp are the overall thermal resistances (K/W) from fin sheet to 

ambient air and from fin sheet to heat pipe; ha is the convective coefficient of 

surrounding air (W/m
2
-K); Afc, Afs and Afe are respectively the central fin area 

(m
2
), insulation areas around fin sheet (m

2
) and the edge area of fin sheet (m

2
). 

The initial temperature and boundary conditions are described as 
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Fig. 4-22: Grid meshing for the fin sheet along the width 

The thermal resistances of the insulation bodies separating the fins from the air 

and beneath the fins are, respectively, written as  

fs
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fs fs
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
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                                                                                               [4-108] 

f
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R
k A


 

                                                                                              [4-109] 

where, kfs and δfs are the thermal conductivity (W/m-K) and thickness (m) of 

the insulation around fin sheet respectively. 

(4) Heat Balance of the LHP 

The time-dependent heat transfer variation within the loop heat pipe is [4.11] 
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where, ρhp, chp and δhp are respectively the average density (kg/m
3
), specific 

heat capacity (J/kg-K) and thickness (m) of LHP evaporation section; Tr,m is 

the mean temperature (K) of refrigerant; Rhp-a is the thermal resistance between 

the heat pipe transportation line and the ambient air (K/W), given by  

 , ,ln / 1

2

hp o hp in

hp a

hp hp a hp

D D
R

L k h A
                                                                   [4-111] 

Thermal resistance between the LHP evaporation section and the heat-pump 

refrigerant, Rhp-r (K/W), is considered as the overall value that occurring in 

different components, including heat pipe wall (Rhp,w), wick structure (Rwi), 

liquid film (Rlf), heat exchanger (Rhx) and refrigerant flow (Rr). Other 

resistances, such as those of the liquid-vapour interface at the wick structure 

and the vapour flow in the vapour line, can be ignored due to their much 

smaller values calculated in the previous section. The relative expressions of 

the thermal resistances can be derived from equations [4-77] to [4-88]. 

,hp r hp w wi lf hx rR R R R R R     
                                                               [4-112] 

(5) Heat Balances of the Heat Pump and Water Tank 

The solar heat delivered to the heat pump operation is theoretically given by 

 
   ,

, , ,/ /
r r e

hp w r m hp r hp w a hp a

M H
T T R T T R

t
 


   

                                 [4-113] 

where, Mr is the mass of refrigerant (kg); Hr,e is the enthalpy of refrigerant in 

the evaporation section (J/kg); 
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With consideration of the additional compressor work input, the condensation 

heat expelled from the heat pump is defined as [4.12, 4.14] 

 
 

,
/

r r cw
w w w a w a

M HT
M c T T R

t t



  

                                                   [4-114] 

where, Mw and cw are the mass (kg) and special heat capacity (J/kg-K) of water; 

Hr,c is the enthalpy of refrigerant in the condensation section (J/kg); Tw is the 

mean temperature of water in the tank (K); Rw-a is the equivalent thermal 

resistance between the water and the ambient air (K/W). This amount of heat is 

fully transported into the tank water. 

 , ,ln / 1

2

ws o ws in

w a

ws ws a ws

D D
R

L k h A
  

                                                                 [4-115] 

where, Dws,o, Dws,in, Lws, kws and Aws are respectively the outer/inner diameters 

(m), length (m), thermal conductivity (W/m-K) and surface area (m
2
) of water-

tank insulation. 

Once the evaporation and the condensation temperatures are set constantly, the 

mass flow rate is considered as the primary parameter that determines the 

thermodynamic process in the heat pump, which can be congruously treated as 

a special variable in despite of using of the fixed or variable speed compressor: 

(1) the fixed speed compressor varies the mass flow rate by simply switching 

on or off during a certain operational period; (2) the variable speed compressor 

adjusts its motor speed automatically to affect the mass flow rate transiently.  

(6) Grouped differential equations set-up 

To resolve the above equations using a numerical method, the differential 

equations can be rewritten in the formats of the MATLAB’s “ode15s” and 

“pdepe” solvers using an implicit backward difference formula and the finite 

element methods (FEM) and [4.15]. The MATLAB “pdepe” solver is normally 

applied for the initial-boundary value problems to solve the parabolic and 
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elliptic partial differential equation (PDE) systems in one space variable “x” 

and time “t”. This solver converts the PDE into ordinary differential equation 

(ODE) using a second-order accurate spatial discretization based on a set of 

nodes, which is recognised as a classical FEM method. The time integration is 

completed with the “ode15s” solver, which is a variable order solver to resolve 

the algebraic equations according to the backward differentiation formulas. 

To use the “ode15s” solver, the grouped ODEs is needed to be rewritten in 

below format [4.15] 
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To use the “pdepe” solver, the PDE function, initial and boundary conditions 

should satisfy the forms below [4.15] 

[4-116] 
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In this case, the dedicated PDE can be rewritten as follows 
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The time step size, Δt, and the space step size, Δx, are, respectively, given at    

1 min and 22 mm. The time step size Δt is chosen at 1/5 of the time interval 

between two measurements in the following experiment, because a smaller 

time step would consume much more time to calculate and would not affect the 

results very much, while a larger time step would lead to an unstable 

calculation process. The space step size is chosen at 1/23 of the fin width by 

dividing the fin into 23 segments along its width, because a smaller space step 

[4-118] 
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would have a limited impact on the simulation results and a larger space step 

would lead to an unstable calculation process. As the temperature profile of the 

fin sheet is assumed to be symmetrical at two sides of the LHP evaporator in 

the centre, there are then only considered to be 11 elements from the left-hand 

edge to the fin centre along the fin width, as shown in Fig. 4-22. 

(7) Module Efficiencies and System Performance Indicators 

The overall performance of a hybrid PV/T system can usually be assessed from 

aspects of the engineering, economic and environmental implications. In this 

chapter, an overall evaluation method, as indicated in Fig. 4-23, based upon the 

thermodynamics, was developed and applied for the technical analysis of the 

prototype and its associated system. Further research in the next chapter will 

continue to address the economic/market and environmental impacts. 

 

Fig. 4-23: Technical assessment set-up for the PV/LHP module and its associated system 

I. Assessment Approach for the Module Efficiencies 

i. First-law Thermodynamics Efficiency - Energetic Efficiency 

The overall energetic efficiency is the ratio of the generated electricity and heat 

to the incident solar radiation striking the module. It is yielded from the first 
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law of thermodynamics and indicates the percentage of the energy converted 

from solar radiation. The descriptions of the energetic efficiencies are  
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o e th   
                                                                                              [4-121] 

ii. Second-law Thermodynamics Efficiency - Exergetic Efficiency 

As the electricity and heat generated by a PV/T module are essentially not of 

the same energy grade (quality), the first-law method may be inadequate for 

justifying the performance of PV/T systems. However, second-law-based 

exergetic efficiency takes into account the difference in energy grades between 

heat and electricity, and involves a conversion of low-grade thermal energy 

into equivalent high-grade electrical energy using the theory of Carnot cycle. 

The exergetic efficiency in a solar system is defined as the ratio of total exergy 

(electricity and heat) output to the total exergy of solar radiation input.  

For a conventional PV/T module, exergetic efficiency is defined as the ratio of 

the module-converted exergetic energy, including electricity (Exe) and heat 

(Exth), to the total exergetic energy associated with solar radiation (Exsun). For 

the proposed PV/LHP module, the overall exergetic efficiency (ζo) is the sum 

of the electrical exergetic efficiency (ζe) and the thermal exergetic efficiency 

(ζth), which is obtained using following equations [4.16] 
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II. Assessment Approach for System Performance 

The basic thermal performance coefficient (COPth) of a heat pump system is 

defined as the ratio of the heating or cooling generated over the electrical 

energy consumed. The COPth provides a measure of the performance of a heat 

pump that is analogous to the thermal efficiency of power cycles, evaluated by 
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The advanced overall system coefficient of thermal and electrical performance 

(COPPV/T) is similarly defined as 
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In the meantime, if part or all of the PV electricity is applied to drive the heat 

pump compressor, the system net electricity output could be calculated. Thus, 

the ratio of system net electricity generation is defined as the ratio of the net 

electricity output to the total absorbed solar energy 
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In some potential cases, the system is operated in a climate of weak solar 

radiation but a warm air temperature. Where PV electrical generation is 

insufficient to drive the compressor, the ratio of the system net electricity 

output would become negative, which means there is an additional desire to 

input electricity into the system. 

4.4.3 Method and Algorithm for the Dynamic Model Development and 

Operation 

An initial temperature distribution (t = 0) from the module cover to the water in 

the tank is desired before starting the iteration. The corresponding initial and 

boundary conditions, i.e., solar radiation, air temperature, wind speed and 

water temperature, were obtained from the experimental records. The 

algorithm is presented in a flow diagram in Fig. 4-24, which is also interpreted 

as follows: 

(i) Assign the basic system design and operating parameters into code. 

(ii) Input the external boundary conditions from the testing records. 

(iii) Assume the initial parameters’ values, Tc
0
, Tp

0
, Tf

0
, Thp,w

0
, Tr,m

0
, Tw

0
, mr

0
. 

(iv) Set up the time step size, Δt, and space step size, Δx, and start the 

calculation. 

(v) Establish the ODE system by carrying out heat analysis on each 

module/system component and rewriting them in the required format of the 

“ode15s” solver. For a single time point of t, the system energy balance can 

be determined by the integration of the following equations: 
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(a) Analyse the heat balance on the glazing cover using equation [4-97], 

during which the cover surface temperature Tc
t+Δt 

and PV lamination 

temperature Tp
t+Δt

 are treated as variables. 

(b) Analyse the heat balance in PV lamination equations [4-98] to [4-104], 

during which the cover surface temperature Tc
t+Δt

, PV lamination 

temperature Tp
t+Δt

,
 
and fin sheet temperature Tf

 t+Δt 
are treated as variables. 

(c) Analyse the heat balance on the central fin sheet (node i = 11) using 

equations [4-105] to [4-109], during which the PV temperature Tp
t+Δt

, fin 

central temperature Tf,11
t+Δt

, and LHP wall temperature Thp,w
 t+Δt 

are treated 

as variables. 

(d) Analyse the heat balance of the LHP using equations [4-110] to [4-112], 

during which the fin central temperature (node i = 11) Tf,11
t+Δt 

and heat 

pipe external wall temperature Thp,w
 t+Δt 

are treated as variables. 

(e) Analyse the heat balance of the heat pump evaporator using equation 

[4-113], during which the heat pipe external wall temperature Thp,w
 t+Δt 

and 

mass flow rate mr
 t+Δt

 are treated as variables. 

(f) Analyse the heat balance of the heat pump condenser and water tank 

using equations [4-114] and [4-115], during which the mass flow rate mr
 

t+Δt 
and water temperature Tw

 t+Δt
 are treated as variables. 

(g)  Group the ODEs in the “ode15s” solver as equation [4-116] and solve 

them as a column vector (Y). 

(h)  Calculate the ODE results accuracy using the iteration number (n): 

 If ||y
(n)

- y
(n-1)

|| > ε (error allowance: 0.1%), then the convergence 

criteria cannot be achieved and return to step (iv) to decrease the 

time step by 1 s and the space step by 1 mm for recalculation. 

 If ||y
 (n)

- y
 (n-1)

||≦ ε, then the iteration steps (mesh size) are small 

enough to achieve the convergence criteria. 

(vi) Rewrite the PDE of the fin sheet in the required format of the “pdepe” 

solver using equations [4-117] and [4-118]. 

(vii) Input the boundary condition of the fin sheet (central temperature: 

Tf,11
t+Δt

) into the PDE and analyse the transient heat conductance on the fin 

sheet. 

(viii) Calculate the PDE results accuracy using the iteration number (n): 
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 If ||Tf
(n)

- Tf
 (n-1)

|| > ε, then the convergence criteria cannot be achieved 

and return to step (iv) to decrease the time step by 1 s and the space 

step by 1 mm for recalculation. 

 If ||Tf
 (n)

- Tf
 (n-1)

||≦ ε, then the iteration steps (mesh size) are small 

enough to achieve the convergence criteria. 

(ix) Carry out the performance calculation using equations [4-119] to [4-128], 

ηe, ηth, ηo, ξo, COPth COPPV/T and ηe,n. 

(x) Complete the operation of the program until time end and export the 

results. 

(xi) Program stops. 

 

Fig. 4-24: Flow chart for the calculation of the dynamic system performance 
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4.4.4 Validation of the System Dynamic Model by the Published Data 

The dynamic model for the whole system was validated for its suitability and 

accuracy by comparing the modelling results with the published experimental 

data of the PV-SAHP/HP system mentioned previously in Fig. 4-19 and Table 

4-3 [4.13].  The real-time system performance on 8
th

 November 2010 in the 

heat pipe operating mode was adopted to validate the dynamic model. The 

correlation coefficient (r) and the root mean square percentage deviation (e) 

defined in equations [4-53] and [4-54] were applied to analyse the difference 

between the theoretical and published experimental results.  

Fig. 4-25 presents the transient simulation results of the module outputs against 

operating time by inputting the design, operation and weather conditions of the 

referenced PV-SAHP/HP experimental rig. The correlation coefficients (r) and 

the root mean square percentage deviation (e) for the modelling and testing of 

the module electrical/thermal outputs were 0.9938/0.9973 and 4.95%/12.87%, 

respectively. The reason for errors may exist in the utilisation of simplified 

assumptions/ empirical formulas, and an inaccurate estimation of the heat loss 

coefficient due to a lack of wind data. However, the accuracy achieved by this 

dynamic simulation model was acceptable from the engineering point of view, 

and could, therefore, be applied to evaluate the system performance in real 

climates and for recommending appropriate regions for operation. In addition, 

the accuracy of this dynamic model will be further verified using the dedicated 

experiments outlined in Chapter 6. 

4.4.5 Model Operation and Results Discussion of the System Dynamic 

Performance 

Through the established dynamic model, evaluation of the PV/LHP heat pump 

system could, therefore, be conducted in real climate conditions. A detailed 

discussion will be presented in Chapter 6 for a straightforward parallel 

comparison between the modelling and test results of the fabricated prototype 

system, thus leading to verification or modification of the dynamic model for 

further system performance prediction. 
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Fig. 4-25: Comparison of the dynamic simulation results with the published testing data 

4.5 Chapter Summary  

This chapter investigated the theory behind the LHP and the PV/LHP heat 

pump system. Three computer simulation models were built for the LHP heat 

transfer capacity and for the system steady-state/dynamic performance. These 

simulation models were preliminarily validated by the published test results 

with a reasonable accuracy in predicting LHP/system performance.  

In the LHP analytical model, six operational limits were considered, including 

viscous, sonic, entrainment, capillary, boiling and liquid filling mass. The 
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impact of several of the operational and geometric parameters of the LHP on 

its heat transfer limits was investigated. It was found that such an LHP with a 

dedicated vapour-liquid separation structure could achieve a maximum heat 

transport capacity of about 900 W at a specified operational condition. To 

maintain a high heat transfer coefficient for the LHP for the entire system, the 

simulation results recommend: (1) maintaining an appropriate operational 

temperature of lower than 30 
o
C after counterbalancing the LHP performance 

and the required PV temperature; (2) adopting a compound mesh-screen wick 

structure rather than sintered powder and groove; (3) increasing the evaporator 

diameter appropriately, e.g., to 22 mm; (4) decreasing the evaporator length 

appropriately, e.g., to 1.2 m; (5) increasing the evaporator inclination angle to 

30-60
o
 after counterbalancing the LHP performance and the absorption of solar 

radiation; (6) increasing the vapour column diameter in the three-way fitting 

from 10 mm; (7) filling a proper liquid volume to more than 0.01 litre; and (8) 

raising the heat pipe condenser at least 0.3 m above its evaporator. With the 

above recommendations, the LHP device could meet the heat-removal demand, 

especially in Shanghai where the experiment will be conducted. 

Through the established steady-state model, parametric studies of the PV/LHP 

heat pump system could, therefore, be conducted under a series of laboratory-

controlled conditions, including the impacts of solar radiation, air temperature, 

air velocity, heat pump evaporation temperature, glazing cover, and the number 

of heat-absorbing pipes. More detailed discussion will be expanded in the next 

chapter for a straightforward parallel comparison between the modelling and 

test results of the fabricated prototype system, thus leading to verification or 

modification of the steady-state model for system performance characterisation. 

Through the established dynamic model, evaluation of the PV/LHP heat pump 

system could, therefore, be conducted in real climate conditions. A detailed 

discussion will be provided in Chapter 6 for a straightforward parallel 

comparison between the modelling and test results of the fabricated prototype 

system, thus leading to verification or modification of the dynamic model for 

further system performance prediction.  
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CHAPTER 5: PROTOTYPE FABRICATION, LABORATORY SCALE 

MEASUREMENT AND STEADY-STATE MODEL VALIDATION 

5.1 Chapter Introduction 

This chapter introduces the specific process for the fabrication and laboratory 

experiment of the PV/LHP heat pump prototype system. The major works 

completed in this chapter are presented as follows: 

(1) The fabrication methods for the primary system components, such as the 

LHP, and the integrated PV/LHP module are described in detail. 

(2) Based on the previous simulation results and the established experimental 

prototype, a group of laboratory-controlled experiments were conducted to 

enable characterisation of the electrical and thermal performance of the 

prototype system. 

(3) A number of impacting factors, including the Al-alloy-based PV layer, 

solar radiation, air temperature, air velocity, heat pump evaporation 

temperature, glazing cover and the number of LHPs, were investigated in 

terms of their correlation with the system’s solar efficiency and COP.  

(4) An equivalent comparison between the modelling and the experimental 

results under the selected experimental conditions was conducted, thus 

enabling validation of the steady-state simulation model.  

The established experimental rig was further tested under the real climatic 

conditions outlined in the next chapter. The verified steady-state model could 

be applied to later optimisation of integrated PV/LHP heat pump systems in 

practice.  

5.2 Fabrication of the Prototype System 

The prototype system was fabricated at the Shanghai Pacific Energy Centre in 

China. The fabrication process and method for the prototype PV/LHP heat 
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pump system were detailed with four major aspects, such as the Al-alloy-based 

PV layer, the LHP, the PV/LHP module and the assembly of the integrated 

system. 

5.2.1 Aluminium-alloy-based PV Layer 

An anodic-oxide filming method was applied to coat 20 μm black film on a    

0.5 mm thick Al-alloy sheet (5052), which not only serves as an electrical 

insulation device, but also protects the baseboard from corrosion during its life-

cycle operation. Fig. 3-2 (b) and Fig. 5-1 show the configuration and fabrication 

of the Al-alloy-based PV layer, which consists of clean tempered glass on the 

top, a group of PV cells in the middle, a treated Al-alloy sheet at the back, and 

two layers of EVA sealant for use in connecting the three components. In 

addition, pieces of the polyester films were placed under the electrodes for the 

purpose of preventing a potential short circuit. Whilst all these layers were 

positioned in sequence, they were placed into a laminator for integration under a 

140 
o
C operational condition. The laminated PV layer was then cooled by the 

quenching method, which is a rapid cooling process using air. The reason for 

such a special cooling technique is that the Al-alloy sheet has a much higher 

thermal expansion coefficient than any other component within the PV layer, 

and may be bent into an arc (instead of a flat plate) if this process took place 

under free cooling conditions. Table 5-1 presents the characteristic parameters 

of a PV panel under standard testing conditions (1000 W/m
2
 of solar radiation, 

25 °C of cell temperature, AM 1.5 solar spectrum). 

 

Fig. 5-1: Fabrication process of the Al-alloy-based PV layer  
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Table 5-1: Photovoltaic characteristics under standard testing conditions 

At short-circuit current ISC = 5.54 A, VSC = 0 V 

At open-circuit voltage IOC = 0 A, VOC = 22.32 V 

At the maximum power point Imp = 4.89 A, Vmp = 18.23 V (Pmp = 89.1 W, ηo = 16.8%) 

5.2.2 Loop Heat Pipe 

The LHP fabrication method is shown in Fig. 5-2. A refined three-way copper 

fitting was internally welded with a piece of ‘ ’-type copper tube (smaller 

diameter), using the oxygen-acetylene welding approach. It was then welded 

together with the other LHP components, i.e., the LHP evaporator, vapour/ 

liquid lines, and the flat-plate heat exchanger, thus enabling the creation of a 

closed loop with separate fluid flow channels. Compound copper meshes (160 x 

60) were fitted into the heat pipes (evaporation section) to act as the mesh-

screen wick structure. The entire loop was filled with 75 ml of water/glycol 

mixture (95%/5%), which, as a working fluid, is capable of preventing the 

potential freezing problem. The essential vacuum within the LHP was achieved 

through the boiling method. The air exhaust nozzle was positioned at the end 

furthest away from the boiling point, i.e., the end of the liquid line, which 

enabled the discharge of non-condensed gas. 

 

Fig. 5-2: Fabrication/connection process of the LHP vapour-liquid separation structure 
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5.2.3 Integration of the PV/LHP Module 

Fabrication of the PV/LHP module is presented in Fig. 5-3. The LHP evaporator 

was placed into an aluminum Ω-type fin sheet and attached to the rear surface 

of the PV layer using thermal-conductive silicon sealants. All the components, 

including the single tempered glazing, PV layer, LHP evaporator, fin sheet and 

a polystyrene board for thermal insulation, were integrated together into an AL-

alloy casing via clamping and argon-arc welding approaches. The PV/LHP 

module was fixed to a 30
o
 tilted frame, where the tilt angle was intended to be 

in accordance with the latitude of the location of the experiment. The overall 

fabrication process of the PV/LHP module was involved early, at the PV 

lamination film stage, which is summarised in Fig. 5-4. A PV/LHP module has 

as many manufacturing processes as a typical PV panel, the only changes being 

the inclusion of a treated Al-alloy baseboard and a number of additional thermal 

elements. A group of solar cells were wired together and positioned between the 

clean tempered glass and the coated Al-alloy sheet with two layers of EVA 

sealant for lamination. The critical thermal components, such as the fin sheet, 

LHP, insulation and top glazing cover, were then integrated with the PV part to 

form a hybrid module. 

 

Fig. 5-3: Fabrication process of the PV/LHP module  
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Fig. 5-4: Flow chart indicating the fabrication process of the PV/LHP module 

5.2.4 System Assembly and Connection 

The system employed a 735 W-rated heat pump charged with 300 g of R134a 

refrigerant. The evaporation and condensation temperatures were set at 10 
o
C 

and 55 
o
C, respectively. A 35-litre water tank with built-in copper heat 

exchanging coils was connected to the heat pump, acting as its condenser and 

hot water storage. The system electrical parts included a 12 V (10 A) controller, 

an 800 W DC/AC inverter, a 100 AH (12 V) battery, and some connection 

wires. Several insulation materials, including the polyurethane foam for piping 

and a polystyrene board for the exchangers, were also utilised to minimise the 

heat loss from the system components. The whole of the piping in the PV/LHP 

module, heat pump and water tank was finally connected using the oxygen-

acetylene welding technique. Table 5-2 displays the model/capacity of the other 

primary system components, which are commercially available products and 

can be directly purchased and assembled into the prototype system.  
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Table 5-2: Model/capacity of the primary system components 

Component Name Data and dimensions Value  

Flat-plate heat exchanger – 

Model: BL14-20

 

Cooling capacity range CC [kW] 1-4 

Operating pressure [bar] vacuum -45 

Min/max design temp [°C] -160/225 

Maximum mass flow rate [m
3
/h] 5 

Dimension, A/B/C/D/F [mm] 76/206/42/172/55 

Plate pack length [mm] 2.3 

Plate number 20 

Heat pump compressor – 

Model: CAJ4511Y 

 

Nominal capacity [W] 735 

Primary refrigerant R134a 

Displacement [cm
3
] 32.7 

Oil charge quantity [cm
3
] 887 

Voltage 50 Hz nominal [V] 220-240 

Electrical expansion valve – 

Model: TN2 

 

Ambient temperature -50 to 50 °C 

Inlet size [in] 3/8’’ 

Outlet size [in] 1/2’’ 

Max. working pressure [bar] 52 

MOPD [bar] 18 

Solar controller – Model: 

HBSC10I 

 

Rated voltage 12/24 V 

Rated current 10 A 

Over voltage protection 30 V 

Full charge cut 27.2 V 

Low voltage cut 21-22 V 

Inverter – Model: 12V/800W 

 

Rated power [W] 800 

DC input voltage 10-15 

Convert efficiency ≥ 95% 

Output AC voltage [V] 220 

Battery – Model: 12V/100AH 

 

Operating voltage [V] 12 

Charging capacity [AH] 100 
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5.3 Experimental Set-up under Laboratory Conditions 

5.3.1 Experimental Instrumentation 

Apart from the system fabrication, the measurement instruments were also 

selected and installed in the appropriate positions in the system to enable 

laboratory-based measurement. The four major parameters to be measured 

were temperature, power, solar irradiation and air velocity. The thermal 

detectors were placed, respectively, at the baseboard of the PV lamination, the 

fin sheet, the heat-absorbing pipe, the end of the fluid transporting lines, the 

refrigerant inlet and the outlet of the heat exchanger and the water tank. A 

sensor was also accommodated to record the surrounding air temperature. The 

electrical output of the PV cells was monitored by a power sensor. A solar 

photometer and anemoscope were used to record the instant solar irritation and 

surrounding air velocity. All the measurement sensors were linked to a DT500 

data logger and a computer for data recording. Table 5-3 displays the 

measurement instruments and their functions during the test process, while Fig. 

5-5 provides a schematic illustration of the experimental rig. 

Table 5-3: List of the experimental testing and monitoring devices 

Device Specification Quantity Location/application 

Solar simulator Tungsten halogen lamps (300 W)   8 Above PV/LHP module 

Pyranometer TQB-2 (Jinzhou Sunlight, China)   1 Module bracket 

Anemometer EC-8SX (Jinzhou Sunlight, China)   1 Near PV/LHP module 

Power sensor WB1919B35-S and WBP112S91 

(Weibo, China) 

  2 PV module output (DC), 

compressor input (AC) 

Flow meter R025S116N (MicroMotion, USA)   1 Compressor outlet 

Resistance 

temperature 

detector (RTD) 

PT100 RTD probes (China) 10 PV module baseboard, 

LHP, heat exchanger 

inlet/outlet, water tank 

Thermometer Testo 605-H1 (Germany) 1 Room temperature 

Data logger DT500 (DataTaker, Australia) 1 Record data  
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Fig. 5-5: Experiment rig of the PV/LHP heat pump solar water heating system 

The temperature of the PV cells (Tpv) was simply considered equivalent to the 

inner surface of the baseboard and was calculated using the following equation: 

 ,

,

cv a

PV b a b

cd b

h
T T T T

h
                                                                               [4-129] 

where, hcd,b is the conductive coefficient of the PV baseboard (2.88×10
5 

W/m
2
-

K), Tb is the weighted mean temperature of the PV baseboard; hcv,a is the 

convective coefficient of the air, given by equation [4-63]. 

5.3.2 Experimental Procedure 

 Experiment for the Characterisation of the PV Baseboard 

The laboratory testing focused on the impact of the PV baseboard, as shown in 

Fig. 5-6. Both the Al-alloy- and TPT-based PV layers were fixed onto a frame 

with a detached wooden layer under their rear space. This was to simulate the 

different mounting solutions of the PV layers in practice, i.e., an on-roof or 

ground-mounted type. Parallel experiments for these two PV layers were 

conducted under a series of controlled indoor conditions: 200-600 W/m
2
 of 

solar radiation, 10-25 
o
C of air temperature, and 0.5-5 m/s of air flow. Each test 
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was run for a sufficient number of hours to achieve a steady-state status and the 

acquired data were recorded at 1-minute intervals. 

 

Fig. 5-6: Laboratory testing rigs of the aluminium-alloy- and TPT-based PV layer 

 Experiment for the Characterisation of the Integrated PV/LHP Heat 

Pump System 

To enable characterisation of the PV/LHP heat pump system, a series of 

experiment sets, as shown in Table 5-4, were conducted over the period from 

8
th

 November to 9
th

 December 2011 under controlled laboratory conditions. All 

the sensors/instruments were placed in the positions shown in Table 5-3. Each 

of the tests started at 9:00 am and ran for a sufficient number of hours to obtain 

the steady-state data. During the tests, the acquired data were recorded at      

10-second intervals. The on-site image of the indoor testing is presented in    

Fig. 5-7. 

Table 5-4: List of laboratory experimental testing modes 

Test 

mode 

I  

(W/m
2
) 

Ta  

(
o
C) 

Va  

(m/s) 

Te,hp  

(
o
C) 

NC Nhp 

(1) 200 ± 20, 

300 ± 20, 

400 ± 20, 

500 ± 20 

600 ± 20 

20 ± 2 1 ± 0.2 10 1 1 

(2) 600 ± 20 10 ± 2, 

15 ± 2,  

20 ± 2,  

25 ± 2,  

1 ± 0.2 10 1 1 
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Test 

mode 

I  

(W/m
2
) 

Ta  

(
o
C) 

Va  

(m/s) 

Te,hp  

(
o
C) 

NC Nhp 

(3) 600 ± 20 20 ± 2 1 ± 0.2, 3 ± 0.2 

5 ± 0.2, 7 ± 0.2 

10 1 1 

(4) 600 ± 20 20 ± 2 1 ± 0.2 5, 10, 15, 20 1 1 

(5) 600 ± 20 20 ± 2 1 ± 0.2 10 0, 1, 2 1 

(6) 600 ± 20 20 ± 2 1 ± 0.2 10 1 0, 1, 2 

 

Fig. 5-7: Laboratory-based testing rig for the characterisation of the whole system 

5.4 Results and Discussion  

5.4.1 Characterisation of the PV Layer with Different Baseboards using 

the Experimental Results 

(1) Impact of Operating Time  

In the test mode of solar radiation at 600 W/m
2
, air temperature at 20 

o
C, air 

velocity at 0.5 m/s, and an on-roof mounting solution, variations in the 
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performance of the two PV layers versus operating time were conducted, as 

shown in Fig. 5-8. It was found that the Al-alloy-based PV layer achieved a 

steady state more quickly than the TPT-based PV layer, showing an instant 

adaptive ability to a dynamic environment during practical operation. The 

temperature of the Al-alloy-based PV cells was observed at about 62.4 
o
C, 

which was 5.2 
o
C lower than that of the TPT-based PV cells, and its 

corresponding PV efficiency was about 9.18%, nearly 0.26% higher than the 

TPT-based type. This is because aluminium alloy has a much higher thermal 

conductivity than TPT and the accumulated solar heat is, therefore, dissipated 

more easily to the surroundings, resulting in lower PV temperature and higher 

PV efficiency. Although the increase in PV efficiency was limited, it was 

nonetheless meaningful for a PV system that has a relatively low operating 

efficiency (only around 10% [5.1]) in practice.  

 

Fig. 5-8: Impact of operating time on PV layer with different baseboards 



CHAPTER 5 [FABRICATION & CHARACTERISATION]             157/233 

 

 

(2) Impact of Solar Radiation  

Varying the solar radiation from 200 W/m
2
 to 600 W/m

2
 while keeping the 

other external variables constant, i.e., air temperature at 20 
o
C, air velocity at 

0.5 m/s, and an on-roof mounting solution, the parallel characterisation of the 

PV layers with two different baseboards was conducted and the results 

displayed in Fig. 5-9.  

 

Fig. 5-9: Impact of solar radiation on PV layer with different baseboards 

It was found that increasing the solar radiation led to a significant increase in 

the temperatures of both types of PV layer and their rising gradients were 

greater with the increase in solar radiation. The temperatures at the Al-alloy-

based PV cells changed from 31.7 
o
C to 62.4 

o
C, while the temperatures at the 

TPT-based PV cells varied from 33.4 
o
C to 67.6 

o
C, resulting in a temperature 
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difference of 1.7 
o
C to 5.2 

o
C between these two PV types. It was seen that the 

higher the solar radiation, the larger the temperature difference between these 

two PV types. Such temperature variation determines an opposite changing 

trend in PV efficiency. The Al-alloy-based PV efficiency was in the range of 

10.71% to 9.18% due to different levels of solar radiation, causing a higher PV 

efficiency than the TPT-based type from 0.08% to 0.26% accordingly.
 
This is 

because higher solar radiation brings more instant heat to the PV layer, 

resulting in an increase in its temperature and a decrease in efficiency. Such 

differences in the temperature and the PV efficiency between the two 

baseboards were mainly owing to their different thermal attributes. 

(3) Impact of Air Temperature  

Varying the air temperature from 10
 o

C to 25 
o
C while the other external 

variables remained constant, i.e., solar radiation at 600 W/m
2
, air velocity at 

0.5 m/s, and an on-roof mounting solution, the parallel characterisation of these 

two PV layers was carried out and the test results illustrated in Fig. 5-10. It was 

found that the higher air temperature accumulated more heat for dissipation, 

causing the higher temperature and lower efficiency of both PV types. The 

temperature of the Al-alloy-based PV cells rose from 53.2 
o
C to 67.8 

o
C as the 

surrounding air temperature increased, and was about 3.6 
o
C to 6.8 

o
C lower 

than that of the TPT-based PV cells. The corresponding PV efficiency was 

about 9.64% to 8.92% for the Al-alloy-based PV layer, which was 0.34% 

higher than the TPT-based type. The differences in temperature and efficiency 

between the two PV types became greater with an increase in air temperature. 

This is because a higher air temperature weakens the overall amount of heat 

transfer from the PV layer to the surroundings, leading to a rise in temperature 

and a reduction in efficiency. 
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Fig. 5-10: Impact of air temperature on PV layer with different baseboards 

(4) Impact of Air Velocity 

Varying the air velocity from 0.5 m/s to 5 m/s and holding the other external 

variables constant, i.e., solar radiation at 600 W/m
2
, air temperature at 20 

o
C, 

and an on-roof mounting solution, a parallel comparison of these two PV layers 

was carried out. The test results are given in Fig. 5-11. It was found that 

increasing the air velocity led to a slight decrease in the temperature of the PV 

cells and a limited increase in PV efficiency. The temperature of the Al-alloy-

based PV cells varied from 62.4 
o
C to 55.9 

o
C, which was about 5.2 

o
C to      

7.4 
o
C lower than that of the TPT-based PV cells. The corresponding PV 

efficiency was about 9.18% to 9.51% for the Al-alloy-based PV layer, which 

was about 0.26% to 0.37% higher than the TPT-based type. The differences in 

temperature and efficiency between these two PV types increased with the air 
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velocity. This is because a higher air velocity increases the convective heat 

transfer coefficient from the PV to the surroundings, resulting in a decrease in 

temperature and an increase in efficiency. However, the impact of air velocity 

on the eventual heat transfer coefficient was limited, as it is determined not 

only by the convection of the air, but also by the conductivity of the PV 

baseboard. The simulated on-roof mounting mode may be another reason for 

the limited impact of air velocity, as it only allowed a small amount of free air 

to pass through the rear surface of the PV layer. 

 

Fig. 5-11: Impact of air velocity on PV layer with different baseboards 

(5) Impact of Mounting Solution 

The impact of different mounting solutions, i.e., on-roof and ground, on the PV 

layers was also investigated by placing or removing the wooden layer under the 
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rear surface of the PV layer, and the results are shown in Fig. 5-12. The other 

external parameters remained constant, i.e., solar radiation at 600 W/m
2
, air 

temperature at 20 
o
C, and air velocity at 0.5 m/s. It was clear that the ground-

mounted PV layers achieved lower PV temperatures and higher electrical 

performance than the on-roof mounted types. The temperature of the Al-alloy-

based PV cells decreased from 62.4 
o
C to 48.7 

o
C, whilst changing the 

mounting method from on-roof to the ground led to an increase in efficiency 

from 9.18% to 9.86%. The TPT-based PV layer only increased efficiency from 

8.93% to 9.44% due to a lower temperature decrease from 67.6 
o
C to 57.2 

o
C. 

The reason is that the ground-mounting solution allows more air to pass 

through the PV rear surface, which enhances the convective heat transfer 

coefficient and assists heat dissipation from the PV layer to the surroundings. 

The ground-mounting solution also seemed more beneficial than the Al-alloy-

based PV type as aluminium alloy has much greater thermal conductivity than 

TPT, which led to a higher overall heat transfer coefficient for the PV layer. 

 

Fig. 5-12: Impact of mounting solution on PV layer with different baseboards 
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5.4.2 Characterisation of the Prototype PV/LHP Heat Pump System and 

the Steady-state Model Validation 

Through both the established computer model and the testing rig, parametric 

studies of the PV/LHP heat pump system were conducted under the preset 

operational conditions. This allowed a parallel comparison of the modelling 

and test results of the prototype system, thus leading to verification or 

modification of the model accuracy in performance prediction. Further, the 

impacts of the operational parameters (e.g., solar radiation, air temperature/ 

velocity, heat pump evaporation temperature, glazing cover, number of heat-

absorbing pipes and PV module baseboard) on system performance (e.g., the 

efficiencies of the PV/LHP module and system COPPV/T) were investigated 

individually.  

(1) Impact of Solar Radiation  

By varying the solar radiation from 200 W/m
2
 to 600 W/m

2
 while the other 

parameters remained constant, i.e., air temperature at 20 
o
C, air velocity at        

1 m/s, heat pump evaporating temperature at 10 
o
C, single-glazing cover and 

fixed single heat-absorbing pipe for mode (1) operation, a simulation was 

carried out using the established computer program. The modelling results 

were then compared with the test results obtained under the same operational 

conditions, which yielded the comparison diagram displayed as Fig. 5-13. 

Good agreement between the modelling and experimental results was observed 

with a correlation coefficient and root mean square percentage deviation of 

0.984 and 2.04% for electrical efficiency, and 0.982 and 4.43% for thermal 

efficiency. It was found that increasing the solar radiation led to a significant 

increase in the temperature of the PV absorber (from 31 
o
C to 41.8 

o
C) and in 

the module’s thermal efficiency (from 32.4% to 39.6%), and slight decreases in 

the module’s electrical efficiency (from 10.8% to 10.1%) and in the system’s 

advanced performance coefficient (from 9.6 to 8.7). The phenomena could be 

explained as follows: a higher solar radiation yielded an enhanced solar heat 

transfer, which helped improve the solar heat gain and the module’s thermal 

efficiency. Meanwhile, the heat gain accumulated in the PV modules owing to 

the established thermal resistance of the LHP cycle; this led to an increase in 
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the PV cells’ temperature and a decrease in the module’s solar electrical 

efficiency. To remove this amount of heat, the heat pump operated at a high 

electrical power condition, thus leading to a reduced advanced performance 

coefficient in the system.   

 

Fig. 5-13: Impact of solar radiation on the PV/LHP heat pump system 

(2) Impact of Air Temperature 

By varying the surrounding air temperature from 10
 o
C to 25 

o
C while the other 

parameters remained constant for mode (2) operation, a simulation was carried 

out using the established computer program. The results of the simulation were 

then examined in parallel against the experimental data, thus giving the 

comparison image shown in Fig. 5-14. Good agreement was found between 

these two sets of results, giving a correlation coefficient and root mean square 

percentage deviation of 0.976 and 1.96% for electrical efficiency, and 0.996 
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and 4.64% for thermal efficiency. It was found that increasing the surrounding 

air temperature resulted in an increase in the PV cells’ temperature (from    

38.7 
o
C to 42.3 

o
C) and in associated thermal efficiency (from 31.5% to 42.4%), 

and a decrease in the module’s electrical efficiency (from 10.3% to 10.1%) and 

in the system’s advanced performance coefficient (from 9.3 to 8.3). The 

phenomena could be explained as follows: the higher surrounding air 

temperature reduced the module’s heat loss and thus increased the useful heat 

gain, resulting in an increase in the system’s thermal efficiency. This, however, 

also led to increased PV temperature, resulting in reduced system electrical 

efficiency and net electricity generation. Consequently, the system’s advanced 

performance coefficient fell. 

 

Fig. 5-14: Impact of air temperature on the PV/LHP heat pump system 
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(3) Impact of Air Velocity 

By varying the surrounding air velocity from 1 m/s to 7 m/s while the other 

parameters remained constant for mode (3) operation, a simulation was carried 

out using the established computer program. The results of the simulation were 

then examined in parallel against the experimental data, giving the comparison 

image shown in Fig. 5-15.  

 

Fig. 5-15: Impact of air velocity on the PV/LHP heat pump system 

The correlation coefficient and root mean square percentage deviation were 

found to be 0.970 and 1.81% for electrical efficiency and 0.992 and 4.53% for 

thermal efficiency, indicating that a good agreement between the simulation 

and the experiment had been achieved. It was found that increasing the air 

velocity led to a slight decrease in the temperature of the PV absorber (from 

41.8 
o
C to 39.9 

o
C) and in the module’s thermal efficiency (from 39.6% to 
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35.5%), and an increase in the module’s electrical efficiency (from 10.34% to 

10.39%) and in the system’s advanced performance coefficient (from 8.7 to 

8.9). The phenomena could be explained as follows: the higher air velocity 

caused increased heat loss and reduced thermal efficiency. It also, however, 

lowered the temperature of the PV modules, leading to an increase in the 

module’s electrical efficiency. Consequently, the system’s advanced 

performance coefficient was higher. 

(4) Impact of Heat Pump Evaporation Temperature 

By varying the heat pump’s evaporation temperature from 5 
o
C to 20 

o
C while 

the other parameters remained constant for mode (4) operation, a simulation 

was carried out using the established computer program. The results of the 

simulation were then assessed in parallel against the experimental data, thus 

giving an image for comparison as shown in Fig. 5-16. The correlation 

coefficient and root mean square percentage deviation were found to be 0.979 

and 1.56% for electrical efficiency and 0.999 and 5.07% for thermal efficiency, 

indicating that a good agreement had been achieved between the simulation 

and the experiment. It was found that increasing the evaporation temperature 

led to an increase in the temperature of the PV absorber (from 38.9 
o
C to 52.1 

o
C) and in the system’s advanced performance coefficient (from 7.6 to 11.6), 

but a decrease in the module’s electrical efficiency (from 10.4% to 9.7%) and 

in the module’s thermal efficiency (from 43% to 30%). The phenomena could 

be explained as follows: the higher evaporation temperature reduced the 

temperature difference between the PV/LHP absorber and the condensing heat 

exchanger, thus resulting in a reduced heat transfer across the LHP and reduced 

module thermal and electrical efficiency. However, the higher evaporation 

temperature lowered the temperature difference between the condensation and 

evaporation processes, which led to less compressor power in the heat pump 

operation. As a result, the system’s advanced performance coefficient was 

much higher. 
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Fig. 5-16: Impact of heat pump evaporation temperature on the PV/LHP heat pump 

system 

(5) Impact of Top Glazing Covers  

By varying the number of top glazing covers from 0 to 2 while the other 

parameters remained constant for mode (5) operation, a simulation was carried 

out using the established computer program. The simulation results were then 

put into parallel comparison against the experimental data, thus giving a 

comparison image as shown in Fig. 5-17. It was found that increasing the 

number of glazing covers led to an increase in the PV absorber temperature and 

in thermal efficiency, and a decrease in electrical efficiency and in the system’s 

advanced performance coefficient. This is because adding more glazing covers 

helped to reduce the overall heat losses and the amount of absorbed solar 

energy due to its reflection and reduced transmittance; as a result, the module’s 

thermal efficiency and the PV absorber temperature rose, and the module’s 
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electrical efficiency and the system’s advanced performance coefficient fell. To 

minimise heat loss and maximise solar energy intake, the single-glazing cover 

was considered to be the most appropriate option. 

 

Fig. 5-17: Impact of top glazing covers on the PV/LHP heat pump system 

(6) Impact of the Number of Heat-absorbing Pipes  

By varying the number of heat-absorbing pipes behind the PV layer from 0 to 2 

while the other parameters remained constant for mode (6) operation, a 

simulation was carried out using the established computer program. The results 

were then put into parallel comparison against the experimental data, thus 

providing the image shown in Fig. 5-18. It was found that increasing the 

number of heat-absorbing pipes led to an increase in all the indicative 

parameters of the system, including thermal and electrical efficiencies, and 

COPPV/T. Applying more heat-absorbing pipes underneath the PV laminations 
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increased the standard fin efficiency, which enabled reduced PV surface 

temperature, increased solar heat gain, and enhanced thermal and electrical 

efficiencies; the advanced system performance was enhanced.   

 

Fig. 5-18: Impact of LHP number on the PV/LHP heat pump system 

(7) Ratio of Net Electrical Output 

Given the test conditions, solar radiation at 600 W/m
2
, air temperature at 20 

o
C, 

air velocity at 1 m/s, heat pump evaporating temperature at 10 
o
C, a single-

glazing cover and a fixed single heat-absorbing pipe, the consumption of 

electricity by the compressor reduced the PV electrical output, while the net 

ratio of system electricity generation (ηe,n) was about 1.51%. This means the 

system was able to output additional electricity after fulfilling its own power 

demands under the specific test condition. Such evaluation results will help to 

develop a fully solar-driven heat pump water heating system in the future.  
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(8) Error analysis  

It was found that certain differences existed between the modelling and test 

results. For all sets of comparison, the mean deviations were no greater than 

5%, 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. In particular, owing to the isentropic efficiency of the heat pump 

compressor (ηs up to about 88%), the practical system performance coefficients 

were all found to be lower than the theoretical values when more electrical 

power was consumed in the actual compression process.  

5.5 Chapter Summary  

This chapter presented the detailed fabrication process and method of the 

prototype PV/LHP heat pump system, the experimental set-up and test process, 

as well as dedicated results analysis and steady-state computer model 

validation.  

The coated Al-alloy-based PV layer was characterised against the conventional 

TPT-based PV type in the laboratory. The whole prototype system was then 

tested to examine its characteristic performance under a series of controlled 

laboratory conditions. Parallel comparisons between the modelling and 

experimental results were carried out, which indicated that these two sets of 

data were in good agreement. Thus, the established steady-state model was 

able to predict system performance to a reasonable level of accuracy (average 

error less than 5%). As the heat pump compressor’s isentropic efficiency (up to 

about 88%) existed in practice, it slightly reduced the practical performance 

coefficient over the theoretical figure. The electrical, thermal and overall 

efficiencies of the PV/LHP module under the given laboratory conditions were 

around 10%, 40% and 50%, respectively. In the case of the basic laboratory 

conditions, the consumption of electricity by the compressor reduced the PV 

electrical output, while the net ratio of system electricity generation was 
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calculated at about 1.51%, which means the system is fully able to output 

electricity after fulfilling its own power demands in the specific testing 

environment. The characterisation results will help to develop a fully solar-

driven heat pump water heating system further in the future. 

The Al-alloy-based PV layer showed much better electrical performance and 

could adapt to the surroundings more promptly than the TPT-based PV type. 

The external weather variables, i.e., weaker solar radiation, lower air 

temperature, higher wind speed, and a ground-mounting solution (rather than 

an on-roof mode), were favourable in terms of the electrical performance of 

both PV types. In the test mode of solar radiation at 600 W/m
2
, air temperature 

at 20 
o
C, wind speed at 0.5 m/s, and an on-roof mounting solution, the 

temperature of the Al-alloy-based PV cells was observed at 62.4 
o
C, which was 

5.2 
o
C lower than that of the TPT-based PV cells, and the PV efficiency was 

about 9.18%, nearly 0.26% higher than the TPT type. Although the PV 

efficiency increase was limited, it was meaningful for a PV system with a 

relatively low operating efficiency in practice. 

Relations between the system’s characteristic parameters (thermal and 

electrical efficiencies and COPPV/T) and operational/geometric conditions were 

individually studied under different test modes. The steady-state results 

indicated the following: lower solar radiation, lower air temperature, higher air 

velocity and a smaller number of covers led to enhanced electrical efficiency 

but reduced thermal efficiency of the module; whereas, a lower heat pump 

evaporation temperature and a larger number of heat-absorbing pipes gave rise 

to both thermal and electrical efficiencies for the module. In general, to achieve 

a better operational performance for the PV/LHP heat pump system, 

construction of further PV/LHP modules should be made by (1) using single 

glazing in the cover of the module; (2) fixing two heat pipes underneath the PV 

layer; and (3) employing an aluminium-alloy sheet as the PV baseboard. 

During the system operation, the evaporation temperature of the heat pump is 

suggested to be set up to 20 
o
C. Moreover, the system performed better at 

moderate solar radiation (e.g., 400-600 W/m
2
), a mild surrounding air 

temperature (e.g., 15-20 
o
C), and a lower air velocity (e.g., 0-1 m/s).   
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This chapter provided a method for fabricating the dedicated PV/LHP heat 

pump system and examined its characteristic performance, which provided 

useful clues for the further development of large-scale systems and how to 

achieve the best possible system performance in terms of appropriate 

configuration parameters and favourable operational conditions.  
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CHAPTER 6: PROTOTYPE PERFORMANCE EVALUATION IN 

REAL CLIMATIC OPERATIONAL CONDITIONS AND DYNAMIC 

MODEL VALIDATION 

6.1 Chapter Introduction 

This chapter continues the evaluation of the prototype PV/LHP heat pump 

system in real climatic conditions. An experimental rig was set up and assessed 

under real-time outdoor weather conditions by recording a number of 

parameters, e.g., solar radiation, PV power generation, temperature, and heat 

pump compressor consumption. The main works are listed as follows: 

(1) The prototype system was measured over a consecutive period for about 

one week in real climatic conditions.  

(2) The test results were used to validate the dynamic simulation model 

established in Chapter 4. Through parallel comparison between the 

modelling and test results, the dedicated dynamic computer model was 

validated as being able to predict system performance to a reasonable level 

of accuracy.  

As a result of the above, the prototype system was proven to have repeatable 

and reliable performance in real climatic conditions. Such a dedicated dynamic 

simulation model is thus regarded as being reliable in predicting the annual 

system performance for the socio-economic analysis in the next chapter. 

6.2 Experiment Set-up in Real Climatic Conditions 

6.2.1 Real-time Experiment – Daily Based 

The outdoor experimental rig for the whole system was continuously operated 

and recorded over the short term in sunny or cloudy weather conditions from 

21
st
 to 28

th
 November 2011 in Shanghai in China (31

o
11’N and 121

o
29’E). The 
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testing was fully operated for about eight hours daily and all the instruments 

were fixed in the positions shown in Table 5-3. The test data were recorded at 

5-minute intervals. The outdoor experimental rig is displayed as Fig. 6-1. 

 

Fig. 6-1: On-site outdoor experimental rig 

6.2.2 Real-time Experiment – Hourly Based 

The test results from 21
st
 November 2011 were chosen as an instance for 

analysing the real-time performance of the prototype system and the accuracy/ 

reliability of the dynamic computer model. The real-time variation in solar 

radiation and air temperature is in Fig. 6-2. The initial tank water temperature 

was measured at 14.38 
o
C and the testing was operated from 08:40 to 16:20. 

 

Fig. 6-2: Real-time variation in solar radiation and air temperature 
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6.3 Results and Discussion 

6.3.1 Real-time Measurement – Daily Based 

The experimental rig was continuously operated and recorded over the short 

term in sunny or cloudy weather conditions. The test results, as shown in Table 

6-1, indicate the system had a steady, consistent and reliable operating 

performance in real climate conditions. During the test period, the mean daily 

PV temperature was approximately 40 
o
C. The water temperatures in the tank 

rose about to 40 
o
C, while the ultimate water temperatures reached over 54 

o
C. 

The daily average electrical and thermal efficiencies of the PV/LHP module 

were 9.13% and 39.25%, respectively, resulting in overall energetic and 

exergetic efficiencies of nearly 48.37% and 15.02%. The average COPth and 

COPPV/T values were calculated at 5.51 and 8.71, respectively. The mean net 

electricity output ratio was measured at 1.38% daily, indicating that this 

prototype system can be fully operated by itself and output an additional 

amount of power in the meantime.  

Table 6-1: Test results over a consecutive period in real climate conditions 

 

As a type of solar thermal system, the module thermal efficiency can 

alternatively be derived from the following semi-empirical efficiency model to 

correlate with external weather and operational conditions [6.1]: 

 * /th th L r aU T T I   
                                                                       [6-1] 

Date I Temperature (oC) Efficiency (%)  Performance (%/-) 

2011 (W) Ta Tp,m Tw
0 Tw ηe ηth  ηo ζo ηe,n  COPth COPPV/T 

21.11 321.44 15.28 40.66 14.38 54.29 9.12 38.13 47.24 14.92 1.42 5.51 8.81 

22.11 298.56 15.78 39.23 14.72 53.57 9.13 38.91 48.04 15.04 1.38 5.50 8.73 

23.11 330.65 15.33 40.85 14.47 54.37 9.11 38.26 47.37 14.88 1.44 5.52 8.85 

24.11 336.74 15.36 40.96 14.53 54.42 9.10 38.33 47.43 14.87 1.44 5.52 8.88 

25.11 287.78 16.04 38.69 14.91 54.68 9.14 39.69 48.83 15.09 1.35 5.51 8.62 

26.11 270.63 18.36 38.24 15.29 54.84 9.15 40.63 49.78 15.17 1.25 5.50 8.51 

27.11 292.81 18.47 39.07 15.42 54.91 9.13 40.77 49.90 15.18 1.39 5.51 8.58 

Mean 305.52 16.37 39.67 14.82 54.44 9.13 39.25 48.37 15.02 1.38 5.51 8.71 
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where, ηth
* 
is the characteristic module thermal efficiency and can be interpreted 

when the refrigerant temperature (Tr) equals the mean ambient air temperature 

(Ta); UL is the overall heat loss coefficient of the module (W/m
2
-K). With the 

measured weather and operational conditions, the values of ηth
* 

and UL for a 

specific solar collecting system can be determined by linear regression analysis. 

A larger ηth
* 
and a lower UL will result in a more efficient solar thermal module. 

According to the test results in Table 6-1, the plot of ηth against the external 

weather and operational parameters (Tr -Ta)/I can be determined by the linear 

fit method, as shown in Fig. 6-3. The regression result is presented in the 

following expression with a correlation coefficient (r) of 0.9296: 

 35.53 107.15 /th r aT T I   
                                                            [6-2] 

 

Fig. 6-3: Graphic plot of the experimental results for module thermal efficiency 

6.3.2 Comparison between the Prototype System and Conventional Solar 

Energy Systems 

The average test results over the period from 21
st
 to 28

th
 November 2011 were 

compared with those of conventional solar/air energy systems, shown in Fig. 6-

4. It can be observed that the mean overall efficiency of the PV/LHP module 
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was more than 48.37%, which was higher than the average operating values of 

the independent PV panels (about 10% in practice [5.1]) and the standard solar 

thermal collectors (averaging 40% in practice [6.2]).  Owing to the extra 

thermal energy capture, the overall exergetic efficiency (equivalent to the 

overall electrical conversion ratio) of the module was high at nearly 15%, 

which was almost a 3-5% increase in comparison with the standard PV panels 

[5.1] in practice. The system performance indicators (COPth and COPPV/T) were 

nearly 1.5 to 4 times those of conventional air-/ground-source heat pump 

(ASHP/GSHP) systems for hot water generation [6.3], whilst being 1.5 to 2 

times above the integral-type solar-assisted heat pump system [6.4]. 

 

 

Fig. 6-4: Comparisons between the PV/LHP heat pump system and (a) independent solar 

systems and (b) conventional heat pump water heating systems 
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6.3.3 Real-time Measurement – Hourly Based and the Dynamic Model 

Validation 

To enable a parallel comparison between the simulation and experimental 

results, the computer model was adjusted and operated at conditions identical 

to those of the outdoor weather data and the system’s geometric/operational 

parameters, thus producing numerous sets of simulation results. These results 

were then compared with the corresponding test data to analyse the accuracy of 

the model. Further dedicated analysis and discussions of the modelling/test 

results were conducted.         

(1) Temperature Distribution 

Variations in the temperature in different system components over the test 

duration are presented in Fig. 6-5. Good agreement between modelling and 

testing can be observed, with mean temperatures of 30.20/29.93 
o
C for the 

glazing cover, 41.36/40.66 
o
C for the PV layer, 38.81/37.54 

o
C for the LHP 

evaporator, 10/10.71 
o
C for the heat pump evaporator, and 35.52/35.01 

o
C for 

the water in the storage tank, while the corresponding deviations for the above 

components were 1.71%, 1.82%, 3.54%, 10.11% and 1.81%, respectively. It 

was found that all temperature values for the glazing cover, PV layer, heat pipe 

and heat pump evaporator presented a similar variation trend, giving an 

upward-rising trend in the morning and a downward-falling trend in the 

afternoon, while the temperature of the tank water grew continuously 

throughout the test duration, starting at 14.38 
o
C and ending at 54.29 

o
C. The 

temperature of the PV layer varied in the range from 19.71 
o
C to 52.64 

o
C with 

a mean value of 40.66 
o
C. The temperature difference between the PV layer 

and the heat pipe was about 2 
o
C to 5 

o
C in the morning, and reached a 

maximum value of around 6 
o
C at noon. This temperature difference was 

subsequently decreased in the afternoon and, as a result, the heat pipe 

temperature exceeded the temperature of the PV layer in the late afternoon. 

This phenomenon occurred owing to variations in the solar radiation and the 

incidence angle of the solar beams, which presented stronger irradiation and a 

smaller incidence angle in the morning and at noon. This enabled the PV cells 

to absorb a larger amount of energy during this time period, thus leading to a 
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fast rise in temperature. Conversely, the higher air temperature in the afternoon 

resulted in a smaller heat loss from the module to the air and a lower 

temperature reduction speed, thus causing a reduced temperature difference 

between the PV layer and the heat pipe. A similar explanation of the 

temperature variation could also be related to the glazing cover. Since the heat 

pump compressor worked intermittently to control its evaporation temperature, 

a temperature fluctuation existed and was influenced by both the transient solar 

radiation and the air temperature. 

 

Fig. 6-5: Real-time temperature distribution of the system components 

The variation in the fin’s mean temperature over the test duration is presented 

in Fig. 6-6 (a). It was found that the fin’s mean temperature varied according to 

a similar trend to that for the PV layer and heat pipe temperatures, which were 

all influenced by the weather conditions. At a single time point, the 

temperature variation along the fin width tended to have a ‘V’ shape, with the 

minimum value occurring at the central line and the maximum value at the fin 

edge line, as shown in Fig. 6-6 (b). A temperature difference of around 0.49 
o
C 

was found to exist between the edge and the centre at 13:00 in the early 

afternoon. This phenomenon occurred owing to the fact that the central line 
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(nodes) of the fin is situated in the area sticking to the evaporation section of 

the loop heat pipe, where the temperature was at the lowest level due to the 

evaporative effect of the heat pipe fluid. As a result, the heat flow was directed 

from the fin’s edges to its central line. A 3D temperature distribution for the fin 

sheet against the fin width and the operating time is displayed in Fig. 6-6 (c), 

achieved by running the dynamic simulation model. 
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Fig. 6-6: (a) real-time mean temperature of the fin, (b) real-time fin temperature versus 

fin width, and (c) 3D fin temperature versus both fin width and operating time 

(2) Photovoltaic Power Output and Module Electrical Efficiency 

Fig. 6-7 provides a comparison between the modelling and test results of the 

PV/LHP module electrical output and its corresponding solar electrical 

efficiency. The average electrical outputs and the corresponding solar electrical 

efficiencies from the simulation and testing were 29.91 W/29.45 W and 

9.23%/9.12%, respectively, giving an excellent mutual agreement with the 

mean deviation of 1.45%. The variation in the module’s electrical output was 

found to be similar to that of the solar radiation, presenting a gradually 

increasing trend in the morning and a decreasing trend in the afternoon, while 

the peak electrical output occurred at noon. The solar electrical efficiency was 

found to increase slowly in the morning, significantly decrease in the late 

afternoon, and remain at a relatively stable state for the rest of the day. This 

variation trend was largely affected by solar radiation and the corresponding 

incidence angle. It is known that greater solar radiation and a smaller incidence 

solar beam angle will result in enhanced solar energy absorption and thus 

increase solar electrical output, which was the situation for the noon-time 

(c) 
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operation. It is also known that solar electrical efficiency will change to the 

opposite trend to the solar incidence angle and at a consistent trend with the PV 

cells’ temperature, and the ultimate changing trend in solar electrical efficiency 

will depend on the weight of the impact of the two factors. During early 

morning and late afternoon in Shanghai, the PV temperature is reasonably low 

but the solar incidence angle is significantly higher. This made the solar 

incidence angle the dominating factor compared to the PV temperature, and led 

to significantly varying solar electrical efficiency. During other operational 

periods, the two parameters above exerted the opposite but same amount of 

influence on the solar electrical efficiency, which emerged as a relatively stable 

variation trend.   

 

Fig. 6-7: Real-time solar power output and module electrical efficiency  

(3) Solar Heat Gain and Module Thermal Efficiency 

Variations in both solar heat gain and module thermal efficiency versus 

operating time are given in Fig. 6-8. The average solar heat outputs of the 

module and the corresponding solar thermal efficiencies from the modelling 

and the experiment were 122.87 W/120.08 W and 38.76%/38.13% respectively, 

giving reasonable mutual agreement with the mean deviation of 5.20%. The 
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solar heat output increased quickly in the morning and decreased slowly in the 

afternoon. Similar to the situation for the solar electrical output, the solar 

radiation and the incidence angle imposed significant influences on the 

module’s solar heat output. Different from the situation for the solar electrical 

output, the ambient temperature also became a factor that had an impact on the 

module’s heat output: a higher ambient temperature led to a reduced 

temperature difference between the module’s surface and the ambient air, 

which caused a smaller heat loss. As the ambient temperature presented a 

continuously growing trend, the heat loss from the module’s surface to the 

ambient air became less and less during daytime operation and, as a result, the 

module’s net heat output experienced a gentle downward-falling process 

during the afternoon.  

 

Fig. 6-8: Real-time solar heat gain and module thermal efficiency  

The module’s thermal efficiency was observed to present a sharp variation 

during both the start-up and ending phases, but remained at a relatively stable 

condition during the rest of the operational time. During these two phases, the 
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causing sharp changes in the module’s solar thermal efficiency. During the rest 

of the operational time, the solar radiation and the incidence angles presented a 

slow-changing process and this, along with the stable operational condition 

established with the heat pump, led to a relatively stable state in terms of the 

module’s solar thermal efficiency.        

(4) Overall Energetic and Exergetic Efficiencies of the PV/LHP Module 

In Fig. 6-9, both the overall energetic and exergetic efficiencies of the PV/LHP 

module are presented against operating time. The average energetic and 

exergetic efficiencies of the module from the simulation and testing were 

47.99%/47.24% and 15.25%/14.92%, respectively, giving reasonable mutual 

agreement with the mean deviations of 4.00% and 2.73%.  

 

Fig. 6-9: Real-time module overall energetic and exergetic efficiencies  

For the PV/LHP module, the amount of electrical output was much lower than 

that of the thermal output, and the overall energetic efficiency was largely 

impacted by the heat production, and thus presented a similar variation trend to 

that of the solar thermal efficiency. When taking into account the quality of the 

energy generations using the exergetic assessment approach, it was found that 
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around 5.8% of the exergetic efficiency of the module could be attributed to 

thermal energy collection, while the remaining 9.12% of the exergetic 

efficiency was due to electrical energy generation. This indicates that the 

higher grade (quality) electrical energy dominated the overall exergetic 

efficiency formation, which, therefore, had a similar variation trend to the solar 

electrical efficiency. 

(5) Heat Pump Condensing Capacity and System COP Performance 

Fig. 6-10 gives the variations in heat pump condensation heat and the basic 

thermal and advanced system performance coefficients (COPth, COPPV/T) of the 

prototype system over the duration of the test. The average water heat gain, 

COPth and COPPV/T of the PV/LHP heat pump system from the simulation and 

test results were 148.11 W/146.86 W, 5.88/5.51 and 9.28/8.81 respectively, 

giving reasonable mutual agreement with the mean deviations of 4.58%, 8.80% 

and 9%. During daytime operation, the heat pump condensation heat presented 

a similar variation trend to the absorbed solar heat when considering the 

additional compression work. The basic thermal COPth value remained almost 

the same throughout a whole day’s operation, during which the evaporation 

and condensation temperatures of the heat pump operation were constant. The 

COPPV/T fell significantly during the first half hour of operation and thereafter 

remained at a relatively stable level. It was found that during the early half 

hour of testing, the electrical output imposed a significant impact on the 

COPPV/T, leading to an increased COPPV/T value. Afterwards, the system’s heat 

gain grew quickly and thus became the dominating factor impacting on the heat 

pump operation. In this circumstance, the COPPV/T gradually fell to a level 

close to the COPs. In short, the solar electrical output made a positive 

contribution to the system’s overall performance, contributing to the formation 

of the difference between the COPPV/T and COPth. 

It should be noted that as the heat pump compressor is fixed speed, which starts 

up intermittently once the evaporation temperature is over the settings (10
o
C) 

and then shuts down when the evaporation temperature is lower than 10
o
C. The 

compressor power consumption was recorded every intermittent period and 

divided by each interim time length for an average value. In this case, the 



186/233                                      [REAL-TIME EVALUATION] CHAPTER 6 

 

 

measured COPth and COPPV/T values for the system were less accurate than the 

other parameters. 

 

Fig. 6-10: Real-time water heat gain and system performance coefficients  

Subtracting the heat pump compressor power from the overall PV electrical 

generation, the net power output of the PV/LHP heat pump system could be 

obtained. It was found that the daily mean net electricity output ratio was 

measured at 1.42%, which implies that the system can not only meet its own 

power demand, but also provide an additional power output for the measured 

condition. 

(6) Error Analysis 

It was found that certain differences existed between the modelling and test 

results of the system’s characteristic parameters, i.e., the temperatures of the 

system components, the solar efficiencies, and the system performance 

coefficients, as indicated in Table 6-2. For all sets of comparison, the 

correlation coefficients were all above 0.9665 and the mean deviations were no 

larger than 9%, which are acceptable from the point of view of general 
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engineering applications. The error analysis results indicate that the established 

dynamic model has a reasonable accuracy and reliability in predicting system 

performance. 

Table 6-2: Average system performances and error analysis results 

Results Qe 

(W) 

Qth  

(W) 

Qw  

(W) 

ηe 

 (%) 

ηth 

(%) 

ηo  

(%) 

ζo  

(%) 

COP 

- 

COPPV/T 

- 

EXP 29.45 120.08 146.86 9.12 38.13 47.24 14.92 5.51 8.81 

SIM 29.91 122.87 148.11 9.23 38.76 47.99 15.26 5.88 9.28 

r 0.9998 0.9969 0.9971 0.9665 0.9883 0.9881 0.9896 0.9996 0.9787 

e 1.45% 5.20% 4.58% 1.45% 5.20% 4.00% 2.73% 8.80% 9.00% 

The minor discrepancy could have been caused by both theoretical and 

measurement errors. For the theoretical analysis, some simplified assumptions 

and empirical formulas were made and utilised, such as the inappropriate 

omission of the heat capacities of the two EVA layers, inaccurate calculations 

of the thermal resistance of the loop heat pipe by neglecting the vapour loss 

during its transportation, and may have been potential reasons for error 

generation. For the measurements, factors like insufficient insulation of the 

heat exchanger, inaccurate instruments/sensors, incorrect installation of 

detectors, may have caused the deviation in the testing figures with regard to 

prediction. However, owing to the dedicated rig construction, the selected test 

devices and the careful preparation/operation, the experiment results seem 

more reliable and thus there should be further optimisation for the 

mathematical and computer models. 

6.4 Chapter Summary  

This chapter reported the dynamic performance of the prototype system 

operated in real climate conditions over a consecutive period. The overall 

evaluation approach, based on first-law (energetic) and second-law (exergetic) 

thermodynamics, was applied for both the quantitative and qualitative analysis 

of module efficiency. The basic thermal performance coefficient (COPth) and 

the advanced performance indicator (COPPV/T) of the system were both 

considered for a comprehensive assessment of system performance. The mean 
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daily PV temperature was approximately 40 
o
C. The daily water temperature 

rise in the tank was approximately 40 
o
C, with maximum water temperatures 

reaching over 54
o
C. The average electrical and thermal efficiencies of the 

PV/LHP module were, respectively, above 9.13% and 39% daily, resulting in 

corresponding overall energetic and exergetic efficiencies of nearly 48.37% 

and 15.02%. The average COPth and COPPV/T values were at 5.51 and 8.71, 

respectively. The mean net electricity output ratio was measured at 1.38% daily, 

indicating that this prototype system can fully drive itself and output an 

additional amount of power in the meantime. The test results indicate that such 

a prototype system would have a steady and reliable operating performance in 

real climate conditions. 

In comparison with conventional solar collecting devices, the PV/LHP module 

achieved 3% to 5% higher solar exergetic efficiency than standard PV systems 

and about a 7% overall performance above independent solar collectors. 

Compared with conventional solar-/air-/ground-source heat pump systems, the 

PV/LHP heat pump system achieved a much higher COP figure of 1.5 to 4 

times those for conventional heat pumps. 

The real-time performance of the prototype system was studied from the 

aspects of system temperature distributions, module efficiencies and system 

performance coefficients, which were also applied to verify the established 

dynamic computer model. Through the parallel comparison of the modelling 

and test results, the dedicated dynamic model was validated as having a 

reasonable level of accuracy for predicting system performance (with a mean 

error less than 9%). It was found that the average water temperature in the 

storage tank (35 litres) grew gradually from 14.38 
o
C to 54.29 

o
C over the 

duration of the test. The temperature of the PV layer was in the range of     

19.71 
o
C to 52.64 

o
C during daytime operation, while its mean value was   

40.66 
o
C. The temperature difference between the PV layer and the heat-

absorbing pipe was in the range of 2 
o
C to 6 

o
C. For the fin sheet, the 

temperature variations along the fin width presented a ‘V’ shape and the 

maximum temperature difference between the fin edges and its central line was 

around 0.49 
o
C at 13:00 in the early afternoon. The average electrical/heat 
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outputs and the corresponding solar efficiencies of the PV/LHP module were 

measured as 29.45 W/120.08 W and 9.12%/38.13%, respectively. Analysis of 

the measurement data indicated that the thermal and electrical outputs 

corresponded to 5.8% and 9.12% for exergetic efficiencies, thus making an 

overall exergetic efficiency of 14.92% for the PV/LHP module. Further 

analysis concluded that under daytime test conditions, the average heat pump 

condensing heat, COPth and COPPV/T were 146.86 W, 5.51 and 8.81, 

respectively. Error analysis was briefly addressed from the theoretical and 

experimental sides, indicating that the discrepancies were more likely to have 

come from the theoretical assumptions.  

This part of the research will further help to predict system performance over a 

long-term scheme in different climate regions, and provides the basis for the 

following socio-economic analysis. 
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CHAPTER 7: ENERGY SAVING, ECONOMIC, ENVIRONMENTAL 

AND REGIONAL ACCEPTANCE ANALYSIS  

7.1 Chapter Introduction 

In this chapter, a feasibility study of the prototype system for use in London, 

Shanghai and Hong Kong is carried out, involving an annual energy 

performance prediction, economic analysis and environmental sustainability 

assessment. The main works involved in this chapter are given as follows: 

(1) The annual energy performance of the prototype system is predicted using 

the dedicated dynamic simulation model validated in the previous chapter.  

(2) The economic acceptance and environmental benefits of the prototype 

system are analysed in comparison with conventional water heating 

systems, e.g., gas boilers and electric heaters.  

(3) This socio-economic analysis is undertaken based on life-cycle assessment 

methods, including the cost payback period, cost saving and CO2 emission 

reduction across the system’s life span in the above three regions.  

This part of the research develops a socio-economic model that can predict the 

energy saving, economic and environmental benefits of the prototype PV/LHP 

heat pump system in three different climatic regions. This can further help 

suggest the most suitable region for the application of the proposed technology. 

7.2 Annual Operational Performance  

Owing to the good level of agreement achieved between the dynamic 

modelling and the real-time test results, the established dynamic model is 

appropriate for predicting the annual operational performance of the PV/LHP 

heat pump system. 
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7.2.1 Weather Profiles and Operational Conditions 

Weather data for the three different climate regions, i.e., London (0.1
o
W, 

51.3
o
N), Shanghai (121.8

o
E, 31.2

o
N) and Hong Kong (114.2

o
E, 22.2

o
N), were 

extracted from EnergyPlus software: ‘037760_IWEC’ for London, 

‘583670_IWEC’ for Shanghai, and ‘450070_CityUHK’ for Hong Kong [7.1]. 

An hourly weather profile of the monthly averages for Shanghai is presented in 

Fig. 7-1, while the monthly diurnal averages for solar radiation and air 

temperature for these regions are shown in Fig. 7-2 and Fig. 7-3, respectively. 

 

Fig. 7-1: Hourly weather profile of the monthly averages for Shanghai, China 

 

Fig. 7-2: Monthly averages for solar radiation in three climate regions 
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Fig. 7-3: Monthly averages for air temperature in three climate regions 

Table 7-1 gives the monthly average weighted wind speed for the three 

climatic regions. It can be seen that Hong Kong has a medium level of solar 

radiation, is hot in summer and warm in winter; Shanghai also has a medium 

level of solar radiation but is hot in summer and cold in winter; while London 

has a low level of solar radiation, is warm in summer and cold in winter. 

Table 7-1: Monthly averages for wind speed in three climate regions (m/s) 

Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

London  3.4  2.7  4.6  4.2 2.5  3.2  2.6  3.0  3.1  2.4  2.3 3.2  

Shanghai  3.5  3.5  3.5  3.5  3.9  3.7  3.3  3.4  3.6 3.7  3.9 3.8  

Hong Kong  3.1  3.7  3.4  3.5  2.8  3.5  3.3  3.3  4.2  3.5 3.3  3.1  

During the simulation, it was assumed that the system starts operation from 

08:00 and ends its operation at 16:00 for a single day. The heat pump was 

considered to operate at 0 
o
C/55 

o
C in winter, 10 

o
C/55 

o
C in summer, and         

5 
o
C/55 

o
C in spring and autumn. The PV/LHP panel installation angle was set 

to the same level as the local altitude in the three selected regions. The initial 

temperature of the water stored in the tank was considered to be the ground 

water temperature at a height of 0.5 m below ground level, as in Table 7-2. 

These water temperatures were extracted from the EnergyPlus database [7.1]. 
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Table 7-2: Monthly averages for ground water temperature in three climate regions (
o
C) 

Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

London  4.2 5.3 7.5 9.6 13.6 15.7 16.2 15.2 12.7 9.7 6.7 4.7 

Shanghai  5.5 7.5 11.4 15.2 22.3 26.0 27.0 25.1 20.8 15.3 10.0 6.4 

Hong Kong 17.3 18.4 20.5 22.5 26.3 28.3 28.8 27.8 25.5 22.6 19.7 17.8 

7.2.2 Hourly Predictions of the Prototype System Performance in 

Shanghai Weather Conditions 

By running the established dynamic model, the hourly performance data for the 

prototype system based in the Shanghai climatic region were derived.  Fig. 7-4 

illustrates the average temperature of the PV layer on a typical day during 

different months. The PV temperature presents the same trend of variation as 

for the solar radiation and air temperature. Its maximum figure reached over    

50 
o
C during July and August, and the minimum went down to less than 10 

o
C 

during December and January. 

 

Fig. 7-4: Monthly diurnal average variation of temperature at the PV layer 

Owing to the negative effect of temperature on PV electrical output, the PV 

electrical efficiency presents a contrary trend of variation compared to its 

temperature. The efficiency reached a level as high as 9.2% in winter and fell 

to as low as 7.9% in summer, as shown in Fig. 7-5. Nevertheless, the hourly 

PV efficiency during a single day’s operation was mainly affected by the solar 
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incident angle, instead of the PV temperature. As a result, the PV electrical 

efficiency presented a similar trend of variation to that of the hourly solar 

radiation, as shown in Fig. 7-1. 

 

Fig. 7-5: Monthly diurnal average variation of module electrical efficiency  

Fig. 7-6 presents the variations in the PV electricity output over different 

months of a typical year. The electrical output of the PV/LHP module was 

relatively steady throughout the year, owing to the opposite trend of variation 

between the solar radiation and the electrical efficiency of the PV/LHP 

modules. 

 

Fig. 7-6: Monthly diurnal average variations in module electrical output  
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The thermal efficiency of the module for monthly diurnal operation is given in 

Fig. 7-7. In a single day’s operation, the spontaneous thermal efficiency 

continued to grow from the morning to the afternoon, owing to the combined 

effect of lower solar radiation in the morning and higher air temperature in the 

afternoon, resulting in reduced heat loss and even positive heat absorption from 

the air. This phenomenon became more obvious in the autumn, leading to 

significantly higher thermal efficiency up to a level greater than 100%.  

 

Fig. 7-7: Monthly diurnal average variations in module thermal efficiency 

Fig. 7-8 presents the month-to-month variations in the heat output of the 

module and heat pump condensation capacity during a typical year. It can be 

seen that the system can absorb more than 350 W/m
2
 of solar heat at its 

maximum and, consequently, generate more than 430 W/m
2
 of condensation 

heat using the heat pump. 

Table 7-3 presents variations in the tank water temperature during a single 

day’s operation for different months in a typical year. It was found that from 

April to October, the water temperatures could achieve a level greater than     

45 
o
C, which would meet the demands of ordinary hot water service. During 

the remaining months, the water temperature at the end of the day was less than 

45 
o
C, owning to the relatively lower solar radiation, ambient air temperature 

and initial water temperature. To enable delivery of a suitable water 

temperature to end users, a back-up heating device, e.g., an electric heater or 
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gas boiler, should be activated. The highest water temperature that could be 

achieved in hot seasons reached nearly 55 
o
C, which is about the same as the 

condensation temperature of the heat pump. The lowest water temperature was 

found to be only about 19.45 
o
C in January. In terms of the temperature rise 

during a single day’s operation, the highest temperature rise was about 39.4 
o
C, 

which occurred in October, while the lowest temperature rise was only 14 
o
C 

and occurred in January. The area shaded grey in Table 7-3 indicates the 

number of months when the temperature of the tank water could not be raised 

to meet the hot water criterion of 45 
o
C by only using the prototype system, 

which consequently indicates that during these months a back-up heater should 

be brought into operation. 

 

Fig. 7-8: Monthly diurnal average variations in module thermal output and heat pump 

condensation capacity 

Table 7-3: Summary of water temperature in the tank under monthly diurnal averages 

Month Initial water 

temperature (
o
C) 

Final water 

temperature (
o
C) 

Temperature rise 

over a single day (
o
C) 

Jan 5.45 19.45 14.00 

Feb 7.48 26.91 19.43 

Mar 11.43 28.52 17.09 

Apr 15.17 47.58 32.41 

May 22.25 55.00 32.75 

Jun 25.97 55.00 29.03 
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Month Initial water 

temperature (
o
C) 

Final water 

temperature (
o
C) 

Temperature rise 

over a single day (
o
C) 

Jul 27.00 55.00 28.00 

Aug 25.11 55.00 29.89 

Sep 20.75 55.00 34.25 

Oct 15.31 54.71 39.4 

Nov 9.95 32.5 22.55 

Dec 6.42 25.76 19.34 

Fig. 7-9 and Fig. 7-10 provide the overall assessment results of the PV/LHP 

module only and the integrated PV/LHP heat pump system, respectively. The 

exergetic efficiency of the module is determined by its thermal efficiency when 

the PV electrical efficiency only varied in a narrow range. The maximum 

exergetic efficiency was about 16.6% and occurred in the late afternoons in 

October, while the minimum exergetic efficiency was only 10.47% and 

occurred in the early mornings in March.  

 

Fig. 7-9: Monthly diurnal average variations in module exergetic efficiency 

Since the evaporation and condensation temperatures of the heat pump 

operation have been given for different seasons, the system’s thermal 

performance index (COPth) varied seasonally, given as 4.57 in winter, 5.88 in 

summer, and 5.10 in spring and autumn. The system’s overall performance 

index (COPPV/T) was affected by both the electricity and heat generation of the 

system, and achieved a peak figure of 15.47 in the early mornings in January. 
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The COPPV/T figure grew in circumstances of higher electricity generation and 

lower heat output, which occurred mostly in the cold season (winter) or the 

early mornings of the other seasons. 

 

Fig. 7-10: Monthly diurnal average variations in the heat pump COPth and COPPV/T 

7.2.3 Monthly Predictions for the Prototype System Performance in Three 

Climatic Weather Conditions 

In order to establish which climate best suits the system, this section 

investigates the annual operational performances of the prototype system in 

three climate regions: London, Shanghai and Hong Kong. Fig. 7-11 presents 

the monthly average temperatures of the PV layer in the three regions. It was 

observed that the PV temperature had a similar trend of variation to the solar 

radiation and air temperature, which achieved a maximum figure in summer 

and a minimum figure in winter. In London, the monthly PV temperature was 

in the range from 7.57 
o
C (in February) to 35.76 

o
C (in July). In Shanghai,     

the monthly PV temperature was in the range from 15.93 
o
C (in January) and 

47.12 
o
C (in August). In Hong Kong, the PV temperature was in the range from 

25.23 
o
C (in February) to 43.41 

o
C (in July). The PV temperature was the 

lowest in London and the highest in Hong Kong throughout the year. The 

annual average PV temperatures in London, Shanghai and Hong Kong were 

18.97 
o
C, 31.45 

o
C and 34.66 

o
C, respectively. 
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Fig. 7-11: Temperatures of the PV layer in three climate regions 

The monthly electrical efficiencies of the PV/LHP module varied inversely to 

its temperature, as shown in Fig. 7-12, which were in the range from 8.42% to 

9.35% in London, 8.02% to 9.08% in Shanghai, and 8.16% to 8.77% in Hong 

Kong. The annual mean electrical efficiency was highest at 8.94% in London, 

while it was relatively lower in Shanghai (8.57%) and Hong Kong (8.42%). 

However, the module’s thermal efficiency varied in the opposite manner to its 

electrical efficiency. The monthly thermal efficiency of the PV/LHP module 

was in the range from 14.13% to 34.63% in London, 18.06% to 61.41% in 

Shanghai, and 43.13% to 59.86% in Hong Kong. Operation of the prototype 

system in Hong Kong was found to be the most stable, with the highest annual 

average thermal efficiency of the module at about 51.65% owing to the 

warmest air temperatures existing in this area. In Shanghai and London, the 

annual average thermal efficiencies of the module were much lower than in 

Hong Kong at around 38.99% and 26.99%, respectively. After adding the 

electrical and thermal efficiencies together, the overall energetic efficiencies of 

the module varied in a similar way to the thermal efficiency, which had annual 

average values of 35.93%, 47.57% and 60.06% in London, Shanghai and Hong 

Kong, respectively.  
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Fig. 7-12: Energetic efficiencies of the PV/LHP module in three climate regions 

An overall assessment of the PV/LHP module and the associated heat pump 

system is presented in Fig. 7-13. From the module point of view, the exergetic 

efficiency was relatively stable for all three regions. Owing to the highest 

thermal output, the annual average exergetic efficiency of the PV/LHP module 

was highest in Hong Kong at 13.08%, followed by 12.35% in Shanghai, and 

11.85% in London. From the integrated system point of view, the annual 

average COPPV/T value was highest at 9.44 in London because of the largest 

ratio of electricity to heat output, while relatively lower COPPV/T values were 

found in Shanghai (8.35) and Hong Kong (6.97). It needs to be addressed that 

as the evaporation and condensation temperatures of the heat pump operation 

were set up at the same level in all three regions, the seasonal system COPth 

value will be the same as that of Shanghai at 4.57, 5.10 and 5.88, respectively, 

in the winter, transit, and summer seasons. 
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Fig. 7-13: Overall assessment of the prototype system in three climate regions 

Fig. 7-14 illustrates the overall energy output of the module. The quantity of 

the energy output was found primarily to depend on the amount of available 

solar radiation and the surrounding air temperature in the three regions.        

The module electricity generation in London varied from 1.42 kWh/m
2
 to 

10.70 kWh/m
2
, with an average value of 5.43 kWh/m

2
. The monthly electrical 

output range in Shanghai was from 8.48 kWh/m
2
 to 13.15 kWh/m

2
, with an 

average performance of 10.76 kWh/m
2
. In Hong Kong, the system generated 

electricity in the range of 7.49 kWh/m
2
 to12.56 kWh/m

2
,
 
with an average value 

of 10.06 kWh/m
2
. The thermal output ranges of the module were 4.07-43.99 

kWh/m
2
, 19.51-89.77 kWh/m

2
 and 41.04-79.50 kWh/m

2
, respectively in 

London, Shanghai and Hong Kong, and their corresponding monthly average 

values were 16.44 kWh/m
2
, 51.40 kWh/m

2
 and 61.82 kWh/m

2
. According to 

these figures, Hong Kong was found to have the highest energy output for the 

module, including an almost equivalent electricity output to Shanghai and the 

highest monthly average heat generation for the three regions. 

By adding together the heat pump electrical consumption and the heat output of 

the module (heat source), the monthly condensation heat outputs (heat sink) of 

the integrated PV/LHP heat pump system are presented in Fig. 7-15, giving a 

figure in the range from 5.37 kWh/m
2
 to 54.96 kWh/m

2
 in London, 25.75-

112.15 kWh/m
2
 in Shanghai, and 52.54-102.28 kWh/m

2
 in Hong Kong, 
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respectively, and the corresponding monthly average figures are 20.89 kWh/m
2
 

in London, 65.59 kWh/m
2
 in Shanghai, and 79.33 kWh/m

2
 in Hong Kong. 

 

 

Fig. 7-14: Overall energy output of the PV/LHP module in three climate regions 

 

Fig. 7-15: Condensation capacity of the heat pump in three climate regions 

Table 7-4 presents the monthly eventual water temperature after a single day’s 

operation for the three climatic regions. The area shaded grey in the table 

indicates the months that the temperature of the tank water could not be heated 

above the hot water temperature criterion of 45 
o
C by the prototype system 
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alone. This system could provide hot water service for nearly seven months per 

year in Shanghai. However, there was only one month in London (July) in 

which this system could achieve the water temperature criterion. In Hong Kong, 

this system could reach the required water temperature throughout whole year.  

Table 7-4: Monthly final tank water temperature in three climate regions 

Month  London (
o
C) Shanghai (

o
C) Hong Kong (

o
C) 

Jan 10.32  19.45  50.73  

Feb    9.49  26.91  50.40  

Mar 12.67  28.52  47.95  

Apr 18.32  47.58  55.00  

May 26.31  55.00  55.00  

Jun 31.68  55.00  55.00  

Jul 47.95  55.00  55.00  

Aug 25.01  55.00  55.00  

Sep 18.37  55.00  55.00  

Oct 16.48  54.71  55.00  

Nov 13.97  32.50  55.00  

Dec 12.00  25.76  55.00  

Table 7-5 gives the total annual operational output of the prototype system in 

the three areas. Hong Kong was found to have the highest thermal energy 

output for the module at 741.85 kWh/m
2
-yr, which was then upgraded to 

921.70 kWh/m
2
-yr

 
by inputting electricity at 179.85 kWh/m

2
-yr into the heat 

pump compressor. After subtracting the solar electricity generation, this system 

would require additional electricity of 59.11 kWh/m
2
-yr from the grid to meet 

the heat pump consumption in Hong Kong, which would not need any other 

auxiliary heater in the system to achieve the hot water demand. Owing to the 

highest solar radiation level and conspicuous seasonal air temperature in 

Shanghai, the prototype system could generate the most electricity at 129.14 

kWh/m
2
-yr but have a lower heat output than the operation in Hong Kong. In 

London, this system produced the lowest energy quantity for both electricity 

and heat, due to the lowest level of solar radiation and the coldest air 

temperature for the three regions. Although this prototype system produced a 

net amount of electricity in London, it consumed much more energy from the 

back-up heater to meet the hot water demand. The simulation results offer the 
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interpretation that this prototype system would perform best in a subtropical 

climate, such as the Hong Kong area.  

Table 7-5: Total annual output of the prototype system in three climate regions 

Location London  Shanghai  Hong Kong  

Solar radiation (kWh/m
2
-yr) 737.35 1515.78 1439.26 

Solar electricity generation (kWh/m
2
-yr) 65.11 129.14 120.74 

Solar heat output of module (kWh/m
2
-yr) 197.23 616.78 741.85 

Heat pump work consumption (kWh/m
2
-yr) 45.47 145.29 179.85 

Heat pump condensation heat (kWh/m
2
-yr) 242.70 762.07 921.70 

System net electricity output (kWh/m2-yr) 19.64 -16.15 -59.11 

7.3 Life-cycle Economic Analysis 

7.3.1 Capital Cost 

(1) Capital Cost of the Prototype PV/LHP Heat Pump System 

The capital cost of the prototype PV/LHP heat pump system was estimated by 

adding together the individual prices of all the system components and taking 

into account appropriate commercial profits. Table 7-6 provides a list of cost 

breakdowns and indicates that the initial cost of such a system is GBP 410.15.  

Furthermore, the cost details of the different system components are presented 

in Fig. 7-16. The PV/LHP module was the most expensive of the system 

components, accounting for nearly 44% of the total system cost.  

Table 7-6: Capital cost breakdown of the prototype PV/LHP heat pump system 

No. Component Quantity/size Unit price (CNY) Cost (CNY) 

PV/LHP module 

1 PV layer 1 [89Wp]    850.00     850.00  

2 Loop heat pipe 3.2 [m]    160.00     160.00  

3 Treated Al-alloy sheet 1 [piece]    150.00     150.00  

4 Tempered glazing 1 [piece]       60.00       60.00  

5 Aluminium frame 1 [piece]       70.00       70.00  

6 Aluminium fin sheet 1 [piece]    110.00     110.00  

Other components 

7 Flat-plate heat exchanger 1 [1kW]    150.00     150.00  
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No. Component Quantity/size Unit price (CNY) Cost (CNY) 

8 Heat pump compressor 1 [1HP] 1,000.00  1,000.00  

9 Expansion valve 1 [piece]       50.00       50.00  

10 Refrigerant 1 [300g]       60.00       60.00  

11 Water tank 1 [35L]       55.00       55.00  

12 Solar controller 1 [12V10A]       80.00       80.00  

13 Electric wire 1 [coil]       40.00       40.00  

14 Battery 1[12V100 AH]     150.00     150.00  

Other accessories 

15 Thermal insulation 4 [piece]       60.00        60.00  

16 Module bracket 1 [piece]       80.00        80.00  

17 Silicon seal 2 [bottle]       30.00        30.00  

Subtotal 

Total system fabrication cost (CNY)   3,155.00  

Additional profit (30% of total fabrication cost)      946.50  

Capital cost  (CNY)   4,101.50 

Capital cost  (GBP)    410.15 

 

Fig. 7-16: Cost breakdown of the PV/LHP heat pump prototype system 

(2) Renewable Earning (RE) 

To install a new solar water heating system, it might be possible to receive 

grants through the government’s renewable policy, such as the Renewable Heat 

Incentive (RHI) scheme in London, which is intended to encourage the uptake 

of renewable heating technologies within households, communities and 

businesses through the provision of financial incentives. The financial support 

available for installing such a solar thermal system in the three regions is given 

in Table 7-7 using figures extracted from Table 7-5 and Table 7-6 [7.2-7.3]. 
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The final cost of the installation of such a solar prototype system equals the 

value achieved by subtracting the local incentive amounts for renewable 

projects from the capital cost. 

Table 7-7: Renewables tariffs for the installation of a solar thermal system  

Location London  Shanghai  Hong Kong 

Tariff  GBP 0.192/ 

kWh-yr-heat [7.2] 

Reduction in 13% of capital 

cost [7.3] 

Not found 

Years  7 1 N/A 

Total earning (GBP)  199.63  53 N/A 

7.3.2 Annual Operational Cost and Saving 

The initial water temperature in the 35-litre water tank was assumed to be the 

same as the ground water temperature, as shown in Table 7-8. The eventual 

hot water temperature was considered to be 45 
o
C. Thus, the annual hot water 

demand, Qw,load (W), can be calculated by  

,w load w w wQ M c T 
                                               

                                         
[6-1] 

In the potential case of the unsatisfactory operation of the prototype system in 

certain terrible weather conditions, an auxiliary heater could be switched on to 

heat up the water until its temperature achieves the expected 45 
o
C. A gas 

boiler and electric heater are, respectively, considered as the auxiliary heater of 

the prototype system when comparing it with a conventional gas boiler 

(efficiency of 80%) and a typical electric heater (efficiency of 90%) [7.4]. The 

annual operating cost of these systems can be estimated as shown in Table 7-8 

and Fig. 7-17. It needs to be noted that the total heat (required only to be 45 
o
C 

here) produced by the prototype system was estimated to be less than the 

amount of heat pump condensation heat in Table 7-5, because the water was 

heated up to more than 45 
o
C in a number of circumstances. The combination 

of the prototype system with an auxiliary gas boiler was the most economical 

and, when replacing conventional gas/electric water heaters, such a combined 

operation could save nearly GBP 10.40/58.75, GBP 8.92/25.28, and GBP 
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57.17/39.40 per year in the regions of London, Shanghai and Hong Kong, 

resulting in an annual cost saving ratio of 34.43%/74.79%, 72.03%/88.27%, 

and 92.95%/90.08%, respectively. 

Table 7-8: Annual operating costs of different water heating systems 

Location London Shanghai Hong 

Kong 

Energy price and demand 

Gas price (GBP/kWh) [7.5-7-7]     0.05      0.02      0.15  

Electricity price (GBP/kWh) [7.8-7-10]     0.14      0.06      0.12  

Feed-In Tariff (GBP/kWh) [7.11-7-12]     0.15      0.10      0.14  

Total heat demand for hot water (kWh/yr)  519.91  431.13  328.04  

PV/LHP heat pump system operational performance 

Heat produced from system (kWh/yr)  148.02  317.58  328.04  

Energy required from auxiliary heater (kWh/yr) 371.89  113.55      0.00  

Total electricity output from module (kWh/yr)   39.85    79.03    73.89  

Electricity consumed by heat pump (kWh/yr)   27.84   82.3 110.04 

Net electricity output (kWh/yr)   12.01       -3.27   -36.15  

Gas water heater (efficiency 80%) 

Required gas energy (kWh/yr)  649.88  538.91  410.05  

Operational cost  (GBP/yr) 30 12 62 

Electric water heater (efficiency 90%) 

Required electricity energy (kWh/yr) 577.68  479.03  364.49  

Operational cost  (GBP/yr) 79 30 44 

PV/LHP heat pump system + auxiliary gas boiler 

Gas required from auxiliary gas boiler (kWh/yr) 464.86 141.94   0.00 

Operational cost  (GBP/yr)   19.81     3.47   4.34 

Annual saving by replacing gas boiler (GBP/yr)  10.40     8.93 57.17 

Annual saving ratio by replacing gas boiler (%)  34.43   72.03 92.95 

Annual saving by replacing electric heater (GBP/yr)  58.75   26.09 39.40 

Annual saving ratio by replacing electric heater (%)  74.79   88.27 90.08 

PV/LHP heat pump system + auxiliary electric heater 

Electricity required from auxiliary electric heater 

(kWh/yr) 

413.21 126.17   0.00 

Operational cost  (GBP/yr)   54.39     7.99   4.34 

Annual saving by replacing gas boiler (GBP/yr)  -24.18     4.41 57.17 

Annual saving ratio by replacing gas boiler (%)     0.00   35.57 92.95 

Annual saving by replacing electric heater (GBP/yr) 24.17   21.57 39.40 

Annual saving ratio by replacing electric heater (%) 30.76   72.98 90.08 
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Fig. 7-17: Annual operating costs of different water heating systems 

7.3.3 Annual Maintenance Cost 

The maintenance cost of a solar heating system is normally estimated at 2% of 

the initial system cost [7.13] due to its low maintenance requirement. The 

maintenance cost of a gas boiler is estimated at GBP 25/yr, GBP 8/yr and    

GBP 10/yr, respectively, in the regions of London, Shanghai and Hong Kong 

[7.14-7.15]. An electric water heater is considered free in terms of its 

maintenance during its life cycle [7.16]. 

7.3.4 Cost Payback Period and Life-cycle Net Cost Saving 

The cost payback period for operating such a prototype system to replace 

conventional water heaters can be estimated by [7.13] 

   
, /

/

, , , / , /

c PV LHP RE

PV LHP

o wh m wh o PV LHP m PV LHP

C C
PP

C C C C




  
                                        

[6-2] 
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where, PPPV/LHP is the payback period of PV/LHP heat-pump system (year); 

Cc,PV/LHP and CRE are respectively the capital cost of PV/LHP heat-pump system 

and the cost reduction due to renewable earnings (GBP); Co,wh and Cm,wh are 

respectively the annual operational and maintenance costs of the conventional 

water heating system (GBP); Co,PV/LHP and Cm, PV/LHP are respectively the annual 

operational and maintenance costs of PV/LHP heat-pump system (GBP). 

As a solar photovoltaic system is usually considered to have a life span of       

25 years [7.17], the life-cycle net cost saving, CSPV/LHP (GBP), of this hybrid 

solar system in energy bills can be determined by 

     / / , , , / , /25PV LHP PV LHP o wh m wh o PV LHP m PV LHPCS PP C C C C      
            

[6-3] 

Table 7-9 gives the estimated payback period and life-cycle net cost saving of 

such a prototype PV/LHP heat pump system when supported by a conventional 

water heater. When replacing a typical gas heater, this system has the shortest 

cost payback period of up to 7 years and the highest life-cycle net cost saving 

of nearly GBP 1,064 in Hong Kong. In London, the cost payback period will 

be around 8 years with a life-cycle net cost saving of about GBP 469 after 

considering the renewable award of installing a new solar thermal system. 

About 41 years (more than its life span) would be required in Shanghai to 

reclaim the initial investment due to the current lowest gas charging tariff, 

which indicates that it would be uneconomical to replace a gas water heater 

with the proposed PV/LHP heat pump system in this area at the moment. When 

replacing a conventional electric water heater, the system’s payback periods 

were estimated at nearly 5, 20 and 14 years, respectively, in London, Shanghai 

and Hong Kong owing to the different electricity charging tariffs and 

governmental support policies. The net cost saving would be around GBP 

1,053, GBP 90 and GBP 370 accordingly throughout the system life span.  
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Table 7-9: Cost payback period and life-cycle net cost saving 

Location London Shanghai Hong Kong 

Replacing a gas water heater  

Payback period (yrs) 8  41  7  

Life-cycle cost saving  (GBP) 469 - 1,064 

Replacing an electric water heater  

Payback period (yrs) 5  20  14  

Life-cycle cost saving  (GBP) 1,053 90 370 

The analytical results in Table 7-9 below demonstrate that it would be most 

cost-effective for such a PV/LHP heat pump system with a backup gas boiler to 

replace a standard gas water heater in Hong Kong and an electric water heater 

in London. It would be very uneconomical for the PV/LHP heat pump system 

to replace either type of conventional water heater in the Shanghai area. 

7.4 Life-cycle Environmental Benefits 

Environmental benefits can be estimated easily by using the annual CO2 

emission factor when operating this PV/LHP heat pump system with a gas 

boiler as backup to replace a conventional gas or electric water heater 

(including the required auxiliary gas energy and the net system electricity 

consumption) [7.13].  This is given by 

2 2 2/ , , , / , /PV LHP wh co w laod gas co au PV LHP el co au PV LHPCR f Q f Q f Q   

                          
[6-4] 

where, CRPV/LHP is the carbon reduction of PV/LHP heat-pump system (kg); 

fwh,co2, fgas-co2 and fel-co2 are respectively the CO2 emission factors of water-

heating system, gas and electric heaters; Qau,PV/LHP is the required auxiliary gas 

energy or the electricity consumption by the PV/LHP heat pump system with a 

gas boiler as backup (W). 

The gas-to-CO2 emission factor is estimated to be the same for the three 

regions, as gas is directly burned for heat generation. The CO2 emission factor 
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of electricity is considered different for the three regions due to the different 

efficiencies of the national power plants, given in Table 7-10.  

Table 7-10: Environmental benefits of the prototype system 

Location London Shanghai Hong Kong 

Replacing a gas water heater 

CO2 emission factor (kg CO2/kWh heat) [7.4] 0.260  0.260  0.260  

CO2 emission reduction (kg) 48.11  99.95  76.25  

Life cycle CO2 emission reduction (t) 1.20  2.50  1.91  

Replacing an electric water heater  

CO2 emission factor (kg CO2/kWh heat) [7.18-7.20] 0.545  0.997  0.840  

CO2 emission reduction (kg) 193.97  437.43  275.81  

Life cycle CO2 emission reduction (t) 4.85  10.94  6.90  

Shanghai was found to have the highest life-cycle CO2 emission saving of 

about 2.50 t and 10.94 t when replacing a gas and electric water heater, 

respectively, with the prototype system, which is mainly owing to the lowest 

efficiency of its national power plant. In London and Hong Kong, the prototype 

system has a relatively lower carbon emission reduction of around 1.20 t/4.85 t 

and 1.91 t/6.90 t to replace gas and electric water heaters, respectively. The 

analytical results illustrate that the maximum environmental benefits would be 

achieved by operating the PV/LHP heat pump prototype system in the 

Shanghai area at the present time. 

7.5 Chapter Summary  

This chapter provided a feasibility study for the use of the prototype PV/LHP 

heat pump system in three different climatic regions: London, Shanghai and 

Hong Kong. The overall analysis included a prediction of the annual 

operational performance, economic rewards, and associated environmental 

benefits.  

Hourly prediction of system performance in Shanghai was conducted and the 

results indicate that the PV module’s electrical efficiency was in the range from 

7.9% (in summer) to 9.2% (in winter), while its thermal efficiency was in the 

range from 7.7% (in winter) to more than 100% (in autumn). The maximum 
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exergetic efficiency was 16.6%, which occurred in the late afternoons in 

October, while the minimum exergetic efficiency was 10.47% and occurred in 

the early mornings in March. The system COPth varied seasonally with 4.57 in 

winter, 5.75 in summer, and 5.10 in spring and autumn. The system’s overall 

performance index COPPV/T reached the maximum figure of 15.47 in the early 

mornings in January, during which time the electricity generation reached the 

highest level and the heat output fell to the lowest. 

The monthly system performance parameters were predicted in the above three 

regions. The results indicate that the system obtained the highest heat output of 

921.70 kWh/m
2
-yr in Hong Kong, which allowed the system to provide 

sufficiently high water temperatures (above 45 
o
C) throughout the year by only 

entering 59.11 kWh/m
2
-yr of grid electricity. In Shanghai, the system obtained 

a higher volume of electricity but a lower volume of heat compared to Hong 

Kong. In London, the system provided a lower volume of electricity and heat 

than both Hong Kong and Shanghai, 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/LHP heat pump system would 

be best suited for use in a subtropical climatic region, such as Hong Kong. 

To replace a typical gas water heater, this PV/LHP heat pump prototype system 

(with a backup gas boiler)  has the shortest cost payback period of 7 years and 

the highest life-cycle net cost saving of nearly GBP 1,064 in Hong Kong. In 

London, the cost payback period would be 8 years with a life-cycle net cost 

saving of about GBP 469 after considering the renewable award by installing a 

new solar thermal system. It was found to be uneconomical to invest in the 

prototype system in Shanghai, with a payback period of 41 years (more than its 

life span) due to the low gas charging tariff. To replace a conventional electric 

water heater, the system’s payback periods were estimated at nearly 5, 20 and 

14 years, respectively, in London, Shanghai and Hong Kong. The life-cycle net 

cost saving would, accordingly, be around GBP 1,053, GBP 90 and GBP 370. 

By considering the different energy charging tariffs and governmental support 

policies, the analytical results suggest that it would be most cost effective for 
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such a PV/LHP heat pump prototype system with a backup gas boiler to 

replace gas water heaters in Hong Kong and electric water heaters in London. 

It would be very uneconomical for the PV/LHP heat pump system to replace 

either type of conventional water heater in the Shanghai area at the moment. 

The PV/LHP heat pump prototype system could achieve the highest life-cycle 

CO2 emission saving of about 2.50 t and 10.94 t in Shanghai when using it to 

replace gas and electric water heaters, respectively, owing to the lowest 

efficiency of its national power plant for the three regions at the current stage. 

In London and Hong Kong, the prototype system would have relatively lower 

carbon emission reductions of 1.20 t/4.85 t and 1.91 t/6.90 t, respectively, when 

using it to replace gas and electric water heaters.  
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CHAPTER 8: CONCLUSION AND FURTHER WORK 

8.1 Conclusions  

The research has presented an in-depth investigation into a novel PV/LHP heat 

pump system that was undertaken through a critical literature review, optimal 

concept design, theoretical analysis, the development of simulation models, 

prototype construction, laboratory-controlled and field testing, validation of the 

simulation models, and socio-technical acceptance analysis.  

The overall achievements include (1) a full range of computer simulation 

models based on fundamental thermal-fluid analysis, which were validated by 

experiment; (2) a prototype PV/LHP heat pump system; and (3) a socio-

economic model that can predict the energy saving, economic and 

environmental benefits of the use of the prototype technology in different 

climatic regions. 

The major conclusions derived from the PhD research are given below. 

LHP heat transfer capacity: this unique LHP with a dedicated vapour-liquid 

separation structure can achieve a maximum heat transfer capacity of 900 W in 

specified operational conditions. To maintain a high heat transfer capacity, the  

LHP device should (1) remain at an appropriate operational temperature of less 

than 30 
o
C; (2) use a compound mesh-screen wick structure, instead of sintered 

powder and groove; (3) have a relatively larger evaporator diameter, e.g.,        

to 22 mm; (4) have a smaller evaporator length, e.g., to 1.2 m; (5) have an  

evaporator inclination angle in the range 30-60
o
; (6) have a relatively larger 

vapour column diameter in the three-way fitting, e.g., to 10 mm; (7) retain a 

liquid volume of 0.01 litre; and (8) have a condenser that is at least 0.3 m 

higher than the evaporator.  

Laboratory measurement and steady-state performance characterisation: 

an Al-alloy-based PV layer has much better electrical conversion efficiency 
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than a TPT-based PV layer and can respond to variations in the ambient 

environmental conditions more promptly. A number of external parameters, 

such as solar radiation, air temperature and wind speed, and installation 

methods were investigated for their impact on the electrical performance of the 

PV layer. It was found that weaker solar radiation, lower air temperature, 

higher wind speed, and a ground-mounting solution (rather than an on-roof 

mode), were positive in terms of the electrical performance of both PV layers. 

During the test mode of solar radiation at 600 W/m
2
, air temperature at 20 

o
C, 

wind speed at 0.5 m/s, and an on-roof mounting solution, the temperature of 

the Al-alloy-based PV cells was observed at 62.4 
o
C, which was 5.2 

o
C lower 

than that of the TPT-based PV cells, and its PV efficiency was about 9.18%, 

nearly 0.26% higher than the TPT type. Although the PV efficiency increase 

was limited, it was meaningful for a PV system with a relatively low operating 

efficiency in practice. 

The established steady-state model was verified as being able to predict system 

performance to a reasonable level of accuracy (average error of less than 5%). 

As the heat pump compressor’s isentropic efficiency (up to about 88%) exists 

in practice, this would slightly reduce the practical performance coefficient 

over the theoretical figure. The electrical, thermal and overall efficiency of the 

PV/LHP module in the given laboratory conditions was around 10%, 40% and 

50%, respectively. In the case of the basic laboratory condition, the 

consumption of electricity by the compressor reduced the production of 

electricity by the PV layer, while the net ratio of system electricity generation 

was calculated at about 1.51%, which means the system is fully able to output 

electricity after fulfilling its own power demands in the specific test 

environment. The steady research results indicate that lower solar radiation, 

lower air temperature, higher air velocity and smaller cover number led to 

enhanced electrical efficiency but reduced the thermal efficiency of the module, 

whereas a lower heat pump evaporation temperature and a larger number of 

heat-absorbing pipes gave rise to both thermal and electrical efficiencies for the 

module.  
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To achieve a better operational performance for the PV/LHP heat pump system, 

construction of further PV/LHP modules should be made (1) using single 

glazing as the module cover; (2) fixing two heat pipes underneath the PV layer; 

and (3) employing an aluminium alloy sheet as the PV baseboard. During 

system operation, the evaporation temperature of the heat pump is suggested to 

be set up to a maximum of 20 
o
C. Moreover, the system could perform better at 

moderate solar radiation (e.g., 400-600 W/m
2
), a mild surrounding air 

temperature (e.g., 15-20 
o
C), and a lower air velocity (e.g., 0-1 m/s).    

Real-time evaluation in real climatic conditions: the mean daily PV 

temperature over a consecutive test period was approximately 40 
o
C. The daily 

water temperature rise in the tank was nearly 40 
o
C with maximum water 

temperatures reaching over 54 
o
C. The average electrical and thermal 

efficiency of the PV/LHP module was, respectively, above 9.13% and 39% 

daily, resulting in corresponding overall energetic and exergetic efficiencies of 

nearly 48.37% and 15.02%. The average COPth and COPPV/T values were 

calculated at 5.51 and 8.71, respectively. The mean net electricity output ratio 

was measured at 1.38% daily, indicating that this prototype system can fully 

drive itself and output an additional amount of power in the meantime. The test 

results indicate that such a prototype system would have a steady and reliable 

operating performance in real climate conditions. 

In comparison with conventional solar collecting devices, the PV/LHP module 

can achieve 3% to 5% higher solar exergetic efficiency than standard PV 

systems and about 7% overall performance above independent solar collectors. 

Compared to conventional solar-/air-/ground-source heat pump systems, the 

PV/LHP heat pump system could achieve a much higher COP figure with 1.5 

to 4 times that of conventional heat pumps. 

Through a parallel comparison between the modelling and real-time test results, 

the established dynamic model was validated with a reasonable accuracy to 

predict system performance (mean error less than 9%). It was found that the 

average water temperature in the storage tank (35 litres) grew gradually from 

14.38 
o
C to 54.29 

o
C over the test duration. The temperature of the PV layer 

was in the range of 19.71 
o
C to 52.64 

o
C during daytime operation, while its 
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mean value was 40.66 
o
C. The temperature difference between the PV layer 

and heat-absorbing pipe was in the range of 2
 o

C to 6
o
C. For the fin sheet, the 

temperature variation along the fin width presented a ‘V’ shape and the 

maximum temperature difference between the fin edges and its central line was 

around 0.49 
o
C at 13:00 in the early afternoon. The average electrical/heat 

outputs and the corresponding solar efficiencies of the PV/LHP module were 

measured as 29.45 W/120.08 W and 9.12%/38.13%, respectively. Analysis of 

the measurement data indicated that the thermal and electrical outputs 

corresponded to 5.8% and 9.12% exergetic efficiencies, thus enabling an 

overall exergetic efficiency of 14.92% for the PV/LHP module. Further 

analysis concluded that under single-day test conditions, the average heat pump 

condensing heat, COPth and COPPV/T were 146.86 W, 5.51 and 8.81, 

respectively. Error analysis was briefly addressed from the theoretical and 

experimental sides, indicating that the discrepancies were more likely to have 

come from the theoretical assumptions.  

Socio-economic assessment: hourly prediction of the system performance in 

Shanghai was conducted and the results indicate that the PV module’s 

electrical efficiency would be in the range from 7.9% (in summer) to 9.2% (in 

winter), while the thermal efficiency would be in the range from 7.7% (in 

winter) to more than 100% (in autumn). The maximum exergetic efficiency 

was 16.6% and would occur in the late afternoons in October, while the 

minimum exergetic efficiency was 10.47% and would occur in the early 

mornings in March. The system COPth would vary seasonally with 4.57 in 

winter, 5.88 in summer, and 5.10 in spring and autumn. The system’s overall 

performance index COPPV/T would reach the maximum figure of 15.47 in the 

early mornings in January, during which time the electricity generation would 

reach the highest level and the heat output would fall to the lowest. 

The monthly system performance parameters were predicted in the three 

regions. The results indicate that the system could obtain the highest heat 

output of 921.70 kWh/m
2
-yr in Hong Kong, which would allow the system to 

provide sufficiently high temperature water (above 45 
o
C) throughout the year 

by only entering 59.11 kWh/m
2
-yr of grid electricity. In Shanghai, the system 
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could obtain a higher volume of electricity but a lower volume of heat 

compared to Hong Kong. In London, the system could provide the lowest 

volume of electricity and heat compared with both Hong Kong and Shanghai, 

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/LHP heat pump system would be best suited for use in a 

subtropical climatic region, such as Hong Kong. 

To replace a typical gas water heater, this PV/LHP heat pump prototype system 

would have the shortest cost payback period of 7 years and the highest life-

cycle net cost saving of nearly GBP 1,064 in Hong Kong. In London, the cost 

payback period would be 8 years with a life-cycle net cost saving of about GBP 

469 after considering the renewable award by installing a new solar thermal 

system. It was found to be uneconomical to invest in the prototype system in 

Shanghai currently with a payback period of 41 years (more than its life span) 

due to the lowest gas charging tariff of the three regions. To replace a 

conventional electric water heater, the system’s payback periods were 

estimated at nearly 5, 20 and 14 years, respectively, in London, Shanghai and 

Hong Kong. The life-cycle net cost saving would be around GBP 1,053, GBP 

90 and GBP 370, accordingly. By considering the different energy charging 

tariffs and governmental support policies, the analytical results suggest that it 

would be most cost effective for such a PV/LHP heat pump prototype system 

with backup gas boiler to replace gas water heaters in Hong Kong and electric 

water heaters in London. It would be very uneconomical for the PV/LHP heat 

pump system to replace either type of conventional water heater in the 

Shanghai area at the moment. 

The PV/LHP heat pump prototype system could achieve the highest life-cycle 

CO2 emission saving of about 2.50 t and 10.94 t in Shanghai when using it to 

replace gas and electric water heaters, respectively, owing to the lowest 

efficiency of its national power plant of the three regions at the current stage. 

In London and Hong Kong, the prototype system would have relatively lower 
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carbon emission reductions of 1.20 t/4.85 t and 1.91 t/6.90 t, respectively, when 

using this to replace gas and electric water heaters.  

The research results should assist in configuring feasible solutions for PV/T 

technologies and developing the basis of novel solar-driven heating systems for 

space heating/cooling, hot water supply and natural ventilation in the future. 

The core technologies could enable a significant reduction in fossil fuel energy 

and the associated carbon footprint in a built environment. 

8.2 Further Opportunities and Challenges 

8.2.1 Pilot Demonstration Project 

Based on the substantial recommendations and conclusions from this research, 

the optimised PV/LHP heat pump water heating system has been constructed 

and demonstrated on a pilot scale in Shanghai in China. The PV/LHP modules 

for demonstration were designed with two absorbing heat pipes beneath the PV 

module, as shown in Fig. 8-1.  

 

Fig. 8-1: Dimensional drawings of the PV/LHP module for the demonstration project 
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There were four PV/LHP modules in total connected in parallel and each 

module has an effective absorbing area of 1.28 m
2
. The modules were fixed to 

a 30
o
 tilted frame, and fitted with a single-glazing cover on top. The PV cells, 

consisting of 72 (6 × 12 array) pieces in total, each with the size of 125 × 125 × 

0.3 (mm × mm × mm), occupy more than 90% of the absorbing surface. The 

system employs a 2.25 kW (3 hp)-rating heat pump cycle with evaporation/ 

condensation temperatures of 10 
o
C/55 

o
C. A 100-litre water tank with built-in 

heat-exchanging coils is connected to the heat pump to obtain heat and store 

the heating water. The electrical parts consist of a 12 V (40 A) controller, an 

800 W DC/AC inverter, two 100 AH (12 V) batteries, and connection wires. 

The demonstration system was continuously operated and recorded in a real 

climate over the short term with sunny or cloudy weather conditions from 31
st
 

July to 6
th

 August 2012 in Shanghai (31
o
11’N and 121

o
29’ E). The testing was 

fully operated for about six hours daily and the test data were recorded at 30-

minute intervals. The on-site project is displayed as Fig. 8-2.  

 

Fig. 8-2: On-site image of the demonstration project in Shanghai, China 

The test results of the experimental rig are given in Table 8-1. During the test 

period, the mean daily PV temperature was approximately 50 
o
C. The water 

temperature rise in the tank was about 30 
o
C, with ultimate water temperatures 

reaching over 54 
o
C. The daily average electrical and thermal efficiencies of 
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the PV/LHP module were 8.99% and 51.14%, respectively, resulting in overall 

energetic and exergetic efficiencies of nearly 60.13% and 11.03%. The average 

COPth and COPPV/T values were about 5.51 and 7.6, respectively. The PV/LHP 

module generated 2.35 kWh electricity and 13.36 kWh heat daily, while the 

whole system could produce 16.32 kWh hot water by only inputting an 

additional 0.61 kWh of electricity. 

Table 8-1: Initial test results for the demonstration project  

Date Radiation (W/m
2
) Temperature (

o
C) Efficiency (%) 

2012 I Ta Tp,m △Tw ηe ηth ζo 

31.07 904 34.50 50.87 30.26 8.95 47.68 11.08 

01.08 846 35.10 49.65 29.34 9.00 51.68 11.02 

02.08 884 35.70 50.93 30.38 8.94 51.22 11.05 

03.08 834 35.20 50.88 29.71 8.95 51.92 11.15 

04.08 861 35.40 48.77 30.02 9.03 51.23 10.85 

05.08 846 34.90 48.46 30.73 9.04 51.88 10.92 

06.08 784 34.60 49.57 30.45 9.00 52.36 11.12 

Mean 851 35.06 49.88 30.13 8.99 51.14 11.03 

Date Performance Energy outputs (kWh) Energy input (kWh) 

2011 COPth COPPV/T Qe Qth Qw Wc Qe,n 

31.07 5.51 7.74 2.48 13.24 16.18 2.94 -0.45 

01.08 5.50 7.56 2.34 13.43 16.42 2.98 -0.65 

02.08 5.52 7.60 2.43 13.91 16.99 3.08 -0.65 

03.08 5.52 7.57 2.29 13.30 16.25 2.94 -0.65 

04.08 5.51 7.60 2.39 13.55 16.55 3.00 -0.62 

05.08 5.50 7.56 2.35 13.48 16.48 3.00 -0.65 

06.08 5.51 7.55 2.17 12.61 15.41 2.80 -0.63 

Mean 5.51 7.60 2.35 13.36 16.32 2.96 -0.61 

Although the demonstration project was tested for about one week, additional 

testing must be further carried out for long-term schemes to investigate any 

unpredicted operational problems within the system.  

8.2.2 PV/LHP Stakeholders 

To enable the widespread deployment of such hybrid solar technology, the 

explicit benefits and challenges for PV/LHP stakeholders have been identified 

and summarised in Table 8-2 [1.11], and need to be elaborated to engage them 
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in the future development of such technology during the coming years. The 

establishment of an interdisciplinary working group in PV/LHP technology 

seems necessary, and could attain a sound exchange of information, results and 

experiences related to R&D, design specifications, design tools, test methods, 

practical installation barriers, market surveys, policy development, etc. This 

interdisciplinary cooperation may lead to a clearer understanding of the various 

problems experienced throughout PV/LHP development. 

Table 8-2: Opportunities and challenges for PV/LHP stakeholders 

PV/LHP 

stakeholders 

Opportunities  Challenges  

R&D institutes Quest for new technological 

solutions 
 Performance and reliability standards 

 Increased module efficiency and system 

performance 

Engineering 

Consultants 

Innovative and high-profile 

technology 
 Commercial design tools development 

 New system concepts development 

Architects New solutions for 

integration 
 PV/LHP integrated with building design 

 New building concepts 

Installers Reduced installation effort  Plug-and-play integration by the available 

joints 

 Combination of two professional 

specialisms 

Building 

Industry 

Increased energy 

performance 
 Integration of PV/LHP module  into 

building construction 

 Prefabrication possibilities 

Manufacturers Enlarged markets  Cost-effective production 

 Plug-and-play systems 

Policy makers More effective path to 

renewables targets 
 Relevant building regulations, market and 

R&D support  

8.2.3 Technical Development 

Although the characterisation and dynamic evaluation of such technology have 

been carried out, further technical improvement is still desirable with regard to 

the following aspects: (1) achieving durable thermal interaction between heat 

pump controls and solar cells using a variable-frequency compressor;              

(2) evaluating the economic benefits under different control and operation 

modes, such as an overnight preheating mode with a low-price electricity tariff; 

(3) design a double sources heat pump (air and solar PV/LHP) (4) assessing 

performance with applications in other energy supply systems, such as heating, 

cooling and processing heat; (5) enhancing the physical contact between the fin 

sheet and heat pipes for better heat transfer; (6) testing the module structure 
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strength as a special building facade; and (7) creating feasible options in terms 

of aesthetics and textures. 

8.2.4 Evaluation Standards 

Currently, no published legal standards are found in the PV/T field, while 

common standards need to be developed as soon as possible. So far, evaluation 

of PV/T systems in laboratories is conducted according to the researchers’ own 

procedures or standards for solar thermal collectors [1.11]. Neither of these 

methods is ideal for comparing PV/T with other energy systems equally, for 

the results will differ from case to case (types of PV cell, testing environment, 

etc.). As a result, new test procedures should be developed to establish their 

relevant suitability on the basis of the existing standards of stand-alone PV 

panels and solar thermal collectors.  

8.2.5 Long-term Reliability Measurement 

Although a short-term evaluation of the PV/LHP system in a real climate has 

been carried out, a long-term (seasonal or annual) scheme is still essential to 

resolve different uncertainties in practice. This work retains certain challenges, 

including seasonal dynamic weather conditions, thermal adaptability in 

different climate zones, and system robustness. 

8.2.6 Market Analysis 

Analysis of the market potential is crucial for the development of PV/LHP 

products. It is well known that solar technology is expected to provide nearly 

50% of the low-and-medium temperature heat within the EU [1.8] and 5% of 

global electricity demand [1.10] by 2030. A market investigation of PV/LHP 

products is suggested in terms of conducting the following: (1) case studies of 

existing PV/T products to identify their applicability for end users, climatic 

regions, market positions, and recommendations; (2) a feasibility study of 

PV/LHP application in various locations, building types and energy systems;  

(3) a market survey of customers’ preferences; and (4) the establishment of a 

generic extrapolating methodology for the market analysis of PV/LHP systems.  
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8.2.7 Manufacturing Cost 

Current fabrication of PV/LHP systems is achieved by separate production 

lines of PV panels and solar thermal collectors. Future large-scale product 

implementation should combine those two separate manufacturing lines and 

establish effective upstream/downstream supply chains. Thus, the capital cost 

would be reduced to some extent. These products also need to be optimised to 

suit energy specifications, production aspects, and installation and mounting 

requirements. This part of the work would play an important role in pushing 

PV/LHP towards the market, while in synergy with market players and local 

authorities, the PV/LHP manufacturing cost could be further reduced. 

8.2.8 Dissemination Activities 

In order to motivate the use of PV/LHP technology, more dissemination 

activities should be presented to the public using various approaches, including 

the publication of roadmaps, showcases, workshops, on-site visits, open days 

and conferences. The events should invite both local and national media 

(television, newspapers, etc.) to conduct live reports throughout the regions, 

nations and all over the world.  

8.2.9 Policy Support 

Public energy agencies are the catchers of all the initiatives in building energy 

saving and environmental pollution reduction, and also connect the actions of 

the different players. Local authorities and decision makers have a central role 

in lowering market barriers by proposing public subsidies and financing 

mechanisms to make PV/LHP solutions competitive with conventional systems. 

Action should be taken to support PV/LHP development by the integration of 

local building regulations. The PV/LHP payback time would be significantly 

reduced if additional policy support came from governments, which we can 

observe from the case study in London in Chapter 7. However, there is 

currently no policy issued particularly for this technology. Specific policies 

should be published to encourage the deployment of such technology and 

subsidise the corresponding financial benefits for end users. 
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