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Abstract 

Today the majority of UK's energy needs are met by fossil fuels. An energy sector that 

uses 30% of this energy and generates 28% of the total emissions is domestic sector. To 

reduce the emissions generated by fossil fuels UK government decided to increase the 

energy coming from renewable sources by 2020. A renewable energy that can contribute 

is solar energy. Solar thermal collectors and photovoltaics are two means of 
transforming solar energy to thermal and electrical energy. 

The limited space in the roofs and the cost of the technologies will prevent families to 

use both systems together in their roof A hybrid energy system combine the use of two 

or more alternative power sources will help to increase the system's total efficiency. The 

photovoltaic/thermal (PV/T) system is a hybrid structure that converts part of the sun's 

radiation to electricity and part to thermal energy. 

This research work focuses on the production of new approaches on hybrid PV/T 

systems. PV/T systems using water and air have been introduced and a literature review 

conducted in order to identify positives and negatives of these systems. Experiments 

also conducted by using water and air as heat transfer medium, and the results helped to 

work as a benchmark performance to the new approaches. 

These technologies were heat pipes, phase change materials and micro encapsulated 

phase change materials. The technologies exist for years but their use in the specific 

application is new. A literature review was undertaken to provide an understanding of 

these technologies and identified findings that have contributed to the design of the 

systems. Experimental work was carried out incorporating these technologies in the rear 

of a PV and the results indicated comparable performance with PV/T-water and PV/T- 

air. 

x 



Five performance indicators were employed to help with the comparison of the systems. 
These were electrical and thermal efficiency, the total energy efficiency, the primary 

energy saving efficiency and the exergy efficiency. From these five indicators the 

primary energy saving efficiency that shows how much fossil fuel is saved and the 

exergy efficiency that could give the optimum working conditions of each system was 
the most valuable ratings. 

For the PV/PCM model a new simulation program was developed to help validate the 

experimental work. Also an environmental and economic study was undertaken to 

compare if the new systems could help reduce the C02 emissions and if they were 

feasible to become commercial products. 

Finally the conclusions gained have been presented and recommendations for future 

work have been made. 
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Nomenclature 

A, aperture area of PV module (M) 

CP specific heat of fluid (J/(kg K)) 

D diameter (m) 

Dh hydraulic diameter (m) = (4*flow area)/p 
AP pressure drop 
Ap, 

rn maximum capillary force (Pa) 

AT temperature difference = (Tin 
- 

Ta) (OC) 

EPBT energy payback time (years) == Einvested/Epv 

ERF energy return factor (dimensionless) Life Time/EPBT 

EVA ethyl vinyl acrelate 

Ef primary energy saving efficiency 

F fin coefficient 
FR heat removal factor 

F collector efficiency factor 

FF fill factor 

f, frictional resistance coefficient 

G solar radiation intensity (W/m 2) 

G minimum filled liquid mass (kg) 

9 gravitational acceleration (M/S2) 

H depth of duct (in) 

Hig latent heat of vaporization (J/kg) 

HP Heat Pipe 

hf, i convective heat transfer of fluid (W/(m 2o C)) 

hfg latent heat (J/kg) 

current (A) 

incident solar radiation intensity (W/m2) 

k thennal conductivity (W/(m K)) 

L length of collector 
L latent heat of PCM (kJ/kg) 
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L, length of evaporation section of heat pipe (m) 

La length of adiabatic section of heat pipe (m) 

L, length of condenser section of heat pipe (m) 

M merit number (W/M2) 

MI, Mach number of vapor flow (N/M2) 

MCPCM Microencapsulated Phase Change Material 

m mass flow rate (kg/s) 

N number of glass covers 
N,, Nusselt number 
nele PV electrical efficiency 

nf fin efficiency 
npower efficiency of conventional power (0.38) 

nth System thermal efficiency (%) 

n,,,, Total PV/T system efficiency (%) 

nref PV efficiency at reference conditions 
Pmax power in max power point (W) 

Pa atmospheric pressure (Pa) 

Psat saturation pressure (Pa) 

PV/T Photovoltaic-Thermal 

PCM Phase Change Material 

P channel wetted perimeter = 2D +2W (m) 

% or q,, rate of useful heat gain (W) 

q heat flux (W/M2) 

qs, m sonic limit for heat transport (W) 

qe, m entrainment limit for heat transport (W) 

qb, m boiling limit for heat transport (W) 

qv, m viscous limit for heat transport (W) 

qtnax maximum heat transport capacity (W) 

qc heat input (W) 

Rv water vapour constant (J/kg K) 

R universal constant 8317 (J/kg K) 

x1v 



Re Reynolds number 

r radius (m) 

Ste Stefan number, i. e ratio of sensible heat capacity to latent heat capacity 
T temperature ('C) 

t time (s) 

U heat loss coefficient (W/(m 2o Q) 

u flow velocity (m/s) 

V Voltage (V) 

it' width of collector (m) 

W tube spacing for tube-and-sheet collector configuration (m) 

Xcapsule percentage concentration of capsules in slurry 

Greek 

cc absorber plate absorptance 

PV cell temperature coefficient (110C) 

solar iffadiance coefficient for PV module 

Y specific heat ratio 

A difference 

E emissivity 

x latent heat (J/kg) 

ýL dynamic viscocity (kg/m s) 

ýt PV efficiency temperature coefficient (%/'C) 

4 exergy efficiency 

P density (kg/M3 ) 

the Stefan - Boltzmann constant = 5.6697 x 10-8 (W/M2 K4) 

surface tension (N/m) 

To. transmission absorption coefficient 

(M) the transmittance- As orptance product of the photovoltaic-thermal 

collector 
0 angle of inclination relative to horizontal (deg) 

xv 



Subscript 

amb ambient temperature 

b bottom loss coefficient 

ca the heat transfer coefficient between cell and absorber 

col hybrid PV/T collector 

con condenser 

c or conv convetion 

cell solar cell 

e edge loss coefficient 

el electrical 

eff effective 

ev evaporator 

9 glass 

in fluid input temperature 

L overall loss coefficient 
L or I liquid 

m PCM melt temperature (OC) 

MP maximum power point 
NOCT nominal operating cell temperature 

oc open circuit 

out fluid output temperature 

PV Photovoltaic 

r or rad radiation 

ref reference 
S or s solid 

sc short circuit 

t overall heat transfer coefficient from solar cell to ambient through glass 

cover 

th then-nal 
V vapor 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

At present, the large scale use of fossil fuels is a dominant feature of industrial societies. 
It is regarded as essential for tile growing, distribution and preparation of foods, for 

construction, manufacturing, communication and organisation activities. Also fossil 

fuels are used for the construction and operation of buildings that host a range of 

different energy services including in particular: heating, cooling, appliances and 

lighting. 

Energy fuelled the industrial revolution and has continued to drive economic 

development. The Figure 1.1 shows the close link between economic prosperity and 

energy use - especially electricity. The graph also shows how greenhouse gas emissions 

have followed the curve of energy use, and are expected to continue to rise if 

consumption continues unabated. 
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In 2000, the estimated total world consumption of primary energy, In all forms, was 
approximately 417 EJ per year, equivalent to some 9,958 million tonnes of oil per year 
(BP, 2006). Assuming a world population of about 6000 million in that year, this gives 
an annual average fuel use for every man, woman and child in the world equivalent to 

about 1.66 tonnes of oil. A breakdown of world primary energy consumption by source 
until 2030 in is shown in Figure 1.2. Figure shows that coal, oil and gas will still be the 
dominant energy sources but with a new rival coming from renewable energy. 
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Figure 1.2 World Primary Energy Consumption (IEA 2005) 

1.1.1 Oil and Gas Prices 

The distnbution of fossil fuels around the world is uneven. The Middle East possesses 

more than half of the known oil reserves. This fact leads to economical instabilities 

around the world which affect the whole economic and geopolitical system (Roger 

Kubarych, 2005). 

Figure 1.3 shows the price of oil and gas during the last 6 years. Oil prices have more 

than doubled and coal prices have risen by nearly a third over the last three years. Gas 

prices have also increased by inore than 50% over the sai-ne period. There are many 

reasons for the increase of oil and gas prices. Labor strikes, hurricane threats to oil 

platforms, fires and terrorist threats at refineries, and other short-lived problems are 

2 



solely responsible for the higher prices. Such problems periodically push prices higher, 
but they are neither fundamental nor long-lived. A possible fundamental problem that 

some believe causes the price to rise involves peak oil. Not only is there a limited 

amount of fossil fuel which has been burnt as fuel, but the remaining accessible supply 

will be consumed more rapidly by a growing, industrializing Third World. What 

remains becomes more difficult to extract as the easiest wells have been tapped. 

Producing many remaining known reserves is more technically difficult and therefore 

more expensive, so it is only economically feasible in high price environments. The 

remaining sources either have not been discovered yet, or at this point in time are unable 

to be utilized due to political or other reasons in the countries of discovery (Wikipedia, 

2007). 

1.1.2 UK Electricity Generation Mix 

Today around 90% of the UK's energy needs are met by fossil ftiels, and they will 

continue to be the predominant source of energy for decades to come as may be seen 

from Figure 1.4. UK currently benefits from a diverse electricity generation mix; 3 7% is 

generated by gas-fired power stations, 34% from coal, 20% from nuclear, 5% from 

renewable and the remainder from other sources (DTI, 2006). This diverse generation 
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mix reduces the UK's dependency on a single fuel type and helps maintain a secure 
supply of electricity. 
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Figure 1.4 UK Energy Generation Mix (DTI, 2006) 

But as production frorn its own oil and gas fields and coal reserves declines the UK's 

shortage of fuel will be covered by imports. By 2010, imports could be rneeting up to 

40% of the UK's total gas dernand, rising to 80 - 901, /o by 2020. The UK is also 

expected to becorne a net importer of oil (on a sustained basis) by 2010, and is already a 

net importer of coal (DTI, 2006). 

Over the next two decades the UK will need substantial new investment in electricity 

generation capacity to replace absolute coal, oil and nuclear power stations and to meet 

expected growth in electricity demand. In total, the UK is likely to need around 25GW 

of new electncity generation capacity by 2025, equivalent to more than 30% of today's 

existing capacity (DTI, 2006). Developments in low carbon technologies and 

improvements in energy efficiency offer the potential to reduce demand and thus 

decrease the reliance on imported fossil fuels. 

1.1.3 UK Energy Consumption Sectors 

To understand how best to make use of renewable sources, and also to understand fully 

the problems caused by the present use of fuels, it is helpful to take a closer look at the 

way energy is currently used in industrial societies. 
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To make sorne sense of the great variety ofenergy use, it is necessary to categorise it. In 

most official statistics hurnan activity is divided into four main sectors: 

* The ti-aiispoil sector 

0 The donicstic sector 

9 The commeivial and insfilzill'onal sector 

The inthistrial sector 

The first question to consider is how much energy Is used by each sector. The domestic 

sector comprises the second most important energy consumer as may be seen from 

Figure 1.5. 
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Figure 1.5 Breakdown of Energy Consumption by Sector (DTI 2006) 

The total demand in the UK domestic sector has increased because of the socio- 

demographic changes that have occurred during the last three decades. These changes 

include: 

" Increased rate of population in the UK 

" Increase in the number of people that live alone 

* Increase in the household numbers 

The principal uses of energy in the domestic sector, which is the main area of concern in 

this thesis, are for space heating, water heating, cooking, lighting and electrical 

appliances. Figure 1.6 gives an overall picture of energy use in the domestic sector. 
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Figure 1.6 Breakdown of Domestic Energy Consumption (DTI 2006) 

1.1.4 Environmental Impact 

Today the energy related problerns that hit the headlines most often are environmental 

ones. Various environmental problems look large in the public consciousness at present. 
Many of these are largely a result of large scale fuel use. 
One of the most significant problems appears to be that of global wanning, a gradual 

increase in the global average air temperature at the earth's surface. The majority of 

scientists believe that global warming is probably taking place, at a rate of around 0.3 OC 

per decade, and that it is caused by increases in the concentration of so called 

'greenhouse gases' in the atmosphere. Figure 1.7 shows the global temperature changes 

from 1880 until 2000. 
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Figure 1.7 Global Temperature Changes (Matter and energy laws, 2007) 

The most significant single component of these greenhouse gas emissions is carbon 

dioxide (C02) released by the burning of fossil fuels. The UK contributes around 2% of 
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the global CO-, emissions. The emissions from residential sector account to 28% of the 
total emissions generated from UK as IndIcated In Figure 1.8. 
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Figure 1.8 Breakdown Of C02 Emissions in UK (DTI, 2006) 

Of these emissions the majority, around 73%, stem from the need for space and water 
heating (Figure 1.9). Space heating and hot water represent the largest demand, and the 

required energy is "low quality" heat characterized by obtaining temperature differences 

in the range of 10 - 70 'C (SHIA, 2006). In the industrialized world this demand for low 

temperature heat is usually covered by consuming "high quality" resources such as 
fossil fuels, which are both limited in abundance and have a negative effect on the 

global environment. So in order to reduce the negative effects we could use renewable 

energy such as solar energy to provide the necessary low quality heat for building 

operation. 
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Figure 1-9 C02 Emissions in Residential Sector (DTI, 2006) 
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1.1.5 Renewable Energy 

After considering tile ways in which energy is used and the scale of its use and after 
looking at the various problems associated with the current use of fossil and nuclear 
fuels such as the environmental impact we are now in a position to look more closely at 

renewable sources, to see whether and to what extent they offer solutions to these 

problems. 

Most renewable energy sources are derived from solar radiation, including the direct use 

of solar energy for heating or electricity generation, and indirect forms such as energy 
from the wind, waves and running water, and from plants and animals. Tidal sources of 

energy result from the gravitational pull of the moon and sun, and geothen-nal energy 

comes from the heat generated within the earth. 
The use of renewable on a more significant scale than at present would at the very least 

replace a further significant proportion of fossil and nuclear fuel use, thereby reducing 

the associated environmental impacts. As may be seen Figure 1.10 renewable energy 

technologies underwent significant growth in the period of 2000-2004. 

Average Growth Rate of Renewable Energy 2000-2004 
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Biomass (Electrical) 03 

Small Hydroelectnc 7 
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Solar Thermal 17 
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Wind 29 

Grid Connected PV 161 
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Figure 1.10 Renewable Energy Technologies Growth Rate (World Watch Institute 

2006) 
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1.1.6 General description of Solar Energy 

The conversion of solar energy to electrical and thermal energy has been practiced for 

many years. In order to convert the solar energy to electrical, photovoltaics are used. 
The widely used heat collection systems are flat-plate collectors for thermal 

applications. 

Pv 

Photovoltaic panels in particular can provide a good source of clean electricity. The 

photovoltaic effect was first discovered by the physicist Edmund Becquerel in 1839. 

Present photovoltaic technology has been well developed since 1941. PV panels are 

used as the primary electricity source in space missions and satellites. The cost of 

producing electricity for house applications has dropped dramatically and increasingly 

PV panels are becoming economicaly viable. New materials have been developed and 

new technology has created PV panels at efficiencies of 20% in many cases. 

Photovoltaic panels convert solar radiation to electricity with efficiencies in the range of 

5% to 20%, depending on the type of the solar cell, radiation level and cell temperature. 

Polycrystalline silicon solar cells offer the highest range of possibilities for applications. 

The PV Industry - Installed PV power 

The rate of annual installed PV capacity was similar to that in 2004. A total of 2,713 kW 

was installed in the UK in 2005. The cumulative installed PV generation capacity 

increased by over 33% during 2002 reaching a total of 10.9 MW (Figure 1. H). 
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Trends in UK installed PV power 1992-2005 
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Figure 1.11 Cumulative Installed PV Power in UK (IEA 2005) 

Solar Thermal 

Solar then-nal systems are based on a simple principle known for centuries: the sun heats 

up water contained in a dark vessel. Solar thermal technologies on the market are now 

efficient and highly reliable, providing solar energy solutions for a wide range of areas 

of use and potential users. Most of the systems sold today are intended to supply 
domestic hot water, and an increasing number of combined-systems additionally provide 

therinal energy for space heating, thus lowering the conventional energy demand for 

space heating. 

In UK the last decade has witnessed an increase in domestic solar collectors of 24.3% 

(Chris Laughton, 2007). It is estimated that 4.2 million new homes in the UK are due for 

construction by the year 2016. Therefore it is important that these new technologies can 

be integrated in buildings in order to reduce the C02 emissions by providing 

environmentally friendly electrical and heat energy in buildings. 

1.2 PV/Thermal System Description 

The EU has set targets for 2010 of 100 million rn2 for solar thermal collectors 

(corresponding to 70 GWp then-nal) and 3 GWp for PV, SHIA (2006). The markets for 

both solar thermal and PV are growing rapidly globally, but often the two technologies 
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find themselves competing for sales in the residential sector. This competition arises 
because sonic families will choose to buy solar thermal collectors in order to heat their 
houses and others to supply them with green electricity. The limited space in the roofs 
and the cost of the technologies will prevent families to integrate both systems in their 

roof (Report lEA, 2002). 

To o\,, ercome this competition a new market can be exploited by incorporating both 

technologies in one panel and thus provide a hybrid PV/T panel recovering part of heat 

from PV back surface that would result in lowered PV cell temperature thus an 

improven-ient in electrical efficiency. If the complete power of 3 GWp would be realized 
by installing 30 million m2 of PV/T, 30 million rn 2 (= 21 GWp then-nal) of solar thermal 

would be installed simultaneously. 

1.2.1 Hybrid PV/Thermal Panels 

Hybrid energy systems combine the use of two or more alternative power sources and 

aim to increase the system's total efficiency. One relatively new type of PV panel is the 

hybrid PV panel. This type of panel converts part of the sun's radiation to electricity 

whilst harnessing the remaining thermal components which for conventional PV 

systems are regarded as an important to system performance, as a source of useful heat. 

The photovoltaic/thermal (PV/T) system is a hybrid structure that has been examined 

quite thoroughly over the past years and makes use of the 70-95% of collected solar 

energy that is not converted into electricity by conventional solar cells. This heat 

extraction can be achieved by either air or a fluid coolant. The cooling medium apart 

from conducting heat serves to cool the panel making it more efficient. 

When the temperature of a photovoltaic module is increased, the efficiency drops. For 

every I *C rise in PV panel temperature, there is 0.4 to 0.5% drops in the electrical 

output PV efficiency. The operating temperature is increased because a large part of the 

solar radiation is not converted to electricity but is absorbed by the panel as heat. 

Natural circulation of air is the easiest and cheapest way to remove this heat from the 

panel and consequently increase the efficiency. Another, more efficient way is to use a 

liquid as the coolant of the panel. This is the general philosophy of hybrid photovoltaic- 

thermal collectors. In these systems the natural or forced circulation of a heat removing 
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fluid can be used not only for PV cooling, but also for heat generation. These Low 
temperature solar then-nal systems collect solar radiation to heat air and water for 
industrial applications including: 

" preheat for space heating for homes, offices and greenhouses 

" preheat of domestic and industrial hot water 

" pool heating 

By using this PV/Thermal technology the UK government could achieve their target of 
20% of energy coming from renewable by 2020 and reduce the carbon emissions by 

60% until 2050 (DTI, 2006). This potential increase in renewable energy will force to 

reduce the primary energy consumption from fossil fuels and specifically provide 
buildings with clean electricity and thermal energy. 

The obvious advantages of such a system are: 

0 The total area used to extract a given amount of electricity and heat may be 

smaller than for two separate systems depending upon heating fluid temperature 

The materials used for a PV/T plant, and thus the total energy and economy 
balance, may be better than for separate units. 

Any roof or facade into which they may be integrated will have a more uniform 

look. 

* The system generates clean and renewable electricity and hot water all year 

round 
The system contributes increased savings on carbon emissions and energy bills 

compared with a PV system 
Systems are currently eligible for PV grant from Energy Savngs Trust and solar 

DHW grant from Clear Skies 

The drawbacks and barriers of PV/Then-nal systems are: 

9 Special integrated absorbers are required, for which the thermal resistance 

between PV and collector fluid should be sufficiently small 

e Leakage or freezing may occur in case of faulty design 
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9 Low heat capacity, low heat conductivity and aIr leakage result in low heat 
transfer for PV/T systems using air as cooling medium 

* In general PV/T systems should be able to withstand direct insolation without 
active cooling 

* Climatic conditIons and location can affect the performance and type of PV/T 
that is more appropriate to be used 

* Lack of proper standard and certification procedures for the performance and 
reliability of the systems 

s Electrical and therinal performance have to be evaluated into a combine PV/T 

energy rating 

e Cost of a PV/T system will be higher than a separate PV and Solar Thermal 

collector 

1.3 Research Aims 

This PhD research focuses entirely on the production of a hybrid PV/T and aims to: 

* identify the temperature effect on PV performance 

experimentally evaluate the PV/T system with water and air as a heat transfer 

medium and use the results as a benchmark 

* investigate the heat pipe performance and develop a PV/T system that 

incorporates heat pipes 

e evaluate the developed phase change material technology used as an absorber in 

back of the PV 

* investigate and evaluate micro -encapsulated phase change materials for PV/T 

integration 

" from the PV/T systems produce higher energy yield per surface area than a PV 

" use of an appropriate energy rating for electrical and thermal performance 

" cost analysis of the systems and comparison with PV 

" achieve improvements in greenhouse gas emissions savings in comparison with 

Pvs 
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1.4 New Application of Technologies 

The research is novel in the following ways: 
1. A PV/T model using phase change material as an absorber was simulated and 

tested 

2. An improved PV/Water system was tested with the integration of pipes inside a 
PCM beam placed in the back of the PV. 

3. Heat pipes that are widely used already were used as energy carriers and 
integrated in the back of the PV for cooling them 

4. A Microencapsulated PCM slurry was used as a heat transfer cooling fluid 

5. A cost analysis of the models was carried out and a payback period estimated 
based on monitored performance of the Sustainable Research Building PV plant 

6. A Life Cycle Energy Analysis (LCEA) was used in order to identify the energy 

needed and the emissions produced to build the systems as also the C02 

emissions saved per in 2 during the life cycle of the models. 

1.5 Structure of the Thesis 

This thesis describes the design of 4 PV/Thermal panels from the design concept drawn 

up from a list of desirable behaviours, modelling of these concepts, experimental 

verification and finally, economic and environmental evaluation in order to find the 

most promising design. 

The program involved the following sections: 

* Chapter 2 reviewed the technologies applied to the research work and provided 

an in-depth understanding in PV cooling, PV/Thermal systems, phase change 

material, micro encap su lated phase change slurry and heat pipes. Each review 

included theoretical and experimental investigation of system perfon-nance and 

their application in low-grade energy systems. 

Chapter 3 presented experimentally the electrical performance of a PV with and 

without insulation in order to identify the effect of temperature in PVs electrical 

output efficiency. 
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* Chapter 4 covers the theoretical modelling using TRNSYS and experlmental 

work of the PV/Thennal system based on water as the medium to extract heat 
trom the back of the PV. 

e Chapter 5 describes the analysis of the PV/Then-nal system using natural and 
forced air circulation and introduced 2 different approaches for heat removal 

witli and without fins in the back of the PV. 

* Chapter 6 involves a study of a PV/Heat Pipe panel. Based on the heat transfer 

limits of a gravitational heat pipe an experimental rig was developed. 

Experimental work was carried out for 2 different concepts. In the first the 

condenser part of the pipes was extracting their heat inside a water tank and in 

the second manifolds were constructed that incorporated the condenser side of 

the heat pipe for the heat transfer. 

* Chapter 7 analysed the perforinance of a system by incorporating a phase change 

material beam in the back of the PV. A model was produced in TRNSYS that 

simulated the behaviour of a glazed or unglazed photovoltaic array that includes 

a layer of phase change material and the results were compared with the 

experiments. 

* Chapter 8 involves the use of microencapsulated phase change material slurry as 

a fluid energy carrier from the back of a PV. The experimental results were 

compared witb a reference case using water. 

0 Chapter 9 compares the systems studied in the previous sections with respect to 

their thermal and electrical performance. A cost analysis was carried out in order 

to identify the most economic PV/T system In tenns of payback time- Also a 

Life Cycle Analysis helped identify the amount Of C02 emissions produced and 

saved from each PV/T system. 

Chapter 10 presents the conclusions from this study above and the merits of the 

proposed systems are highlighted. The limitations of the research were pointed 

out and potential for further research was illustrated. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews existing relevant research work and provides an in-depth 

understanding of the different technologies used. The purpose of the review is to 
identify key points in each technology that affect their performance in order to achieve 
the best possible integration between them. 

In section 2.3 a survey of the various types of solar thermal collectors and applications 
is presented. An introduction into the uses of solar energy is attempted followed by a 
description of the various types of collectors including flat-plate, and evacuated tube. 
This is followed by thermal and thermodynamic analysis of the collectors and a 
description of the methods used to evaluate their perfon-nance. Typical applications of 
the various types of collectors are presented in order to show to the reader the extent of 
their applicability. These include solar water heating, which comprise thermosyphon, 
integrated collector storage, direct and indirect systems and air systems, space heating 

and cooling. 

Section 2.4 starts with the basic principles underline the PV technology; the different 

cell technologies that exist and on typical system applications including both stand alone 

and grid connected options. The construction and performance of photovoltaic modules 

will be discussed and the temperature effect on the performance of PVs is presented. 
Work in section 2.5 presents a review of the available literature on PV/T collectors. The 

review is presented in a thematic way, in order to enable an easier comparison of the 

findings obtained by various researchers, especially on parameters affecting PV/T 

performance (electrical and thermal). The review covers the description of flat plate and 

concentrating, water and air PV/T collector types, analytical and numerical models, 

simulation and experimental work and qualitative evaluation of thermal/electrical 

output. The parameters affecting PV/T performance, such as covered versus uncovered 

PV/T collectors, optimum mass flow rate, absorber plate parameters (i. e. tube spacing, 

tube diameter, fin thickness), absorber to fluid thermal conductance and configuration 

design types are extensively discussed. 
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Section 2.6 introduces the basic principles of heat pipes. An overview of heat pipe 
structure, operation and limitations is analysed. Different types of heat pipes are 
investigated in accordance with their structure, shape and working fluid used. Finally 
this part describes the performance of solar therinal collectors incorporating heat pipes 
with different working fluids. 

Purpose of section 2.7 is to look at the current state of research in phase change 
materials, with the main focus being on the assessment of the thermal properties of 
various PCMs, methods of heat transfer enhancement and design configurations of heat 

storage facilities to be used as a part of solar passive and active space heating systems 
and greenhouses. Experimental and theoretical studies have been presented to deterinine 

the perfon-nance of phase-change energy storage materials for solar collector systems. 
Finally section 2.8 presents a study that has been performed to understand the heat 

transfer enhancement characteristics of the microencapsulated solid-liquid phase change 

materials (PCM) slurry. The flow and convective heat transfer behaviors of 

micro encapsulated phase change material (MPCM) slurries have been investigated 

experimentally for use as a heat-transfer fluid. 

2.2 Solar Sun 

The sun is a sphere of intensely hot gaseous matter with a diameter of l. 39xl09m and 

1.5x101 1 in away from Earth. The solar energy strikes our planet a mere 8 min and 20 s 

after leaving the giant furnace. The sun has an effective blackbody temperature of 5762 

K (Kreith, 1978). The temperature in the central region is much higher and it is 

estimated at 8xI 06 to 40x 106 K. In effect the sun is a continuous fusion reactor in which 

hydrogen is turned into helium. The sun's total energy output is 3.8x 1020 MW which is 

equal to 63 MW/M2 of the sun's surface. This energy radiates outwards in all directions. 

Only a tiny fraction, 1.7x 10 14 M, of the total radiation emitted is intercepted by the 

earth (Kreith, 1978). However, even with this small fraction it is estimated that 30 min 

of solar radiation failing on earth is equal to the world energy demand for one year. 

Basically, all the forins of energy in the world as we know it are solar in origin. Oil, 

coal, natural gas and woods were originally produced by photosynthetic processes, 
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followed by complex chemical reactions in which decaying vegetation was subjected to 

very high temperatures and pressures over a long period of time (Kreith, 1978). Even 

the wind and tide energy have a solar origin since they are caused by differences in 

temperature in various regions of the earth. The greatest advantage of solar energy as 

compared with other forms of energy is that it is clean and can be supplied without any 

environmental pollution. 

2.2.1 Technologies for conversion of solar energy 

The energy contained in sunlight is critical to life on Earth and fundamental to human 

survival. The use of solar energy is usually identified in two contexts: passive solar 

energy systems, which uses natural processes without mechanical equipment or 

additional energy to operate and active solar energy systems, which utilise solar energy 

with the assistance of mechanical equipment or electronic hardware. Solar thermal 

collectors, photovoltaic and photovoltaic-thermal cogeneration systems count as active 

systems. The most significant difference between solar thermal and photovoltaic 

systems is that solar thermal systems produce heat and photovoltaic produce electricity. 
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2.3 Solar Thermal Collectors 

Solar thermal energy collectors are special kind of heat exchangers that transfon-n solar 

radiation energy to thermal energy. The major component of any solar system is the 

solar collector. This is a device that absorbs the incident solar radiation, converts it into 
heat, and transfers this heat to a fluid (usually air, water, or oil) flowing through the 

collector. The solar energy collected is carried by the circulating fluid either directly to 

the hot water or space conditioning equipment or to a thermal energy storage tank from 

which can be drawn for use at night and/or cloudy days. 

Three of the most important types of collectors are: 

1. Flat plate collectors (FPC); 

2. Evacuated tube collectors (ETC); 

3. Stationary compound parabolic collectors (CPC); 

Figia-e 2.1 shows the worldwide installed capacity by collector type. 

This review will cover the first two types. 

Distribution of the installed capacity 
by collector type 

Air collector 
Plastic absorber 1% Flat-plate 

41% 

Evacuated tube 
34% 

Figure 2.1 Distribution of the worldwide installed capacity by collector type (Werner, 

2003) 

2.3.1 Flat-plate collectors 
Glazed flat-plate collectors are insulated and weatherproof boxes containing a dark 

absorber plate under one or more glass or plastic covers. Unglazed collectors, typically 
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used for solar pool heating, have a dark absorber plate made of metal or polymer, 
without a cover or enclosure. With both types, small tubes run through the box and carry 
a fluid (either water or an antifreeze solution). As the sunlight hits the dark absorber 
plate, it heats up and transfers heat to the fluid passing through the tubes. 
A FPC generally consists of the following components as shown in Figure 2.2. 
Their major purpose is to collect as much solar energy as possible at the lower possible 
total cost. The collector should also have a long effective life, despite the adverse effects 
of the sun's ultraviolet radiation, corrosion and clogging because of acidity, alkalinity or 
hardness of the heat transfer fluid, freezing of water, or deposition of dust or moisture 
on the glazing, and breakage of the glazing because of then-nal expansion, hail, 

vandalism or other causes. These causes can be minimized by the use of tempered glass. 

Glazing and the absorbing plate are important components of the system. 
Glazing: The glazing should admit as much solar irradiation as possible and reduce the 

upward loss of heat as much as possible. Although glass is virtually opaque to the 

longwave radiation emitted by collector plates, absorption of that radiation causes an 

increase in the glass temperature and a loss of heat to the surrounding atmosphere by 

radiation and convection. Glass has been widely used to glaze solar collectors because it 

can transmit as much as 90% of the incoming shortwave solar irradiation while 

transmitting virtually none of the long wave radiation emitted outward by the absorber 

plate. Glass with low iron content has a relatively high transmittance for solar radiation 
(approximately 0.85-0.90 at normal incidence), but its transmittance is essentially zero 

for the longwave. 

Various prototypes of transparently insulated (TI) FPC have been built and tested in the 

last decade (Spate 1999, Schweiger 1997). A prototype FPC covered by TI was 

developed by Benz et al. (1998) and it was experimentally proved that the efficiency of 

the collector was comparable with that of ETC. 

Absorber plates: The collector plate absorbs as much of the irradiation as possible 

through the glazing, while loosing as little heat as possible upward to the atmosphere 

and downward through the back of the casing. The collector plates transfer the retained 
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heat to the transport fluid. The absorptance of the collector surface for short wave solar 

radiation depends on the nature and colour of the coating and on the collector angle. 
By suitable electrolytic or chemical treatments, surfaces can be produced with high 

values of solar radiation absorptance (ct) and low values of longwave emittance (F-). 

Usually black colour is used, however various colour coatings have been proposed in 

Tripanagnostopoulos (2000) and Orel (2002) mainly for aesthetic reasons. These typical 

selective surfaces consist of a thin upper layer, which is highly absorbent to shortwave 

solar radiation but relatively transparent to longwave thermal radiation, deposited on a 

surface that has a high reflectance and a low emittance for longwave radiation. Selective 

surfaces are particularly important when the collector surface temperature is much 

higher than the ambient air temperature. 

Fluid-heating collectors, passages must be integral with or firinly bonded to the absorber 

plate. A major problem is obtaining a good thermal bond between tubes and absorber 

plates without incurring excessive costs for labor or materials. Material most frequently 

used for collector plates are copper, aluminum, and stainless steel. 
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Flat plate solar collectors can be further distinguished according to the heat transfer fluid 

as liquid and air. Liquid flat-plate collector's heat liquid as it flows through tubes in or 
adjacent to the absorber plate. The simplest liquid systems use potable household water, 
which is heated as it passes directly through the collector and then flows to the house. 
Air flat-plate collectors are used primarily for solar space heating. The absorber plates in 

air collectors can be metal sheets, layers of screen, or non-metallic materials. The air 
flows past the absorber by using natural convection or a fan. Because air conducts heat 

much less readily than liquid does, less heat is transferred from an air collector's 

absorber than from a liquid collector's absorber, and air collectors are typically less 

efficient than liquid collectors. 
Figure -1.3 shows a number of absorber plate designs for solar water and air heaters that 
have been used with varying degrees of success (Kreider, 1982). 

Figure 2.3A shows a bonded sheet design, in which the fluid passages are integral with 
the plate to ensure good then-nal conduct between the metal and the fluid. Figure 2-3B 

and 2.3C shows fluid heaters with tubes soldered, brazed, or otherwise fastened to upper 

or lower surfaces of sheets or strips of copper. Copper tubes are used most often because 

of their superior resistance to corrosion. Therinal cement, clips, clamps, or twisted wires 
have been tried in the search for low-cost bonding methods. Figure 2.3D shows the use 

of extruded rectangular tubing to obtain a larger heat transfer area between tube and 

plate. 

Air or other gases can be heated with FPC, particularly if some type of extended surface 

(Figure 2.3E) is used to counteract the low heat transfer coefficients between metal and 

air (Kreider, 1982). Metal or fabric matrices (Figure 2.3, F) (Kreider, 1982), or thin 

corrugated metal sheets (Figure 2.3G) may be used, with selective surfaces applied to 

the latter when a high level of perforinance is required. The principal requirement is a 

large contact area between the absorbing surface and the air. 
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Figure 2.3 Different Absorber Plate Designs (Kalogirou, 2004) 

As we mentioned transparent cover is used to reduce convection losses from the 

ý11 absorber plate through the restraint of the stagnant air layer between the absorber plate 

and the glass. It also reduces radiation losses from the collector as the glass is 

transparent to the short wave radiation received by the sun but it is nearly opaque to 

long-wave thermal radiation emitted by the absorber plate (greenhouse effect). Another 

category of collectors which is not shown in Figure 2.3 is the uncovered or unglazed 

solar collector that Soltau (1992) reports. These are usually low-cost units that can offer 
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cost effective solar thermal energy in applications such as water preheating for domestic 

or industrial use. 

2.3.2 Evacuated tube collectors 

Conventional simple flat-plate solar collectors were developed for use in sunny and 

warm climates. Their benefits however are greatly reduced when conditions become 

unfavourable during cold, cloudy and windy days. Evacuated heat pipe solar collectors 
(tubes) operate differently from other collectors available on the market. 
Evacuated-tube collectors can achieve extremely high temperatures (70'C to 170'C), 

making them more appropriate for cooling applications and commercial and industrial 

application. However, evacuated-tube collectors are more expensive than flat-plate 

collectors, with unit area costs about twice that of flat-plate collectors. 

The collectors are usually made of parallel rowsof transparent glass tubes. Each tube 

contains a glass outer tube and metal absorber tube attached to a fin. The fin is covered 

with a coating that absorbs solar energy well, but which inhibits radiative heat loss. Air 

is removed, or evacuated, from the space between the two glass tubes to form a vacuum, 

which eliminates conductive and convective heat loss. These solar collectors consist of a 

heat pipe inside a vacuum-sealed glass tube, as shown in Figure 2.4. The heat pipe 

contains a small amount of fluid (e. g. methanol) that undergoes an evaporating- 

condensing cycle. In this cycle, solar heat evaporates the liquid, and the vapour travels 

to the condenser side of the pipe. There water, or glycol, flows through the manifold and 

picks up the heat from the condensed side of the tube. The condensed fluid returns back 

to the evaporative side of the tube and the process is repeated. The vacuum envelope 

reduces convection and conduction losses, so the collectors can operate at higher 

temperatures than FPC. Like FPC, they collect both direct and diffuse radiation. 

However, ETC efficiency is higher at low incidence angles. This effect tends to give 

ETC an advantage over FPC in day-long performance. Because no evaporation or 

condensation above the phase-change temperature is possible, the heat pipe offers 

inherent protection from freezing and overheating. This self limiting temperature control 

is a unique feature of the evacuated heat pipe collector. 
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Figure 2.4 Glass - Metal Evacuated Tube Solar Collector (Kalogirou, 2004) 

A large number of variations of the absorber shape of ETC are on the market (Lin, 

1998). One manufacturer recently presented an all-glass ETC, which may be an 

important step to cost reduction and increase of lifetime. Another variation of this type 

of collector is what is called Dewar tubes as seen in Figure 2.5. In this two concentric 

glass tubes are used and the space in between the tubes is evacuated (vacuum jacket). 

The advantage of this design is that it is made entirely of glass and it is not necessary to 

penetrate the glass envelope in order to extract heat from the tube thus leakage losses are 

not present and it is also less expensive than the single envelope system. 

Another type of collector developed recently is the integrated compound parabolic 

collector (ICPC). This is an ETC in which at the bottom part of the glass tube a 

reflective material is fixed (Winston et al., 1999). The collector combines the vacuum 

insulation and non-imaging stationary concentration into a single unit. 
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Figure 2.5 Glass - Glass Evacuated Tube Solar Collector (US Department Energy 

Efficiency and Renwable Energy, 2007) 

2.3.3 Thermal analysis of collectors 

The basic parameter to consider for a collector is thermal efficiency. This is defined as 

the ratio of the useful energy extracted from the fluid passing the collector to the energy 

incident on the collector aperture. The incident solar flux consists of direct and diffuse 

solar radiation. 

Under steady-state conditions, the useful heat delivered by a solar collector is equal to 

the energy absorbed by the heat transfer fluid minus the direct or indirect heat losses 

from the collector to the surroundings. Duffie (199 1) and Klein (1975) give detailed 

inforination about the formulae that are used to calculate the thermal gains and losses in 

order to estimate the collector efficiency. 

The useful energy collected from a collector can be obtained from the following 

forinula: 

qu = A, I Gt7tf - I-"'L( lp - ý1 Eq. (2.3.1) 

Eq. (2.3.1) can be modified by substituting inlet fluid temperature Tj for the average 

plate temperature Tp; if a suitable correction factor is included. The resulting equation is 

t/u c 
1ý'R -Itf L(II Eq. (2.3.2) 

where FR IS the correction factor, or collector heat removal factor. 
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Heat removal factor can be considered as the ratio of the heat actually delivered to that 
delivered if the collector plate were at uniform temperature equal to that of the entering 
fluid. In Eq. (2.3.2) the temperature Tj of the inlet fluid depends on the characteristics of 
the complete solar heating system and the hot water demand or heat demand of the 
building. However, FR is affected only by the solar collector characteristics, the fluid 

type, and the fluid flow rate through the collector. FRmay be obtained from Duffie and 
Beckman (199 1). 

T'R - 
"lep (I_CX 

P[ 
I ýL I"f 

, 
1) 

Eq. (2.3.3) 
A, IjL IIICT 

where F is the collector efficiency factor. 

Where the collector efficiency factor F is given by: 

++ 
ihf, L"'L [D + M, " - D)Fj' (',,, 7-. D, 

Eq. (2.3.4) 

A physical interpretation of F' is that it represents the ratio of the actual useful energy 

gain to the useful energy gain that would result if the collector absorbing surface had 

been at the local fluid temperature. It should be noted that the denominator of Eq. (2.3.4) 

is the heat transfer resistance from the fluid to the ambient air. 

Factor F in Eq. (2.3.4) is the standard fin efficiency for straight fins with rectangular 

profile, obtained from: 

tanh[m(. IV - D)121 
F7 

m(W - D)12 (2.3.5) 

The collector efficiency factor is essentially a constant factor for any collector design 

and fluid flow rate. The ratio Of UL to Cb; the ratio Of UL to hf,; and the fin efficiency F 

are the only variables appearing in Eq. (2.3.4) that may be functions of temperature. For 

most collector designs F is the most important of these variables in determining F': The 

factor F' is a function Of UL and hfi; each of which has some temperature dependence. 

Additionally, the collector efficiency factor decreases with increased tube center-to- 

center distances and increases with increases in both material thicknesses and then-nal 

27 



conductivity. Increasing the overall loss coefficient decreases F' while increasing the 

fluid-tube heat transfer coefficient increases F. 

The overall heat loss coefficient is a complicated function of the collector construction 

and its operating conditions and it is given by the following expression 

I-"'L = 1"'I ++ ""e Eq. (2.3.6) 

i. e. it is the heat transfer resistance from the absorber plate to the ambient air. 
In addition to serving as a heat trap by admitting shortwave solar radiation and retaining 
longwave therinal radiation, the glazing also reduces heat loss by convection. The 

insulating effect of the glazing is enhanced by the use of several sheets of glass, or glass 

plus plastic. The top loss coefficient in Eq. (2.3.6) is given by (Klein, 1975): 

03 

TP A., 
2+ 

7ý, 2, + 7',, ' 7,1, + Ta 
+ "I 

+- 
A"12 

All 
+ 0.05, -%",, Eq. (2.3.7) 

h, 
A. = 5.7 + 3,811' 

I 

04 h, % + 0. (X)05 h%, I+0.09 1 NI, 

C=3 65.9 (1 - 0.00 88 30+ 12 98 t-ý ý 

and Tp is the collector stagnation temperature, i. e. the temperature of the absorbing plate 

when the flow rate is equal to zero, and is obtained from 

Gt( 7a 
T+ Ta 

Eq. (2.3.11) 

Finally, the collector efficiency can be obtained by dividing q,, by (GtAj. Therefore 

FR 
UL(Ti - I-a ý 

Gt 
I 

Eq. (2.3.12) 
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The efficiency of solar collectors depends on the design of the collector and on the 
system of which the collector is a part. Table 2.1 summarises different thermal 

collectors' efficiencies and heat loss coefficients. 

Table 2.1 Different Collector Types Thermal Efficiency and Thermal Loss Factor 

(www. solarserver. de) 

Typeof 

Collector 

Thermal 

Efficiency 

Heat loss coefficient 

(W/MIOC) 

Temperature range 

(00 

Uncovered 

absorber 

0.82-0.90 10-30 Up to 40 

Flat - plate 0.66-0.83 2.9-5.3 20-80 

Evacuated tube 0.62-0.84 0.7-2 50-120 

Air collector 0.75-0.90 8-30 20-50 

ASHRAE Standard 93 (1986) for testing the thermal performance of collectors is the 

one most frequently used to evaluate the performance of flat-plate, evacuated tube and 

concentrating solar collectors. The thennal perfonnance of the solar collector is 

determined by the variables of incident radiation, ambient temperature, and inlet fluid 

temperature. This requires experimental measurement of the rate of incident solar 

radiation falling onto the solar collector as well as the rate of energy taken from the 

transfer fluid as it passes through the collector, all under steady state or quasi-steady- 

state conditions. 
In reality the heat loss coefficient UL in Eqs (2.3.2) is not constant but is a function of 

collector inlet and ambient temperatures. Therefore: 

'ý'R 1 "'1 
-ý 

Cl - tý 2ý" -- 7 --) Eq. (2.3.13) 

Applying Eq. (2.3.13) in Eqs. (2.3.2) we have For FPC: 

A 
ý, 
FR I Tat-Ft T. 0 Eq. (2.3.14) 

Therefore for FPC, the efficiency can be written as: 
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Eq. (2.3.15) 

Usually, the second-order ten-ns are neglected in which case C2==O and k2=0. Therefore, 

Eq. (2.3.15) plot as a straight line on a graph of efficiency versus the heat loss parameter 

(T1 - T-)I(; ' for the case of FPC. 

The intercept (intersection of the line with the vertical efficiency axis) equals to I"R -Ict 

for the FPCs. The slope of the line, i. e. the efficiency difference divided by the 

corresponding horizontal scale difference, equals to ""l-. If experimental data on 

collector heat delivery at various temperatures and solar conditions are plotted, with 

efficiency as the vertical axis and -ý7'1(; as the horizontal axis, the best straight line 

through the data points correlates collector performance with solar and temperature 

conditions. The intersection of the line with the vertical axis is where the temperature of 

the fluid entering the collector equals the ambient temperature, and collector efficiency 
is at its maximum. At the intersection of the line with the horizontal axis, collector 

efficiency is zero. This condition corresponds to such a low radiation level, or to such a 

high temperature of the fluid into the collector, that heat losses equal solar absorption, 

and the collector delivers no useful heat. This condition, normally called stagnation, 

usually occurs when no fluid flows in the collector. 
Collector testing is required in order to evaluate the performance of solar collectors and 

compare different collectors to select the most appropriate one for a specific application. 

The best way to accomplish this is to identify the expected range of the parameter 

, ITIG for the load and climate on a plot of efficiency nth as a function of the heat loss 

parameteras indicated in Figure 2.6. 
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Figure 2.6 Collector efficiencies of various liquid collectors (Kalogirou, 2004) 

Collector efficiency curves may be used for preliminary collector selection. However, 

efficiency curves illustrate only the instantaneous performance of a collector. They do 

not include incidence angle effects, which vary throughout the year, heat exchanger 

effects, probabilities of occurrence of Tj; T,; solar irradiation, system heat loss, or 

control strategies. Final selection requires determining the long term energy output of a 

collector as well as performance cost-effectiveness studies. 

The desired temperature range of the material to be heated is the most important factor 

in choosing the correct type of collector. An uncovered absorber is certainly not suitable 

for producing process heat. The amount of radiation on that spot, exposure to storms, 

and the amount of space must all be carefully considered when planning a solar array. 

The specific costs of collectors are also important. Evacuated-tube collectors are 

substantially more expensive than flat-plate collectors or even plastic absorbers. 

However, a good collector does not guarantee a good solar system. Rather, all 

components should be of high quality and similar capacity and strength. 

Estimating the annual performance of a particular collector and system requires the aid 

of appropriate analysis tools such as F-Chart, Watsun, or TRNSYS. 
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2.3.4 Solar Collector Applications 

Solar collectors have been used in a variety of applications. These are described in this 

section. 

2.3.4.1 Solar water heating systems 

Solar water heaters use the sun to heat either water or a heat-transfer fluid in the 

collector. Heated water is then held in the storage tank ready for use, with a 

conventional system providing additional heating as necessary. The tank can be a 

modified standard water heater, but it is usually larger and very well insulated. Solar 

water heating systerns can be either active or passive, but the most common are active 

systems. Active solar water heaters rely on electric pumps, and controllers to circulate 

water, or other heat-transfer fluids through the collectors. These are the two types of 

active solar water-heating systems (Figure 2.7): 

1, Direct-circulation systems use pumps to circulate pressurized potable water 

directly through the collectors. These systems are appropriate in areas that do not 

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

2, Indirect-circulation systems pump heat-transfer fluids through collectors. Heat 

exchangers transfer the heat from the fluid to the potable water. 

Closed Loop, Freeze-Protection Systern Active Open Loop System 

Fr 
-F- 

Figure 2.7 Direct and Indirect Solar Water Heating Systems (Southface, 2007) 
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Passive solar water heaters rely on gravity and the tendency for water to naturally 

circulate as it is heated. Because they contain no electrical components, passive systems 

are generally more reliable, easier to maintain, and possibly have a longer work life than 

active systems. The two most popular types of passive systerns are (Figure 2.8): 

1. Integral-col lector storage systems consist of one or more storage tanks placed in 

an insulated box with a glazed side facing the sun. These solar collectors are 

suited for areas where temperatures rarely go below freezing. 

Therniosyphon systerns are an economical and reliable choice, especially in new 

homes. These systems rely on the natural convection of warrn water rising to 

circulate water through the collectors and to the tank (located above the 

collector). As water in the solar collector heats, it becomes lighter and rises 

naturally into the tank above. Meanwhile, the cooler water flows down the pipes 

to the bottom of the collector, enhancing the circulation. 

All these systems offer significant economic benefits with payback times, depending on 

the type of fuel they replace and fuel prices, between 4 years (electricity) and 7 years 

(diesel oil). 
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2.3-4.2 Solar space heating 

Air based systems circulate air through the solar collector with fans. Air collectors can 
be installed on a roof or an exterior (south facing) wall for heating one or more rooms. 
The collector has an airtight and insulated metal frame and a black metal plate for 

absorbing heat with glazing in front of it. Solar radiation heats the plate that, in turn, 

heats the air in the collector. An electrically powered fan or blower pulls air from the 

room through the collector, and blows it back into the room. Roof mounted collectors 

require ducts to carry air between the room and the collector. Wall mounted collectors 

are placed directly on a south-facing wall, and holes are cut through the wall for the 

collector air inlet and outlets. The air either enters the house directly or is channelled 

through some kind of storage system, often masonry, so that the heat will be available at 

night. 

Advantages of air systems over liquid systems: 

Solar air collectors produce heat earlier and later in the day than liquid systems, 

so they may produce more usable energy over a heating season thana liquid 

system of the same size. 

Unlike liquid systems, air systems do not freeze, and minor leaks in the collector 

or distribution ducts will not cause significant problems. 

Can be integrated into walls and roofs to hide their appearance e. g. a tile roof 

could have built in air flow paths to make use of heat absorbed by tiles. 

Disadvantages: 

Air is a less efficient heat transfer medium than liquid, so solar air collectors 

operates at lower efficiencies than solar liquid collectors. 

The air handling equipment (ducts and fans) need more space than piping and 

pumps, air leaks are difficult to detect, and power consumption is generally 

higher than that of liquid systems. 
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2.4 Photovoltaic 

The history of photovoltaics dates back to 1839, when the French physicist Edmond 

Becquerel first observed the photovoltaic effect. In 1886, the American Charles Fitts 

constructed a selenium photovoltaic cell that converted visible light into electricity with 

an efficiency of I% (Adams, 1887). In the 1930s photoelectric effect theory was 
developed for the electrical properties of silicon and other crystalline semi-conductors. 
In the early 1950s the Czochralski method for production of high purity crystalline 

silicon was developed, and in 1954 scientists at Bell laboratories in search of a practical 

way to generate electricity for telephone systems in rural areas far from the power lines, 

produced a silicon photovoltaic cell with 6% efficiency (Chapin, 1954). Soon the 

efficiency was raised to 11% and it was realized that solar cells could have numerous 

practical applications. 

The 1950s were an unfavourable time to develop an energy technology based on the 

photovoltaic effect. The price of oil was less than $2 per barrel and large fossil fuelled 

power plants were built. Moreover, in 1954 construction began on the world's first 

commercial nuclear reactor. Also photovoltaic researchers faced an unsettling economic 

reality. Silicon cells developed in the 1950s were extremely expensive, with costs as 

high as $600 per watt compared with $5 today. 

The space programmes rescued photovoltaics and in 1957 Russians and 1958 the 

Americans launched their first solar powered satellites (Saylgh, 1991). 

Achievements in solar cell research during the peak years of the space programmes 

included a major increase in efficiency and reduction in cost. During the first oil crisis in 

1973-74 the need for alternative energy sources promoted great interest in the 

photovoltaic industry. Although the oil crisis proved short-lived and the financial 

incentive to develop solar cells abated, solar cells had entered the arena as a power 

generating technology. Their application and advantage to the "remote" power supply 

area was quickly recognized and prompted the development of terrestrial photovoltaics 

industry. Small scale transportable applications (such as calculators and watches) were 

utilised and remote power applications began to benefit from photovoltaics. 
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In 1980s there was a relative disinterest in solar power, while the Gulf war of 1990 

again sparked an interest in non-fossil fuel energy alternatives. Since the beginning of 
the 1990s the annual growth of the global solar cell market has been 20 - 40%. In 2005 

the cumulative worldwide installed solar cell capacity reached 10,877 MW. Since 1999 

the twenty IEA-PVPS countries have accounted for more than 90% of global solar cell 

production and around 80% of this production has been installed in these countries 
(IEA, 2002). 

2.4.1 How PV Cells Work 

A typical silicon PV cell comprises a thin wafer consisting of an ultra-thin layer of 

phosphorus-doped (N-type) silicon on top of a thicker layer of boron-doped (P-type) 

silicon. An electrical field is created near the top surface of the cell where these two 

materials are in contact, called the P-N junction (Figure 2.9). 

When light energy is applied to a PV cell, i. e. when the sun shines on it, it gives the 

electrons enough energy to move across the p-n junction. At this point there is an energy 

vanation across the p-n junction which is called a potential difference or voltage. The 

existence of this voltage when a PV cell is exposed to light is called the photovoltaic 

effect. The word photovoltaic comes from the Greek word 'photos' meaning light and 

from the name of the Italian scientist, Volta, who studied electricity. If a circuit is made, 

via a cable to the electrical loads, the potential difference drives a current and the 

electrons can flow through the circuit. 

0 

Electrical load 

H Sun 

I Photovoltaic cell 
1 DC current now ) 

RhoSphorous-doped (N-type) 
Boron 401ped (P-typ, @) v Silicon layer -03: m 

50 w 250. +m silicon lay 

Figure 2.9 Diagram of a photovoltaic cell (Florida solar energy centre, 2007) 
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Regardless of size, a typical silicon PV cell produces about 0.5 - 0.6 volt DC under 
open-circuit, no-load condi I itions. The current (and power) output of a PV cell depends 

on its efficiency and size (surface area), and is proportional to the intensity of sunlight 
stri i, kna the surface of the cell. 

2.4.2 Types of PV Cell 

Photovoltaic cells are made from a sern I conduct, ng material, generally silicon crystal. 
When sunlight hits the photovoltaic panel, the light is absorbed by the silicon crystal. 
This absorption loosens the electrons from their atoms, causing the electrons to flow 

through the silicon crystal and generate electricity, 
There are three basic types of photovoltaic cells: monocrystalline cells, polycrystalline 

cells, and amorphous cells 

Mono-crystalline Silicon Cells: 

These are made using cells saw-cut from a single cylindrical crystal of silicon (Figure 

2.10). The principle advantage of mono-crystalline cells is their high efficiencies, 

typically around 15%, although the manufacturing process required to produce mono- 

crystalline silicon is complicated, resulting in slightly higher costs than other 

technologies. Solar cells made from single crystal silicon are currently limited to about 

15% efficiency because they are most sensitive to infrared light, and radiation in this 

region of the electromagnetic spectrum is relatively low in energy 

Figure 2.10 Mono - crystalline Silicon Cell (Florida solar energy centre, 2007) 

Multi-crystalline Silicon Cells: 

These are made from cells cut from an ingot of melted and re-crystallised silicon. In the 

manufacturing process, molten silicon is cast into ingots of polycrystalline silicon; these 
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ingots are then saw-cut into very thin wafers and assembled into complete cells (Figure 

2.11). This process results in cells that are significantly cheaper to produce than single 

crystal cells, but whose efficiency is hinited to around 12% due to internal resistance at 
the boundaries of the silicon crystals. 

Figure 2.11 Multi - crystalline Silicon Cells (Florida solar energy centre, 2007) 

Amorphous Silicon: 

Amorphous silicon cells comprise of silicon atoms in a thin homogenous layer rather 

than a crystal structure. Amorphous silicon absorbs light more effectively than 

crystalline silicon, so the cells can be thinner. For this reason, amorphous silicon is also 

known as a "thin film" PV technology (Figure 2.12). Amorphous silicon can be 

deposited on a wide range of substrates, both rigid and flexible, which makes it ideal for 

curved surfaces and "fold-away" modules. Since amorphous silicon cells have no crystal 

structure at all, their efficiencies are presently only about 6% due to significant internal 

energy losses. 

Figure 2.12 Amorphous Silicon Cell (Florida solar energy centre, 2007) 

Other Thin Films: 

A number of other promising materials such as cadmium telluride (CdTe) and copper 

indium diselenide (CIS) are now being used for PV modules (Figure 2.13). The 
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attraction of these technologies is that they can be manufactured by relatively 

inexpensive industrial processes, certainly in comparison to crystalline silicon 
technologies, yet they typically offer higher module efficiencies than amorphous silicon. 

Figure 2.13 Cadmium Telluride Cell (Florida solar energy centre, 2007) 

Table 2.2 show the electrical efficiency for different PV cells taken from different 

manufacturers. 

Table 2.2 Photovoltaic Cell Efficiencies (Zondag, 2004) 

tý, Pe of cell range -orrimci-cial 
module efficiencios 

producer higkost 

performance modules 
rorre,, ponclinq : -ll 
manufacturer 

mAcrystalline 5i 1 1-15ý0 sharp Skarp 
monocrystalline Si la]7% Suntochnics SunPower 
HIT cells 16-1 7ý. Sanyo Electric Sanyo Electric 

ribbon & EFG cells 12-1 A Titan Energy RWE Schott 
o-Si (single junctionj 4-6'. Mitsubishi Mitsubishi Heavy 

, D-Si ltripie junction Sunset Unitod Solar 
Wbrfh Solar Worth Solar 

C dTD Firt Solar First 5oar 

2.4.3 Cells, Modules and Arrays 

Photovoltaic cells are connected electrically in series and/or parallel circuits to produce 

higher voltages, currents and power levels. Photovoltaic modules consist of PV cell 

circuits sealed in an environmentally protective laminate of glass, ethylene-vinyl acetate 

(EVA) copolymers and Tedlar, and are the fundamental building blocks of PV systems. 

Photovoltaic panels include one or more PV modules assembled as a pre-wired, field- 

installable unit (Figure 2.14). A photovoltaic array is the complete power-generating 

unit, consisting of any number of PV modules and panels. 
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Figure 2.14 Photovoltaic cells, modules, panels and arrays (Florida solar energy centre, 
2007) 

The performance of PV modules and arrays are generally rated according to their 

maximum DC power output (watts) under Standard Test Conditions (STC). Standard 

Test Conditions are defined by a module (cell) operating temperature of 25 OC, and 

incident solar irradiance level Of, 000 W/M2 under Air Mass 1.5 spectral distribution. 

Since these conditions are not always typical of how PV modules and arrays operate in 

the field, actual peak is usually 85 to 90 percent of the STC rating. 

Today's photovoltaic modules are extremely safe and reliable products, with minimal 
failure rates and projected service lifetimes of 20 to 30 years (Colexon Webpage, 2007). 

Most major manufacturers offer warranties of 20 or more years for maintaining a high 

percentage of initial rated power output. 

2.4.4 How a PV System Works 

Although a PV array produces power when exposed to sunlight, a number of other 

components are required to properly conduct, control, convert, distribute, and store the 

energy produced by the array. 

Depending on the functional and operational requirements of the system, the specific 

components required may include major components such as a DC-AC power inverter, 

battery bank, system and battery controller, auxiliary energy sources and sometimes the 

specified electrical load (appliances). In addition, an assortment of balance of system 

(BOS) hardware, including wiring, surge protection and disconnect devices, and other 
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power processing equipment. Figure 2.15 shows a basic diagrarn of a photovoltaic 

system and the relationship of individual components. 
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Figure 2.15 Major photovoltaic systern components (Florida solar energy centre, 2007) 

2.4.5 Types of PV Systems 

Photovoltaic power systems are generally classified according to their functional and 

operational requirements, their component configurations, and how the equipment is 

connected to other power sources and electrical loads. The two principal classifications 

are grid-connected or utility-interactive systems and stand-alone systems. 

Grid Connected System 

Grid-connected or utility-interactive PV systems are designed to operate in parallel with 

and interconnected with the electric utility grid (Figure 2.16). The primary component 

in grid-connected PV systems is the inverter, or power conditioning unit (PCU). The 

PCU converts the DC power produced by the PV array into AC power consistent with 

the voltage and power quality requirements of the utility grid, and automatically stops 

supplying power to the grid when the utility grid is not energized. This allows the AC 

power produced by the PV system to either supply on-site electrical loads or to back- 

feed the grid when the PV system output is greater than the on-site load demand. 
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Figure 2.16 Diagrarn of grid-connected photovoltaic system (Florida solar energy 

centre, 2007) 

Stand-Alone Photovoltaic Systerns 

Stand-alone PV systems are designed to operate independently of the electric utility 

grid, and are generally designed and sized to supply certain DC and/or AC electrical 

loads. The simplest type of stand-alone PV system is a direct-coupled system, where the 

DC output of a PV module or array is directly connected to a DC load (Figure 2.17). 

Since there is no electrical energy storage (batteries) in direct-coupled systems, the load 

only operates during sunlight hours, making these designs suitable for common 

applications such as ventilation fans, water pumps, and small circulation pumps for solar 

thermal water heating systems. 

PV Array %- DC Load 
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I 

Figure 2.17 Direct-coupled PV systems (Florida solar energy centre, 2007) 

In many stand-alone PV systems, batteries are used for energy storage. Figure 2.18 

shows a diagram of a typical stand-alone PV system powering DC and AC loads. 
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Figure 2.18 Diagram of stand-alone PV system with battery storage powering DC and 
AC loads (Florida solar energy centre, 2007) 

2.4.6 PV Performance 

Researchers measure the performance of a PV device to predict the power the cell will 

produce. Current-voltage (I-V) relationships measure the electrical characteristic of PV 

device and are depicted by what called I-V curves. " These IN curves are obtained by 

exposing the cell to a constant level of light, while maintaining a constant cell 

temperature, varying the resistance of the load, and measuring the current that is 

produced. The characteristic curve of a PV-cell can be obtained through measurement of 

the PV cell according to the circuit shown in Figure 2.19. 

Figure 2.19 Measurement circuit for a PV-cell's characteristic curve 

The resistance in the circuit can be changed by using an adjustable resistor R. The 

current (1) in the circuit is measured by connecting an ammeter in series with the 
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resistor. The voltage (0 across the resistor is measured by connecting a voltmeter in 

parallel with the resistor. 

A current-voltage (I-V) curve shows the possible combinations of current and voltage 
output of a photovoltaic device. A PV device, such as a solar module, produces its 
maximum current when there is no resistance in the circuit, i. e. when there is a short 
circuit between its positive and negative ten-ninals. This maximum current is known as 
the short circuit current and is abbreviated 1, When the module is shorted, the voltage 
in the circuit is zero. Conversely, the maximum voltage occurs when there is a break in 
the circuit. This is called the open circuit voltage (V,, c). Under this condition the 

resistance is infinitely high and there is no current, since the circuit is incomplete. 
These two extremes in load resistance, and the whole range of conditions in between 

them, are depicted on the IN curve as shown in Figure 2.20. Current, expressed in 

amps, is on the vertical y-axis. Voltage, in volts, is on the horizontal x-axis. 

Figure 2.20 Typical IN curve of a PV module (Kammen, 2007) 

The power available from a photovoltaic device at any point along the curve is just the 

product of current and voltage at that point and is expressed in watts. At the short circuit 

current point, the power output is zero, since the voltage is zero. At the open circuit 

voltage point, the power output is also zero, but this time it is because the cuff ent is 

zero. There is a point on the knee of the curve where the maximum power output is 

located. 
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Energy conversion efficiency 
A solar cell's energy conv, el-sion efyicienc. i, the percentage of power converted 
(from absorbed light to electrical energy) and collected, when a solar cell is connected to 

an electrical circuit. This ten-n is calculated using the ratio of P, divided by the input 

light irradiance under "standard" test conditions (E, in W/M2 ) and the surface area of the 

solar cell (, 4,. in m'). 
Pm 

Ex Ac Eq. (2.4.1 

The quality of a cell can be described by thefillfactor (FF), which is the ratio of the 

cell's maximum power to the product of the short-circuit current and open-current 
voltage 

FF = 1"IT C7 
Mp 

115C ý'-O" 
Eq. (2.4.2) 

The closer the value of the fill factor is to unity, the better the operation of the PV-cell. 

The fill factor is lowered by the ohmic resistance of the cell. When the temperature of a 

cell increases, both the short-circuit voltage and fill factor decrease. 

Factors Affecting Conversion Efficiency 

Much of the energy from sunlight reaching a PV cell is lost before it can be converted 

into electricity. But certain characteristics of solar cell materials limit a cell's efficiency. 

Some characteristics are fixed, but others can be improved by selecting appropriate 

materials and carefully designing the cell. Some of these factors that affect the 

performance of the PV are: 

" Wavelength of light 

" Electrical resistance 

" Reflection 

" Shading 

" Temperature of PV 
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The influence of temperature on the cuff ent-voltage characteristic of a PV module is 

shown in Figure 2.21 for a module consisting of 72 single-crystal line silicon solar cells 

at 25 and 60 T under the irradiance of 830 W/m2, Radziemska (1999). Therefore, it is 

necessary to coot the modules in order to eliminate the negative effect of elevated 

temperature of PV module power output as seen from Figure 2.22 using the modules of 

silicon solar cells. 
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Figure 2.21 Current-voltage characteristics of a 72-cell PV module at: 25 and 60 T 

under the irradiance of 830 W/m 2 (Radziemska, 2002) 
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Figure 2.22 Temperature dependence of the maximum output power (Radziemska, 

2002) 
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2.4.7 Temperature influence on PV module performances 
The most common manner to deten-nIne the cell temperature T, consists of using the 
Non-nal Operating Cell Temperature (NOCT) (Nolay, 1987). The value of this 

parameter is given by the PV module manufacturers. Tc is then dependent on the 

ambient temperature Ta and on the solar irradiance according to Eq. (2.4.3) 

Tc - 7a + (NOCT - 20 'C) 
0 

8W Eq. (2.4.3) 

This simple method yields satisfactory results if the PV modules are not roof-integrated. 
A complete definition of NOCT and the conditions of determination of this parameter 
are presented by Mayers (2002) and ASTM (199 8). NOCT is calculated for a wind 
speed of i) =I m/s, an ambient temperature T,, =20 T and a hemispherical irradiance G= 
800 W/m 2. NOCT depends strongly of the type of encapsulation of the PV module. 
The relative temperature coefficient of crystalline silicon solar modules is in the range 
0.4-0.6%/'C according to Moshfegh and Sandberg (1998). Del Cueto (2002) studied the 

performance of several photovoltaic modules using various technologies: crystalline 

silicon (c-Si), Polycrystalline silicon (pc-SI), Cadmium Telluride (CdTe), and Copper 

Indium Diselenide (CIS). He noted that for all c-Si, poly c-Si and CIS modules, the 

changes in efficiency due to temperature dependence appear to be in the range of 10- 

15% over a temperature change span of 30 T. The dependences in %/OC of the module 

efficiency are given in Table 2.3 for these technologies. 

Table 2.3 PV dependence of efficiency from temperature effect (Radziemska, 2002) 

Effect of the temperature on the nx)dule eflicicricN according to DLI Cucto [131 

\I(Xjule C-si C-si C-si PC-si N-Si cis CLJTc 
F)c 

-I -0.496 0398 -0.427 0.401 - 0-431 --0484 -0-035 

All these effects must be considered in any model for photovoltaic module efficiency. 
The best known model is given by the following equation: 
77 ý-- iij I- 0(l, - Tr) +y Lou 01 Eg (2.4.4) 

where n, is the reference module efficiency at a PV cell temperature Tr of 25 OC and at a 
2 

solar irradiance on the module equal to 1000 W/m 
.y and P are respectively the solar 
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irradiance and temperature coefficients for the PV module. Tc is the PV cell 

temperature, which depends on the environmental conditions. Generally, these 

parameters (T, ri, y, P) are given by the photovoltaic manufacturer, but y and P depend 

on the material used for the PV module. Evans (198 1) suggested values for silicon of 
0.0048 1 IOC and y-0.12. 

Another formulation has been used by Sandnes and Rekstad (2002), which implies that 

the efficiency depends linearly on cell temperature: 

Eq. (2.4.5) 

It may be noticed that for y-O Eq. (2.4.4) is identical to Eq. (2.4.5) with V=Pxn,. In the 

two models the cell temperature appears, thus to be an important parameter to study. 

Table 2.4 shows various temperature coefficients for different type of modules taken 

from manufacturers. 

Table 2.4 PV temperature coefficients for different type of cells (Zondag, 2004) 

prod ucer typg C4 CrO tomp-raturo COO'Cient lbosad on powcri 
(relercncý i cry5tolline Si -0 410/K to -C- ý11. /K 
mitsubiski Heavy o-SI ýO 2%/K 

P'WE Schott Solar a-SI 0 2. ýýK 
Uni-Solor a-Si ýO 21'. /'K 
Kaneko a-SI/PC-Si hybrid -0 23 "I/K 
Wortk cis ýO 3 6.,, K 
F irst Sr la r CdT. P 025'. / K 

48 



2.5 PV/Thermal Systems 

Hybrid photovoltaic/thermal (or simply PV/T) collectors are devices that simultaneously 
converts solar energy into electricity and heat. A significant amount of research on PV/T 

collectors has been carried out over the last 25 years. The review covers analytical and 
numerical models, simulation and experimental work, and qualitative evaluation of 
then-nal/electrical output. The main developments were as follows: 

PV/T Liquid collectors: The liquid PV/T collectors are similar to conventional 
flat plate liquid collectors; an absorber with a serpentine tube or a series of 
parallel risers is applied, onto which PV has been laminated or glued. 
PV/T Air collectors: The PV/T air collectors are similar to a conventional 

underflow air collector with a PV laminate functioning as the top cover of the air 

channel. 

Ventilated PV with heat recovery: In conventional PV facades or PV roofs, an 

air gap is often present at the rear in order to allow the air to cool the PV by 

means of natural convection (ventilated PV). If this heat can be recovered from 

the PV and be used in the building, the PV functions as a PV/T collector. 
PV/T Concentrators: Research on concentrating PV was based on the idea of 

replacing expensive PV by cheap reflectors. A point of attention was the high 

temperature that could be reached by the cells. Therefore, cooling of the cells 

was necessary. By using active cooling the heat could be used as well. 

In the present paper the emphasis will be on PV/T liquid and air systems. This choice 

was made because our research lies in these two systems. In addition, the results are 

presented in the form of a thematic overview in order to present the mass of results in a 

clear and comprehensive way. 

PV/T collectors can be flat plate or concentrating and are classified according to the 

type of the working fluid used (water or air). 
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2.5.1 Flat plate PV/T collectors 

Flat plate PV/T collectors look very similar to the well known flat plate then-nal 

collectors. The only significant difference is the PV panel which is attached on the top 

of the metallic absorber plate. 

A PV/T collector, shown schematically in Figure 2.23, typically consists of a PV 

module on the back of which an absorber plate (a heat extraction device) is attached. PV 

modules convert solar radiation into electricity with peak efficiencies in the range of 5- 

17% as we've seen from the previous section. The purpose of the absorber plate is 

twofold. Firstly, to cool the PV module and thus improve its electrical performance and 

secondly to collect the then-nal energy produced, which would have otherwise been lost 

as heat to the environment. This collected heat could be used, for low temperature 

applications such as dornestic hot water. 
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Figure 2.23 Cross section of a PV/T collector (Charalambous, 2007) 

As reported by Zondag et al. (1999) the electrical and the then-nal performance of PV/T 

collectors depending upon the absorber temperature is lower than that of separate PV 

panels and conventional then-nal collectors. However, they emphasized that the two 

collectors in a PV/T module produce more energy per unit surface area than one PV 

panel and one then-nal collector next to each other. This is particularly important in 

applications where surface area availability is limited. Flat plate PV/T collectors can 

work with water or air as a heat transfer medium. 
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2.5.1.1 Water PV/T collectors 
For these systems, water is used as the heat transfer fluid. The PV cells are adhered 

either directly to the absorber or to the interior on a cover plate with a dielectric 

material. This means that the contact between the PV cells and the absorber or the cover 

plate is of high thermal conductivity. The heat transfer fluid runs inside the pipes on the 

absorber and collects heat from the absorber. If the PV cells are mounted on the 

absorber as shown in Figure 2.24, heat is also extracted from the PV cells resulting in a 
higher electrical efficiency of the PV cells. Useful thermal energy is extracted to one 

end of the pipes where it can be utilised. The pipes can be coupled either in series as 

serpentine tubes or in parallel riser tubes. The heat transfer fluid can be circulated by 

either a pump (a pumped system) or by the difference in specific gravity of the heat 

transfer fluid (a gravity system) as we discussed also for the solar then-nal collectors. 

covelplate 

cells 

Absctbei 

Figure 2.24 A typical water PV/T collector (Sorensen, 2003) 

Furthen-nore, water PV/T collectors can be divided into groups according to temperature 

levels of the heat transfer fluid. These range from low-temperature applications for e. g. 

swimming pool and heat pump applications to medium-temperature applications around 

55'C for e. g. domestic hot water applications. In the study of F. Leenders et al. (2000, 

2001) it was noticed that PV/T systems are suitable for low temperature applications. 

For medium temperature applications, the thermal and electrical yield of the hybrid 

system is lower than that of the two separate systems. This is due to the very basic 

reason that for water heating the solar collector works in higher temperatures, whereas 

the PV panel reaches its' maximum yield at low temperatures. The combination of the 

two will always be a compromise. 
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Water type PV/T collectors can be distinguished also according to the water flow 

pattern. As shown in Figm-e 2.25, these are differentiated as sheet and tube, channel, 
free flow and two absorber type. 
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Figure 2.25 Types of water PV/T collectors. (Zondag, 2005) 

A number of PVT prototypes have been constructed, such as sheet-and-tube PV/T 

collectors (De Vries, 1998), channel type PV/T collectors (Zondag et al. 2003), PV/T 

collectors with plastic absorbers (Sandnes, 2002), thermosyphon PV/T collectors 

(Agarwal & Garg, 1994; Chow et al. 2006) and ICS PV/T collectors (Krauter, 

2004). Purpose of all these types of PV//T systems is to keep the PVs as cool as possible 

and at the same time extract the heat and use it. 

2.5.1.2 Air PV/T collectors 
The other type of PV/T collector is an air-based system as shown in Figure 2.26. Instead 

of water, air is used as heat transfer fluid. The PV cells are either adhered to the interior 

of the cover plate or to an absorber or the PV cells can serve as either the absorber or 

cover plate itself. The air can be circulated by either natural ventilation or forced 

ventilation. 
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Figure 2.26 Example of an aIr PV/T collector (Sorensen, 2003) 

Air type PV/T collectors may also be distinguished according to the air flow pattern. 
These are differentiated with respect to the flow of air above the absorber, below the 

absorber or on both sides of the absorber in single or double pass Figure 2.27. 

Only a few studies have been carried out into PVT air collectors, which is probably due 

to the limited market share of solar air heating. Perfon-nance studies for single channel 

glazed and unglazed PVT air collectors have been undertaken (Tripanagnostopoulos et 

al., 2002). The additional glazing helped to increase the then-nal efficiency of the system 
by about 30% but in the same time the electrical efficiency was decreased by 16%. 

Comparisons of single channel and dual channel PVT air collectors were carried out by 

Sopian (1997) and Hegazy (2000). The finding was the increase in the thermal 

efficiency and a decrease in electrical efficiency of the system. Tonul (2006) 

investigated the perfon-nance of two low cost heat extraction improvement 

modifications in the channel of a PV/T air system to achieve higher then-nal output and 

PV cooling so as to keep the electrical efficiency at acceptable level. These involved the 

use of thin flat metal sheet suspended at the middle of the duct or a finned back wall to 

the air channel in the PV/T air configuration. Both modifications showed thermal and 

electrical efficiency increase but a factor that influenced the performance were the 

channel length of the system. As channel length increased after a point both electrical 

and thermal efficiencies decreased. The length that this effect took place was at 3 and 6 

meters for electrical and thermal efficiency. 

53 



Back wall 

............. 
.... ..... .. 

PVI/AAP - REF #UNUL 

OppeF channel 

TrAS Oieel 

. -7. 'AIR F114 UN 

Figure 2.27 Cross-sectional view of PVT/Air collector models (Tonui, 2006) 

2.5.2 Parameters affecting PV/T performance 

A number of parameters have been identified that affect PV/T perfon-nance. These 

include the manufacture and the design characteristics of such a system such as mass 

flow rate, inlet temperature of working fluid, number of covers, absorber to fluid 

thermal conductance and, in the case of water type PV/T collectors, absorber plate 

design parameters such as tube spacing, tube diameter and fin thickness. 

All these parameters affect the then-nal and electrical efficiency of the system, An 

analysis of these parameters follows. 

2.5.2.1 Manufacturing aspects of PV/T systems 

The most basic technique for manufacturing a PV/T collector is to glue either PV cells 

or an entire commercial PV laminate to the absorber of a commercial then-nal collector. 

This technique has been applied in many research projects (see De Vries 1998, Sandnes 

2002). The drawback of gluing PV cells is the insufficient protection from the 

environment and the electrical insulation. The drawback of gluing an entire PV 

laminate to a thermal collector is the large thermal resistance that occurs between the 

laminate and the absorber. Also the white Tedlar in the back of a PV that is generally 

used for c-Si modules has relatively large reflection losses. 
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A more advanced technique is to laminate the whole package of top cover, PV cells, 

electrical insulation and absorber together in one step. Norinally an additional 

electrically insulating foil is laminated between the cells and the absorber, but also an 

electrically insulating coating may be applied directly to the absorber. A number of 

sheet-and-tube absorber configuration designs are compared by Affolter et al. (1997). 

For a sheet-and-tube absorber soldering the tubes after lamination is normally not 
feasible because the soldering temperature would damage the encapsulation whereas 

gluing the tubes may compromise reliability and heat transfer. Instead of a sheet-and- 

tube absorber, also an extruded aluminium plate may be applied, as used by Chow et al. 
(2006). Whichever technique is chosen, it is necessary to take care that encapsulate is 

able to withstand the high temperatures that occur in stagnating glazed PV/T modules, 

which can be as high as 130 T (Zondag 2002). 

Instead of lamination, a low-temperature encapsulation technique may be used, such as 

the application of silicones (see e. g. Komp 2002). Komp first applies a layer of silicone 

over the absorber onto which he presses a layer of cloth, followed by a second layer of 

silicone for the fastening of the cells. 

Research has been carried out in finding high-temperature-resistant plastics suitable for 

glazed applications but Sandnes and Rekstad (2002) warn that the difference in thermal 

expansion between the cells and the absorber is substantial, which they overcame by 

applying a layer of elastic silicone adhesive. 

2.5.2.2 Covered versus uncovered PV/T collectors 

PV/T systems can be subdivided as PV/T panels and PV/T collectors. PV/T panels have 

no extra transparent cover and therefore will loose heat to the ambient relatively easily 

and PV/T collectors like most solar thermal collectors have an additional transparent 

cover preventing heat losses to the environment. When low temperature heat is needed 

then PV/T panels give good thermal efficiencies. And when higher thermal efficiencies 

are needed then a PV/T collector is chosen. Figure 2.28 illustrates the difference in 

thermal efficiency between the two systems. 
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Figure 2.28 Typical thernial efficiency curves for PV/T collectors and PV/T panels 
(Wim, 2004) 

Sandnes and Rekstad (2002) explained that the effect of adding a glass cover to the 

PV/T collector is to reduce the heat losses to the surroundings. However, the energy 

absorptance is also reduced by reflection (around 10%) from the glass. From the results 

it was clear that the PV/T without glass cover produced the highest total electrical 

energy. Although not stated it is likely that this perfon-nance of the uncovered PV/T 

collector is attributed firstly to the entire transmittance of radiation to the PV cells and 

secondly to the cooling of the PV cells. On the other hand, the worst electrical 

perfon-nance of the glazed PV/T case is due to the reduced transmittance of radiation 

due to the presence of the glass cover. 

Unglazed PV/T panels have a lower output temperature and are therefore often 

combined with a heat pump in system studies (Ito et al., 2004; Bakker et al., 2005; 

Nishikawa et al., 1993). 

On the other hand glazed PV/T collectors can produce high temperature heat directly, 

and are therefore suitable for direct heating of water. Various systems studies on glazed 

PV/T systems were carried out (Zondag, 2001). A similar study was of Fujisawa and 

Tani (1997) who designed and constructed a PV/T collector. They used exergy analysis 

in order to evaluate its experimental performance, since exergy enables qualitative 

evaluation by comparing electrical and then-nal energy on the same basis. They found 

that the coverless PV/T collector produced the highest electrical exergy. On the other 

hand, the thermal performance of the PV/T collector was comparable to that of the flat 
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plate collector (FPC) and that of the coverless PV/T panel was inferior due to the heat 

losses from the top. 

Zondag et al. (2003) in their numerical study of various PV/T concepts also emphasized 
that the PV/T panel offer a poor thermal performance due to the large top heat losses to 

the environment. As a summary the choice of a PV/T panel or collector depends on the 

application needed. For low temperature applications and when electrical energy is more 

important an uncovered panel works better. When the system is needed for higher 

temperature applications then a PV/T collector is the best choice. 

2.5.2.3 Thermal module efficiency 

Thermally, a PV/T module is similar to a solar then-nal collector. As in the case of a 

solar then-nal collector, a good efficiency requires good solar absorption and a good heat 

transfer. Typical then-nal curves for a PV/T collector are indicated in Figure 2.29. The 

figure clearly shows that the glazed PV/T-liquid module has a higher then-nal 

performance than the unglazed module. Also for PV/T air collectors, the literature 

indicates the strong increase in thermal performance if top glazing is used (Tiwari 2007, 

Nagano 200 1). On the other hand, the glazing reduces the electrical performance due to 

additional reflection at the cover. 
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Figure 2.29 Thermal Efficiencies of a PV/T-liquid collector (Zondag, 2005) 

The reduction in thermal efficiency is due to 4 effects: 
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1. The absorption factor of the PV-surface is lower than the absorption factor of a 

conventional collector surface due to reflections at the various layers in the PV laminate; 

2. The PV-surface is not spectrally selective, resulting In large thermal radiation losses; 

3. The heat resistance between the absorbing surface and the heat transfer medium is 

increased due to additional layers of material. This implies a relatively hot surface on 

the PV/T module, leading to additional heat losses and a decrease in electrical 

performance 

4. The energy that is converted to electrical output is lost from the then-nal output. 

These effects will be explained below and can be illustrated in Figure 2.30. This figure 

shows the relative magnitude of the different loss terms, for the case of a typical glazed 
PV/T module consisting of a conventional PV c-S1 module glued to a solar then-nal 

collector. In addition, Figure 2.31 indicates the effect of the successive removal of these 

loss terrns. 
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Figure 2.30 The loss mechanisms in the PV/T collector. Note the large effect of 

radiation losses from the PV/T absorber to the top glass, compared to convective and 

back loss. (Zondag, 2005) 
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Figure 2.31 Starting from the efficiency curve for the liquid PV/T collector, 

successively removing the special features of the PV/T module finally results in the 

curve for a conventional solar thennal collector. hc, is the heat transfer coefficient 

between cells and absorber (Zondag, 2005) 

It is clear that the effect of low absorption and the radiative loss are responsible for the 

largest reduction in PV/T perforinance, while also the effect of the thermal resistance is 

substantial. The three loss mechanisms (reflection loss, spectral selectivity and then-nal 

resistance), will be the subject of the following paragraphs 

2.5.2.3.1 Reflection losses 

The low transmission-absorption factor is an important loss mechanism in PV/T 

collectors. Typically, the absorbers of solar then-nal collectors have absorption of up to 

95%, while PV/T absorbers are typically limited to 75-85%, depending on the PV type 

and the absorbing surface underneath. 

The effect of the transmission-absorption on the efficiency curve is indicated in Figure 

2.32. 
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Figure 2.32 Then-nal efficiency affected by the optical characteristics of an absorber 

(Zondag, 2005) 

Four aspects have been found in the literature relating to the absorbance of PV/T 

collectors: 

1. Reducing reflection at the top cover; 

For glazed PV/T collectors, the reflection at the top cover affects both the electrical and 

the thermal perfon-nance. Typically for glazed conventional and PV/T collectors, low- 

iron glass is used for the top cover, with a transmission of about 91-92%. In recent 

years, glass with 96% transparency is becoming available from the companies. This 

glass is suitable for both collector glazing (Furbo 2003) and PV coverage (Furbo 2004), 

and seems very interesting for PV/T application. 

Plastic cover materials offer potential for cost savings (both materials and handling), but 

lower optical performance and lower reliability make such materials less suitable for 

PV/T applications. Hendrie (1982) reported the first generation PV/T air collector with a 

Teflon film over the PV-cells. It was found that the Teflon film was not stable at the 

operating temperatures encountered during testing. For the module with different cover 

materials (Urethane, Teftel, and fibreglass), values of 67-75% of thermal efficiency 

were found. 

Reflection of the sun's irradiance typically reduces the electrical yield of PV modules by 

8-15%. Numerous ideas to reduce reflection have been proposed, but most have 
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drawbacks: antireflective- coatings are not durable and surfaces are expensive, gather 
accumulate dust and are difficult to clean. Krauter (2004) used water, flowing in the 
front of the cover, with a refractive index of 1.3 as a viable intermediary between glass 
(nglassý 1 . 5) and air (nairý I- 0) An addition to help keeping the surface clean, water 
reduced reflection by 2-3.6%, decreased cell temperatures up to 22 T and achieved an 
8% of net electrical gain. 

2. Reducing reflection at the PV electrical wire connectors (grid); 

In a conventional crystalline PV laminate, reflection occurs at the silver wire 

connectors. Although the reflection is large, the area taken by the top grid is small, 

which makes this effect of secondary importance. Younger et al. (198 1) tried to blacken 

the top grid using tellurium-oxide a black chrome plating and a sodium cyanide-based 
black electroplate was applied but the results was unsuccessful. Loferski et al. (1982) 

blackened the top-grid of a cell with anti-reflection coating and measured the 

absorptance between 92% and 94%. 

3. Increasing absorption in PV and rear contact; 
Due to the fact that a large difference exists between the indices of refraction of the 

silicon and the EVA in the PV laminate, the silicon is coated with an anti-reflection 

coating in order to reduce the reflection at the top of the cell. Crystalline silicon is a 

good absorber in the spectral range between 0.5-1.1 ýtm but is almost transparent for 

light with wavelength longer than 1.1 [tm. In a PV-system, this long-wavelength energy 

is not useful as it cannot contribute to the generation of electrical energy, but for a PV/T 

system this energy should be retained for heat production. In the case of crystalline 

silicon cells, only about 70% of the solar spectrum is absorbed by the silicon. 

Absorption measurements have been carried out by Affolter et al. (2000) and Platz et al. 

(1997). For different encapsulated a-S1 cells, Affolter found that the absorption over the 

solar spectrum varied between 71% and 91%. Platz found this absorption to be within 

the range 78-85% for various encapsulated a-Si cells, while 88% was found for an 

encapsulated multi -crystalline Si cell. 
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4. Increasing absorption in the opaque surface below the PV 

A different strategy is not to absorb all energy In the cell, but to let part of the long-wave 

irradiance proceed to a secondary absorber underneath. This requires the use of a back 

contact grid instead of a solid-back contact. However the reflection at the back contact 

grid (covering usually 20-30% of the area) as well as reflection at the silicon-EVA 
interface can be substantial. The simulations by Cox and Raghuraman (1985) showed an 

increase from 34% to 39% in thermal efficiency due to back contact gridding in 

combination with a separate absorber underneath. A back contact grid was also reported 
by Hayakashi et al. (1989), who put underneath his PV-cells a thermal collector 

consisting of glass tubes filled with a strongly absorbing black collector fluid. In this 

way, long-wavelength radiation is directly absorbed by the collector fluid. The PV-cells 

were connected to the thermal absorber by means of an aluminum strip which was 

located midway between the silicon cells in order to collect heat from the PV as well. 

He reported a thermal efficiency of approximately 64% and simultaneously an electrical 

efficiency of 8%. 

Another strategy is to use a transparent surface below the PV. This effect implies that 

only a small part of the irradiance will make it through the cells to the secondary 

absorber. However, the secondary absorber will still function to catch light that was 

transmitted through the spacing between the cells. The secondary absorber may be the 

rear surface of the PV/T absorber. If a commercial PV laminate is used, this is the PV 

rear foil, which may be of various colors, affecting the magnitude and the spectral 

vanation of the absorption factor. If the cells are laminated to a solar thermal absorber, 

the solar absorption will be high and largely independent of the wavelength. However, 

in the case in which the collector medium flows through a channel, it is also possible to 

have a transparent PV laminate and to have the secondary absorbing surface at the other 

side of the channel (below the collector medium). In this way, the collector medium is 

enclosed between the primary absorber (with the PV cells) and the secondary absorber, 

which makes the heat transfer from the collector to the medium more efficient. Zondag 

et al. (2003) calculated the thermal efficiency of a PV/T liquid channel collector, with 

either the channel underneath opaque PV, or the channel underneath transparent PV 
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with a secondary absorber at the rear. It was found that for the case with the additional 

rear absorber, the thernial efficiency was 63% instead of 60% for the opaque PV case. 

2.5.2.3.2 Absorber plate parameters 

The thermal resistance between the PV-cel1s and the collector fluid should be 

minirnised. A low heat transfer results in a large temperature gradient and therefore in a 
high PV temperature. The first consideration should be to keep all layers of material 
between the silicon and the absorber as thin as possible and preferably have them made 

of materials with a high thermal conduction. 

The effect of thermal resistance on the heat removal factor FR IiS shown in Figure 2.33. 

The heat removal factor is directly related to the efficiency by: 

q=FRx [T j- U' x( Tin -I Gp)], 
where T is the transmission-absorption 

coefficient, U is the collector loss coefficient and G is the irradiation. Tin represents the Py 
collector inflow temperature and Ta the ambient temperature. It can be seen that a good 

heat transfer is particularly important for unglazed PV/T. 
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Figure 2.33 Heat Removal Factor versus Then-nal Resistance (PV/T-liquid collector; 

calculated from Hottel-Whillier model adapted for PV/T as described in Zondag et al. 

(2002). UL =6 W/M2 K corresponds to a glazed PV/T module and UL = 16 W/m 2K to an 

unglazed module. 

63 



Van der Ree (1996) studied a PV-Iaminate that was clamped to a plastic thermal 

absorber. A copper foil was set between the PV and the absorber in order to cover the 

gaps and improve the then-nal contact between the PV cells and the plastic absorber. 
Poor thermal contact was also reported to be a problem by Sudhakar and Sharon (1994) 

who found a temperature difference of about 15 OC between PV-laminate and water 
output temperature for their unglazed PV/T. 

In order to increase the heat transfer, De Vries (1998) applied an aluminium-oxide-filled 

two-component epoxy glue to connect a conventional PV-1aminate to a sheet-and-tube 

absorber. The glue was reported to have a heat conductance of 0.85W/mK but in 

practice a lower value was found. This led to a heat transfer coefficient of 45W/M2 K 

between the cells and the absorber and a decrease in thermal efficiency from 37% to 

33%. Raghuraman (198 1) reported on a PV/T-liquid system consisting of solar cells that 

are glued directly (no tedlar or EVA in between) to the thermal absorber plate. The 

thermal conductivity of the silicone were 0.2W/mK and the thickness of the layer 5 mm, 

which resulted in a heat transfer of 40W/m 2K and in a thermal efficiency decrease of 

about 10%. 

2.5.2.3.3 Absorber to liquid thermal conductance 

Conventionally, a sheet-and-tube design is used for solar collectors. The thermal 

efficiency of a sheet-and-tube collector depends on its ratio of W/D, in which W is the 

distance between the tubes and D is the tube diameter. The W/D ratio used in practise is 

a compromise between optimised heat transfer and economic aspects (more copper tube 

increases material cost and handling). The best heat transfer is obtained by leading the 

heat-collecting medium through a thin channel over the full width of the absorber. 

Although a thin channel is very interesting from the point of good heat transfer and 

small temperature gradients, the difficulty of the use of such channels is often in the 

design of the header, to obtain a sufficiently reliable construction with low-pressure loss 

and an even flow distribution. In addition, one should realise that a reduction of the W/D 

ratio has two effects; one is the increase of the fin efficiency due to the shorter fin 

length, while the other is a decrease of the flow velocity in the case of parallel risers 
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(due to the increased flow area, assuming the flow rate is kept constant) or an increase in 
pressure drop in the case of a spiral tube. 
Bergene and Lovvik (2003), elaborated on the effect of tube spacing to tube diameter 

ratio (W/D). They reported that: 

- The then-nal efficiency was approximately halved when the fin width to tube diameter, 
W/D increases from I to 10, by keeping W constant. 

" Increasing W/D from I to 10, decreases outlet fluid temperature. 

" Even though the electrical efficiency was not heavily affected by fin size, total 

efficiency is largely dependent on fin size. They explain that there was not much point 
to increase the cost of a system by decreasing W/D if the main point is cells cooling. On 

the contrary, if the thermal efficiency is important, the fin's dependence on the relative 
tube diameter should be weighed against the cost of the tubes. 

- When dealing with thermal efficiency improvement studies, its dependence on 
material cost (such as that of the tube) should always be taken into consideration. 

Huang et al. (1999,2001) built 2 unglazed PV/T prototypes based on a sheet and tube 

construction. They used W/D ratios of 10 (copper tube to aluminjum, plate) and 6.2 

(extruded tube-and-sheet aluminium) and the result was a low thermal efficiency. Then 

a polycarbonate multi-channel structure was built (W/D=I) and the temperature 

difference between the PV and the water in the tank was found to be 4 OC. A similar rig 

was constructed by Chow et al. (2006) that built a thermosyphon PV/T system with a 
PV/T module based on an extruded aluminium channel absorber with a W/D ratio of I 

and compared the thermal efficiency with a conventional thermal collector. The result 

was about the 76% of the value for a conventional solar collector. De Vries (1998) 

proposed a dual-flow PV/T-collector like that of Hendrie (19 82), but with a reversed 

water flow (water inlet above the PV, water exit below the PV). In addition, he proposed 

an additional insulating air layer between the PV and the lower channel. Cause of 

robustness in the design the thermal and electrical efficiencies were decreased from 69% 

to 66% for thermal and 10% to 8.5% for electrical respectively. The design is shown in 

Figure 2.34. However the thermal efficiency was 10% higher than for a corresponding 
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sheet-and-tube collector, due to the good insulation of the high-ternperature part of the 
collector and the larger contact area. 

Figure 2.34 Two absorber model of De Vries (1998). 

Chow (2003) concentrated on the two manufacturing defects found in PV/T collectors, 

imperfect adhesion between PV plate and absorber plate, imperfect bonding between 

absorber plate and tubes and for a range of then-nal conductivity of 25-10,000 W/m K 

(Figure 2.35). Using his dynamic model, he found that the maximum combined 

efficiency (then-nal + electrical) of a good collector can be 70% and for a low quality 

collector, may decrease to 60%. 

2.5.2.3.4 Absorber to air thermal conductance 
In air collectors, the air is always transported through a channel. However, the thermal 

performance of air collectors is not as high as the performance of liquid collectors. Air 

has a thermal conductivity that is 24 times lower than for water and a much lower heat 

capacity, therefore the flow rate in an air collector is necessarily much larger than in a 

liquid collector. 

Prakash (1994) modelled a channel-type PV/T collector for the cases of both air (100- 

300 kg/h) and water (40-120 kg/h). For the case of I cm duct depth, increasing the flow 

rate from 100 to 300 kg/h increased the then-nal performance of the air heater from 34% 

to 51%, while for the water heater an increase of 40-120 kg/h increased the efficiency 

from 64% to 67%. 

Loferski et al. (1982) reported on a PV/T-air system in which a fin is connected to the 

back of each PV-cell. The fins increase the surface area available for heat-exchanve by a 
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factor of 4 and the thermal yield of the cells by a factor of 2 over non-finned cells. 
Tripanagnostopoulos et al. (2000,2001,2002, and 2006) has improved the heat transfer 

in his PVT air collector by inserting a blackened metal sheet at half height along the full 
length of the air channel. The metal sheet gets heated due to thermal radiance from the 
PV, and thereby adds to the effective heat transfer area, increasing his thermal efficiency 
from 35% to 40%. 

Another important factor that influences the air collector's perforinance is the channel 
height. Prakash (1994) found that decreasing the duct depth from 3 to I cm increases the 
thermal performance from 17% to 34% for an air heater (100 kg/h) and from 50% to 
64% for a water heater (40 kg/h). 

2.5.2.3.5 Mass flow rate 

PV/T collectors can work with natural circulation (Chow, 2006) or with forced 

circulation using pump or fan to move the fluid (Tonui, 2007). A number of authors 
have investigated the influence of mass flow rate on PV/T performance. The generic 

conclusion they reached was that PV/T efficiency is dependent on flow rate (mass flux). 

This is because as the water velocity in the tube increases, the tube side heat transfer 

coefficient also increases which in turn maximizes both the cooling of the PV and the 

heat transfer to the water. 

Bergene and Lovvik (1995) carried out a parametric study of flow rate as a function of 

the geometric parameter W/D. They found that, the thermal efficiency increases only by 

a factor of 0.10 when the flow rate increases from 0.00 1 to 0.075 kg/s. The same is 

being reported by Chow (2003) as can be seen from Figure 2.35. The increase of flow 

rate after a point doesn't improve the thermal and electrical performance too much and 

in the contrary it affects the net electrical gain when more power is needed to run the 

pump or fan of the system. 

Kalogirou (200 1) in his simulations using TRNSYS found that the optimum flow rate of 

the PV/T system was 25 I/h (0.007 kg/s), for a 5.1 m2 PV/T collector area (i. e. 0.0014 

kg/s m2). Moreover, the annual electrical efficiency of the standard PV system was 

reported to increase from 2.8% to 7.7% for the PV/T system operating at the obtained 

optimum flow rate (25 I/h). Garg and Adhikari (1997) as Sopian et al. (2000), tested the 
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perforniance of PV/T air heating collectors and noticed that by increasing the air mass 
flow rate reduces the PV cell and outlet temperatures and consequently increases the 

then-nal and electrical efficiencies. 

4I1! IIt_ I/I' 1; 

b,:, 

ýA, r Jul' 

Figure 2.35 Then-nal and electrical efficiencies with respect to mass flow rate for 

various thermal conductances between absorber plate and tubes; 1: 10,000 W/m K (best 

conductance), 2: 100 W/m K, 3: 45 W/m K, 4: 25W/ mK (Chow 2003). 

2.5.2.4 Electrical module efficiency 

In addition to the reduced then-nal efficiency, for a glazed PV/T module, the electrical 

efficiency of the PV/T is somewhat lower than of a PV laminate. The reduction in 

electrical efficiency is largely due to the additional reflection of solar radiation caused 

by the additional glass cover as we discussed earlier, which for good low-iron glass 

would result in 8% decrease in efficiency, while the use of high transmission glass 

would reduce this to 4%. The PV/T with or without a cover affects the electrical 

efficiency as shown in Figure 2.36. 
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Figure 2.36 Electrical Efficiencies of a PV/T-liquid collector (Zondag, 2005) 

2.5.2.4.1 Type of PV 

The electrical perfon-nance is primarily influenced by the type of PV used. In practice, 

only a-Si and crystalline Si have been found in the literature on PV/T. The higher 

efficiency of crystalline Si will result in a higher electrical efficiency and a higher 

electrical -to-thermal ratio of the PV/T than in the case of a-SI. 

Trip anagno stopoul os et al. (2002) presented experimental measurements on PV/T-liquid 

and PV/T-air collectors for both a-Si and c-Si. He found that for his PV/T liquid 

collector, the efficiency of his c-Si prototype was 55% and his a-Si prototype 60%, 

while for his PVT air collector the c-Si prototype was 38% and the a-Si prototype 45%. 

However, the electrical perfon-nance for the c-SI modules was 12% and for the a-Si 6%. 

A higher thermal yield was also found for a-Si by Ji et al. (2003). However, in other 

experiments Versluis (1997) a lower thermal efficiency was found for a-Si than for c-Si. 

Possibly, this can be explained by the range of absorptivities found for a-SI by Affolter 

et al. (2000) and Platz et al. (1997) as indicated before. 

2.5.2.4.2 Temperature effect 

The efficiency of crystalline silicon cells decreases with increasing temperature. Figure 

2.37 shows the efficiency drop of mono crystalline and amorphous silicon with 

temperature increase. The temperature coefficient depends on the PV material used: 
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about 0.45%/K for crystalline silicon, 0.35%/K for CIS, 0.25%/K for CdTe and 0.2%/K 
for a-Si Zondag (2005). 

For unglazed PV/T, this effect is purely beneficial, since it implies that the PV is cooled 
compared to a conventional PV laminate. For a glazed PV/T, the temperature effect will 
be positive when the storage is still cold, while being negative when it has heated up. 
Zondag et al. (2003) compared a conventional PV module, an unglazed PV/T module 

and a glazed PV/T module. The average annual electrical efficiency was found to be 

7.2%, 7.6% and 6.6% respectively. 

Krauter (2004) has been developing an unglazed integrated solar home system, in which 

a PV laminate is connected to a triangular water tank. The tank serves to cool the PV by 

means of an 'extended heat capacity'. Typically, at high irradiance a PV temperature 

reduction of about 20 T is reported relative to a conventional solar home system, which 

leads to a 9-12% increase in electrical yield, depending on the stratification. Naveed et 

al. (2006) examined a PV/T air system in which PV was connected to an unglazed 

transpired collector. It was found that a temperature reduction of 3-9 T resulted in an 

improved electrical performance. 

Thermal resistance between the PV and the collector fluid will increase the PV 

temperature, with negatively affecting both the electrical and the thermal performance. 

Figure 2.38 indicates the effect of the tube spacing on the average absorber temperature, 
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clearly showing that wide tube spacing will lead to lower electrical performance. The 
figure also indicates the effect of the thermal resistance between PV cells and absorber, 

which can be substantial. 
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Figure 2.38 Effect of tube spacing on average absorber temperature (Gpy= 80OW/m 2, TCt 

=0.8). The figure is calculated from the Hottel-Whillier model adapted for PV/T as 

described in Zondag et al. (2002). h,,, is the heat transfer coefficient between cells and 

absorber 

2.5.2.4.3 Temperature homogeneity 

PV-cells that are connected in series have to operate at the same current, while PV-cells 

that are connected in parallel have to operate at the same voltage. The IV -characteristics 
depend on the temperature, however. Since a temperature gradient exists over the PV/T, 

not all cells may be able to operate in their maximum power point at the same time. This 

effect was examined experimentally by Smith et al. (1978), who measured the electrical 

perfon-nance of series connected cells and found no effect of the temperature gradient, 

which he varied between 3.9 and 38 T. Numerically, the effect was examined by 

Lambarski (1984), who found only a very small effect of the temperature in the case of 

series connection (<I%), but a large effect in the case of parallel connection of about 

17% loss. He concluded that series strings may be represented by their average 

temperature and that cells at different temperatures should be connected in series and 
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not parallel. The case of series connection was also examined numerically by De Vries 

(1998), who found no effect of the temperature gradient. 

2.5.2.5 Reliability 

No dedicated guidelines for PV/T reliability testing exist today. Although the testing 

standards for PV laminate (IEC 61215) and solar thermal collectors (EN-12975) handle 

most of the relevant aspects, a number of specific issues exist for PV/T that is not 

covered by these tests. A guideline for PV/T testing including reliability issues has been 

drafted as part of the PVCatapult project (Zondag 2005). 

2.5.2.5.1 Stagnation temperature 

In a conventional then-nal collector system, the stagnation temperature is likely to occur 

several times a year during some hours when the storage is completely loaded. Since the 

heat is not drawn off from the collector in these cases, high module temperatures will 

result. Typical stagnation temperatures in a conventional thermal collector are around 

180-200 T. For unglazed PV/T-systems these stagnation conditions are not a problem, 

as the temperature is the same as that for a badly ventilated PV module. For example, 

Sudhakar and Sharon (1994) reported a stagnation temperature of 75 OC for their 

unglazed PV/T module. 

However, for glazed PV/T systems the situation is different. Fortunately, the stagnation 

temperature for a covered PV/T system is lower than that of a convectional collector 

system, due to the lower absorption and the fact that the absorber surface is not 

spectrally selective. Nevertheless, stagnation temperatures of around 130 T can be 

expected (Zondag, 2002). Under these high-temperature conditions, deterioration of the 

encapsulation material or the top film might occur. 

Affolter et al. (1997) indicates that EVA becomes doughy at 70 OC but that a stable 

elastomer up to 130 OC can be created by adding a curing additive. For temperatures 

over 130 T he indicates that the EVA looses its mechanical properties and could 

become brown under UV exposure, reducing the absorption in the PV. Komp (1983) 

warns that, for PV/T applications, silicone encapsulation should be preferred over EVA. 

72 



2.5.3 Analytical models of PV/T collectors 
Florschuetz (1979) modified the Hottel--Willier ( 1958) analytical model for flat plate 
collectors so that it applies to PV/T collectors. It was concluded that for practical 
purposes F and FR of the PV/T collector may be considered identical to F and FR of the 
thermal collector. This rneans that the values of these quantities (F' and FR) apply to 
PV/T collectors as well. 

Bergene and Lovvik (1995), proposed a detailed model predicting the perfon-nance of 
PV/T collectors that was based on energy transfer analysis and to some extent on the 

models for flat plate solar collectors presented by Duffie and Beckman (199 1). The 

model predicted PV/T efficiency (thermal + electrical) to be about 60-80%. 

Sandnes and Rekstad (2002) have also developed an analytical model for the PV/T 

collector by modifying the well known Hottel and Willier model for flat plate collectors, 

in order to include the effects of the additional solar cells. 
Soplan et al. ( 1996) analyzed with steady state models the performance of single and 
double-pass PV/T air collectors. The results showed (Table 2.5) that double-pass PV/T 

air collectors have superior efficiencies compared with the single-pass ones. 

Table 2.5 Efficiency comparison between Single and Double pass PV/T (Soplan 1996) 
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Hegazy (2000) (Figure 2.39) considered four popular designs with the air flowing either 

over the absorber or under it and on both sides of the absorber, in a single pass or in a 

double pass fashion. Heat balance equations were written for each model and 

numerically solved, incorporating measured climate data. 
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Figure 2.39 Schematics of the various PV/T models (Hegazy, 2000) 

Tiwan (2006,2007) (Figut-e 2.40) also developed a then-nal model of an integrated 

photovoltaic and thermal solar (IPVTS) water/air heating system considering four 

configurations, namely (a) unglazed with tedlar (UGT), (b) glazed with tedlar (GT), (c) 

unglazed without tedlar (UGWT) and (d) glazed without tedlar (GWT). 

-I---I 

Figure 2.40 Schematic diagram of an integrated PV/T System (IPVTS) (Huang 2000) 
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Chow (2006) used the theri-nosyphon principle that eliminates the expense of pumping 
power and built two rigs (Figin-e 2.41) that were simulated and validated by the 

experimental measurements, together with two other sli-nilar models developed for PV 

module and solar hot-water collector. 

Figure 2.41 The front view of the flat-box PVT collectors. (Chow 2006) 

Tripanagnostopoulos (2000) presented a PV/T system with dual heat extraction 

operation, either with water or with air circulation. The experimental model consisted of 

a pc-Si PV module with an air channel at rear PV surface. Three design modes (Figure 

2.42) were tested and the results showed that the placement of it on PV rear surface 

presents the most effective combination of water and air heat extraction. Focusing on 

the performance improvement of air heat extraction, the heat exchanging surface was 

increased in the air channel and test results confin-ned a rise in then-nal efficiency for air 

circulation. Zondag (2003) tested various PV/T collector design concepts and the results 

from then-nal and electrical efficiencies can be seen from Table 2.6. He observed that: 

a) All channel concepts have a substantially higher efficiency than sheet and tube due to 

the better heat transfer characteristics of channels. 

b) In the case of free flow panel, evaporation strongly reduced the then-nal efficiency 

and condensate on top of the glass causes additional reflection. 

c) Since the sheet and tube design is the easiest to manufacture (and is only 2% less in 

efficiency), it is the most promising of the different design concepts examined. 
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Figure 2.42 Experimental dual PV/T models (Tripanagnostopoulos 2000) 

Table 2.6 Then-nal and electrical efficiencies of various design concepts (Zondag 2003) 
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Zondag et al. (2002) developed and run four numerical models for predicting the 

perforinance of PV/T collectors. The models included one 3D (three dimensional) 

dynamic and three steady state (3D, 2D and I D) models (Figure 2.43). 

The simple ID steady state model performed almost as well as the much more time 

consuming 3D dynamic model. However, as they reported, the 2D and 3D models could 

be used to provide more detailed information required for collector optimization. All 

models followed the experiments to within 5% of accuracy. 
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Figure 2.43 Comparison between the I D, 2D and 3D thermal models (Zondag 2002) 

It was explained that by attaching solar cells onto an absorbing surface, reduces the solar 

energy absorbed by about 10% due to mainly the reduced optical absorption properties 

of the solar cells, compared to the black absorber. In addition, the available solar energy 

was reduced by the fraction of the incident energy converted to electricity by the PV 

cells. Moreover, an increased heat transfer resistance between the absorber and the heat 

transfer fluid was reported to exist. 

2.5.4 Modelling and simulation 
Kalogirou (2001) modelled and simulated a PV/T system using the well known 

TRNSYS simulation program and a typical meteorological year for Nicosia, Cyprus and 

optimized the water flow rate for the system. The PV/T system consisted of a series of 

PV panels, a battery bank, an inverter, a hot water storage cylinder a pump and a 

differential controller. 

Garg and Adhikari (1997) simulated the performance of single and double glass 

configurations PV/T air heating collectors based on the analytical solution of a 

differential equation that yields the working fluid temperature along the direction of 

fluid flow. They found that by increasing the cell density (i. e. increasing the area 

covered by cells) results in higher values of electrical efficiency, although the thermal 

efficiency drops. Overall system efficiency increased with increase in collector length, 

mass flow rate and cell density and decreased with increase in duct depth. 

Cox and Raghuraman (1985) performed numerous computer simulations towards 

improving the solar absorptance and reducing the IR (infrared) emittance of flat plate air 
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PV/T collectors. In their study, they found that air PV/T collectors are generally less 

efficient than the liquid ones due to low PV cell packing factor, low solar absorptance, 
high IR emittance and poor absorber to air heat transfer coefficient. It was also found 

that a 13% increase in the packing factor results in a corresponding increase in both 

thermal and electrical efficiencies. The optimum combination of an air PV/T collector 
was found to consist of a non selective absorber and a high transmissivity/low 

emissivity glass above the photovoltaic cells. 
A theoretical study of a photovoltaic-thermal system for domestic heating and cooling 
from Vokas (2006) has led to the result that the system can cover a remarkable 

percentage of the domestic heating and cooling demands. Furthermore, the performance 

of the PV/T collector with respect to the variation of geographical region as well as to 
different total surface areas of the system was also investigated. 

2.5.5 Qualitative evaluation of thertnal/electrical output 
Electrical and thermal energies are not qualitatively the same as explained by Fujisawa 

and Tani (1997); thermal energy cannot produce work until a temperature difference 

exists between a high temperature source and a low temperature source, but electrical 

energy can completely transform into work irrespective of the ambient conditions. The 

use of exergy, defined as the maximum theoretical useful work obtainable from a 

system as it returns to equilibrium with the environment, enables qualitative evaluation 
by comparing electrical and then-nal energy based on the same basis. Morita et al. 
(2000) perfon-ned a numerical analysis and determined the optimum operating 

conditions by using exergetic evaluation for single and no cover PV/T collectors. The 

maximum exergetic efficiencies for the single cover were 13.36% and for the coverless 

11.92%. The corresponding optimum flow rates were 0.0014 and 0.0049 kg/s, 

respectively and the corresponding optimum fluid temperatures were 83.6 OC and 38.3 

T, respectively. It is clear that the glass cover function is to raise both the maximum 

exergetic efficiency and the optimum outlet temperature. It is also clear that in order to 

obtain the most thermal exergy, the electrical exergy has to be sacrificed. 

However, the significance of an exergy comparison is not clear if electrical or 

mechanical work is not the only desired output from the system, such as when the 
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thermal output is hot water used directly for showers and washing. Coventry and 
Lovegrove (2003), used three different methodologies (thermodynamic, market based 

and environmental) for determining an electrical to then-nal energy ratio. For the 
thermodynamic methodology, an electrical/thermal ratio of 2.5 was used (due to the fact 

that a power plant is usually 40% efficient). However, they reported that low 

temperature hot water from a PV/T is not as thermodynamically useful as high 

temperature steam from a coal-fired boiler. For the renewable energy market 
methodology, the grid connected photovoltaic energy cost was reported to be US 
$0.367/kW h and the solar hot water energy cost was reported to be US $0.087/kW h. 

Thus, the ratio of electrical to then-nal value was found to be 4.24. This means that 

electricity is 4.24 times more precious than hot water. In the environmental evaluation 

approach, based on avoided emissions from the use of PV/T, the ratio of electrical to 

thermal avoidedCO2 emissions was reported to be 7.58 (including life cycle emissions). 
Joshi (2006) attempted to evaluate exergy analysis of a hybrid photovoltaic-thermal 
(PV/T) parallel plate air collector for cold climatic condition of India (Srinagar). It was 

observed that an instantaneous energy and exergy efficiency of PV/T air heater varies 
between 55-65 and 12-15%, respectively. 
Huang (200 1) used a commercial polycrystalline PV module in the solar PV/T collector 

made from a corrugated polycarbonate panel and introduced the concept of primary- 

energy saving efficiency for the evaluation of a PV/T system. The primary-energy 

saving efficiency of the present PV/T exceeded 0.60. This was higher than for a pure 

solar hot water heater or a pure PV system. 

2.5.6 Discussion 

The literature review introduced the concept of PV/T systems. From this it was possible 

to understand the key issues underlying this technology. The most important findings 

that will help us to design our models in this thesis were: 

)ý- Covered versus uncovered PV/T 

The different system options lead to different collector design options. For uncovered 

systems, the focus is on low-cost which may lead to plastic PV/T collectors. Uncovered 

PV/T collectors have several advantages such as a better electrical performance and a 
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lower stagnation temperature. However their thermal efficiency is strongly reduced at 
higher operating temperatures. 

Covered PV/T can be applied in solar DHW systems replacing conventional thermal 

absorbers. The electrical yield is somewhat less than a similar area of PV laminates 

mainly due to additional reflection losses at the cover. For covered systems the focus is 

on high yield which puts emphasis on increasing the thermal efficiency by increasing 

the solar absorption over the entire solar spectrum and the possibilities of spectral 

selectivity. Due to the additional insulating cover, problems are cause since the PV is 

subject to short but high stagnation temperatures. 

)ý, Manufacturing Techniques 

The most basic technique to fabricate a covered PV/T collector is to glue a commercial 
PV laminate to the absorber of a commercial thermal collector. Care should be taken to 

reduce the thermal resistance between the PV and the absorber. 

For uncovered PV/T panels the best choice is to mount the PV laminate with a metallic 

absorber. The mounting of the collector tubes to the absorber should be done before 

mounting the absorber to the PV and care should be taken to retain the surface of the 

absorber flat in order to avoid air layers between absorber and PV. 

ýý Stagnation temperatures 

For covered PV/T temperatures can reach as high as 130 T and specific attention 

should be paid to prevent delaminating of the encapsulant. Uncovered PV/T systems 

work with maximum temperatures reaching 75 T. 

)ý, Absorption 

For a PV/T collector is important to absorb as much as possible of the incoming solar 

radiation, including the fraction that is not useful for photovoltaic conversion. A first 

step to optimise the absorption of the PV is the use of black rear material instead of the 

standard white to maximise the absorption in the spacing between the cells. 

)ý, Electrical Efficiency 

For an uncovered PV/T module the electrical efficiency will generally be larger than for 

a PV laminate. For a covered PV/T the electrical efficiency is reduced due to the 
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reflection losses at the top cover and the relatively high temperatures that the PV is 
being exposed. 

)ý- Heat Transfer 

A problem in the PV/T literature is the thermal resistance between the PV and the 
therinal absorber. If this resistance is too high, this implies a relatively large temperature 
difference between the PV and the collector medium, leading to increased thermal losses 

and a reduced PV perfon-nance. The thermal resistance is increased substantially by air 
enclosure which should therefore be avoided. 

);; ý Electrical Wiring 

In a PV/T collector a temperature gradient will occur over the thermal collector due to 

the fluid heating up. This implies that not all PV cells will be operating at the same 
temperature. Since the PV current is much less temperature dependent than the PV 

voltage, good electrical performance is obtained by a series connection of PC cells 

operating at different temperatures, while a parallel connection of cells at different 

temperature will cause significant power losses. 

I Type of PV 

It was noticed that there is a difference in thermal efficiency in respect with the type of 
PV cell used. When polycrystalline is used then higher electrical efficiency is achieved 

and lower thermal in comparison with an amorphous cell. Depending from the 

application needed the choice of PV cell can determine the thermal and electrical 

efficiency of the system. 

)ý, Spectral Selectivity 

A widely applied technique to raise the performance of a thermal collector is to use 

spectrally selective absorber. This absorber has a high absorptivity for solar light, but a 

low emissivity for longwave thermal radiation. In PV/T collector the surface of the PV 

will often consist of glass which has a very high emissivity of 90%. This leads to much 

higher radiative losses than those from a conventional thermal absorber. This can be 

remedied by applying a coating on top of the glass that reflects in the IR part of the 

spectrum, while being transparent in the solar part of the spectrum. 
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)ý, Flow Channels 

For PV/T liquid collectors, the sbeet-and-tube design is very reliable and has a good 
heat transfer, but channel plate constructions may provide interesting ways of further 

increasing the heat transport, provided that the channels are made sufficiently thin. 
For PV/T air collectors, attention should be paid to improved heat transfer devices. 

A direct consequence of the improved absorption in combination with reduced heat loss 

will be higher stagnation temperatures. This demands continued efforts to find 

stagnation resistant encapsulation materials. 

)ý- Mass flow rate 

By increasing the mass flow rate the thermal and electrical performance of a system 

increases but there is a point that further increase does not give higher performance and 

instead causes more power used for pump or fan circulation. 

ýý Energy Rating 

In the literature review many researchers used different performance indicators to 

evaluate the PV/T system perfon-nance. Three of the most important were the total 

energy efficiency, the primary energy efficiency and the exergy efficiency. This can 

cause confusion in deciding which method is best to choose so all of them should to be 

taking under consideration. 

PVIT applications 

For PV/T-liquid application, glazed PV/T systems for domestic water heating are a 

promising application, but also utility buildings with a high tap water demand should be 

considered. In addition, the combination of unglazed PV/T with a heat pump is 

considered as very interesting, but the electrical consumption of the heat pump is 

substantial and should be taken into account in the system evaluation. It is clearly shown 

that the required area for a PV/T system is less than for a corresponding side-by-side 

system, which it especially interesting for applications where available area is small, 

such as multi-family buildings, but also utility buildings with a large tap water demand 

such as hotels and hospitals should be considered. 

82 



For PV/T air applications, preheating of ventilation air seems a very logical application, 

especially for buildings with a large ventilation demand. However, since this is required 

only during the heating season, it is worthwhile to look for summer application of the 

heat as well. For domestic application, as well as for utility applications with a large tap 

water demand, the heat may be used for the heating of water through a heat exchanger. 

For utility buildings, the heat may be used for solar cooling, or the buoyancy effect may 

be used to assist the ventilation. 
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2.6 Heat Pipe 

The heat pipe is a passive heat transfer device with an extremely high effective thermal 

conductivity. Its heat transfer capability ranges from one hundred to several thousand 

times that of an equivalent piece of copper because of its two-phase heat transfer 

mechanism (Dunn, 1994). 

2.6.1 Brief History of Heat Pipe Technology 

The rudiments of the modem day heat pipe can be traced to the Perkins Tube patented in 

the mid- I 800s. The Perkins Tube, classified now as a thermosyphon heat pipe, provided 

the initial building blocks for the heat pipe. General Motors patented the idea of heat 

pipes in 1935, but it was George M. Grover from Los Alomos National laboratory who 

got credited with inventing and building the first working heat pipe in 1963. 

Initially, heat pipes saw very little potential, but until the mid 1960's, when several 

national and commercial labs were seeking new ways to improve heat transfer, the heat 

pipe gradually went from a laboratory curiosity to a device that gained the attention of 

electronics designers. However, the introduction of heat pipes into the commercial 

world was really slow due to its extremely high cost and lack of demand. They were not 

widely accepted by commercial industries, and mostly applied in aerospace and military 

forefront appliances. The first commercial use of heat pipes would be that installed in a 

satellite system (Ali 1999). 

In the 1980's, the heat pipe was progressively accepted as a thermal management tool 

for advanced electronic devices in several market places. Consequent to this general 

acceptance, the demand growth dramatically reduced its cost, which allowed thermal 

designers to implement the heat pipe into more products. By early 1990's, the heat pipes 

were already being implemented in high volume consumer electronics; and in today's 

market, thousands of electronics applications have already accepted the heat pipe as 

their thermal management tool. One of the most common uses would be that integrated 

in the notebook's heat dissipation system. Ali (1999) estimated that approximately 60% 

of current notebooks today utilize heat pipes in their thermal management solution. 

Presently, Thermacore manufactures several thousand heat pipes per day at a price 

suitable for use. 
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2.6.2 Heat Pipe Structure 

The structure of a heat pipe is simple. It consists of three main regions, including an 
evaporator section, an adiabatic section, and a condenser section as shown in Figure 
2.44. Heat pipes are sealed vacuum vessels that are partially filled with working fluid, 

which serves as the heat transfer media. The heat pipe envelope is normally made of 
copper in different shapes including cylindrical, rectangular, or any other enclosed 
geometry. The wall of the envelope is lined with a wick structure, which provides 
surface area for the evaporation/condensation cycle and capillary capability. The main 
distinction of heat pipes from other then-nal management modules, besides working 
fluid, is the wick structure. There are several types of wick structures used in 

copper/water heat pipes: wire mesh, groove, fiber/spring and powder metal. 

-3, Ir 

--am- so 

Figure 2.44 Heat pipe construction and principle of operation. (Legierski, 2005) 

2.6.3 Heat Pipe Design 

As an effective heat conductor, heat pipe can be used in situations when a heat source 

and a heat sink need to be placed apart, to aid heat conduction of a solid, or to aid heat 

spreading of a plane. However, not every heat pipe is suitable for all applications. For 

that reason, the following need to be considered when designing heat pipes: 

1) Heat transport limitation of the heat pipe 

2) Wick structure of the heat pipe 

3) Length and diameter of the heat pipe 

4) Heat pipe orientation 

5) Effect of bending and flattening of the heat pipe 

6) Working fluid 
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7) Heat pipe reliability 

2.6.3.1 Limits to Heat Transport 

The most important heat pipe design consideration is the amount of power the heat pipe 
is capable of transferring. Heat pipes can be designed to carry a few watts or several 
kilowatts, depending on the application. Heat pipes can transfer much higher powers for 

a given temperature gradient that even the best metallic conductors can't. If driven 

beyond its capacity, however, the effective thermal conductivity of the heat pipe will be 

significantly reduced. Therefore, it is important to assure that the heat pipe is designed 

to safely transport the required heat load. 

The maximum heat transport capability of the heat pipe is governed by several limiting 

factors which must be addressed when designing a heat pipe. There are five primary 
heat pipe heat transport limitations. These heat transport limits, which are a function of 

the heat pipe operating temperature, include: viscous, sonic, capillary pumping, 

entrainment or flooding, and boiling and can be seen in Figure 2.45. 

The five heat transport limitations can be simplified as follows; 

1) Sonic limit - the rate that vapours travels from evaporator to condenser. 

2) Entrainment limit - Friction between working fluid and vapour that travel in opposite 

directions. 

3) Capillary limit - the rate at which the working fluid travels from condenser to 

evaporator through the wick. 

4) Boiling limit - the rate at which the working fluid vaporizes from the added heat 

5) Viscous limit - at low temperatures the vapour pressure difference between the 

condenser and the evaporator may not be enough to overcome viscous forces. 
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Figure 2.45 Predicted Heat Pipe Limitations (Thermacore Inc. ) 

2.6.3.2 Wicked and Wickless Heat Pipes 

Heat pipes can be classified into wick and wickless heat pipes. Said and Akash (1999) 

studied experimentally two types of heat pipes using water as a working fluid, one with 

a wick and another with no wick. The wick was made of cotton, which is normally used 

in oil lamps. The heat pipe was positioned at different angles and the results showed that 

the performance of the heat pipe that contained a wick was more significant in tenns of 

overall heat transfer coefficient than that with no wick, for the temperature range studied 

(Figure 2.46). Figure 2.46 shows the temperature at the evaporator section. 
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Figure 2.46 Variation of evaporator's temperature with time for different heat pipes at 

different tilt angles (Said 1999) 

There are four common wick structures used in commercially produced heat pipes; 

groove, wire mesh, powder metal and fiber/spring (Figure 2.4 7) 

(a)'Wrapped screen (b) Sintered metal (oAxialh, arooved 

Figure 2.47 Common Wick Structures (Dunn, 1994) 

Each wick structure has its advantages and disadvantages. Every wick structure has its 

own capillary limit. The groove heat pipe has the lowest capillary limit among the four, 

but works best under gravity assisted conditions where the condenser is located above 

the evaporator. Figure 2.48 show the therinal resistance of the different wick types in 

horizontal and in vertical position along different heat pipe lengths. 
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Figure 2.48 The actual test results of heat pipe with different wick structure at a) 

horizontal and b) vertical (gravity assist) orientations. (www. enertron-Inc. com) 

2.6.3.3 Length and diameter of a heat pipe 

The difference in vapor pressure between the condenser and the evaporator governs the 

rate at which the vapor travels between them. Also, the diameter and the length of the 

heat pipe affect the rate at which the vapor travels, and therefore need to be considered 

when designing heat pipes. 

Larger cross sectional areas of the heat pipe (i. e. larger diameter of the heat pipe) will 

allow higher vapor volume to be transported from the evaporator to the condenser. The 

cross sectional area of a heat pipe is the direct function of both the sonic and 

entrainment limit of the heat pipe. However, the operational temperature of the heat pipe 
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also affects the sonic limit of the heat pipe. Figure 2.49 compares the heat transport for 
heat pipes with different diameters. One can see that the heat pipes transport more heat 

at larger diameters and higher operational ternperatures. 

The rate of at which the working fluid returns frorn the condenser to the evaporator is 
governed by capillary limit and is tile reciprocal function of the heat pipe's length. 
Longer heat pipe transports less heat than shorter heat pipes. In Figure 2.50, Qma, L, ff 
(W-rn) represents the amount of heat a heat pipe will carry per meter length. Therefore, 

if the pipe is a meter, it can carry twice the wattage a two meter long heat pipe would 
carry. 
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Figure 2.49 Performance of copper water groove heat pipe at vertical orientation 

(gravity assist) (www. enertron-inc. com) 

2.6.3.4 Inclination of heat pipe 

A wick structure with a higher capillary limit can transport more working fluid from the 

condenser to the evaporator against gravity. But as previously mentioned, the groove 

heat pipe, with the lowest capillary limit, works best under gravity-assisted conditions 

where the evaporator is located below the condenser. Figure 2.50 shows the effect of 

inclination on groove wick heat pipes. As mentioned also from Terdtoon et. al. (1990, 

1999) and Negishi (1982) the maximum heat transport is achieved between the 50 and 
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80 angle degrees. This happens because at that inclination range the heat transfer rate is 
higher and the then-nal resistance is lower. 
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Figure 2.50 Groove wick heat pipe operated at inclination condltlon, (www. enertron- 

inc. com) 

2.6.3.5 Heat pipe flattening or bending 

If a heat pipe is flattened or bent, the sonic limit and entrainment limit will be reduced in 

relation to the flattened thickness, the number of bends and the angle of each bend. 

Therefore, any flattening or bending to a heat pipe will reduce the amount of heat that 

can be transported. Figure 2.51 shows the effect of the flattening on a heat pipe. 
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Figure 2.51 Comparison of round and flat heat pipes under different orientations 

(www. enertron-inc. com) 
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2.6.3.6 Working Fluids 

Different working fluids can be used in heat pipes to suit different temperature 

requirements. The operating temperature can be set into one of the following ranges 
Table -1.7: 

" Cryogenic (4-200 K) 

" Low (200-550 K) 

" Medium (550-750 K) 

" High (750 and above K) 

The first consideration in the selection of a suitable working fluid is the operating 

vapour temperature range. Different applications dissipate different heat loads. Within 

the approximate temperature range, several possible working fluids may exist, and a 

variety of characteristics must be examined in order to determine the most accepted of 
these fluids for the application considered. The prime requirements are: 

" Vapour pressure not too high or low over the operating temperature range 

" Compatibility with wick and wall materials 

" Wet ability of wick and wall materials 

" Low liquid and vapour viscosities 

Acceptable freezing or pour point 

" High thermal conductivity 

" Good thermal stability 

" High surface tension 

High latent heat 

A high latent heat or vaporization is essential to transfer large amounts of heat with 

minimum fluid flow, and hence to maintain low pressure drops within the heat pipe. The 

thermal conductivity of the working fluid should preferably be high in order to minimize 

the radial temperature gradient and to reduce the possibility of nucleate boiling at the 

wick or wall surface. Choosing fluids with low values of vapour and liquid viscosities 

will minimize the resistance to fluid flow. 
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Table 2.7: Various working fluids and their useful range 
Source: (www. clieresources. coi-n/htpipes) 

Medium Melting Point (C) Boiling Point at Atm. 
Pressure (C) Useful Range (C) 

Helium -271 -2131 -271 to -269 
Nitrogen 10 - 196 -203 to -160 
Ammonia -7 ,q -33 -6010 

100 

Acetone 4F, t-7 0 to 120 
Methanol -98 C) 4 10 to 130 
FlutecPP2 -50 7 ýO to 160 L 

Ethanol Ethanol -112 7P 0 to 130 
Water Water 0 100 30 to 200 

Toluene -C - Ytý 110 50 to 200 
Mercury 361 2ý, O to 650 
Sodium K-12 600 to 1200 

um 179 1340 1000 to 1800 

Silver COO 2212 '1800 to 2300 

2.6.3.7 Heat pipe reliability 

Heat pipes have no moving parts and can be in operation for 20 years. However, care 

must be given when designing and manufacturing the heat pipe, Two manufacturing 

factors can reduce the reliability of the heat pipe: the seal of the pipe and the cleanness 

of pipe internal chamber. Any leakage in the heat pipe will eventually fall the pipe. If 

the internal chamber is not thoroughly clean, when the heat pipe subjected to heat, the 

residual may generate non-condensable gas and degrade the pipe perfon-nance. Improper 

bending and flattening of the pipe may also cause the leakage on the pipe seal. There are 

some external factors that may also shorten the life of a heat pipe such as shock, 

vibration, force impact, thermal shock and corrosive environment. 

2.6.3.8 Type of Heat Pipes 

There are many types of heat pipe configurations built for different applications. It can 

be classified in the followling category In terins of structure: 

Heat Pipe: 

0 Annual heat pipe 
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" Flat plate heat pipe 

" Conical heat pipe 

" Leading edge heat pipe 

" Gas loaded heat pipe 

" Capillary pumped loop heat pipe 
Monogroove heat pipe 

Flat Plate- much like traditional cylindrical heat pipes but rectangular. Used to cool and 
flatten temperatures of sermconductor or transistor packages assembled in arrays on the 

top of the heat pipe (Figure 2.52). 

Heat source Insulation 

41 V 

Supporl post 

i 

Heat cjulpul 

\- \- 

GordenSer 

Vapourbpace 

Figure 2.52 A cross section of a Flat Heat Pipe (Boukhanouf, 2006) 

Micro heat pipes- small heat pipes that are noncircular and use angled corners. 

Employed in cooling semiconductors (improve then-nal control), laser diodes, 

photovoltaic cells, medical devices (Figure 2.53). 
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Figure 2.53 Rectangular Micro Heat Pipe (Dunn, 1994) 

Variable conductance- allows variable heat fluxes into the evaporator while evaporator 

temperature remains constant by pushing a non- condensable gas into the condenser 

when heat fluxes are low and moving the gas out of the condenser when heat fluxes are 

high, thereby, increasing condenser surface area. They come in various forms like 

excess-liquid or gas-loaded forin (Figui-e 2.54). 
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Figure 2.54 Variable Conductance Heat Pipe, a) Condenser partially active b) 

Condenser fully active (Dunn, 1994) 

Capillaia, pumped loop heat 12ipe- for systems where the heat fluxes are very high or 

where the heat from the heat source needs to be moved far away. In the loop heat pipe, 

the vapor travels around in a loop where it condenses and returns to the evaporator 

(Figure 2.55). 
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The basic structure of a typical pulsating heat pipe consists of meandering capillary 
tubes having no internal wick structure. It can be designed in at least three ways: (1) 

open loop systern, (ii) closed loop systern and (111) closed loop pulsating heat pipe 
(CLPHP) with additional flow control check valves, as shown in Figni-e 2.56. 
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Figure 2.56 Schematics of a pulsating heat pipes and its design variations. (Piyanun, 

2003) 

2.6.4 Gravity assisted wickless heat pipes 

As we mentioned the heat pipe is a then-nal device which affords efficient transport of 

then-nal energy by use of an inten-nediate heat transfer fluid. Heat pipes working under 

gravity with the condenser above the evaporator do not need any external power or 

capillary structure for return of the heat transfer fluid to the evaporator. This type of heat 

pipe is known as gravity assisted heat pipe, two phase closed thermosyphon (TPCT) or 

wickless gravity assisted heat pipe. However, the operation of the gravity assisted heat 

pipe may be enhanced by introducing an internal wick structure to distribute 

circumferential ly the working fluid inside the heat pipe evaporator (Dunn, 1994). Figure 

2.57 shows a typical gravity and capillary induced heat pipes. 
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Figure 2.57 Capillary and gravity induced heat pipes. (a) Conventional gravity assisted 
heat pipe. (b) Capillary induced heat pipes. (Joudi, 1991,2000) 

Gravity assisted heat pipes have received considerable attention in terrestrial 

applications due to their efficient heat transfer capability, simple construction and 
durability. Therefore, numerous applications exist for heat recovery systems (Littwin 

1985, Chaudourene 1987), solar energy (Bloem 1982) and, recently, in light water 

nuclear reactors (Kaminaga 1997). 

The thermosyphon has been proved as a promising heat transfer device with very high 

thermal conductance, The two-phase closed thermosyphon is widely used because of 

their simple structure when compared with other types of heat pipes. Therefore, 

thermosyphons are being used in many applications such as: heat exchangers (air pre- 
heaters or systems that use economizers for waste heat recovery), cooling of electronic 

components, solar energy conversion systems, spacecraft thermal control, cooling of gas 

turbine rotor blades, etc. (Dunn 1994). 

A considerable experimental and theoretical work has been done on the application and 

design modification for improving then-nosyphon perfon-nance. Nguyen-Ch, et A 

(1979) investigated experimentally the perforinance of vertical two-phase close 

thermosyphon and used water as a working fluid. They investigated the influence of 

operating parameters on the maximum performance. One of the parameters was the 

working fluid as Li et al. (1991) investigated experimentally with a vertical two-phase 
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closed then-nosyphon with RI 1, R22, and water as working fluids. The same work was 
done by Park and Lee (199 1) who made an experimental study on the performance of 

stationary two-phase closed thermosyphon with three working fluid mixtures (water- 

glycerin, water ethanol, and water-ethylene glycol). Shiraishi et al. (1996) investigated 

experimentally a critical heat transfer rate in thermosyphons by taking into account the 

aspect ratio, filling ratio and working fluid property. Terdtoon et al. (1996,1999) also 

studied experimentally the effect of aspect ratio on heat transfer characteristics of two- 

phase closed then-nosyphon at normal operating condition. They used R-22, ethanol, and 

water as working fluids. Shalaby et al. (2000) studied experimentally the heat transfer 

perfon-nance of a two-phase closed thermosyphon with R22 as working fluid. 

From all studies authors concentrate their research on working fluid, inclination angle, 
filling ratio and aspect ratio (Length of pipe/Pipe Diameter). The outcome of the studies 

was that the temperature distribution along the thermosyphon wall in the evaporator 

section was almost isothermal. The measured temperature along the condenser showed 

lower values. This drop of temperature is expected because of the internal resistances 

due to boiling and condensation. Also filling ratio doesn't have any effect on the heat 

transfer coefficient at different angles. But the working fluid has an effect when the 

inclination angle is between 20 and 70 degrees. A lower heat vaporisation exhibits a 

larger heat transfer. At different aspect ratios the outside temperature of the evaporator 

and the maximum heat transfer rates comes with different filling ratios. 

Joudi and Witwit (2000) studied the performance of conventional gravity assisted heat 

pipe and a modified heat pipe with a separator in the adiabatic section (Figure 2.58). 

Heat pipes with a three layered wick in the evaporator section, in addition to the 

separator, were also investigated. Water was employed as the working fluid in all heat 

pipes. The presence of the adiabatic separator caused a marked improvement in all heat 

pipes tested for all lengths and inclination angles. A pronounced reduction in heat pipe 

evaporator temperature was obtained, which is accompanied by an improvement in the 

heat transfer coefficient. Increasing the gravity assisted heat pipe length the heat pipe 

operating temperature decreased, which is always a desirable feature. 
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Figure 2.58 Gravity assisted heat pipe (a) with separator only, (b) with separator and 

wick at the evaporator only (Joudi, 2000) 

2.6.5 Solar Heat Pipe Collectors 

Solar then-nal utilization is of great importance for environmental protection and 

conventional energy saving. A variety of flat plate solar collectors and evacuated tubular 

solar collectors have been produced and applied around the world. 
Usually, conventional solar collectors use pipes attached to the collecting plate and a 
heat transfer fluid, such as water, to transfer by natural or forced circulation the heat 

captured by the solar collector to a storage tank. Some of the shortcomings associated 

with conventional solar collectors include extra expense of the forced circulation system 
due to the pump and its extracted power, extra space required for the natural circulation 

system due to the position limitations required, the night cooling due to the reverse flow 

of cooled water, freezing of the water on cold nights, pipe corrosion due to the use of 

water and the limited quantity of heat transferred by the heat transfer fluid. 

Heat pipes offer a promising solution to these problems. An experimental flat plate solar 

collector operating in conjunction with a closed-end oscillating heat pipe (CEOHP) 

offers a reasonably efficient and cost effective alternative to conventional solar collector 

system that use heat pipes. The CEOHP system (Figure 2.59) described by Rittidech 

and Wannapakne (2007) relies on the natural forces of gravity and capillary action and 

does not require an external power source. An efficiency of approximately 62% was 

achieved, which correlates with the efficiency of the more expensive heat pipe system. 
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The CEOHP systern offers the additional benefits of corrosion free operation and 

absence of freezing during winter months. 

Figure 2.59 The experimental assembly: (a) CEOHP flat plate solar collector; (b) 

condenser water tank; (c) wooden frame. (Rittidech 2007) 

Bazzo and Nogoseke (2003) proposed a capillary pumping system attached to a flat 

solar collector, using fine circumferential grooves as capillary structure and acetone as 

the working fluid (Figure 2.60). The working fluid was pumped from a condenser 

designed to delivery heat to the water storage. The system presented reliable start-ups 

and good performance in continuous operation. According to the results, heat loads up 

to 507 W/m 2 were expected for transporting. 
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Figure 2.60 Schematic of a solar heating system assisted by one capillary pump. (Bazzo 

2003) 

101 



2.6.5.1 Solar Collectors with gravity assisted heat pipes 
Heat pipes working under gravity with the condenser above the evaporator do not 
require external power or capillary action in order to return the heat transfer fluid to the 

evaporator. This type of heat pipe is known as the gravity assisted heat pipe, or wickless 

gravity assisted heat pipe. 

The thermosyphon flat- plate solar collector has many advantages over the conventional 
flat-plate solar collector such as: 

1. A thermal diode benefit when the collector temperature is less than storage water 
temperature; 

2. A small heat capacity; 

3. A reasonable resistance against corrosion by selecting a suitable working fluid to be 

compatible with the pipe wall material; 

4. Easy freeze protection; 

5. Lower pumping requirements. 

De Vries et al. (1980) investigated theoretically the influence of the pump control unit of 

a conventional flat plate solar collector and the diode resistance of a planar wickless 

heat pipe solar collector on their efficiencies during periods of transient insolation. They 

concluded that the perforinance of the wickless heat pipe collector was as good as that 

of a conventional solar collector with fluid circulation control. Akyurt (1984) designed, 

manufactured and tested numerous prototypes wickless heat pipe flat plate solar 

collectors made of different materials and filled with different working fluids. An 

extensive testing program revealed that the wickless heat pipe performs satisfactorily as 

a heat transfer element in solar collectors without start up difficulties. Henyue (1987) 

concluded that increasing the heat transfer surface of the condenser section of the 

wickless heat pipe was an effective way to improve the instantaneous efficiency of 

wickless heat pipe flat plate solar water heaters. Hussein et al. (I 999a, 1999b) 

investigated theoretically and experimentally that the effect of the pitch distance ratio 

W/D on the instantaneous efficiency of the wickless heat pipe flat-plate solar collector 

decreases as the wickless heat pipe diameter decreases and the inlet cooling water 

temperature increases. 
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Abreu and Colle (2004) investigated experimentally the transient then-nal behaviour of a 
wickless heat pipe flat plate solar water heater characterl II ized by a semi-circular 

condenser and a straight evaporator (Figui-e 2.61). From the results they observed that: 
By increasing the cooling temperature the overall then-nal resistance decreased. 

The thernial resistance decreased for the lowest fill ratio. 
As the evaporator temperatures and area increase with the evaporator length, the 
heat losses are also increased thus the lowest thermal resistances were achieved 
for the shortest evaporator. 

Figure 2.61 Proposed configuration of the compact Solar Domestic Heating 

Water system (Abreu 2004) 

Hussein (2006) studied the effect of wickless heat pipe cross section geometry and its 

working fluid filling ratio on the performance of flat plate solar collectors. Three groups 

of wickless heat pipes having three different cross section geometries (namely, circular, 

elliptical and semi-circular cross sections) were designed and manufactured. It was 

concluded that the elliptical cross section improved the performance in comparison with 

the circular and that the optimum filling ratio dropped from 20% to 10%. In the contrary 

the semi-circular section had a bad performance compared with the other two heat pipe 

cross section. 

In contrast of the advantages a wickless heat pipe absorber in flat-plate solar heater also 

has several disadvantages compared to conventional flat-plate solar heaters. One of 
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these disadvantages is the need for a heat exchanger between the condenser section of 
the heat pipe and the storage tank. 

2.6.5.2 Solar collectors beat exchanger types 

The existing applications of the heat-pipe in solar then-nal collectors can be divided into 
two categories, depending on the region in which condensation takes place. In the first 

category are the systems in which heat is transferred with a heat-pipe from the 

evaporator, which is actually the collector absorbing surface, towards the header in 

which the condenser is placed (Ortabast and Fehlner, 1979; Ismail and Abogderah, 

1998; Hussein et al., 1999). Heat transfer from header-condenser to the tank is done in 

the usual way, i. e. using a pump which moves the heating fluid (Figure 2.62). The 

second category concerns transfer of then-nal energy to the tank, that is systems in which 

the evaporator inside the collector while the condenser is inside the tank (Figure 2.63). 

These systems usually employ heat-pipes assisted by gravity, where the tank is placed in 

the upper part of the collector with the liquid phase being transported naturally to the 

lower part of the collector through the same heat-pipe. 
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Figure 2.62 Cross-sectional views of the prototype wickless heat pipe flat plate solar 

collector. (Hussein 2005) 
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Figure 2.63 Experimental set-up of then-nosyphon two-phase solar collector together 

with the temperature measurement points. (Esen 2005) 

The common way used by most of the previous studies [Hussein 1999, Ismail 1998, 

Ortabasi 1979] was circulating the water from the beaters tank to a header through 

which the water was distributed to flow through a separate annulus around the 

condenser section of each thermosyphon tube of the collector. Then the water outlet 

from each annulus was collected in an outlet header to flow again to the tank. 

Mathioulakis and Belessiotis (2001) conducted an experimental and theoretical 

investigation to study the performance of a new ethanol then-nosyphon solar water 

heater. In this system the condenser section of the then-nosyphon tube was placed inside 

the tank of the water heater. The results showed that the system can reach satisfactory 

efficiencies up to 60% working in a wide range of operating temperatures and be 

effective even with small temperature difference between collector and tank. 

The works of Oliveti and Arcuri (1996), Ismail and Abogderah (1992,1998) and 

Hussein et al. (I 999a, b) present the results obtained with heat pipe flat plate solar 

collectors where the condensers of the pipes were immersed in a cooling manifold. 

Oliveti and Arcuri and Hussein et al. made use of TPCTs with water as the working 

fluid, while Ismail and Abogderah made use of heat pipes with internal capillary 
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structure in the evaporator section and methanol as the working fluid. Another work, 
from Chun et al. (1999), presented a similar configuration where five Individual 
modules of only one pipe coupled with a thermal reservoir were tested. Different 

working fluids (water, methanol, acetone and ethanol) were compared and it was 
revealed that the system perfon-nance is insensitive to the working fluids. Recently 
Hussein (2006) studied a wickless heat pipes flat plate solar collector with a cross flow 
heat exchanger and the results showed that the optimal mass flow rate is very close to 
the ASHRAE standard mass flow rate (0.02 kg/s) for testing conventional flat plate solar 

collectors. Also the experimental and theoretical results indicated that there is an 

optimum number of wickless heat pipes to be used in designing the wickless heat pipes 
flat plate solar collectors with cross flow heat exchanger. This optimum number was 

about 12 pipes. 

2.6.5.3 Solar collectors heat pipes with different working fluid 

A number of studies have been previously conducted in which various phase change 

fluids or refrigerants have been evaluated for use in a thermosyphon solar water heater. 

Pluta and Pornierny (1995) studied a two-phase solar thermosyphon for domestic hot 

water, with Freon R22 and filled at 1/3 of total heat pipe length and indicated that proper 

construction and choosing suitable phase change medium play very important role in 

assuring proper operating conditions of a phase-change thermosyphon. Ghaddar and 

Nasr (199 8) fabricated and tested an R- II charged solar collector with an integrated 

condenser for secondary-cooling water flow. Forced circulation flow demonstrated 

instantaneous system efficiency values varying from 60% to 20%, which is in range of 

conventional water solar collectors. Joudi and Al-Tabbakh (1999) (Figure 2.64) 

conducted a theoretical analysis by computer simulation of a two phase thermosyphon 

solar domestic hot water system using R- 11. The results showed that, in the two-phase 

system, the collector efficiency did not reveal a serious change with the loading 

condition. The collector efficiency of the two-phase system was approximately 20% 

higher than a single phase collector. Also, the response of the two-phase system was 

faster than a single phase system. Esen and Yu** ksel (2000) manufactured a two-phase 

thermosyphon solar collector with heat pipes, and studied experimentally various phase- 
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change fluids (acetone, methanol, ethanol) to evaluate the effect of insolation and mass 
of fluid on the collector performance. It was found out that such a collector can be 

successfully used, especially during cold, cloudy and windy days. Payakaruk et al. 
(2000) studied the inclined tbermosyphon that employed with R-22, R-123, R- 134a, 

ethanol, and water as working fluid. The selected filling ratios were 50%, 80%, and 
100%. It was found from the experiments that the filling ratio had no effect on the ratio 

of heat transfer characteristics at any angle to that of the vertical position, but the 

properties of the working fluid affected the mentioned ratio of heat transfer rate. 
Esen et al. (2005) presented the results of an experimental investigation of a two-phase 

closed thermosyphon solar water heater. The results were analyzed with regard to 

various working fluids (RI 34a, R407C, and R410a). It was concluded that the working 
fluid had an effect on then-nal perfon-nance of a two-phase thermosyphon solar collector. 
Best performance was obtained using R4 I OA probably due to its higher latent heat, 

higher liquid thermal conductivity, and lower viscosity. 
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Figure 2.64 The two phase thermosyphon system (Joudi, 1997) 

2.6.6 PV/T Systems incorporating Heat Pipes 

Cooling of photovoltaic cells is one of the main concerns when designing concentrating 

photovoltaic systems. Cells may experience both short-term (efficiency loss) and long- 

term (irreversible damage) degradation due to excess temperatures. Design 

considerations for cooling systems include low and unifon-n cell temperatures, system 
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reliability, sufficient capacity for dealing with 'worst case scenarios', and minimal 

power consumption by the system. 

The heat pipe approach was explored by Feldinan et al. (198 1) on a concentration ratio 

of about 24 suns. The evaporative working fluid was benzene with a maximum 

evaporator surface temperature of about 140 T. The model showed that the heat 

transfer in this systern is highly dependent on the condenser surface area. The prototype 
22 had an evaporator area of 0.61m and a condenser area of 2.14m 

Akbarzadeh and Wadowski (1996) reported on a linear, trough-like system which also 

used heat pipes for cooling. In this case, the reflector is not a parabola, but an 'Ideal 

reflector' which is said to give a unifon-n illumination across the cells. Each cell is 

mounted vertically on the end of a thermosyphon, which is made of a flattened copper 

pipe with a finned condenser area. The system was designed for 20 suns concentration, 

and the cell temperature reported not to rise above 46 OC on a sunny day, as opposed to 

84 T in the same conditions but without fluid in the cooling system. 

Russell (1982) has patented a heat pipe cooling system. His design uses linear Fresnel 

lenses, each focusing the light onto a string of cells mounted along the length of a heat 

pipe of circular cross-section (Figure 2.65). Several pipes were mounted next to each 

other to form a panel. The heat pipe had an internal wick that pulled the liquid up to the 

heated surface. Thermal energy was extracted from the heat pipe by an internal coolant 

circuit, where inlet and outlet is on the same pipe end, ensuring a uniforrn temperature 

along the pipe. The coolant water was fed and extracted by common distribution pipes. 
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Figure 2.65 PV/T Heat pipe based cooling system as suggested by Russell (1982). 
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2.6.7 Discussion 

Heat pipes are high heat transfer devices that have been used In various applications so 
far as in solar collectors. The review identified some important parameters that should 
be taken into consideration when designing an application. 
The following need to be considered when designing heat pipes: 

1) Heat transport limitation of the heat pipe 
The most important heat pipe design consideration is the amount of power the heat pipe 
is capable of transferring. Heat pipes can be designed to carry a few watts or several 
kilowatts, depending on the application. However if driven beyond its capacity the 

effective thermal conductivity of the heat pipe can be significantly reduced. Therefore, it 

is important to assure that the heat pipe is designed to safely transport the required heat 
load. 

2) Wick structure of the heat pipe 
The performance of the heat pipe that containes a wick was more significant in terms of 

overall heat transfer coefficient than that with no wick. 

3) Length and diameter of the heat pipe 
Larger cross sectional areas of the heat pipe (i. e. larger diameter of the heat pipe) allow 
higher vapor volume to be transported from the evaporator to the condenser. Longer 

heat pipe transports less heat than shorter heat pipes. 
4) Heat pipe orientation 

The inclination angle of the heat pipe affects the performance of the system. The review 

informed that the maximum heat transport is achieved between the 50 and 80 angle 
degrees. 

5) Effect of bending and flattening of the heat pipe 
Any flattening or bending to a heat pipe reduces the amount of heat that can be 

transported. 

6) Working fluid 

A high latent heat or vaporization is essential to transfer large amounts of heat with 

minimum fluid flow, and hence to maintain low pressure drops within the heat pipe. The 

thermal conductivity of the working fluid should preferably be high in order to minimize 

the radial temperature gradient and to reduce the possibility of nucleate boiling at the 
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wick or wall surface. Choosing fluids with I11 1 low values of vapour and liquid viscosities 
will minimize the resistance to fluid flow. 

7) Heat pipe reliability 
Two manufacturing factors reduce the reliability of the heat pipe: the seat of the pipe 
and the cleanness of pipe internal chamber. Any leakage in the heat pipe will eventually 
fail the pipe and if the internal chamber is not thoroughly clean then will face poor 
perfon-nance. 

Another important aspect of heat pipes working under gravity with the condenser above 
the evaporator do not need any external power or capillary structure for return of the 

heat transfer fluid to the evaporator. Also a thermal diode benefit exists when the 

collector temperature is less than storage water temperature. 

When designing a system careful consideration should be given to the heat transfer 

surface of the condenser section of the wickless heat pipe. An effective way to improve 

the instantaneous efficiency of wickless heat pipe flat plate solar water heaters is 

achieved when the surface of the condenser increases. Also as the evaporator 

temperatures and area increase with the evaporator length, the heat losses are also 

increased thus the lowest therinal resistances were achieved for the shortest evaporators. 

So far heat pipes have been used for cooling of photovoltaic cells when desining 

concentrating systems. To incorporate heat pipes in the rear of a flat plate PV can 

achieve cooling and transfer the extracted heat quickly without having many losses. 
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2.7 Phase Change Material (PCM) 

Energy storage plays an important role in conserving available energy and improving its 

utilization, since many energy sources are Inten-nittent in nature. Short terrn storage of 
only a few hours is essential in most applications; however, long term storage of a few 

months may be required in some applications. 

Solar energy Is available only during the day, and hence, Its application requires 

efficient then-nal energy storage so that the excess heat collected during sunshine hours 

may be stored for later use during the night. Similar problems arise in heat recovery 

systems where the waste heat availability and utilization periods are different, requiring 

some then-nal energy storage. Hence, the successful application of load shifting solar 

energy depends to a large extent on the method of energy storage used. 
The most commonly used method of thermal energy storage is the sensible heat method. 
The most common method of storing solar thermal energy as sensible heat is water. As 

well as being abundant, cheap, non-toxic etc., water has a high heat capacity, and can be 

used both as energy storage and transport medium in the system. The amount of stored 

energy Q is given by the temperature difference between final and initial states, the 

specific heat capacity Cp, and mass, m: 

Q=m *Cp *(Tout - Tin) Eq. (2.7.1) 

Water has a specific heat capacity of about 4.2 kJ/kg K, thus a 10 'C temperature 

difference in I in 3 water represents 42 MJ, or 11.7 kWh stored energy. 

The latent heat method of storage has attracted a large number of applications. This 

method of heat energy storage provides much higher energy storage density with a 

smaller temperature range when compared with the sensible heat storage method. 

However, practical difficulties usually arise in applying the latent heat method due to 

the low thermal conductivity, density change, and stability of properties under extended 

cycling and sometimes phase segregation and sub cooling of the phase change materials. 

The following section provides an overview of PCMs, indicating the most suitable class 

of PCM for use with PVs and solar collectors, and providing the thermodynamics of 

phase change. This section also presents some of the physical characteristics of PCM 
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that had to be understood and some of the problems that would be faced when 
developing and choosing the PCM for use with the system. 

2.7.1 Latent heat of fusion 

As has been known for more than 200 years, heat must be added to a crystalline solid at 
its melting point to transform it into a liquid (Chalmers, 1964). The added energy breaks 

up the bonds between the atoms or molecules in the ordered crystal structure, thereby 

raising their potential energy while the temperature remains constant during the process. 
The energy that must be added in the phase transition from solid to liquid is called the 
latent heat offusion and when the substance recrystallizes upon subsequent cooling, this 
heat is recovered, again at the temperature of equilibrium between the solid and liquid 

phase. The amount of latent heat associated with a phase transition can be substantial. 
For example, the latent heat of ftision in the ice/water transition at 0 'C (334 kJ/kg) 

corresponds to a temperature increase of about 80 'C in liquid water. 
The relatively large amount of latent heat associated with the phase transition gives a 
higher energy storage density compared to the traditional sensible heat storage systems, 

and therefore allows a reduction of volume and mass. Another advantage is the 

isothermal behaviour during melting/freezing which reduces the temperature range of 

operation. Typically the PCM is encapsulated in suitable containers, and used in storage 

tanks in combination with water as heat transfer fluid. 

2.7.2 Classification of PCM 

In 1983 Abhat (1983) gave a useful classification of the substances used for TES 

(thermal energy storage), as shown in Figure 2.66. Among the most thorough references 

related with phase change materials, one can cite Abliat (1983), Lane (1983,1986) and 

Dincer and Rosen (2002). These contain a complete review of the types of material 

which have been used, their classification, characteristics, advantages and disadvantages 

and the various experimental techniques used to determine the behaviour of these 

materials in melting and solidification. 
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Figure 2.66 Classification of energy storage materials (Abhat, 1983). 

PCMs are categorized as Organic, Inorganic and Eutectic materials. 

2.7.2.1 Organic PCM 

Organic compounds comprise of paraffin and non-paraffin. Paraffin is a substance that 

has a waxy consistency at room temperature. They contain a major component called 

alkanes characterised by CnH2n+2; the n-alkane content in paraffin waxes usually 

exceeds 75% and may reach 100%. Another primary component of paraffin waxes is 

straight-chain hydrocarbons with only a small amount of branching, such as 2-methyl 

groups near the end of the chain. Pure paraffin consists of only alkanes, for instance, 

paraffin octadecane, CI 8H38. The melting point of alkanes increases as the number of 

carbon increases. Paraffin waxes are chemically stable and non-corrosive, exhibit little 

or no super cooling properties (that is, they do not need to be cooled below their 

freezing point to initiate crystal] isation), are compatible with most building materials 

(Table 2.8), have a high latent heat per unit weight and are recyclable. Their 

disadvantages are low then-nal conductivity, high changes in volume during phase 

change and flammability. 

Non paraffin involves a wide variety of organic materials for instance fatty acids, esters, 

alcohols and glycols. A study by Hasnain (1998) shows that fatty acids have melting 

points suitable for heating applications and they exhibit excellent melting and freezing 
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cycles without any supercooling. Their major drawback however is their cost which is 
about three times greater than that of paraffin. 

Table 2.8 Organic Substances with potential use as PCM (Veer Tyagi, 2005) 
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2.7.2.2 Inorganic PCM 

Inorganic compounds such as salt hydrates (salts, metals and alloys) have much higher 

latent heat per unit volume, higher thermal conductivity, are non-flammable and lower 

in cost in comparison to organic compounds (Table 2.9). Potentially, they can be 

recycled after their useful life. However, they are corrosive to most metals and suffer 

from decomposition and super cooling, which can affect their phase change properties. 

Nucleating and thickening agents can be added tO inorganic PCMs tO minimise super 

cooling and decomposition. 

Table 2.9 Inorganic substances with potential use as PCM (Veer Tyagi 2005) 
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2.7.2.3 Eutectic PCM 

An eutectic is a minimum-melting composition of two or more components, each of 

which melts and freeze congruently forming a mixture of the component crystals during 
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crystallization (Table 2.10). Some candidate materials having acceptable values of 
fusion are pentaerythiol, pentaglycerme, neopentyl glycol. These eutectics can be used 
for cool and passive solar storage with low or medium temperature flat plate collectors, 
according to their melting point. 

Table 2.10 Eutectics with potential use as PCM (Veer Tyagi, 2005) 
I norganic cut cc tics %%it 11 1)()tC I It i it I U. SC d. s PCNJ 

Compt--lund Melting Heat Of fusion 
temperature ( C) (W, kg) 

66.6" (, CAI-, - 6H-, () - 33.3'!, o Nlgcl-, - 6H-, O 127 
4; s"' o CAI, - 4. NA] - 0.4", - KCI - 4-. 31',. ", 0 188 

4-o Ca(NO; ), - 4H, O -ý I",, Mg(, \(); )2,6HO 311 136 
60" o \a(('] I C00) -3H0+ 40 11,, CO(\ H, ) I() I 

A comparison of the advantages and disadvantages of organic and inorganic materials is 

shown in Table 2.11. 

Table 2.11 Comparison of Organic and Inorganic Materials Advantages and 
Disadvantages 

I Comparison of organic and inorganic mal,: riak for hcit toragc I 

orgarli(-ý IllorgalliLs 
Adý ujitd, -, c, ALI\ al Itu gC, 

\0 LOIIOýi%C' Clicilf'. 1 1111ils': ClutligC L-11thalp) 
LA)\% or nonc undercooling 
Chcrnical and thermal slLihilit. % 

Disad,. antAgcs Diý; i(kanLigc, 
Lk), ALr phasc change cnthalpý (ýiidcrcooliny 
Lo\% thermal conducti%ii\ ( orrosion 
Inflammabilit) Pilasc ýLpardtioll 

Phase 
-, wgrqulion, lack of thermul stability 

Typical data of some relevant properties of thermal storage materials are given in Table 

2.12 for comparison (Hasnain, 1998). The masses and volumes in the table correspond 

to a heat storage capacity of 1000 MJ and a temperature rise of 15'C during heat 

storage. 

The relative mass and volume occupied by each storage media is based on ice. The table 

shows that in comparison to other thermal storage materials such as rock or water, 

PCMs have a higher energy storage density, so that less material is needed. PCMs also 
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have the advantage that then-nal energy is stored and released at an almost constant 
temperature. 

Table 2.12 Comparison of various then-nal storage media. Stored energy = 1,000 MJ or 
278 kWh, change in temperature = 15T. Relative mass and volume are based on ice. 

(Bruno, 2004) 

Material Mass (Kg) Relative Mass Volume (ml Relative Volume 
Rock 67,000 22 30 10 
Water (liquid) 16,000 5.3 16 5.3 
PCM (organic) 

. 
5,300 1.8 

. 
6.6 

. 
2.2 

PCM (inorganic) 14,350 1,5 27 0.9 
Ice 1 3,000 1,0 3 

1 

1.0 

2.7.3 Desirable Properties of PCM 

The PCM to be used in the design of thermal storage system should have desirable 

then-no physical, kinetic and chemical properties, which are recommended as follows: 

(Shanna 1999). 

Thermo physical properties 

(1) Melting temperature in the desired operating temperature range. 

(ii) High latent heat of fusion per unit volume so that the required volume of the 

container to store a given amount of energy is less. 

(iii) High specific heat to provide additional significant sensible heat storage. 

(iv) High thermal conductivity of both solid and liquid phases to assist the charging and 

discharging energy of the storage systern. 

(v) Small volume change on phase transformation and small vapour pressure at 

operating temperature to reduce the containment problem. 

(vi) Congruent melting of the phase change material for a constant storage capacity of 

the material with each freezing/melting cycle. 

Kinetic properties 

(i) High nucleation rate to avoid super cooling of the liquid phase. 
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(ii) High rate of crystal growth, so that the system can meet demand of heat recovery 
from the storage system 

Chemical properties 

(1) Complete reversible freeze/melt cycle. 

(ii) No degradation after a large number of freeze/melt cycles. 
(111) No corrosiveness to the construction materials. 
(iv) Non-toxic, non-flammable and non-explosive material for safety. 

2.7.3.1 Thermo physical properties determination 

Analysis techniques used to study phase change are mainly conventional calorimetry, 
differential scanning calorimetry (DSC) and differential thermal analysis (DTA). 

Speyer (1994) gave a good overview of the thermal analysis methods in general, but 

also Eckert et al. (1994) should be mentioned. Naumann and Emons (1989) and Inaba 

(1997) focussed their studies on thermal analysis methods for PCMs. Among studies 

relating to DSC, it is worth citing Flaherty (1971) for characterisation of hydrocarbons 

and natural waxes, Giavarini (1973) for characterisation of petroleum products and 

Salyer (1986) for characterisation of paraffins. As is mentioned in Gibbs (1995), there is 

considerable uncertainty about the property values provided by manufacturers and it is 

therefore advisable to use DSC to obtain more accurate values. 

Yinping (1999) reviewed the above-mentioned conventional methods of PCM property 

analysis and points out their limitations, of which the following stand out: 

(a) Small quantities of sample are analysed (I -10 mg), although some behaviour of the 

PCM depends on their quantity. 

(b) The analysis instrumentation is complex and expensive. 

(c) Phase change cannot be visually observed. 

Yinping proposes a simple method for determining phase change temperature, under 

cooling, enthalpy, specific heat, and thermal conductivity in solid and liquid phases. 

Temperature-time graphs are drawn and properties evaluated for comparison with the 

graphs of the other known materials are used (usually pure water) as reference. 
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Marn et al developed a further evaluation procedure to determine specific heat and 
enthalpy as temperature dependent values. The results obtained are presented in the 
form of enthalpy-temperature curves, and an experimental improvement is proposed. 

2.7.3.2 Stability of the PCM-container system 
A relevant aspect is the useful life of these systems, and the number of cycles they can 
withstand without any degrading of their properties. Insufficient long term stability of 
the storage materials is mainly due to poor stability of the materials' properties and 
corrosion between the PCM and container (Zalba, 2003). Abhat (1982) observed that 
laboratory measurements comprising at least 1,000 - 2,000 cycles are recommended to 

establish the long tenn stability of the PCM. Other authors, such as Gibbs (1995), also 

confirm that neither the cycles nor contact with metals degrade the thermal behaviour of 

paraffin and that they therefore have excellent thermal stability. 

2.7.3.3 Corrosion of the materials 
A compatibility of PCMs with conventional materials for construction is particularly 
important for an assurance of a life of a latent heat storage system. Studies of PCMs 

including organics, inorganics salt hydrates and inorganics eutectic compounds for 

corrosion tests with storage containment have been carried out by Heine (198 1) and 

Schroder (1980). Results show that the most compatible materials with metal containers 

(i. e., stainless steel, mild steel, copper, tin plated mild steel etc. ) are organic materials. 

Porisini (1988) tested the corrosion of four commercially available salt hydrates used as 

PCM with stainless steel, carbon steel and the results showed that the most corrosion- 

resistant alloy to all the hydrated salts is stainless steel. Recently, Cabeza et al. (2001) 

studied corrosion resistance of five common metals (aluminium, brass, copper, steel and 

stainless steel) in contact with molten salt hydrates in an immersion corrosion test. 

From the above investigations it can be concluded that stainless steel is the only metal 

that is compatible with all phase change materials. Copper is compatible with all heat 

storage materials, except sodium thiosulphate 5-hydrate. Aluminium is incompatible 

with the salt hydrates. Furthermore common plastics are stated to be generally corrosion 

resistant to most inorganic salt hydrates and their eutectic compounds. 
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2.7.3.4 Encapsulation of the materials 

The encapsulation of the PCM has developed interest in several researchers. Advantages 

and disadvantages of different geometries of PCM encapsulation with different 

materials and their compatibility was discussed by Lane (1986). The freezing and 

melting processes of water contained in spherical elements were studied experimentally 
by Eames et al. (2002). He proposed semi empirical equations that allow the mass of ice 

within a sphere to be predicted at any time during the freezing or melting processes. 
For the use of PCM in buildings applications, an encapsulation of PCM (50-80%) with 

unsaturated polyester matrix (45-10%), and water (5-10%) was studied by Morikama et 

al. (1985). Polymerisation of PCMs has been also studied for other applications, like 

insulation materials for use in clothing or bedding articles (Salyer, 1999). In the same 

area, Inaba (1997) and Lee and Choi (1998) proposed using the storage substance 

integrated with the building materials without encapsulation ("Shape-stabilised 

paraffin": 74% paraffinb26% high-density polyethylene (HDPE)). Structural stability is 

achieved using HDPE which retains the paraffin when in liquid phase. 

For many applications, PCMs are micro encapsulated, and this has been studied by 

several researchers (Brown, 1998) and developed by companies like BASF (Jahns, 

1999). Nevertheless, the potential use of microencapsulated PCMs in various thermal 

control applications is limited to some extent by their cost. 

2.7.3.5 Nucleation and Supercooling 

Nucleating and crystal growth are characteristic terms that refer to conduction heat 

transfer and the formation of solid mass as it liberates heat. During heat gain, where 

melting occurs, nucleation does not exist because convective heat transfer enhances the 

process. 

During the solidification process of a PCM, nuclei must from and grow for the 

crystallization to continue. There are many PCMs which have the disadvantage of the 

tendency to supercool upon liberation of heat. This characteristic is quite apparent in 

PCMs such as salt-hydrates compounds, where the temperature drops below their 

transition temperatures, as it leads subsequently to the delayed development of the 

crystallisation process ( see Figure 2.67) (Bums, 198 1). 
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Figure 2.67 Supercooling of a phase change material (Burns, 1981) 
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Since solidification involves nucleation, numerous nucleating additives have been 

investigated in order to reduce supercooling. A nucleating agent is a material having a 
crystal structure similar in lattice spacing to that of the phase change substance. They 

serve as nuclei for the PCM crystals to grow on them during freezing of the PCM and 
are also termed as seed-crystals (Abhat, 1982). Ryu (1992) studied various inorganic 

salt-hydrates as a latent heat storage medium. He found that for thickened Glauber's 

salt, Borax could reduce supercooling of the salt from 15 OC to 3-4 T. Biswas (1977) 

has suggested the use of the extra water principle to prevent formation of the heavy 

anhydrous salt. Although this makes the system stable with cycling, it reduces the 

storage density and requires the system to be operated with a large temperature swing. 

2.7.3.6 Stratification and Agglomeration 

Stratification is usually associated with phase separation after it cycles through the 

phase change process a number of times. This phenomenon limits the usefulness of the 

PCM. For example Glauber's salt has an incongruent melting point, and as its 

temperature increases beyond the melting point it separates into a liquid phase and a 

solid. Since the density of the solid is higher than the density of the solution, phase 

separation occurs. As a consequence, the salt settles to the bottom of the tank. With 

complete stratification, the storage capacity of the PCM decreases about 40% (Harin, 

1988). To overcome the problem, the addition of suspension media or thickening agents 

to the PCM could be used to prevent separation. Thickening agents however displace a 
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part of the PCM in the heat store, thus reducing the volumetric heat capacity of the store 
(Abhat, 1982). 

2.7.3.7 Storage capacity 

To understand the storage capacity of a PCM we can see Figure 2.68 showing the 

enthalpy (energy stored per unit mass) as a function of temperature for a pure substance 
(solid line). During a charging process, the state of the system moves from left to right 

along the curve, with increasing enthalpy and temperature. Initially the temperature of 
the PCM increases with added energy which is stored as sensible heat in the solid phase 

material. The heat of fusion is absorbed as the substance undergoes a phase transition 

from solid (s) to liquid (1) at the constant melting point temperature (Tm), and when the 

melting process is complete, further energy input again results in a temperature increase 

(sensible heat in liquid phase). The solid and liquid phase heat capacities are given by 

the slope of the s and I lines respectively. For impure or incongruently melting 

substances, the temperature during the phase transition is not well defined as indicated 

by the dashed line. 

HAL 

Heat of 
fusion 

lop 
TM T 

j 

Figure 2.68 Stored enthalpy H (J/kg) as a function of temperature T for a material 

undergoing a phase transition at the melting point Tm. (Sandnes, 2003) 

The charge/discharge cycle must necessarily span a range of temperatures to facilitate 

heat transfer to/from the PCM units. The stored energy will therefore usually be a 

combination of latent heat and solid and liquid sensible heat as the store is charged from 

an initial temperature Ti, to a final temperature Tf. 
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where L is the heat of fusion for the material. The heat of fusion for different salt 
hydrates that are potenti 2003). The al PCMs ranges from 100 - 280 kJ/kg (Zalba et al . 
obtainable enthalpy density in a real application will be somewhat lower than suggested 
by the measured then-no physical properties since bulk materials are less pure, the 
encapsulation adds mass and volume, as does air pockets in the containers that buffers 

volume expansion upon melting. Additives to reduce super cooling (nucleating agents) 
and thickening agents to limit phase segregation also reduces the enthalpy density of the 
PCM product. The increased energy storage density of a PCM/water store compared to 

sensible heat storage allows a size reduction of the store which may be beneficial in 
cases where cost related to space area is high or a large store unit is impractical. 
As an alternative to size reduction, one can consider the possibility of reducing the 

temperature range of operation for the system. Figure 2.69 shows a schematic drawing 

of enthalpy as a function of temperature comparing a store including PCM to a sensible 
heat water store. The graph illustrates that the same amount of energy can be stored over 

a narrower temperature range when PCM is included. Another important advantage of 

using PCM in a solar heating system is that the store/system temperature does not 
increase at the same rate as in a water store. The solar collectors can therefore operate at 
lower temperatures for an extended period of time, thus increasing the total amount of 

solar energy collected by the system. 

Figure 2.69 PCM storage allows a narrower temperature range for the system centred 

on the desired application temperature. (Sandnes, 2003) 
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2.7.3.7 Charge and discharge 

The rates of energy absorption and release by the PCM units must be sufficiently high to 

meet the power requirements during charge and discharge respectively. The rate of heat 

transfer depends on both the temperature difference between PCM and heat carrier, and 
the sum of the heat transfer resistances at the encapsulation/water interface (convective), 

through the encapsulation material (conductive) and internally within the PCM 

(conductive and convective). 

A certain degree of exergy loss is inherent in the PCM system since the containers act as 
heat exchangers (Figure 2.70). The PCM heat absorption/release is driven by the 

temperature difference between the PCM and the heat transfer medium during the 

charge/di s charge process. This results in a temperature degradation since the stored 

energy is retrieved at a lower temperature than at which it was delivered. 

Figure 2.70 The limitations on heat transfer between PCM units and heat carrier during 

charge and discharge results in temperature degradation and exergy loss. (Sandnes, 

2003) 

2.7.4 Commercially produced PCM and products 

By 1990, only about 12 companies, mainly in the USA, were engaged in the 

manufacture of heat storage products. Manufactured heat storage modules in the form of 

polyethylene tubes and polyolefin balls used calcium chloride hexahydrate, sodium 

sulphate decahydrate, paraffin etc., as PCM. 

At present, the main supply companies in the market of phase change heat and cold 

storage materials include Cristopia (France), TEAP Energy (Australia), Rubitherni 
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GmbH (Gen-nany), EPS Ltd. (UK), PCM Thermal Solutions (USA), Climator (Sweden) 
and Mitsubishi Chemical (Japan). 

Due to a phase change in the process of exploitation, PCMs are usually encapsulated in 

various containers. The investigations of chemical compatibility of low-temperature 
PCMs and design structure materials have shown that stainless steel, polypropylene, and 
polyolefin can be used in most cases as suitable container materials. In Table 2.13 we 
can see PCMs at melting temperature from 22 - 31 T. 

Table 2.13 Commercial PCM Products (Veer Tyagi, 2005) 
Commercial P( Ms o\, iflabIc in the International market 
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2.7.5 PCM Heat Transfer Enhancement Techniques 

A common problem in latent heat thermal storages is the poor conductivity of the phase 

change materials. The crystallising and thickening agents which prevent super cooling 

and phase separation in the PCM lower the thermal conductivity of the PCM and the 

inhibiting convection motion in the liquid PCM (Padmanabhan 1986, Velraj 1999). 

During the phase change the solid-liquid interface moves away from the heat transfer 

surface. Thus, the surface heat flux decreases due to the increasing then-nal resistance of 

the growing layer of molten or solidified PCM. The problem arises especially in 

solidification processes where the sole heat transfer mode is conduction. PCM melts 

more quickly than it solidifies because natural convection speeds up the melting of 

PCM. PCM solidifies on the heat transfer surface and acts as a self-insulator because of 

low heat conductivity. In practice some kind of heat transfer enhancement technique has 
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to be used in LHTS because of the low heat conductivity of the PCM. Heat transfer in 
LTHS can be enhanced by the following techniques: 
(a) Active methods such as agitators/vibrators, scrapers and slurries (Lane, 1983). 
(b) Using microencapsulated PCM (www. frisby. com, 2007). 
(c) Using PCM containing dispersed high conductivity particles or lessing rings (Siegel 
1977). 

(d) Using PCM graphite composite material (Mehling, 2000). 
(e) Using extended surfaces such as fins and honeycombs (Stritih 2000, Humphries 
1977). 

2.7.5.1 Heat transfer enhancement 
The use of finned tubes with different configurations has been proposed by various 
researchers such as Abhat et al. (198 1), Morcos et al. (1990), Sadasuke (199 1), Costa et 
al. (1998), Padmanabhan (1986), Velraj (1999) and Ismail et al. (200 1) use finned tubes 

in thermal storage systems. 
Several other heat transfer enhancement techniques have been reported. Siegel (1977) 

studied the improvement in solidification rate in molten salt dispersed with high 

conductivity particles. Another method used is to embed the PCM in a metal matrix 

structure (Kamimoto 1985, Hoogendoorn 1992, Khan 1994, Tong 1996). The use of thin 

aluminium plates filled with PCM was developed by Bauer and Wirtz (2000). 

Mehling et al. (1999,2000) and Py et al. (200 1) proposed a graphite-compound- 

material, where the PCM is embedded inside a graphite matrix. The main advantage of 

such a material is the increase in heat conductivity in the PCM without much reduction 
in energy storage, but other advantages are the decrease in sub cooling of salt hydrates 

and the decrease of volume change in paraffins. The use of graphite as heat transfer 

enhancement material has also been studied by other researchers, such as Fukai et al. 

(2000,2002). They developed brushes made of carbon fibres. The feature of this method 

is that the volume fraction of the fibres is accurately and easily controlled and that the 

fibres with low volume fraction are entirely dispersed in the PCM. Xiao et al. (2001) 

developed composite based on paraffin, styrene-butadiene-styrene triblock copolymer 

and exfoliated graphite. They claimed that in the composite paraffin undergoes solid- 
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liquid phase change, and there is no leakage of it even In the state of melting. The 
composite exhibits high then-nal conductivity and nearly 80% of the latent heat Of fusion 
per unit mass of the paraffin. 
Velraj at al. (1997) have numerically and experimentally investigated solidification in a 
finned pipe. They detennined the solidification time for pipes with different parameters 
and different fins. Stritih (2000) made parametrical identification of fins to heat 

enhancement in the rectangular heat storage and Yamaha (2002) made experiments to 

evaluate the effect of fins to heat transfer. 
Al-Jandal (1992) studied experimentally what affects the fin; metal honeycomb and 

copper matrix structure have on the total melting and solidification time. The results 

showed that the average thermal conductivity enhancement factors for melting were in 

the order of 3.3 and for solidification in the order of 1.7 and natural convection had a 

significant effect on the acceleration of melting. Bugaj e (1997) made experiments on the 

use of methods for enhancing the thermal response of paraffin wax heat storage tubes 

with the incorporation of aluminium fins and star structures. The conclusion was that 

internal fins performed much better than the star matrices reducing the loading time in 

the order of 2.2 and the cooling time in the order of 4.2. 

Eftekhar et al. (1984) presented experimental data on the rate of the production of liquid 

as a function of time in a thermal storage system consisting of vertically arranged fins 

between heated and cooled surfaces. Natural convection was observed to play an 

important role in melting the phase change material. 

It is evident that fins and different kind of matrix structures enhance the internal heat 

transfer of a phase change material. In practice some kinds of heat transfer enhancement 

techniques have to be used in LHTS. To achieve the best economical and technical 

benefit of the storage, the loading and unloading time should be optimised. The 

geometry of the latent heat storage plays a very important role. 

In engineering there is often no opportunity for complicated numerical computations 

when a pre-design of a storage is made. A fast analytical model saves time and effort. 
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2.7.5.2 PCM based Heat Sink 

Numerous engineering applications have made the topic of melting of phase-change 
material In enclosures one of the most active fields In heat transfer research today. Due 
to complexity of the problem, the majority of the existing work avoided analytical 
solutions and dealt with numerical and experimental ones. As a result, the analytical 
results have not been reported except for limited approximated solutions with simple 
boundary conditions. 
Design of PCM-based heat sinks for electronics has been analyzed by Pal and Josh' 
(1997), who provide special recommendations concerning organic materials. 
Hale and Viskanta (1980) performed an experimental and analytical study of melting 
and solidification of several PCMs, including n-octadecane, cooled or heated from 

above or below. It was found that when melting from below, the natural convection 

influences the heat transfer and the motion of the phase-change boundary during the 

process. 
Ho and Viskanta (1984) studied melting of n-octadecane from an isothermal vertical 

wall of a rectangular cavity 130 mm high, 50 mm wide, and 50 mm deep. In order to 

accommodate the volume expansion associated with the phase-change process from 

solid to liquid, a small air gap was maintained between the top of the material and the 

insulated top surface of the cavity. It has been shown that the time-wise variation of the 

molten volume fraction, could be expressed as a function of the Stefan number, Ste, the 

Fourier number, Fo, and the Rayleigh number, Ra. 

Gadgil and Gobin (1984) simulated numerically two dimensional melting of a solid 

phase-change material in a rectangular enclosure heated from one side. Of special 
interest was the influence of the enclosure aspect ratio, A, on the melting curve, since 

this can be relevant to optimizing the dimensions of latent heat storage elements. The 

results of Gadgil and Gobin (1984) show that A has a strong influence on the melting 

curve, e. g. an increase in A from 1.13 to 5.25 causing more than 16- fold decrease in the 

time required to melt 80% of the PCM. Zhang and Bejan (1989) have reported results of 

their study of the time-dependent melting within a relatively large enclosure 74 cm high 

(height/width ratio equals 5) filled with n-octadecane, subjected to a constant heat flux 

boundary condition. They show that for the heated plate itself, first its temperature raises 
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from the ambient level to the melting point of the phase-change material. Then, there is 
a period when the temperature of the plate is unIforrn and rises linearly in time. Finally, 
the wall temperature reaches a plateau in the convection melting regime. Pal and Joshi 
(2001) studied computationally and experimentally melting of ntriacontane in a side 
heated tall enclosure of aspect ratio 10, by a uniformly dissipating heat source. They 

show how buoyancy driven convection in the molten PCM starts to develop. An implicit 

enthalpy-porosity approach was utilized for computational modelling of the melting 
process, and showed good agreement with the experiments. 
in the problems of phase change in an enclosure with one heated surface, like those 
discussed above, longitudinal heat conduction in the enclosure boundaries is commonly 

neglected. The longitudinal conduction is, however, important when conducting 

partitions are used, as shown by Eftekhar et al. (19 84) and most recently by Casano and 
Piva (2003). 

Hamdan and El-Werr (1996) predicted the evolution of the liquid-solid interface and the 

melted firaction using analytical solution, they assumed that the interface remains 

straight during the melting process and it was limited to isothermal heating of a 

rectangular enclosure (see Figure 2.71). 

Figure 2.71 Schematic diagram of a rectangular enclosure with PCM (Hamdan, 2004) 
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Zivkovic (2001) presented a simple computational model for isothermal phase change of 
phase change material (PCM) encapsulated In a single container. The numerical analysis 
of the melting time for rectangular and cylindrical containers was then performed and 
the results showed that the rectangular container requires nearly half of the melting time 

as for the cylindrical container of the same volume and heat transfer area (see Figure 
2.72 and 2.73). 
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Figure 2.72 Comparison of the variation with time of the PCM's temperature at the 

centre of the rectangular and cylindrical containers. (Zlvkovic, 2001) 
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Figure 2.73 Comparison of the melting time for rectangular and cylindrical contalners 

of equal volume and heat transfer area. (Zivkovic, 2001) 

129 



2.7.6 PCM use in Buildings 

The application of PCMs in buildings can have two different goals. First by using 
natural heat that is solar energy for heating or night cold for cooling. Second by using 
man made heat or cold sources. In any case, storage of heat or cold is necessary to 

match availability and demand with respect to time and also with respect to power. 
Basically three different ways to use PCMs for heating and cooling of buildings are (see 

Figure 2.74): 

(i) PCMs in building walls; 

(11) PCMs in other building components other than walls; and 
(111) PCMs in heat and cold storage units. 

The first two are passive systems, where the heat or cold stored is automatically released 

when indoor or outdoor temperature rises or falls beyond the melting point. The third 

one is active system, where the stored heat or cold is in containment thermally separated 

from the building by insulation. Therefore, the heat or cold is used only on demand not 

automatically. Depending on where and how the PCM is integrated, PCMs with 

different melting points are applied. Currently, there is a lack of commercial PCMs in 

the lower temperature range that is between 5 and 25 T. Especially between 15 and 20 

T available products show too low enthalpies. Most important PCMs are in the range of 

22-25 'C, as almost everybody agrees that this is the range for building passive heating 

and cooling. Various possible latent heat thermal energy storage (LHTES) devices 

studied for space heating and cooling are as follows. 
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Figure 2.74 The forms and effects of PCM building envelope (revised from Macro's 

presentation, 2005). 

In building applications, only PCMs that have a phase transition close to human comfort 
temperature (20 'Q can be used. From the many hydrated salts and organic PCMs 

investigated, those shown in Table 2.14, are possible candidates for applications in 
buildings. 

Table 2.14 PCM useful for Building Applications. (Khudhair, 2004) 
Hydrated sdlts dnd organic P(Als 
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2.7.7 Solar Collectors using PCM 

Solar energy, an abundant, clean and safe source, is an attractive substitute for 

conventional ftiels for passive and active heating applications. During the day, excess 
solar heat is collected for short or long term storage, and it is recovered at night in order 
to satisfy the heating needs of houses. Efficient and economical heat storage is the main 
factor in utilization of solar energy. 

Solar then-nal energy can be stored as sensible heat, latent heat, heat of reaction or a 

combination of these. In most storage systems, it is stored as sensible heat in materials 

such as water and rocks. In air collection systems, rock beds are non-nally used to store 
heat, while water tanks store the heat in liquid systems. In latent heat storage (LHS) 

systems, the latent heat arising from the phase change of a material is used for thermal 

energy storage. The phase change materials (PCMs) can store large amounts of heat 

(latent heat of fusion) in changing phase from solid to liquid. LHS systems using PCM, 

in general, provide much higher energy storage density than systems using sensible heat 

storage. The efficiency of seasonal storage as well as that of daily storage depends on 

system configurations, climate conditions and various set points for environmental 

control. 

Solar air or water heaters can be used for many purposes, including crop drying, space 

heating and regenerating dehumidifying agents (Figure 2.75). Solar air heaters are 

classified according to their application and use (Table 2.15). 

Table 2.15 Classifications of Solar Air Heaters (Tiwari, 1998) 

I Table 1. Classifications of solar air heaters I 

Air Heaters 
I 

F_ I Without Storage witb Storage 

Porous Non-porous Sensible Latent 
heat beat 

(PCM) 
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Figure 2.75 Latent heat storage system for solar then-nal application (Velraj, 1999) 

The performance of a compact phase change material (PCM) solar collector based on 
latent heat storage was investigated by Mettawee (2004). In this collector, the absorber 

plate-container unit perfon-ns the function of both absorbing the solar energy and 

storing PCM (Figui-e 2.76). The solar energy was stored in paraffin wax, which was 

used as a PCM, and was discharged to cold water flowing in pipes located inside the 

wax. Experiments were conducted for different water flow rates of 8.3-21.7 kg/h. The 

experimental results showed that in the charging process, the average heat transfer 

coefficient increases sharply with increasing the molten layer thickness, as the natural 

convection grows strong. In the discharge process, the useful heat gain was found to 

increase as the water mass flow rate increases. 

INSULATION 

F3-] W, \XCONTAINFR 

ABI, (-)RBFR PLATF 

40K 

w, -\TFR PIPF 

Figure 2.76 Schematic of the experimental apparatus cross section. (Mettawee, 2004) 
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A new hybrid thernial energy storage system (HTESS), using phase change materials, is 
proposed by Hamrnou (2006) for managing simultaneously the storage of heat from 

solar and electric energy (Figui-e 2.77). Simulations carried out for a period of 4 

consecutive winter months indicate that, with such a systern, the electricity consumption 
for space heating is reduced by nearly 32%. Also, more than 90% of the electric energy 

is consumed during off-peak hours. 
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Figure 2.77 Schematic of the hybrid then-nal energy storage system. (Hammou, 2006) 

A transient thermal analysis of a natural convection solar air heater is presented by 

Enibe (2003). The heater consists of a single-glazed flat plate solar collector integrated 

with a paraffin type phase change material (PCM) energy storage subsystem and a 

rectangular enclosure which serves as the working chamber (Figure 2.78). Air flow 

through the system is by natural convection. Maximum predicted cumulative useful and 

overall efficiencies of the system were within the ranges 2.5-13 and 7.5-18%, 

respectively. 
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Figure 2.78 Cross-sectional view of the collector assembly. (Enibe, 2003) 

A new type of solar collector was developed by Kurklu (2002) and its short term 

thermal performance was investigated. The solar collector consisted of two adjoining 

sections one filled with water and the other with a phase change material with a melting 

and freezing range of about 45-50 T, i. e. paraffin wax in this study (see Figure 2.79). 

The phase change material functioned both as an energy storage material for the 

stabilisation, theoretically, of the water temperature and as an insulation material due to 

its low thermal conductivity value. The results of the study indicated that the water 

temperature exceeded 55 OC during a typical day of high solar radiation and it was kept 

over 30 OC during the whole night. The instantaneous thermal efficiency values were 

between about 22% and 80%. 
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Figure 2.79 The schematic view of the solar collector and its parts (Kurklu, 2002) 

2.7.8 Building Integrated PV system incorporating PCM 

As we mentioned in section 2.3 only about 16% of the solar energy incident on a 

photovoltaic (PV) device is converted to electricity and the remaining insolation 

absorbed is transforined into heat. Active heat dissipation in building integrated PV 

(BIPV) using air or water cooling can require high levels of maintenance. Incorporating 

a solid-liquid PCM with a phase change similar to the PV characterising temperature of 
25 T for the thermal regulation of building integrated 

PV under cyclic time-dependent solar energy input is a novel approach to BIPV 

temperature control (Figure 2.80). Depending on ambient conditions, a PV/PCM system 

may enable the PV to operate near its characterising temperature and thus with good 

solar to electrical conversion efficiency. An additional potential benefit is that the 

energy stored in the PCM may be released to provide building heating at night. An 

extensive experimental test campaign has been undertaken by Huang (2004,2005, and 

2006) on the thermal behaviour of a phase change material, when used to moderate the 

temperature rise of PV in a PV/PCM system. 
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Figure 2.80 Schematic diagram of heat transfer In PV/PCM system. (Huang, 2004) 

2.7.9 Discussion 

PCM provides much higher energy storage density with a smaller temperature range 
when compared with the sensible heat storage method. However, practical difficulties 

usually anse in applying the latent heat method due to the low then-nal conductivity, 
density change, and stability of properties under extended cycling and sometimes phase 

segregation and sub cooling of the phase change materials. 
Therefore in order to design a system using PCM as an absorber some criteria should be 

fulfilled. Some of these criteria is the melting temperature, the need for high latent heat, 

high then-nal conductivity, no corrosiveness to container material and supercooling 

phenomenon. From the literature review some of these issues could be resolved like 

using stainless steel or copper that is compatible to PCM. Also can use additives or 

thickening agents in order to reduce the supercooling and prevent separation. 
Special attention should be given when design systems with PCM to take into 

consideration factors like impure or incongruently melting substances causing the 

obtainable enthalpy density in real application to be somewhat lower than suggested by 

the measured thermo physical properties. Also incorporating fins and different kind of 

matrix structures can enhance the internal heat transfer of a phase change material. 

137 



Solar energy is available only during the day, and hence, its application requires 

efficient thermal energy storage so that the excess heat collected during sunshine hours 

may be stored for later use during the night. The solar collectors when using PCM can 

therefore operate at lower temperatures for an extended period of time, thus increasing 

the total amount of solar energy collected by the system. Thus a PV/PCM system may 

enable the PV to operate near its characterising temperature and thus with good solar to 

electrical conversion efficiency. An additional potential benefit is that the energy stored 

in the PCM may be released to provide building heating at night. 
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2.8 Microencapsulated Phase Change Material (MCPCM) 

Multifunctional (then-nal) fluids and suspensions, also named "intelligent fluids", yield 
new classes of fluids with improved (thermal) properties. These fluids can be designed 

to optimally fulfil particular objectives. These fluids can be seen in refrigeration and air 
conditioning and can enhance the thermal conductivity of a fluid, improve the heat 

transfer characteristic and increase the then-nal energy storage capacity, achieve 
temperature stabilization and reduce pressure drop. Increasing the convective heat 

transfer coefficient of a working fluid would permit the use of a smaller volumetric flow 

rate which would reduce pumping power. 

Functionally thermal fluids offer an attractive opportunity for solar collectors to enhance 

thermal energy transportation and heat transfer of heat exchangers to reduce system size, 

volume and pumping loads. Hence, reduce system cost, improve thermal stability and 
increase the overall thermal efficiency. 

This section reviews the current status of research on thermal energy transportation 

using functionally thermal fluids. These fluids are a mixture of a heat transfer medium 

such as water and another material with or without phase change as a latent heat storage 

material. 

2.8.1 Functionally Thermal Fluids 

The most impressive multifunctional suspension is a biological fluid, namely the blood 

in living creatures. Blood transports oxygen from the lung and nutrients from the 

intestines to the cells, and removes carbon dioxide and other products to the secrete 

organs (lung, kidney) (Egolf, 2001). 

A review paper on multifunctional therinal fluids was published by Inaba (2000). These 

fluids are produced by mixing an ideal thermal fluid, which is named the continuous 

phase, and some additives, mostly solid particles with different properties, as a dispersed 

phase. Inaba (2000) distinguishes the following fluids: 

" Ice slurries 

" Micro-capsule slurries 

" Micro-emulsion slurries 

" Clathrate slurries 
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Shape-stabilized paraffins 
Carbon dioxyde slurries. 

All these fluids show enhanced thermal energy densities due to a change of phase, e. g. a 
solid-liquid transition or a similar physical and/or chemical bonding of molecules, 
which stabilizes the temperature in the working domain around a mean (melting) 

temperature with a total (melting) range width. 
Regardless of the differences in existing compositions, these fluids all have in common 
the notion of combining multiple functionalities in a fluid with the intention of 

customising it for the relevant temperature range of a thermal process and fulfilling the 

transport and the storage of then-nal energy with a single suspension. In this sense, with 

regard to the relevant temperature range, ice slurry, for example, is appropriate for 

freezing processes, whereas for air-conditioning, micro-capsule phase change slurry 
(PCS), designed for the use at air-conditioning temperatures, may be most efficient. 
In the Figure 2.81 below we can see the thermodynamic functions that are desirable for 

a multifunctional fluid to have. It can be seen that five or more of the functions can be 

met by phase change slUMes alone. 
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Figure 2.81 Then-nodynamic functions of multifunctional fluids. A Phase Change 

Slurries can fulfil five or more functions simultaneously (e. g. see blue circles). (Abhat 

2000) 

The key element to the success of a multifunctional fluid is the match between the fluid 

and the application. If the operating conditions are outside of the fluid boundaries then a 

reduced performance of the system will be observed. 

2.8.2 Phase Change Slurries 

Phase change slurries are fluids with dispersed particles, which show a phase change at 

the melting temperature of the dispersed phase. In a water/ice transition the stored 

energy is high, namely 332 kJ/kg. Because the concentration of Ice particles In technical 

applications usually is less than fifty percent, the enthalpy density can reach 170 kJ/kg. 

Other substances have slightly smaller enthalpy densities, but they are still of high 

technical interest. 

Ice storage has been widely used in district space cooling applications as ice making is 

undertaken using cheaper night-time electrical power. However, Augood et al. (2001) 

demonstrated that the rate of discharge for such stores is limited by the thennal 
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resistance of ice and thermal capacity of secondary coolants (such as glycol solutions). 
Ice is limited to applications where the temperature storage takes place at 0 OC and iced 
based slurries also need constant Stirring to maintain the slurry in a pumping form. If the 
temperature of ice slurry is increased, the particles inelt. In micro-capsule slurry the 
PCM in the capsule becomes mushy, but the particle size remains (Figure 2.82). 

Figure 2.82 Ice Vs Phase Change Material Micro -encap sul ated Slurries (Egolf, 2001) 

PCMs can be encapsulated in small micro-spheres and suspended in a working fluid to 

fon-n slurry. This is intended to improve the thermal characteristics of a heat transfer 

fluid through use of the latent heat of fusion. 

2.8.3 Microen capsulated PCM slurry 

The use of solar energy for low-temperature applications, such as water heating, is 

gaining momentum. In fact, for water heating, solar energy is considered an economic 

alternative. The supply of solar energy is intermittent and, to match the demand with the 

supply, a storage system is required. Usually, water is used as a storage material for 

such application. When thermal energy is added to water as sensible heat then a 

temperature rise is being observed and, the efficiency of the solar collector decreases. 

This led to the development of a storage system making use of latent heat of phase 

change material (PCM). Latent heat storage material has the advantage of performing 
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the storage function at nearly constant temperature, which enables solar collectors to 
operate at higher efficiencies, and has a large specific storage capacity. 
However, there are some inherent drawbacks when PCM are used in therinal storage 
system (Abhat, 1983). For example, (1) during the freezing (heat release) process in 
typical latent heat storage devices, the PCM freezes on the heat transfer surface, thereby, 

increasing the thermal resistance. In addition, the super cooling and thermal 

conductivity properties also affect the effective application of PCM in a system; (2) 

some PCMs are highly corrosive to certain container materials, hence, the material of 
the container should be so selected that it is compatible with the corrosive nature of 
PCM; (3) the PCMs, generally, exhibit a large change in volume during phase transition 

and limit the use of simple containment and heat exchanger geometry; (4) some PCMs 

are highly toxic and poisonous, and require completely sealed storage system resulting 
in expensive systems (Lane, 1986). In order to overcome the inherent difficulties, 

various active heat transfer enhancement concepts have been identified such as agitators 

and scrapers. However, all these additional features greatly increase the complexity and 

cost of solar storage devices (Fouda et al., 1984; Garg et al., 1985; Yanadorl and 
Masuda, 1989). 

One of the promising ways to solve problems mentioned previously is to choose the 

encapsulated PCM as a storage material. Therefore, encapsulated PCM will be greatly 

different from the traditional PCM, making the heat storage system more effective and 

simpler. 

Micro encapsulation is the packaging of micronized materials (both liquids and solids) 

in the form of capsules, which range in size from less than I [tm to more than 300[tm. 

The encapsulation process was discovered and developed by Barrett K Green (1953) of 

the National Cash Register Corporation (NRC) in the 1940's and 1950's. The capsule 

wall material can be formulated by using a wide variety of materials including natural 

and synthetic polymers. The advantages of microencapsulated paraffin wax are (1) 

reduction of the paraffin wax reactivity towards the outside environment (2) increase in 

heat transfer area and (3) shielding the core material by coating to withstand frequent 

changes in the storage material volume as phase change occurs. 
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The micro encapsulation techniques were well developed, mainly by the phannaceutical 
industries, because they were used to produce pills, copy papers, composites, powders, 
coatings, foams, fibers. Furthermore, they were applied in apparels for a heat capacity 
enhancement. A newer application is plastic microcapsules, containing a PCM, floating 

in a carrier fluid for thermal energy transportation. Micro-PCMs are very attractive since 
the rate of heat transfer per unit volume to or from the material in the particles is high, 

and the ratio of surface area to volume of the small particles is large (Charunyakom, 

199 1). The slurry may also serve as both energy storage and heat transfer media, so the 

requirement of separate heat transfer media is eliminated. 

2.8.4 Parameters affecting the Heat Transfer Enhancement of PCM Slurry 

The dominant parameters affecting the heat transfer enhancement of the phase change 

slurry were the bulk Stefan number, the volumetric concentration of the microcapsules, 

and the dimensionless initial degree of sub cooling, the dimensionless phase change 

temperature range and the microcapsule diameter. (Charunaykorn, 1991, Goel, 1994, 

Zhang, 1995, Yasushi, 1999, Alisetti, 2000). 

The Stefan number is defined as: 
St = Cp *(q, *R/k)/c,, *L 

Where Cp is the specific heat of suspension, qw the wall heat flux, R the radius of pipe, 

k the thermal conductivity of suspension, cm is the mass fraction of PCM in suspension 

and L the latent heat of fusion. According to Goel et al. (1994) St should be less than I 

for optimal effectiveness. From the heat capacity point of view, higher mass fraction and 

latent heat of fusion values are preferred because increase the heat capacity of the slurry 

(Choi, 1993). Alternatively higher mass fractions increase apparent viscosity which 

increases the pumping power (Bellas et al., 2002, Choi, 1993). As pointed out by 

Alvarado (2006) the impact of higher viscosity and higher mass fraction should also be 

taken into consideration when selecting operating conditions or sizing equipment, 

because higher viscosity represents higher pumping power, lower turbulence, and lower 

overall thermal conductivity, which could reduce local heat transfer rates in the absence 

of a phase change process. Yamagishi (1999) also showed that the flow structure of 
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MCPCM slurry changed from turbulent to taminar as the particle volume fractions in the 
slurry were increased under a constant flow-rate condition. 
Moreover, for internal flow of a phase change slurry, the current analysis shows that, the 
conventional Nusselt number is not suitable for accurately describing the heat transfer 
enhancement because the heat transfer rates depend not only on the convective heat 
transfer coefficient but also on the temperature difference in a very non-linear way, 
since the apparent specific heat of the slurry is closely related to the bulk temperature 
during the phase change. 

In fact, for fluids with variable then-nal physical properties, the variable specific heat 
induced by phase change could strongly affect the convective heat transfer rate. 
Hu with Zhang (2002) analysed the forced convective heat transfer enhancement with 
micro capsulated phase change slurries for laminar flow in a tube with constant heat 
flux. The conventional Nusselt number definition for internal flow was modified so that 
it can describe such degree of heat transfer enhancement more concisely. 

2.8.4.1 Laminar Flow Conditions 

In previous studies, the flow and melting heat transfer characteristics of 

microencapsulated phase change material (MPCM) slurry at laminar flow condition 
have been investigated by a number of researchers. Sohn and Chen (198 1) observed 

enhanced thermal conductivity of solid- liquid slurry at a low flow velocity due to the 

effects of micro convection around the small solid particles. In an analytical study, 
Kasza and Chen (1985) presented that up to a 10-fold enhancement increase of heat 

transfer coefficient might be obtained in some specific flow conditions, however the 

result has not been confirmed by the experiments. Charaunyakorn et al. (199 1) 

developed a model to predict laminar MPCS flow in a heated circular duct and showed 

that about 2-4 times increase in mean Nusselt number is possible in comparison with 

single phase fluid flow. Goel et al. (1994) reported that the reduction of the rise of in- 

wall temperature is by up to 50% compared to a single phase flow in the same 

dimensionless conditions. The experimental results were compared with those predicted 

by the numerical simulation of Charaunyakorn et al. (199 1), and they found the similar 

trends, although the difference between them was about 45% because of super cooling 
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of the phase change material. Other related numerical investigations of melting heat 
transfer of laminar Dow of MPCM slurries in the circular duct include the works of 
Zhang and Faghri (1995), Alisetti and Roy (1999), Hu and Zhang (2002), and Ho et al. 
(2004). 

2.8.4.2 Turbulent Flow Conditions 

Several past studies also attempted to deal with the flow and melting behaviours of 

phase change slurry in turbulent conditions. Choi et al. (1993) measured the local 

pressure drop and heat transfer coefficient of turbulent phase change emulsion flow 

(miXture of water and PCM with additive of emulsion) in a horizontal tube with constant 
heat rates, however only the results for 10% mass particle fraction were presented. They 

observed a significant enhancement in heat transfer performance due to the latent heat 

effect when PCM was melting. They also found that both local heat transfer coefficients 

and pressure drop along the flow direction varied significantly when PCM was melting, 

which makes it difficult to apply log-mean-temperature-difference (LMTD) method to 

determine the heat transfer coefficient. 

2.8.4.3 Effective Specific Heat 

Many thermal-energy systems have long sections of Piping to convey heat-transfer 

fluids between the heat exchangers for source and sink. In such conventional systems, 

thermal energy is transferred by the sensible heat of a single-phase working fluid. 

Because the systems are often operated with small temperature differences, the single- 

phase fluid must be pumped at a high-volume flow rate. As a result, the system 

consumes a large amount of pumping power. 

The increase in the thermal capacity of heat-transfer fluid is an important problem and is 

of growing concern to engineers. The use of phase-change material particles suspended 

in a single-phase working fluid would provide additional thermal capacity from the 

latent heat associated with the solid-liquid phase change. Several methods for generating 

PCM particles have been investigated for various thermal-energy applications. For 

district cooling systems, ice-water slurry has been developed and is implemented in 

practice. Cleary et al. (1990) found that ice slurry of 25% in particle volume 
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concentration had a thermal capacity that was 2 to 4 times higher than that of chilled 
water. Choi et al. (1994) developed a system that generated solid hexadecane 

_C 
I 6H34. particles of 0.1 pm in size, using an emulsifier, and they studied the heat- 

transfer characteristics of the hexadecane-water slurry. However, because such particles 
of no encapsulated PCM are slightly sticky and can stick together to form large lumps, 

clogging often occurs in a Piping system, resulting In failure to circulate the slurry 
through the system (Winters, 199 1). 

in previous works, efforts have been made to manufacture MCPCMs with sufficient 
strength by Hart and Thornton (1982) and Roy and Sengupta (1991). Several promising 
applications using MCPCM slurries as a heat-transfer and storage medium have been 

proposed by McMahon et al. (1982) and Colvin and Mulligan (1986). 

Kasza and Chen (1984) claimed that the convective heat-transfer coefficient for laminar 

and turbulent slurry flows would increase because of the increase in the effective 

specific heat, Cp, ff , and the effective thermal conductivity, kff. One of the heat-transfer 

correlations for a fully developed turbulent flow of a single-phase fluid shows that the 

relationship between the Nusselt number, Nu, and the Prandtl number, Pr, is N u= pro. 4 

(Holman, 1981). Therefore, the convective heat-transfer coefficient, h, for a single- 

phase fluid can be described in terms of thermal conductivity, k, and specific heat, Cp, 

as 
h- ko-6 Cpo-4. 

Eq. (2.8.1) 

If the latent heat is viewed as a form of specific heat, the increase in effective specific 

heat Cpeff 
9 which includes the effect of latent heat, can lead to an increase in the heat 

transfer coefficient, since Cp in Eq. (2.8.1) is replaced by Cp, ff 

(Kasza and Chen, 1984). Chen and Chen (1987), Mulligan et al. (1994), Goel et al. 

(1994). The effective specific heat was defined by Colvin et al. (1992) as 

CP, Af = Cp +E cp,,, A/A Tý 
Eq. (2.8.2) 

where cp,,, is the weight fraction of the PCM in the slurry; k is the latent heat of PCM; 

AT is the difference between the slurry temperatures at the inlet and the outlet of a heat 

exchanger; and r- is the fraction of MCPCM particles that undergo phase change within 

the heat exchanger. They claimed that the average heat-transfer coefficients in the 

overall heat exchanger, which were calculated from the measured effective specific heat, 
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were 50- 100% higher than those for slurry with no phase change. As for the effective 
thermal conductivity, kff , Sohn and Chen (1984) showed that the thermal conductivity 
of solid-liquid suspensions increased effectively in a laminar flow because of the effects 
of micro convection around solid particles and particle-to-particle interaction. The 
degree of the enhancement of thermal conductivity increases as particle diameter 
increases. For particle diameters smaller than 100 microns, however, this enhancement 
can be negligible. An associated heat-transfer enhancement is therefore believed to be 

marginal compared to those related to latent heat (Charunyakom et al. (199 1), Mulligan 

et al. (1994), Goel et al. (1994), Choi et al. (1994)), although the effects on turbulent 
heat transfer have not yet been clarified. 

2.8.4.4 Super cooling 

Although MicroPCMs are widely used in many fields, the super-cooling is still an 

important obstacle to the industrial application of MicroPCMs. Yamagishi et al. (1996) 

demonstrated that the crystallization temperature of MicroPCMs with 5-100 ýItri in 

diameters lowered as their sizes decreased. Yarnagishi selected 1-tetradecanol (2 wt. % 

by weight of the core material) as a nucleating agent for super-cooling prevention of n- 

tetradecane in MicroPCMs (microcapsule diameters 110-300 ýIrn). Lee (2002) 

considered that the derivatives of n-paraffin, such as I -octadecylamine, I- octadecanol, 

were suitable for preventing PCM from super cooling and were used appropriately 

within a range of about 1-6 wt. % with respect to the weight of PCM. 

Kishimoto et al. (1995) found that I -pentadecanol was able to prevent the super-cooling 

of n-pentadecane in MicroPCMs and Zhang (2002) reported that the decrease of super- 

cooling improved the heat transfer enhancement. 

However, the influence of nucleating agents on the enthalpies of MicroPCMs except 

super-cooling have not been studied. In addition, the morphology and dispersibility of 

microcapsules with PCM and nucleating agents have been investigated. 

Fan et al. (2004) analysed the effects of the nucleating agents, including sodium 

chloride, 1-octadecanol and paraffin, on the melting and crystallization behaviour and 

morphology. The super-cooling was prevented by adding about 6 wt. % sodium chloride 

to the emulsion, however, the microcapsules were worse dispersed and their surfaces 
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were rough. Adding approximately 9 wt. % I -octadecanol in core material was found to 
prevent microcapsules from super-coollng, but the microcapsules were easily 
conglomerated and their surfaces were extraordinarily rough. Microcapsules with 
approximately 20 wt. % paraffin in core material were free from super-cooling, and 
paraffin had no influence on the morphology and dispersibility of microcapsules. 

2.8.5 MicroPCM Applications 

The micro encapsulation of PCMs involves enclosing them in thin and resilient polymer 
shells so that the PCMs can be changed from solid to liquid and back again within the 

shells. Microencapsulated PCMs have been applied in many fields, including textiles 
(Sarier and Onder, 2007, Shin, 2004), heat storage systems for buildings, and 

microclimate environmental control for vegetation and seeds in agriculture. 
In applications of PCM technology to garments and home furnishing products, PCM 

microcapsules are incorporated into acrylic fibers or polyurethane foams or are 

embedded into coating compounds and topically applied to fabrics or foams. A variety 

of outdoor apparel products with PCM microcapsules, such as ski wear, hunting 

clothing, boots, gloves, and ear warmers, are on the market under the trade names 
Outlast and ComforTemp. 

The idea of improving the thermal comfort of lightweight buildings by integrating phase 

change materials (PCMs) into the building structure has been investigated in various 

research projects over several decades (Cabeza et al., 2007). Most of these attempts 

applied macro-capsules or direct immersion processes, which both turned out to present 

several drawbacks. Due to these problems, none of these PCM products was successful 

in the wider market. The new option to micro-encapsulate PCMs, a key technology 

which overcomes many of these problems, may make PCM products accessible for the 

building industry (Figure 2.83). Schossig (2005) described the work done at Fraunhofer 

ISE extending from building simulations to first measurements of full-size rooms 

equipped with PCM. The measured data showed the potential for PCM products to 

reduce the cooling demand and increase the comfort in lightweight buildings. The 

technology of microencapsulation works without problems in the range of 0- 90 OC 

(www. fskab. com/annexl7/). 

149 



Figure 2.83 Schematic view of a lightweight wall. The PCM micro-capsules are 

integrated Into the interior plaster. (Schossig, 2005) 

New microencapsulated slurry produced by BASF (2003) with a melt temperature of 18 

T has been analysed for use in a chilled ceiling system by Griffiths (2006) as shown in 
Figure 2.84.18 OC slurry was chosen as it matched closely with the working 

temperature of chilled ceiling panels (16-18 'C). The microcapsules were very small in 
diameter (approximately 2-8 pm) which, when suspended in water with a 40% 

concentration could be pumped around heating and cooling circuits using commercially 

available pumps and achieved reduced power consumption. 
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Figure 2.84 Schematic diagram of the chilled ceiling in the test chamber. (Griffiths 

2006) 

A transient finite volume model was used by Eames (2006) to predict collection and 

retention of heat for rectangular cross section solar collector/storage system when filled 

with water and various concentrations of phase change material (PCM) slurries with a 

65 OC phase change temperature (Figure 2.85). It was found that the PCM slurry system 

collected heat marginally less effectively than water filled stores due to the lower 

specific heat capacity than water of the PCM slurries. However cause of the high energy 

of phase transition in the 58-60 OC temperature range more energy is stored for a longer 

period above 58 OC. Retention of heat at higher temperatures in the PCM slurry system 

may allow higher solar savings fractions to be realised depending on heat demand 

pattems. 
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Figure 2.85 A schematic diagram of the system simulated (Eames, 2006) 

2.8.6 Discussion 

Functionally therinal fluids offer an attractive opportunity for solar collectors to enhance 
thermal energy transportation and heat transfer of heat exchangers to reduce system size, 

volume and pumping loads. As mentioned in section 2.7 cause of the low thermal 

conductivity of PCM heat transfer enhancement methods required to improve the 

performance of a system. Thus PCMs can be encapsulated in small micro-spheres and 

suspended in a working fluid to form slurry. This is intended to improve the thermal 

characteristics of a heat transfer fluid through use of the latent heat of fusion. 

Another advantage is that the slurry may also serve as both energy storage and heat 

transfer media, so the requirement of separate heat transfer media is eliminated. 

Parameters that should be taken into consideration are the impact of higher viscosity and 

higher mass fraction when selecting operating conditions or sizing equipment, because 

higher viscosity represents higher pumping power, lower turbulence, and lower overall 

then-nal conductivity, which could reduce local heat transfer rates. 

From the literature review it was noticed that the conventional Nusselt number is not 

suitable for accurately describing the heat transfer enhancement because the heat 

transfer rates depend not only on the convective heat transfer coefficient but also on the 

temperature difference in a very non-linear way, since the apparent specific heat of the 

slurry is closely related to the bulk temperature during the phase change. This makes it 
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difficult to apply log-mean-temperature-difference (LMTD) method to determine the 
heat transfer coefficient. So a new method is required in order to assess the performance 

of a system having MCPCM slurry as a heat transfer fluid. 

From applications it was found that the PCM slurry system collectes heat marginally 
less effectively than water due to the lower specific heat capacity than water of the PCM 

slurries. However retention of heat at higher temperatures in the PCM slurry system 

may allow higher solar savings fractions to be realised depending on heat demand 

patterns. 
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CHAPTER 3: PV PERFORMANCE 

3.1 Introduction 

As we mentioned in the literature review at section 2.4 PV panels absorb up to 80% of 
the incident solar radiation. However, only 5-20% of the incident energy is converted to 

electricity, depending on the PV cell technology used. The remaining energy is 

converted into heat and the PV panels can reach temperatures as high as 40 OC above 

ambient temperature. 

In this chapter an experimental evaluation of the PV performance will help to 

understand how the increase in temperature affects the electrical efficiency. From the 

experiments the IN curve and P-V curve characteristics of a PV panel is going to be 

illustrated with the rear of the PV being free and insulated. The results will give an 

indication of the relation between PV perforinance and temperature. Also the 

performance from the two PV rigs (PV rear insulated and uninsulated) will work as a 

comparison indicator of the PV/T models that are going to be described in the next 

chapters. 

3.2 Solar cell losses 

In a solar cell only part of the incoming irradiation is converted into electricity as 

indicated in Figure 3.1, due to fundamental losses that occur in a single-junction cell. 

One of the most fundamental limitations on solar cell efficiency is the band gap of the 

semiconductor from which the cell is made. 
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Figure 3.1 Sketch of the partition of the incoming sunlight converted to electricity or to 

heat as a function of wavelength (Solar spectrum vs silicon cell, 2007) 

Crystalline silicon continues to be the dominant material for photovoltaic (PV) 

production world-wide. Taking into account the PV conversion losses of power that 

affect the annual perfon-nance most important are: 

Light reflection losses (3.1 %), 

Low radiation and shadowing losses (3.2%), 

DC losses (1.2%), 

DC/AC conversion losses (4%), 

Auxiliary services losses (2%), 

Mismatching losses (5.7%), 

Temperature losses (7.6%), 

We see that the major fraction of losses is related to the temperature increase of the 

silicon solar cells. 

3.3 Module Temperature Effect 

Module temperature is a parameter that has great influence in the behaviour of a 

PV system, as it modifies system efficiency and output energy. It depends on the 

module encapsulating material, its thermal dissipation and absorption properties, the 
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maximum power point of the module, the atmospheric parameters such as irradiance 
level, ambient temperature and wind speed and the particular installing conditions. 
It is common to use NOCT (Nominal Operating Cell Temperature) as an indicative of 
module temperature; in fact, manufacturers usually include this parameter in module 
data sheets. It is defined as the mean solar cell junction temperature within an open-rack 
mounted module in Standard Reference Environment (SRE): tilt angle at normal 
incidence to the direct solar beam at local solar noon; total irradiance of 800 W/Mý; 

ambient temperature of 20 'C; wind speed of I m. /s and nil electrical load. 

It is an important parameter in module characterisation, since it is a reference of how the 

module will work when operating in real conditions. Furthen-nore, in PV system design 

and simulation programs, many of the calculations are based on the determination of 
module temperature from ambient temperature and NOCT. 

There are several international standards that include the means to calculate NOCT in 

crystalline PV modules (EN-61215), thin-film PV modules (EN-61646) or both (non- 

concentrator terrestrial PV modules and affays, ASTM E1036M. All of them are based 

on the fact that difference between module temperatures minus ambient temperature is 

largely independent of air temperature and is essentially linearly proportional to 

irradiance level. 

The module temperature can be calculated from the NOCT or installed NOCT and air 

temperature using (Ross, 1980) equation (2.4.3) 

T= Ta, + iNOCT - 20O0E,,,., "-, '0O NN"in-2 

3.4 Cell and Module I -V Systems 

The performance of a PV is detennined by some important main parameters. These 

main parameters are short circuit current, open circuit voltage, maximum output power, 

fill factor, and instantaneous efficiency. 

Two important parameters of the I-V curve for a PV module are the short circuit current 

I, c and the open-circuit voltage V,,,. 1,, and V,,, change with the incident solar irradiance 

and with the ambient air temperature. The short-circuit current is about proportional to 

the incident solar irradiance and the open-circuit voltage increases just a little when the 

solar irradiance increases (see Figure 3.2 left). On the other hand, it is important to note 
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that V, decreases with increasing module temperature which leads to a noticeable I 
decrease in the available maximum electrical power, in spite of a small increasing of the 

short-circuit current 1, (see Figure 3.2 right). 
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Figure 3.2 PV operating performance of I-V curve with a) increase in temperature and 

b) increase in irradiance (International Association of Electrical Inspectors, 2007) 

A wide variety of I -V measurement systems have been developed to measure the 

perfon-nance of PV devices, from 0.0 1 _CM2 area cells to multi-kilowatt arrays. A generic 

I-V system is shown in Figure 3.3. The voltage across the PV device (from a cell to an 

array) is biased with a variable load, with the current being sensed by a precision four- 

ten-ninal shunt resistor or magnetic transducer. Domestic and international standards 

have been developed for the minimum characteristics of typical I-V measurement 

systems. The critical parameters on the I-V curve are the open-circuit voltage (V"j, the 

short-circuit current (Isc), and the maximum-power point (P,,,,, ). 

157 



Rh 

Figure 3.3 Typical current versus voltage measurement circuit system 

Figure 3.4 illustrates the typical IN and P-V characteristics of a Si PV cell, showing Inp 

and V,, p at the maximum power point. 
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Figure 3.4 I-V and P-V characteristics of a typical SI PV cell 

The fill factor (FF) is a normalized parameter indicating how ideal the diode properties 

are, and it is calculated by the following expression (2.4.2): 

FF 
PM'IY' 

I (IC ISC 
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3.5 Standard Reporting Conditions (SRC) 

The PV perfon-nance in terms of SRC is commonly expressed in ten-ns of efficiency. 
The PV conversion efficiency (q) is calculated from the measured maximum or peak PV 
power (Pmax), device area (A), and total incident irradiance (Etot) as shown from equation 
(2.4.1): 

Pax 
100 

EtL, t A 

As mentioned in the literature review for PV and as described in this chapter the 
temperature affects the performance of the PV power and accordingly the efficiency of 
the module. The equation (2.4.5) can be used to see how the temperature affects the PV 

efficiency. 

77 ý 77r - A("C - Id 

Where n, is Tr = 25 

The aim is to study experimentally the temperature response of the thermal parameters 

of a polycrystalline silicon solar panel made by Solarex. 

The study includes: 

e Evaluation of short circuit current increase by absorption of additional photons at 
higher temperature, 

* Evaluation of the open circuit voltage decrease change with temperature. 

* Determination of the voltage and current temperature coefficients of the 

investigated photovoltaic panel. 

9 Determination of the power and electrical efficiency of the PV in relation to the 

temperature of the cells 

e Evaluation of the PV panel in temperature when the rear of the panel insulated 

and uninsulated. 

3.6 Experimental Rig Apparatus 

This section presents and discusses laboratory experiments and the rig constructed can 

be seen in Figure 3.5. A detailed apparatus description follows. 
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Figure 3.5 Experimental Rig 

The system consisted of: 

ý, Irradiance source (6 Tungsten Halogen (500 W) Lamps) 

These lamps are thermal radiators that emit a continuous spectrum of light extending 
from about 300 nanometers to upward of 1200-1400 nanometres, with a majority of 

wavelength intensity centred in the 600-1200 nanometre region as illustrated in Figure 

3.6. Because the spectral range and intensity of the daylight as seen in Figure 3.1 is in 

the range of 350 - 800 nanometers instead of 600 - 1200 (see Figure 3.6) that is for 

tungsten lamp it will face a reduction in power and efficiency of the PV module in 

comparison with the values given from the manufacturer. 

Figure 3.6 Tungsten Lamp Emission Spectrum (www. microscopyu-com) 
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Crystalline silicon can use the entire visible spectrum, plus some part of the infrared 
spectrum (see Figure 3.1, between two black lines in 3.6 and 3.7)). But energy in part of 
the infrared spectrum, as well as longer-wavelength radiation, is too low to produce 
current flow. Higher-energy radiation can produce current flow, but much of this energy 
is likewise not usable. In summary, light that is too high or low in energy is not usable 
by a cell to produce electricity and it is transfon-ned into heat. 
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Figure 3.7 Spectral response characteristics of cells (Field H., 1997) 

The design, construction, and operation of a tungsten lamp is simple consisting of an 

enclosed glass bulb filled with an inert gas and containing a tungsten wire filament that 

is energized by a DC electric current (Figure 3.8). The bulbs produce a tremendous 

amount of heat and light, but the light accounts for only 5 to 10 percent of their energy 

output. The colour temperature and luminance of these lamps varies with the applied 

voltage, but average values range from about 2200 K to 3400 K. 
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ý, Polycrystalline photovoltaic module (Solarex SX-20) 

SX-20 modules are part of Solarex's newSXTMmodule series, with 36 polycrystalline 

cells in series. In Figure 3.9 we can see the PV used for the experiments. 

Figure 3.9 SX-20 PV Module 

With square comers, Solarex's polycrystalline solar cells fill the module surface with 

active photovoltaic area. 

Solarex's materials are: 

- Cell strings laminated between sheets of ethylene vinyl acetate (EVA) and tempered 

glass; 

- Tempered glass superstrate is highly transmissive (low iron content); 
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- Clear anodized frames are strong, corrosion resistant; 

Module type: SX-20 

Normal peak power (P,,,,,, ) 

Peak power voltage (V. p) 
Peak power current (I. p) 
Short circuit current (1,, ) 

Open circuit voltage (V,,, ) 

Minimum power (Pmin) 

Nominal Cell Operating Temperature (NOCT) 

Temperature Coefficient (1,, ) 

Temperature Coefficient (V, ), ) 

Temperature Coefficient for Power 

20 W 

16.8 V 

1.19 A 

1.29 A 

21 V 

18 W 

48 T 

(0.065+-0.015) %/'C 

- (8 0+-l 0) mV/'C 

- (0.5+-0.05) %/'C 

Power specifications measured at standard test conditions, insolation of 1000 W/m 2, AM 
1.5,25 'C cell temperature. Module certified to CEC Specification 503. 

From this information we can found the fill factor (F) from equation (2.4.2): 

F=0.73798 

)ý, Instruments to measure the temperature (Data-logger DT500 and 

Thermocouple K Type) 

To measure the voltage, current and temperature of the PV a DataTaker (DT500) was 

used. The thermocouples were K type with accuracy of +- 1.5 T or 0.004xT, where T 

was the real temperature. The thermocouples were calibrated inside a water bath with 

controlled water temperature and the relative errors were within +-I% of OC. In the 

experiments 12 then-nocouples were placed on the front and 4 on the back of the PV in 

equal spaced distances in order to take measurements. 

11- Measurement of light intensities 

The CM3 pyranometer (Figure 3.10) is an instrument for measuring solar irradiance 

with sensitivity of 15.36* 10-6 V/WM -2. The sensor construction is such that it measures 
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the solar energy that is received from the whole hemisphere (27r degrees field of view). 

The output is expressed in Watts per rnetre square. 

Because of the fact that it has a flat spectral sensitivity from 305 to 2800 nm, its 

calibration is valid for natural sunlight and for most types of artificial light (Xenon 

lamps, Halogen lamps). 

cw 
Model 
serial! fjo 
Sensit""y tf i 

.III fIS 7 ot4E 

Figure 3.10 CM3 Pyranometer (www. campbellsci. com) 

In order to achieve a unifon-n level of radiation on the PV module, the calibration of the 

solar simulator was required. The distance between the lamps and the test area can be 

varied by adjusting the distance between the lights and the PV frame. 

The distance between the solar simulator and the PV module was varied for the 

experiments in order to obtain the values of 1000,800 and 600 W/M2 . In Figure 3.11 a, 

b and c can be seen the three irradiance level that was chosen for the experiments. These 

values were chosen because are being used from many other researchers and are average 

irradiance of many areas in the world. 

.t 
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Figure 3.11 a Irradiation map of the PV module - I,, = 993 W/m 2 

0 700-750 M 750-800 0 800-850 0 850-900 

- si 

S2 

S3 

(W/M2) 

S4 
234 

Figure 3.11 b Irradiation map of the PV module - I, v = 788 W/m 2 

0 540-580 0 580-620 0 620-660 o 660-700 

- si 

S2 

(W/M2) 

S3 

S4 
234 

Figure 3.11 c Irradiation map of the PV module - lav = 581 W/m 2 
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3.7 Experimental work 

As discussed in section 3.4 the most important characteristics of a PV system are the 
short circuit current, the open circuit voltage, the maximum current and voltage. From 
these values it is possible to find the maximum power and the efficiency of the PV. 
An important performance characteristic of PV systems is the relationship between 

power output, efficiency, open circuit voltage and short circuit current with the cell 
temperature. 

The objective of the experiments was to quantify this relationship by plotting all these 

outputs against the temperature of the photovoltaic module. This was done by iffadiating 

the test panel and measuring its temperature over a series of time steps as the 

temperature of the cell increased towards the equilibrium value. 
The electrical parameters were evaluated using an electric circuit shown in Figure 3.12. 

For measurements of the short circuit current Is,, we have used an ammeter with a small 
internal resistance and a measuring error of 0.2%. In the case of the open circuit voltage 
V, c measurements the error was 0.06%. A decade resistance class 0.1 was used as a 
load resistance RL, changing from 0.1 Ohm to 10 kOhm. A PV cell may be represented 
by the equivalent circuit model shown in Figure 3.11 consisting of a photon cuffent 

source (10, a diode, a series resistance (r, ), and a shunt resistance (rh)- 

Figure 3.12 Equivalent circuit model of a photovoltaic cell 

3.7.1 PV Performance with uninsulated model 

The first set of experiments was to find the maximum cuff ent, voltage and power of the 

PV. The experiment took 3 hours to bring the PV temperature in equilibrium and then to 
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adjust the load in order to take the required measurements. Figure 3.13 and 3.14 shows 
the P-V and IN curve for 3 different levels of irradiance and from this found out the 
Pmax, Vnip, Inip, Voc and I, The values can be seen in Table 3.1. The solar cells 

performance by means of solars simulators like tunghsten lumps always face a problem 

causing errors due to source spectral irradiance mismatch and cell spectral response 

mismatch. Seaman (1982) derived an expression to enable the calculation of mismatch 

error. 

Table 3.1 Values Of Pmax, Vnip, Imp, Voc and I, for 1000,800 and 600 W/m 2 

Irradiance 993 W/m^2 788 W/m12 591 W/m"2 

Pmax (W) 6.39 5.16 4.00 

Imp (A) 0.467 0.365 0.280 

N'mp (N) 13.685 14.136 14.282 

Voc (V) 

Isc (A) 

17.547 

0.510 

17.839 

0.405 

18.054 

0.311 

Fill Factor 0.7140 0.7142 0.7124 

Electrical 

Efficiency (%) 

4.02% 4.09% 4.23% 
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Figure 3.13 P-V Curve of the PV module 
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Figure 3.14 IN Curve of the PV module 

The PV temperature of the three set of experiments as shown in Figure 3.15 were found 

to be 66 T, 58 T and 50 T for 1000,800 and 600 W/m 2 after the system reached 

equilibrium. The ambient temperature was about 19 T for the three experiments. The 

variation in the PV temperature in the 800 irradiation was caused of a variation in the 

irradiance. 
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Figure 3.15 PV Temperatures for 1000,800 and 600 W/M2 

As mentioned in section 3.6 because the spectral distribution of the artificial light is not 

the same as that of the natural light we have to find out the new Isc, Voc, power, 

efficiency, fill factor and temperature coefficients for the PV. So the next set of 

experiments was to find these values with a light intensity of 1000 W/m 2. 

3.7.1.1 V,,, Temperature Coefficient 

As temperature increases the open circuit voltage (V,,, ) decreases. PV cells therefore 

have a negative temperature coefficient of V, (P). Figure 3.16 shows a graph of open 

circuit voltage V, against the temperature difference taken between the PV and the 

reference temperature of 25 T satisfying the following equation: 
Voc ý Va*(I+P*(Tpv-T,, f)) Eq. (3.1) 
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Figure 3.16 Open Circuit Voltage V, Vs Temperature Difference of PV with 25 OC 

Reference Temperature 

From Figw-e 3.15 it may be seen that the voltage temperature coefficient is - 0.065 V/OC 

and the V, voltage is 20.53. 

3.7.1.2 1,, Temperature Coefficient 

A larger photocurrent results in l, c increase for a given insolation, and PV cells have a 

positive temperature coefficient of Isc (a). The Isc vary with temperature as shown from 

the following equation: 

Is, = 1, *(I+ct*(Tpv-Tref)) Eq. (3.2) 

In the Figure 3.17 it may be seen that the short circuit current is 0.0009 A/T and the Is, 

is 0.4727 A. The Isc is different from manufacturers' specifications because of the 

tungsten halogen spectral irradiation is not the same as natural light. 
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Figure 3.17 Short Circuit Current Isc Vs Temperature Difference of PV with 25 OC 

Reference Temperature 

3.7.1.3 Power Temperature Coeff-icient 

Using a similar equation as in sections 3.7.3 and 3.7.4 the power is being affected by the 

PV temperature: 

P,,,, = P, *(I+ (a+P)*(Tpv-Tref)) Eq. (3.3) 

From Figure 3.18 the given values are - 0.0 145 W/OC and 6.9 77 W so we have a 

reduction of 0.208 %/'C. 
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Figure 3.18 PV Power Vs Temperature Difference of PV with the Reference 

Temperature 
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FF = 
/'I 111K 

The new Fill Factor according to equation ý *( K lls( 
, is FF = 0.7135 that is less 

than the manufacturer value of 0.7379. The closer the value of the fill factor is to unity, 
the better the operation of the PV-cell. The fill factor is lowered by the ohmic resistance 
of the cell. Also when the temperature of a cell increases, both the short-circuit voltage 
and fill factor decrease. 

3.7.2 PV Performance with insulated model 

The same set of experiments was undertaken as in section 3.7.1 but this time Insulation 

with then-nal resistance of 0.35 (m 2 K/W) was placed in the PV rear surface. Figures 

3.19 and 3.20 show the P-V and IN curve and in Table 3.2 present the values for the 
Pmax, Vmp, Imp, Isc, V, and FF at different insolation levels. 

Table 3.2 Values Of Pmax, Vmp, Imp, V, and Isc for 1000,800 and 600 W/m 2 

1006 W/m^2 799 W/m"2 597 W/m^2 

Pmax (W) 6.25 5.03 3.82 

Imp (A) 0.4772 0.3769 0.2792 

Vmp (V) 13.100 13.361 13.691 

Voc (V) 16.821 17.234 17.468 

Ise (A) 0.531 0.414 0.311 

Fill Factor 0.6997 0.7049 0.7031 

Electrical 

Efficiency 

3.88% 3.93% 3.99% 

As discussed in section 3.4 the insolation level affects the power, current and voltage as 

see from the Figures 3.18 and 3.19 for the P-V and IN curves. 
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Figure 3.19 P-V Curve of Insulated PV 
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Figure 3.20 I-V Curve of Insulated PV 

The maximum temperature achieved can be seen in Figure 3.21 and was 78 T, 68 T 

and 60 OC for the 1000,800 and 600 W/m 2 irradiance. The ambient temperature was 

around 19 T and so a comparison between insulated and uninsulated panel will follow. 
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Figure 3.21 PV Temperatures for 1000,800 and 600 W/m 2 

3.7.3 Comparison of PV uninsulated with insulated 

A more detailed analysis of the PV uninsulated or insulated can be seen in the next 

figures, by putting together in graphs the results from the PV for 1000 W/m 2. Figures 

3.22 and 3.23 show the P-V and IN curve. In the IN curve the increase in PV 

temperature decreases the voltage of the panel and increases the current, something that 

is being mentioned section 3.4, In the P-V curve the power of the panel decreases 

because the voltage decreases more than the increase of the current. 
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Figure 3.22 I-V Curve of PV Free Vs IDsulated Panel 

IN Curve Free Vs Insulated 

174 

05 10 15 20 
Voc (V) 



P-V Curve Free Vs Insulated 
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Figure 3.23 P-V Curve of PV Free Vs Insulated Panel 

This temperature increase of the insulated PV panel compared to the free Is In the range 
of 12 T as seen from Figure 3.24. 
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Figure 3.24 PV Temperature for Free and Insulated Panel at 1000 W/m 2 

The new Fill Factor is FF = 0.7025 from 0.7135 in the uninsulated PV panel. The 

increase of the PV temperature by 12 T caused this reduce in the fill factor. 

From the experiments also the power and efficiency of the PV was plot in Figures 3.25 

and 3.26 by comparing uninsulated with insulated panel. From the two figures can be 

seen that the temperature effect the performance of the PV. The power and efficiency 

for the uninsulated are higher by 2.73% and 3.78% respectively. In the same time the 
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temperature coefficient of power from 0.0 196 WPC to 0.0315 WPC and for electrical 
efficiency from 0.461 %1"C to 0.488 %1"C that agree with the manufacturers 
specifications. 
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Figure 3.25 PV Power for Free and Insulated Panel at 1000 W/M2 
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Figure 3.26 PV Efficiency for Free and Insulated Panel at 1000 W/m 2 

3.8 Conclusion 

In this chapter a series of experiments were undertaken with PVs panel rear being 

insulated and uninsulated. The aim was to observe the performance of the two PV 

models in relation with the temperature effect. 

The findings from this study were: 

0 The short circuit current increases as temperature and insolation increases. 
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0 Open circuit voltage decreases when insolation and temperature increase. 

* Voltage temperature coefficient was in the range of the value given from 

manufacturer. Current temperature coefficient is less than the one given cause of 
the different spectral distribution of artificial light used for the experiments. 
Power and electrical efficiency of the PV decreases as the temperature of the 

cells increases 

9 When the rear of the panel is insulated then power and electrical efficiency 

underperform in comparison with the uninsulated. 

These observations will help as in the next chapters to evaluate the ways to cool down 

the PV. The experimental results from this chapter will help us to compare the 

performance (i. e. electrical efficiency) of the PV/T systems with the PV. 
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CHAPTER 4: PHOTOVOLTAIGTHERMAL SYSTEM WATER 

4.11ntroduction 

It is well known from theory and the experiments in chapter 3 that in the course of the 

conversion of solar energy into electrical energy in a photovoltaic cell, part of the 

photons' energy is converted into heat. In addition, the electrical efficiency of the 

photovoltaic panel depends on its temperature and this is reduced when the temperature 
increases. This is evident from equation (2.4.5), which demonstrates how the efficiency 

of photovoltaic cells depends on temperature (Duffie and Beckman, 1991, p. 777). 

According to equation (2.4.5) the term ýt is the temperature coefficient with unit %/OC 

indicating that each photovoltaic panel can produce not only electrical energy but 

thermal energy as well, when solar radiation falls on its panel. 

The idea of improving the electrical efficiency, by reducing the photovoltaic collector 

temperature, as well as taking advantage of the thermal energy produced, constitutes the 

basic idea in the development of hybrid PV/T collectors. 

This chapter has to do with the first try to cool down the PV by incorporating a heat 

extraction device in the rear of the PV. Two heat extraction devices were evaluated, the 

first being a serpentine tube adhered in a copper sheet and the second a rectangular tank 

creating a flow channel in the back of the PV. Both models used water as a heat transfer 

medium. 

The models were experimentally tested in order to evaluate their electrical and thermal 

efficiency. For correctly evaluating the energy of performance of PV/T system three 

indicators were used i) the total energy efficiency, ii) the energy saving efficiency and 

iii) the exergy efficiency. Also a simulation was carried out using TRNSYS before the 

two experiments in order to evaluate how useful can be as a design tool. 

The results from this chapter will help to compare the performance of this system, and 

work as a benchmark, to the new cooling approaches that are going to be introduced in 

the next chapters. 
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4.2 Aspects of the two PV/T water systems 

As discussed in section 2.5 most of the water type PV/T models investigated consist of 
silicon PV modules with a heat extraction unit comprising a metallic sheet with pipes 
for water circulation, thus avoiding the direct contact of water with the PV rear surface, 
The heat exchanger is In then-nal contact with the PV module rear surface and the back 

of the panel is then-nally insulated. The useful heat that is provided from the PV/T 

systems makes them cost effective compared to separate PV and then-nal units of the 

same total aperture surface area. Figure 4.1 show a view of the PV/T water model that is 

going to be used for the simulation and experiments. 

This section discusses some general requirements that a PV/T system should meet if 

both the thermal and photovoltaic components are to work efficiently in a combi-panel, 
The main requirements are: 

PV/T models may have a glass cover over the absorber to reduce the therinal 

losses. If such a cover is present, the collector is referred to as "glazed", 

otherwise as "unglazed". The terms "glazed" or "unglazed" therefore do not refer 

to the glass substrate that may be part of the PV/T absorber. In this case of using 

PV modules without additional glazing, satisfactory electrical output is expected. 

Between the choice of making a PV/T panel and a PV/T collector chose to 

construct a PV/T panel. This means that a common PV laminate used in the 

market will be used in order to create the PV/T model. 

In PV/T panel applications the production of electricity is the main priority, 

therefore it is more effective to operate the PV modules at low temperature in 

order to keep PV cell electrical efficiency at a sufficient level (PV/T Roadmap). 

);, The heat transport medium that in this case is water does: 

Have good heat transporting ability 

Have good storage capacities 

Be safe and cheap 
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Whereas a PV module can reach about 90 'C under direct insolation in hot 
climates, the absorber of a thermal collector can reach temperatures of up to 220 
'C, with a state of the art spectrally selective coating. A PV/T absorber using 
standard PV cells will reach temperatures of up to about 150 'C. The solar cells 
can withstand temperatures around 220 'C without any problem. But most 
encapsulation materials used for PV-modules cannot withstand these high 
therinal collector temperatures. Ethylene vinyl-acetate for example oxidises 
faster at high temperatures and solar irradiation (UV-radiation) than at lower 
temperatures. The maximum temperature for most polymeric encapsulation 
materials is around 100 'C and so this will be the maximum allowable 
temperature for PV/T panel. 

Absorptance of absorber (front surface of the PV cells). The absorber (PV cells) 

coefficient of absorptance influences the optical efficiency of the collector. By 

having a higher coefficient of absorptance, the PV/T panel will be more 

efficient. Coefficients of absorptance for crystalline S1 solar cells are 

satisfactory, at approximately 0.9. 

Emittance of the absorber (front surface of the PV cells). The absorber (PV) 

coefficient of emittance affects the heat loss coefficient of the collector. In this 

sense, by having lower coefficient of emittance, the collector is more efficient. 
The coefficient of emittance for crystalline Si solar cells is approximately equal 

to 0.9 (as for black paint). 

Quality of the thermal contact between the PV cells and the absorber. The 

thermal contact between the PV cells and the absorber is essential for PV/T 

collectors to improve the thermal yield. A high conductance thermal paste of 3 

W/m*K thermal conductivity was placed between the PV laminate and the 

copper plate absorber in order to increase the heat transfer. 
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)ý, Rear insulation thickness. The thickness of the insulation to the rear of the panel 
influences heat losses at operating temperatures higher than ambient 
temperature. An insulated material of thermal resistance 0.35 m2 K/W was used 
in the back of the PV in order to reduce heat losses. 
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Figure 4.1 PV/T model heat balance model (Tiwari, 2006) 

4.3 Theoretical model of the PV/T panel 

Collector thermal performance is usually described by the useful heat output as a 

function of input radiation and collector operating temperature relative to its 

surroundings. When the equation of the performance curve is known for a specific solar 

collector, the system designer has the Information needed to employ any of several 

recognized computational techniques to predict the daily, seasonal, or annual energy 
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output of the collector under the anticipated use conditions of the system being 

analyzed. The analytical derivation of this efficiency is briefly reviewed in section 2.3.3 
expressed by Hotel-Whillier-Bliss (HWB). Figure 4.1 illustrates in detail the different 

conductive, convective and radiative resistances that exist in an unglazed PV/T model. 

4.3.1 The PV/T panel performance equation 

The analysis of the PV/T collector starts with the calculation of its characteristic 

parameters. This is achieved using the equations that refer to flat plate thermal 

collectors. The equations are modified in order to include the energy conversion process 

resulting from the addition of the PV. 

In order to characterize the performance of a PV/T solar collector properly, an energy 
balance must be perfon-ned which considers all the energy flows to and from the 

collector (Bosanac, 2003). For a typical glazed flat-plate solar collector with PV cells as 

absorber, this balance may be expressed as 

qsol,.. 77- - q,,, - q,,, + ghearcapacol 
Eq. (4.1) 

where 

the rate at which useful energy is delivered to the heat transfer fluid 

qsolar = the rate of solar radiation absorbed 

qlo,, = the rate of energy loss from the collector to the environment caused by 

convection, infrared radiation, and conduction 

qeI == the rate of electrical energy extracted from the collector 

qheatcapacity = the rate of energy storage within the collector 

The q,,, Iar term is a function of the optical properties of the collector cover plate and 

absorber surface (PV-cells). The ql,,, term depends upon how well the collector is 

then-nally isolated from its surroundings. qheatcapacityis a function of mass and type of 

materials used in the collector. 
As the temperature of the collector's thermal mass increases or decreases during the 

day, energy is stored or released. In the most cases, collector heat capacity effects can be 
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neglected, yielding in quasi -steady-state conditions and simplified form of equation 
(Bosanac, 2003): 

- cl l', ' - cl,., iii : -- 
7solar 

Eq. (4.2) 

The collector thermal output, quseful, may be represented graphically by a second order 
curve as shown in Figure 4.2. The ordinate intercept of the curve equals the maximum 
output, which is achieved when the collector is delivering energy at the ambient 
temperature. The unavailable portion of the energy falling on the collector is that which 
is reflected from the cover plate or absorber, or absorbed by the cover plate. 

Figure 4.2 PV/T Thermal Performance with respect to temperature difference of PV 

with ambient (Bosanac, 2003) 

As useful heat is removed from the collector at higher temperatures the efficiency 

decreases, since losses from the absorber increase in proportion to its temperature above 

its surroundings. Radiation accounts for a significantly greater proportion of the losses 

at elevated operating temperature from some collectors than the others. A second or 

higher order efficiency equation is often used to describe the performance of collectors 

in which radiation causes significant heat loss at higher operating temperatures. 
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4.3.2 Energy into the PV/T panel 

The net rate of solar radiation absorbed by a collector, qs. lar, is a function of the radiation 
on the cover plate and the optical and radiative properties of the materials constituting 
the cover plate and absorber. Since no real glazing material is perfectly transparent, part 
of the radiation incident on the cover is absorbed part is reflected by the glazing material 
and part is transmitted through the cover. The transmitted fraction is partly absorbed by 

the absorber and partly reflected back toward the cover; this reflected radiation is again 
partly transmitted through the cover, partly absorbed by it, and partly reflected back to 

the absorber. The result of this multiple absorption, reflection, and transmission fraction 

of that radiation is ultimately absorbed by the collector. 
The parameter that quantifies the capability of the collector to absorb solar radiation is 

called the effective transmittance-absorptance product, (M)e. The description "effective" 

is important while the energy absorbed is primarily a function of T, the transmittance of 

the glazing, and ct, the absorptance of the absorber plate surface, the complex 

interactions discussed above modify the product (T(X)eý in complex ways, particularly in 

collectors that have two or more glazing layers. Using (TU)e, the net rate at which 
incoming solar energy absorbed by a collector may be expressed as (Bosanac, 2003) 

qsolar = G-4a (M )e 
Eq. (4.3) 

where G is the total incident radiation per unit area, measured In the aperture plane of 

the collector, and Aa Is the collector absorber area. 

With respect to the effect of the electrical energy production, the electrical efficiency is 

subtracted from the transmis sion-ab sorption factor to find the amount of thermal energy 

that was absorbed in the system. Thus the equation OfTa, eff becomes (Radziemska, 2003) 

'77el Eq. (4.4) 

Where Tct, eff is the effective transmittance-absorptance product with PV power output 

-c,, is the transmittance-absorptance product without PV power output 

T is the transmittance product of PV 

n, j is the photovoltaic conversion efficiency 
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4.3.3 Heat Losses from the Collector 

Thermal losses from solar collectors occur in three ways: conduction, convection and 
radiation. Heat losses due to conduction are usually negligible, unless poor collector 
design or construction results in the collector case or mounting structure coming into 
direct then-nal contact with the absorber or inlet and outlet piping. Convective losses are 
a linear function of the temperature difference between the collector glazing and 
ambient air. These losses can be substantial due to the effects of wind on the outer 
glazing. Within the collector, convection also transfers heat to the glazing from the 
absorber. Radiative losses are relatively small at conventional domestic water or space 
heating temperatures. However, since these losses are a function of the difference 
between the fourth power of the absorber absolute temperature and the sky absolute 
temperature, which is usually several degrees lower than the ambient air temperature, 

radiative losses may become significant at higher operating temperatures. Although 

convective and radiative losses occur from all of the exposed surfaces of collectors, it is 

a common practice to express the overall heat loss from the collector as a function of the 

absorber area, Aa. This is because the major radiative and convective losses from a well- 

insulated collector occur primarily through the glazing. 
For both experimental and analytical purposes, it is common to combine the convection 

and radiation heat transfer terms to yield a single heat loss coefficient based upon the 
temperature difference between the average collector absorber plate temperature and the 

ambient temperature. When this is done, the radiation heat transfer term must be 

linearized. Thus; 

UL ::::::: -F'( 
Ucomection +U 

radia, riod Eq. (4.5) 

and 

Qlosý' = r-TL A,? ( T-p - To) 
Eq. (4.6) 

where Uconvection andUradiationare the overall convection heat transfer coefficient and the 

linearized overall radiation heat transfer coefficient, respectively. Tp is the average 

absorber temperature. 
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These equations are the basic equation used in developing analytical models to describe 
collector performance. The useful energy delivered to storage or load by a collector can 
also be deten-nined experimentally by measuring the inlet and outlet collector 
temperatures, the properties of the heat transfer fluid, and the mass flow rate of that fluid 
through the collector; thus 

Q, 
sqf1j, =I"' Cp (To - Tj ) 

Eq. (4.7) 

where 

m- fluid mass flow-rate through the absorber 
Cp = specific heat capacity of the fluid 

T,, = outlet fluid temperature 

Tj = inlet fluid temperature 
In section 2.3.3 there is all the appropriate equations used for evaluating the thermal 

performance of the systems. 

4.3.4 Calculation of module temperature of PV 

The electrical performance of a PV system depends on module operating temperature. 

The module temperature is affected by insolation, ambient temperature, wind speed and 

also the type of PV installation (Davis et al., 2001). In the standard TRNSYS 

(simulation program) component model, NOCT is used to predict module temperature 

(Klein et al., 2000). The module temperature at any time step is a function of irradiance 

and ambient temperature given by 

T, = T, UG (Tc. NOCT - 
T,,, 

N(ý(, j 
G \x--) cI 

Eq. (4.8) 

where T, and Ta are the module temperature and ambient temperature, respectively at 

any time step, G is the incident insolation on the PV plane, GNOCT is the insolation at 

NOCT, Tc, NOCT and Ta, NOCT are the module and ambient temperature at NOCT, 

respectively. nc is the conversion efficiency of the module and Ta is the transmittance- 

absorptance product of the module. Equation (4.8) is the same as equation (2.4.3). In 

this study, Tc, NOCT, Ta, NOCTand GNOCTwere considered as 40 T, 20 OC and 800 W/m 2 

respectively. 
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4.3.5 Collector Efficiency 

Thenrial and electrical efficiency of the PV/T collector should be measured separately, 
The thermal efficiency of a flat-plate solar collector is defined as the ratio of the useful 
heat delivered by the collector to the total solar radiation intercepted by the collector: 

actiialii-5efitleiiei-, 
_glýcollected 

solarenergyintercept6d by the collector 

The instant then-nal efficiency of the PV/T collector is expressed in the following 

equation (2.3.12): 

IIT -,,: -- 
FR ýý T -j)n 

1-1 T, I"R LL ' GT 

The coefficient FRUL is an indication of the energy loss and depends on the collector 

insulation. Therefore, the value of FRUL of the PV/T collector is greatly affected by the 

collector insulation rather than from the interpolation of the photovoltaic laminate. The 

coefficient FR(Ta)n of the PV/T collector is an indication of the absorbed energy and 

depends on the optical characteristics of the collector. 

4.3.6 Electrical Performance of the PV/T 

The PV electrical efficiency npv is known to decrease with the operating temperature of 

the module, Tpv and the linear correlation by Florschuetz describes this behaviour: 

equation (2.4.5) 

lipt, = 11"f (I - /I( Tp, -I 

where n, ef IS the reference efficiency at the reference temperature, Tref (25 'C) and P is 

cell efficiency temperature coefficient that can be determined experimentally. 

The electrical efficiency was determined at regular time intervals in the course of 

experiments by disconnecting the load resistor temporarily and inserting a simple I-V 

circuit. The PV module electrical efficiency is calculated from the equation (2.4.1) 
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where Pniax is the maximum power, A,, Is the aperture area of the PV module and G Is 
the incident solar radiation. 

4.4 TRNSYS simulation program 

The equations presented are being used by TRNSYS program to evaluate the 

perfon-nance of the PV/T model. TRNSYS is an acronym for a 'transient simulation' 

which is a quasi-steady simulation model. This program was developed by the 

University of Wisconsin by the members of the Solar Energy Laboratory. The program 

consists of many subroutines that model subsystem components (Figure 4.3). The 

mathematical models for the subsystem components are given in terms of their ordinary 
differential or algebraic equations. 

Model validation studies have been conducted in order to determine the degree to which 

the TRNSYS program serves as a valid simulation program for a physical system. It has 

been shown by analysing the results of these validation studies that the TRNSYS 

program provides results with a mean error between the simulation results and the 

measured results on actual operating systems under 10% (xvww-trnsys. coiii)- 

lp 

Figure 4.3 TRNSYS Software Components 
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4.4.1 Simulation Program 

The performance of a PV/T collector depends on design parameters and on various 

weather and operating conditions, e. g. irradiance, ambient temperature, wind velocity, 

inlet fluid temperature, etc. Therefore it is necessary to develop si II implified theoretical 

model in order to carry out "nulti-paraineter analysis. 

A module from the TRNSYS simulation prograrn was used in order to describe the 

behaviour of this collector and compute the electrical and then-nal yields of the system. 
The developed program is accompanied with user friendly interface to help those 

without any experience to perform the required computations. The user can simply vary 

the design parameters to see the response of the system under study, accordingly. 

The basic principle of the simulation program built as a subroutine in the TRNSYS 

program is shown in Figure 4.3. The iterative procedure for computation of plate and 

cover temperature is repeated for case with electrical load. In the Table 4.1 we see the 

parameters, inputs and the desired output from the PV/T model. 

Calculation of Collector 
Efficiency and Plate 

Figure 4.3 Flow diagram of the simulation program for PV/T collectors 
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In K-ible 4.1 are iII ustrated a] I the parameters needed and used to simulate the 

perfon-nance of a PV/T model. The equations frorn section 2.3.3 were used to evaluate 

the possible heat loss coefficient. To mention again that the simulation was done before 

the experiments undertaken and did not take into account the different heat exchanger 
design of serpentine tube and tank. The purpose was to evaluate how this design tool 

can help estimating performances and not just using the experimental values to get the 

desired result. 

Table 4.1 PVT parameters and inputs used for evaluating the specific output 
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Output 

Inlet Fluid Temperature ('C) 

Rate of Useful Energy Gain (W) 

Electrical Power Output (W) 

Average Cell Temperature ('C) 

4.5 PV/T system yield 
To indicate the yield of a PV/T system is not straightforward. Basic problem Is that a 

collector produces both electrical and thermal output. Therefore, one either has to talk 

about these two yields separately, or one should choose a way to combine both yields 

into one quantity. There are various methods to combine the value of electricity and heat 

(Coventry and Lovegrove, 2003): 

- Calculate the total energy by simple addition 
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- Calculate the primary energy (Fossil fuel energy required to produce the amount of 
useful thermal and electrical energy. This differs from the above due to plant and heater 
efficiencies) 

o Calculate the exergy 

In this thesis the total yield of the PV/T is calculated using all of the 3 methods 
mentioned above. It was decided to use them because it will help the readers to compare 
the results with various other authors that you one of these methods. 

4.5.1 Evaluation of Total Efficiency Performance 

The term total efficiency n,, has been widely used in the performance evaluation of 
hybrid PV/T system, i. e. 

Ile 1/0 it 
Eq. (4.10) 

where n, and n, are respectively the thermal efficiency and electr1cal-power generation 
efficiency of the PV/T system. 

4.5.2 Energy Saving Efficiency 

Considering electrical energy as higher in grade than thennal energy, Huang (1999) 

used the primary-energy saving Ef to evaluate the overall perfort-nance of PV/T systems, 
in that 

Ef - 11, --r- 1011power 
Eq. (4.11) 

where npowerg often assigned a value of 38%, is the electrical-power generation efficiency 

of a conventional thermal power plant. 
The primary energy equivalent of PV electricity has been calculated according to the 

partial substitution method which can be summarised by the equation below. 

Replaced thermal fuel in terms of primary energy (kWh) 
PV generation (1 kWh) / Average generation efficiency 

In this method, the primary energy equivalent of the renewable sources of electricity 

generation represents the amount of energy that would be necessary to generate a similar 

amount of electricity in conventional thermal power plants. The primary energy 
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equivalent is calculated using an average generation efficiency of these plants. For 

example, assuming an average thermal efficiency of 38% one unit of PV electricity 
would be equal to three units in terrns of primary energy. 
The above equations are applicable when the surface areas of the PV cells 
(Aa) and the absorber plate (Ac) are the same. 

4.5.3 Performance evaluation for PV/T collector Exergy Efficiency 

Electrical and thermal efficiency are major factors in the present performance evaluation 

method for a solar cell and a solar collector. However the electrical and thermal energy 

produced by the hybrid system were not the same in nature. Thermal energy could not 

produce work until a temperature difference existed between a high temperature source 

and a low temperature sink. But electrical energy could be completely transformed into 

work irrespective of the ambient condition. Use of exergy enabled quantitative 

evaluation by comparing electrical and then-nal energy based on the same standard 
(Fujisawa and Tani, 1997). 

Formulation of exergy 
Exergy is forinulated as the product of an intensive variable and an extensive variable. 

(a) Electrical exergy. Electrical energy is not affected by ambient conditions and 

therefore is equiValent in work. If irradiance is E, energetic efficiency of the 

solar cell is ne, then the electrical of exergy is: 

eele = nele*E = 4ele*E Eq. (4.12) 

where ý,,, is exergetic efficiency of PV cell and: 
ýele ý nele 

(b) Thermal exergy. In order to transform thermal energy into work, there must be a 

temperature difference between a heat source and a heat sink. The magnitude of 

transformable thermal energy to work is restricted by the Carnot efficiency: 

)7c - 
T, - To To 

T, TI" Eq. (4.13) 
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where T, and T, are the absolute temperature of the heat sink and source. Then thermal 
exergy is: 

ethemial= n, *Qthemial- n, *nlh,,,,,, I*E = Eq. (4.14) 

where rithemial and ". -D(hernial are the energetic and exergetic efficiency of the solar collector, 
respectively. 

(c) ývnthellc exergi, qfthe P VIT collector The synthetic exergy of the 
PV/T collector is the total value of the electrical and thermal exergies 

ePV'Tý e, hemla, + eele ý (41hermal + 4e]e)*E = 4PV/T*E Eq. (4.15) 
4PVT = nel, + n, * rithemial 

where 4PVT is the exergetic efficiency of the PV/T hybrid collector. All the quantities are 

used for steady state conditions. 

4.6 Experimental PV/T systems 

Two types of PV/T experimental models were studied, one with pc-Si PV using a 

serpentine pipe and copper sheet as a heat exchanger and with the same pc-Si PV 

module (the same commercial panel that was used in chapter 3) a second model with a 

small rectangular tank in the rear of the PV for water heating (Figure 4.4). The PV had a 

low-iron glass cover of 3 mm thickness and was thermally protected with 13 mm 

thermal insulation. 

Figure 4.4a Two heat exchanger systems used in the back of the PV/T a) the small 

rectangular water tank b) the copper sheet and serpentine Pipe 
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To increase the heat transfer between the rear of the PV and the attached copper plate, 
and generally the thernial and electrical performance for both systems, a then-nal paste 
with high then-nal conductivity 3 W/rn*K was used as an interface (see Figure 4.5). 

Figure 4.5 The rear of the PV covered with the then-nal paste 

4.6.1 Heat transfer between PV cells and absorber plate (Theoretical Estimation) 

The heat transfer coefficient between the laminate and the absorber determines the PV 

laminate temperature. The heat resistance between cells and absorber R, a consists of the 

heat resistances of an EVA layer (d = 0.5 mm I=0.35 W/m*K) a Tedlar layer (d = 

0. Imm I=0.2 W/m*K) and of the adhesive layer. The thickness of the adhesive layer is 

estimated to be 50 prn and its coefficient of conduction is 0.85 W/m*K. 

Rca R 
EVA +R Tedlar-AI-PE +R 

adhesivc Eq. (4.16) 

Rca Reva + Rpe-al-tedlar + Radhesive = 5* 10"-4 / 0.35 +1 *10"-4 / 0.2 + 5*10"-5 

0.85 

Rca 1.99 * 10^-3 K*m"2/W 

Therefore hca = I/Rca = 500 W/m/2*K 

However the real heat transfer coefficient is different from the theoretical value and can 

be found using experimental measurements that will be explained later. One of the 

causes of the different heat transfer coefficient is the air bubbles present In the adhesive 

layer. 
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4.6.2 Heat transfer coefficient between cells and absorber (Experimental 

Evaluation) 

The heat transfer coefficient of the layers between the PV cell and the absorber is an 
important parameter I11 in the thermal model. It's determined by measuring the 
temperatures on the surface of the laminate and at the back of the absorber plate. The 

irradiance during the measurements was around 1000 W/m 2. During the experiments the 

inflow and outflow temperatures and the flow rate of the water were recorded. The 

measurements at the laminate and at the absorber were recorded in four different equal 
spaced points in order to get an average value. 

The value of hca can be detennined from the temperature difference of the glass surface 

of the PV and the absorber and inserting the results into the formula below (Zondag, 

2002). 

'ca cný(To,,, - Tj 
"PV(Tcell- Tabs) 

Eq. (4.17) 

In this formula it is assumed that the heat loss to the ambient through the back of the 

absorber is negligible cause of the insulation used in the back as well as the temperature 

difference between the glass and the cell of the PV. 

4.7 Experimental Results 

This section includes the results taken under three different set of experiments. The first 

series of experiments were to evaluate the heat transfer coefficient between the PV front 

and rear copper plate. In the second set of experiments the two rigs were tested with 

different flow rates. The purpose was to evaluate how the flow rate affects the 

performance of the systems. Finally the third series had to do with varying the 

temperature entering (inlet water, Tj) the PV/T panel in order to evaluate the thermal 

and electrical efficiency under different operating temperatures. The experimental 

models were constructed and tested indoors for the determination of the steady state 

thermal efficiency nthand the electrical efficiency nele. The thermal efficiency is 

determined as a function of the solar incident (G), the input fluid temperature (Ti) and 

the ambient temperature (T,, ), while the electrical efficiency is determined as a function 

of the operating temperature TPv/T- 
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The steady state efficiency is calculated by 

?I th =-, M Cp ( T,, - Tj ), /' GA;, 

where in is the fluid mass flow rate (in the tests it was 18 kg/hr), Cp is the fluid specific 
heat (4180 J/kg K), Tj and T,, are the input and output fluid temperatures and A,, is the 
aperture area of the PV/T model (0.16 in 2 for pc-SO. The thermal efficiency nth of PV/T 

systems is calculated as a function of the ratio AT/G where AT = Tj - T,,, with Ta being 

the ambient temperature. 

During the tests for the detenninatIon of system thermal efficiency, the PV modules 
were connected with load to simulate real system operation and to avoid PV module 
overheating by the incident radiation that is converted into heat instead of electricity. 
Thus the maximum power point of the system was recorded in order to find the 

electrical efficiency. The electrical efficiency n, j, depends mainly on the incoming solar 
radiation and the PV module temperature (Tpv) and is calculated by: 

, Icl - Im Vm/GAa 

where I .. P and V,,, p are the current and the voltage of PV module operating at maximum 

power. The electrical efficiency of the PV cells depends on the incident radiation and 

their operating temperature. 

Lighting 
Cooling 

PV/Thermal 

PQ21 

Water 

Reservoir 

Figure 4.4b PV/T Water Rig using serpentine pipes and a free channel in the back of 

the PV 
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4.7.1 First set of experiments 

Figure 4.6 and 4.7 illustrates the temperature of the PV/T models in front and at the rear 

as well as the inlet and outlet water temperature. The experiment was run until reach 

equilibrium conditions. From the results shown in the graph and using the equation 
(4.17) it was found that the PV/T model with the water tank in the rear had an hca ý 
73.87 W/m2*K and the temperature dIfference of the front and back of the model was 
7.32 T. For the PV/T panel with the serpentine pipes in the back we had an h, a = 129.21 

W/m2*K and the temperature difference was 4.08 T. This is the reason that the PV/T 

model with the tank in the rear has a temperature of 44 T and 36 T in the front and 

rear of the PV and the serpentine pipe model had 32 OC and 28 T respectively. The 

average difference between the two models was 10 T. The main cause of this difference 

is that the PV/T rig with the tank in the back had a bad contact between the two surfaces 

of Tedlar and copper sheet. 
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Figure 4.6 PV/T and Water Temperature with tank in the back 
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Figure 4.7 PV/T and Water Temperature with serpentine pipes in the back 

4.7.2 Second set of experiments 

In the second set of experiments two models in different flow rates and at an irradiation 
level of 1000 W/m2 were evaluated. In Figures 4.8,4.9,4.10 and 4.11 the results of the 

two models with the simulation done using TRNSYS are presented. 
Figure 4.8 and 4.9 represent the results of the then-nal and electric efficiency for 

different flow rates. As mentioned in section 4.4 the simulation was based to the 

equations of HWB and is based to the values seen in Table 4.1. One cause of the 

difference between the two experimental models is the light source variation. Another 

cause is the different heat transfer coefficient of water passing in the back of the PV for 

the serpentine tubes and for the tank. As mentioned in section 2.5.6 the W/D for 

serpentine tubes is 4.5 and I for the tank. This means that the water flowing in the tank 

covers all the rear area of the PV and thus works more effectively. The common fact is 

that as the flow rate increases an increase in electrical and then-nal efficiency is being 

observed. 
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Figure 4.8 PV/T Electric Efficiency for the Tank, Serpentine pipe and Simulated model 
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Figure 4.9 PV/T Then-nal Efficiency for the Tank, Serpentine pipe and Simulated model 

As the flow rate increases the inlet and outlet temperature decreases and this affects the 

temperature of the PV/T models. As seen from Figure 4.10 the simulated values with 

the PV/T panel with the serpentine tube absorber match. For the PV/T model with the 

tank the difference is significant and this as mentioned is cause of the heat transfer 

coefficient and of the area difference in the heat exchanger systems. 

Figures 4.11 and 4.12 illustrate the temperature difference between inlet and outlet 

water temperature and the temperature of the PV/T models at the various used flow 

rates. As the electrical and thermal efficiency improves with the increase of the flow 

rate, the temperature difference of water inlet and outlet and the PV/T temperature 

reduces. 
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Figure 4.10 PV/T Water Temperature Difference for the Tank, Serpentine pipe and 
Simulated model 
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Figure 4.11 PV/T Panel Temperature for the Tank, Serpentine pipe and Simulated 

model 

4.7.3 Third set of experiments 
In the third set of experiments a steady flow rate (In this case was 0.3 I/min) was used 

together with the same irradiation level and only adjusted the temperature of the water 

flow into the system in order to be able to evaluate the perfon-nance of the system. The 

specific flow rate was preferred because the PV/T panel area was only 0.16 in 2 and a 

higher flow rate gave very small values of temperature difference between water inlet 

and outlet. The water temperature was adjusted with the help of a thermostat controller 

and a cooling fan was taking the heat from the water outlet. Again the maximum power 

point was used for the electrical performance after the systems had come to equilibrium. 
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Figin-es 4.12 and 4.13 illustrate the variation of the thermal and electric efficiencies. The 

two PV/T panels with the simulation values are represented together for better 

comparison. A good agreement between the two panels and the simulation with the 

electrical efficiency coefficient was - 0.0 14 %1"C or 0.3 84 %/"C. 
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Figure 4.12 PV/T Electric Efficiency for the Tank, Serpentine pipe and Simulated 

model 

As considering the thermal energy extraction and efficiency of the system it may be 

seen that the PV/T panel with the serpentine pipe works a little better than the panel 

with the tank. The cause of this, as can be seen from Figure 4.13, is the higher heat loss 

of the system using the tank as the heat exchanger device. The FRUL of the two systems 

was 7.683 W/m 2 *K for the serpentine model and 14.3 JW/M2 *K for the tank. This 

difference could be influenced by the heat transfer contact between the PV laminate and 

the then-nal absorber. The coefficient of FR(TU) for the two models is 0.597 and 0.638 

respectively. The difference of 0.04 is not significant and is caused by the irradiation 

level variation. 
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Figure 4.13 PV/T Then-nal Efficiency for the Tank, Serpentine pipe and Simulated 

model 

As mentioned in section 4.5 3 different methods were used to evaluate the models. The 

one explored here is the addition of the then-nal and electrical efficiencies. As can be 

seen in Figure 4.14 the two models agree well with the simulation and the small 

differences are caused by the heat loss coefficient. The same may also be observed in 

the primary energy saving efficiency as shown in Figure 4.15. The PV/T model with the 

serpentine tubes can work at higher temperature operating conditions with higher 

efficiencies cause of the lower heat loss coefficient in comparison with the system using 

the tank in the rear of the PV. 

PV/T Total Energy Efficiency 

80% 

x+0.632 
60% 

r SinnUlation 

40% 47 - Water Pipes 
LAJ 

WaterTank 

,5 20% Linear (SimUldill0n) 
m y 14.46x + Oý674 

Lincor (Water Pipos) 
ob 0 
cu Liocar (witei Tank) 
c ui 0 0.01 0.02 0.03 0.04 0.05 

(Tin - Ta)/l (oC*m"2/W) 

Figure 4.14 PV/T Total Energy Efficiency for the Tank, Serpentine pipe and Simulated 

model 
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Figure 4.15 PV/T Energy Saving Efficiency for the Tank, Serpentine pipe and 
Simulated model 

As explained in section 4.5 exergy was employed because the electricity and thermal 

energy were different in nature. By knowing that electrical energy is not affected by the 

ambient conditions and by using the equations to deten-nine the therinal exergy 

efficiency of the systems, as seen in Figure 4.16 the optimum operating conditions of 

the PV/T models are evaluated. From knowing that the electrical efficiency is around 

3.5% and seeing the graph the models are more efficient when the inlet temperature of 

water is around 35- 45 T at 20 T ambient and at 1000 W/m 2. As mentioned in section 

2.5 cells efficiency is influenced on the then-nal efficiency. According to the energy 

balance equation, when have lower PV cell efficiency then is being noticed a higher 

thennal efficiency and the vice versa. Here a higher then-nal efficiency and thus also 

exergy efficiency that in the peak is around 21.5 % for water tank and 25% for 

serpentine tube. Again the PV/T model with the lower heat loss coefficient has better 

exergy efficiency and as seen from the graph it can work even at higher operating 

conditions than the PV/T model with the tank. 
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Figure 4.16 PV/T Exergy Efficiency for the Tank, Serpentine pipe and Simulated model 

4.8 Conclusions 

A test rig for two PV/T systems was constructed and experimental work was carried out 

in the laboratory. Thermal and electrical perfon-nance was studied to assess the 

efficiency of the system. The experimental results were compared with a simulated 

model by using TRNSYS. 

The two PV/T modules tested were based on an existing PV panel incorporating a heat 

exchanger. The first was a serpentine copper pipe brazed to a copper sheet (W/D = 4.2) 

and placed in the rear of the PV with a then-nal paste working to enhance heat transfer. 

The second incorporated a small rectangular tank (W/D = 1) with dimensions similar to 

the PV and total capacity of 4.3 litres. 

To characterise the thermal and electrical perfon-nance of the panels three set of 

experiments were undertaken. The first explored heat transfer coefficient between the 

PV laminate and the copper plate acting as the absorber. The PV/T model with the 

serpentine pipe had better performance and thus the temperature of the PV was lower 

than the PV/T model with the tank. 

The second set of experiments observed the perfon-nance of the panels with different 

flow rates. The results showed that as the flow rate increased the PV/T temperature 

decreased and in the same time the electrical and then-nal efficiency was increased. 

The third set of experiments investigated the performance of the system by increasing 

the inlet temperature of the water in the system. From these experiments the results were 

as expected. As the temperature of the water increased the systems' thermal and 
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electrical efficiencies reduced. Finally the total efficiency, the prIMary saving efficiency 

and exergy efficiency of the systems were determined. 

Both systems provide satisfactory results with the PV/T model using the tank having 
higher total (63.2% for serpentine tube, 67.4% for tank) and primary energy saving 
effieciencies (68.8% for serpentine tube, 73.4% for tank) in respect with the serpentine 
tube while the collector works in the range of 20 - 35 OC. After this point the heat loss 
from the tank is bigger and thus the efficiency drops quicker than the serpentine model. 
As a conclusion it can be noticed that with an improvement in the contact between the 
PV laminate and the tank a better perfon-nance could be achieved. Also more insulation 

could reduce the heat losses, The flow condition and distribution inside the tank should 

also be taken into consideration as affects the heat transfer coefficient of the system. As 

far as consider the serpentine model a system having a W/D ratio less than 4 could also 

provide better results. 
The most revealing results had to do with the exergy efficiency of the system. From 

these it was found that the optimum operating conditions of the two models for 

environmental conditions of 20 OC ambient temperature and 1000 w/m 2 irradiation are in 

the range of 35 - 45 OC of inlet water temperature. The model with the serpentine pipes 

can also work with higher inlet temperature but with lower exergy efficiency cause of 

the smaller heat loss coefficient. 
The simulation model provided an understanding of how a real PV/T system would 

work in different conditions. Two parameters that were important when designing and 

estimating the performance of a system was the transmittance-absorptance product and 

the heat loss coefficient. The simulations results were close to both PV/T experimental 

models because the heat loss coefficient estimated was in the range of both predictions. 

The analysis of energy yields shows that maximum energy yield is obtainable under the 

following conditions: 
)ý, The coefficient of absorptance for the absorber/PV cells should be as high as 

possible. 
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The thermal contact between PV cells and the absorber is essential for a PV/T 

collector to improve the thermal yield. Special attention should be paid to assure 
that this thermal contact is as good as possible. 
The heat loss coefficient is a significant factor that affects the performance of the 

system. Lower heat loss means better thermal efficiency. 
Since the efficiency of PV cells decreases with increasing temperature on the 

panel, the temperature of the PV cells should be kept as low as possible, giving a 
low operating temperature. So an optimum point can be found with the exergy 

efficiency in order to get the maximum possible electrical but also thermal 

efficiency from the system. 
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CHAPTER 5: PHOTOVOLTACI/T"ERMAL SYSTEM AIR 

5.1 Introduction 

Photovoltaic (PV) cells suffer efficiency drop as their operating temperature increases 

especially under high insolation levels so cooling is beneficial. Air-cooling, either by 

forced or natural flow, presents an inexpensive and simple method of PV cooling and 

the solar preheated air could be utilized in built, industrial and agricultural sectors 
(Figure 5.1). However, systerns with heat extraction by air circulation are limited in 

their thermal performance due to the low density, the small volumetric heat capacity and 

the small then-nal conductivity of air and as a consequence measures for heat transfer 

augmentation are necessary. 

This chapter presents the use of fins bonded to the back of a PV module and coupled to 

an air duct as a method of heat transfer augmentation in an air-cooled 

photovoltaic/then-nal (PV/T) solar collector to improve its overall performance. The 

steady-state then-nal and electrical efficiencies of the modified system are compared 

with those of simulation (using TRNSYS) and of a typical PV/T air system. 

Temperature profiles of the outlet air, the PV rear surface and duct wall are presented 

confirming the contribution of the modifications in increasing system electrical and 

thermal outputs. 
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Figure 5.1 PV/T using Air as a fluld carrier (TIwarl, 2007) 

5.2 Technical issues 

The application of air as a heat transport medium has some advantages but also some 

disadvantages in comparison with water. To start with the advantages: 
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ýý No freezing and no boiling of the collector fluid. 
ý, No damage if leakages occur. 

The disadvantages are, however, rather severe: 
)ýý Low beat capacity and low heat conductivity, which result in a low heat transfer. 
)ý, Low density, which results in a high volume transfer. 
)ý, Heat losses througb air leakage 

5.2.1 Heat transfer from absorber to air 

In air collectors, the air is always transported through a channel. However, the thermal 
perforinance of air collectors is not as high as the perforniance of liquid collectors. This 

is due to two effects. 
)ý, Air has a thermal conductivity that is 24 times lower than for water. Since 

Ii = Nii xk . 'D (Eq. 5.1) this reduces the heat transfer. This leads to the fact that 

for air collectors, the channel height has a large influence on the thermal 

efficiency. (Note that the channel height has no effect on the Reynolds number, 

since the decrease in flow velocity is compensated by the increase in channel 

width as can be seen from Re -- CD',; 1, = TLý 1* Eq. (5.2), in which (D is the 

specific flow rate and L the collector length). 

)ý, Air has a much lower heat capacity. Therefore, the flow rate in an air collector is 

necessarily much larger than in a liquid collector. Due to the fact that (Zondag, 

1()6 f/)Cp),, 
t,, 

/jj)Cpja, = 4.2 x 1.2 x 10' = 3.5 x 10 2005), 1 
(Eq. 5.3) a 

conventional fluid flow rate of 50 I/m 2 /h for a liquid collector corresponds to an 

airflow of 175m 3/M2 /h, which is too high to be feasible in practice. Therefore, in 

practice a lower flow rate is used. 

5.3 Thermal energy 

The Hottel-Whillier-Bliss model (Duffle and Beckman, 1991) and modified by 

Florschuetz (1979) is used to study and compare the steady-state thermal efficiencies, 

nth of the two PV/T air collector configurations. As mentioned in section 5.1 two models 

are going to be tested. One PV/T air model as shown in Figure 5.2 and one with fins 

incorporated in the rear wall of the PV. For clearly separating the two systems in the 
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description of the chapter, the PV/T model with the duct behind the PV will be 

mentioned as REF system and the PV/T model with the fins in the rear of the PV will be 

mentioned as FIN system. 

For the REF systern, F' is calculated from the following modified equation from Duffie 

and Beckman ( 199 1 ): 

L (h 

Eq. (5.4) 

ond. r-v, 

Figure 5.2 PV/T Air Heat Transfer 

For the FIN system the following modified equation from Duffie and Beckman (199 1) 

is used: 

j; 
[i 211 1 

211F, , It' 
Eq. (5.5) 

where F,, is equal to F in Eq. (5.4), nf is the fin efficiency factor (defined later), W is the 

inter-spacing of the fins. The relationship between F and FR is given by Florschuetz 

(1979) and can be seen in equation (2-2-5). 

5.3.1 FIN system 
Figure 5.3 illustrates 3-dimensional diagram of a single rectangular fin representing the 

fins arrays used Iin the experlimental rjigs with important dimensions. The fin's thickness, 

t, is very small (0.5 mm) compared to its length L so that the effective convective 
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surface area of the fin(s) is A, -,,, - 21-11. The fin's height H Is oriented along the z- 
coordinate, at right angles to the flow direction (x-axis). 

5.3.1.1 Heat convection from fins 

The fins have two boundaries, the root and the tip with the root temperature equal to T,. 

The used fins are of rectangular profile with free tips (see Figure 5.3) and non-nally 

adiabatic tip analysis is used (Incropera and DeWitt, 1996). The maximum heat 

convected from the fins to the flowing air occurs when the fin's temperature is equal to 

the back wall temperature Tw and can be derived as (Incropera and DeWitt, 1996): 

Qjj. -- N"Af-lIC)jt-( Tw 7' f "I Eq. (5.6) 

where Af is the fin surface area (=2HL) and the fin efficiency nf is given by 

tanh mll 
Ilf- -- -nIII 

Eq. (5.7) ývhcrc Eq. (5.8) 

with A, f and k being the cross-sectional area of each fin and then-nal conductivity of the 

fin material respectively. For tips fins, the parameter H in Eq. (5.8) is sometimes 

replaced by a parameter Hc called corrected fin height, where H, = (H + t/2) and t is the 

fin thickness. But if the fin Is thin, its effect Is negligible and may be 'Ignored with little 

loss of accuracy (Incropera and DeWitt, 1996). 
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5.4 Experimental systems 

Figure 5.4 illustrates cross-sectional view of the air channels for the REF system. The 

REF system represents the typical single-pass air channel attached behind the PV 

module and is used as a datum system. 

Figure 5.4 PV/T Aff Reterence Model 

The FIN system (Figure 5.5) consists of fins with rectangular profiles (FI) attached to 

the back wall of the air duct, for practical reasons and oriented parallel to the flow 

direction. Attaching them on the PV rear surface results in better PV cooling and 

increased heat production due to high PV temperature. In this case it requires 

incorporating the fins in the production phase of the PV module for good back thermal 

contact but makes it (PV) cumbersome, complex and heavy adding to the already high 

PV panel cost and transportation cost as well. 

Figure 5.5 PV/T Air Model using fins in the back 
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Two identical prototype test models were constructed from a commercial pc-S1 pV 

panel, of length 0.4 m, aperture area Aa = 0.16 in 2. The air plenurn at the rear of the 

panel was constructed from a thermal insulator board of thickness 5 cm on the backside 

and the edges with a thin alurniniurn sheet as inner lining. 

The inlet vent is in the bottom of the PV as seen in Figure 5.4 and forms a rectangular 

opening with length of 0.4 in and width 4 cm. The outlet vent is in the top of the PV as 

shown in Figui-e 5.6. A5 cm diameter pipe is used to extract the air outside from the 

channel. The cross section of the circle were the anemometer is placed to measure the 

air velocity is 0.007854 rn 2. The fan is placed on the top of the PV and extracts air from 

the pipe. 

In order to improve PV module cooling, the channel surfaces, thin metallic sheet surface 

facing PV rear and the fins were painted black. The fins height and spacing distance was 

each equal to 3 cm. 

Figure 5.6 Left: Fan used to suck air Right: PV/T Air Rig 

For forced flow experiments, the air circulation was effected using a fan connected via a 

calibrated volumetric flow rate meter (M3 / hr) to the output vents through a flexible air 

tube. Three set of experiments were tested one with different air inlet temperatures, the 

second with different flow rates and the third to evaluate the heat transfer contact with 

and without the fins. All tests were performed under steady-state conditions and 

efficiencies calculated with the same procedure as did in chapter 4. 

For the natural flow, the inlet and outlet vents were left open to have free-flow air 

circulation and inlet air temperature was equal to the ambient temperature. 
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The airflow by natural convection in the channel depends on the weather conditions and 
is difficult to control it regarding stability and accurate measurements because of 
sporadic changes in weather conditions. The natural flow was experimentally tested by 

switching off the fan. Velocities of 0.5 m/s were recorded equal to a flow rate of 6.9 
3 

M /hr. 

12 thermocouples were used to measure the essential temperatures and their locations in 
the REF and FIN systems. Type-K thermocouples were used for temperature 

measurements: PV module, rear copper wall, back ambient temperature, and the inlet 

and outlet air temperature. Thermocouples were also attached to the base of the fins in 

the FIN system in corresponding positions as that of the back wall. 
To vary the air flow a controller was connected with the fan in order to achieve the 

desired flow rates. To vary the inlet air temperature a heater fan was placed in the back 

of the rig at a distance that does not affect the pressure between the inlet and outlet vent. 
In all tests the maximum power point was tracked in order to record the efficiency of the 

systems at steady state conditions. 

5.5 Design procedure for cooling ducts to minimise efficiency loss due to 

temperature rise in PV arrays 

A cooling duct may be fitted behind a PV array so that some of the solar energy 

absorbed by it and appearing as heat is transferred into the air in the duct and removed 

to the atmosphere by the resulting buoyant flow. The additional cooling lowers the 

operating temperature of the array and so increases the efficiency with which it converts 

solar energy to electricity. 

Usually, the length L and width W of the duct are determined by the dimensions of the 

array, so that the principal design variable is the depth H of the duct. In a recent paper 

(Brinkworth and Sandberg, 2005a), it Is reported that there is an optimum value of this 

quantity. This is taken here to be such that the temperature of the array at the top of the 

duct, where it is highest, has the lowest value that can be achieved in a given set of 

operating conditions. 

The optimum is defined in terms of the hydraulic depth of the duct D, which for a given 

width is defined by 
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ff H/ ( fl' -ý- 
Eq. (5.9) 

Where W=0.4 in and H=0.03 m, so D=0.0558 in 
A design rule-of-thumb was given that the ratio L/D should be around 20. This is a 
robust rule, the value being nearly independent of other quantities, particularly the slope 
of the array to the horizontal, so that it will serve for most installations, whether on roofs 
or walls. In this case to reach the optimum level we needed a depth of only I cm. As this 

was difficult to construct, a depth equal to the height of the fin was used. The ratio of 
L/D was 7.16. As also Tonui (2006) reports that when the depth of the duct increases the 

temperature of the PV increases and the thermal efficiency decreases. This is valid for 

natural and forced flow. The cross sectional area of the free channel in the back of the 
2 PV is 0.012 in 

5.6 Experimental results 

The parameters that are essential for characterization of a PVT/AIR collector intended 

for BIPV applications are the temperature of the PV module, Tpv, back wall, Tw and air 

outlet, Tout. Tpv gives a measure of the ventilation effected by the then-nal unit attached 

to the PV module with respect to unventilated PV module. Tw is a measure of the 

shielding and cooling effect on the building as a result of PV module (or arrays) 

installation and airflow in the cavity, respectively. Finally, Tout deten-nines the thermal 

efficiency and ventilation rates (in case of natural flow). 

5.6.1 First set of experiments 

Figure 5.7 and 5.8 shows the temperature in the front and back of the PV and the inlet 

and outlet air temperature. It may be seen in the first figure that the outlet temperature is 

low, implying that the heat transfer coefficient is not very high and this results in an 

elevated the PV temperature. The maximum PV temperature at the front and back is 60 

and 50 OC and the air temperature difference is around 4.33 OC. In the second figure it 

may be seen that the fins have reduced the PV temperature and in the same time have 

increased the outlet air temperature. The fins reduced the front and back temperature to 

52 and 48 T respectively and the temperature difference between the inlet and outlet air 
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have increased to 9.34 T. From the Figin-e 5.8 it may be seen that the fin temperature is 
very close to the temperature in the back of the PV. This implies that there is very good 

conductivity between the base and the fin. The heat transfer coefficient of the REF case 

was hca = 30 W/m 2 *K and for the FIN model is 150 W/M2 *K. From this it may be 

observed that with the fins we have an increase of 500 % in heat transfer. 
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Figure 5.7 PV/T Air Reference Temperature at 0.9 m/s 
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Figure 5.8 PV/T Air FIN Temperature model at 0.9 m/s 

5.6.2 Second set of experiments 

A set of experiments was taken with a range of flow rates from 5- 117 M3 /hr and from 

these experiments it was possible to calculate the then-nal and electrical efficiencies for 

each different flow rate and to observe the influence that flow rate has on the PV 
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temperature and on the outlet air temperature. Also the experimental values were 
compared with the simulations that were taken by the help of TRNSYS as also did in 
chapter 4. Figin-c 

-5.9 and 5.10 show the influence flow rate has on PV temperature and 
the temperature difference between inlet and outlet. It may be seen that as the flow rate 
increases the PV and also the outlet air temperatures decreases. The simulation also 
shows that the values agree well with the models . 
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Figure 5.9 PV/T for REF and FIN models Temperature at different flow rates and 

compared with simulation 
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Figure 5.10 PV/T for REF and FIN models Air Temperature Difference at different 

flow rates and compared with simulation 

Figure 5.11 compares the experimental and simulation values for REF and FIN cases. It 

may be observed that as the flow rate increases the electrical efficiency improves and 
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the FIN case give as higher efficiency values than the REF case. The increase of the heat 
transfer improves the system perforrijance. 

The same is being observed with the thermal efficiency of the system (Figure 5.12). The 
FIN model give as much higher thermal efficiency at the same flow rates with the REF 

case. As an example we see that at 25 rn 3 /hr for the experimental FIN thermal efficiency 
is 46.4% and the REF around 34.2%. This is an increase of 35% between the FIN and 
the REF model. 
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Figure 5.11 PV/T for REF and FIN models Electrical Efficiency at dIfferent flow rates 

and compared with simulation 

PV/T Th e rm aI Efficie n cy 

100 4, Air RIF 

a Air FIN 

Simui, )tion RIF 

Simulahon FIN 

Power JAir RIF) 

Power JAir FIN ý 

Power ISimuiation RIF) 

Power ISimulition FIN) 

> 80 

60 

40 E 

20 

0 

0 20 40 60 so 100 120 

Flow Rate (m3/hr) 

Figure 5.12 PV/T for REF and FIN models Then-nal Efficiency at different flow rates 

and compared with simulation 

218 



5.6.3 Third set of experiments 

The third set of experiments tests the systerns with varying the Inlet water temperature. 
The electrical efficiency can be presented in Figure 5.13 as a function of the PV module 
temperature where the electrical efficiency is seen to drop with the rise in PV module 
temperature. The linear correlation between the electrical efficiency and the module 
temperature may be described by the linear curve and the linear equation describing It Is 

given in Table 5.1. 

Table 5.1 PV/T Air electrical efficiencies for experimental and simulated models 

Linear equations describing the curves 

in Figure 5.13 
Equation 

PV/T System Type 

PV/T Air REF n,,, = 3.006*(l - 0.00 13 *(Tpv - 25)) 

PV/T Air FIN nele ý 3.193*(l - 0.0025*(Tp, - 25)) 

n,,, = 3.077*(l - 0.0029*(Tp, - 25)) 

PV/T Air FIN Simulation n,,, - 3.287*(l - 0.0036*(Tp, - 25)) 
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Figure 5.13 PV/T for REF and FIN models Electrical Efficiency as a function of 

Temperature Difference of PV and a Reference Temperature (25 'Q and compared with 

simulation 
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In Figin-e 5.14, the steady-state thermal efficiency n1h, obtained at different air inlet 
temperature, is plotted against AT/G (with AT - Ti,, -Ta). The linear curves are 

summarized by the equations in Kible 5.2. From the table 5.2, one notices that the 

maximum thermal efficiency that can be achieved by the REF and FIN system from 

these experiments are 30.4%, and 49.6%, respectively. 
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Figure 5.14 PV/T for REF and FIN models Thermal Efficiency as a function of AT/G 

and compared with simulation 

Thus the results show that the FIN system has higher thermal efficiency that is around 

63% higher than that of the REF system. The simulated with the experimental results 

show good agreement except the heat loss coefficient that was higher during the 

experiments. 
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Table 5.2 PV/T Air thernial efficiencies for experimental and simulated models 
Linear equations describing the curves 

in Figure 5.14 

PV/T System Type 
Equation 

PV/T Air REF nth = 0.304 - 7.636*AT/G 

PV/T Air FIN 

PV/T Air REF Simulation 

PV/T Air FIN Simulation 

na, = 0.496 - 12.65*AT/G 

nth = 0.310 - 3.52*AT/G 

nth = 0.509 - 9.274*AT/G 

From the results of the electrical and thermal efficiency, the energy saving efficiency, 

total energy efficiency and exergy efficiency were estimated. Figure 5.15 shows the 

energy saving efficiency. At zero reduced temperature the efficiency of the REF and 

FIN system were 35.3% and 58% respectively from experiments and 39.2%, 59.7% 

from simulations. The experimental results are in good agreement with the simulations. 

By adding the electrical and thermal efficiency of the systems one obtains the total 

energy efficiency. Figure 5.16 shows a similar trend in total energy efficiency 

performance for the FIN system in comparison with the REF. For zero reduced 

temperature there's the FIN system is around 58% more efficient than the REF system. 

The exergy efficiency is given in Figure 5.17 and indicates the optimum working 

conditions for the unglazed PV/T Air system. For both systems it may be seen that the 

PV/T Air collector optimum working conditions is around 36 T of inlet air temperature 

and the difference between the two systems at the optimum point is 4%. 
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Figure 5.16 PV/T for REF and FIN models Total Energy Efficiency as a function of 

AT/G and compared with simulation 
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5.7 Discussion 

The electrical efficiency reduces with Increasing PV module temperature and the 

suggested modification increases the then-nal efficiency of the PVT/AIR collector by 
35% for the FIN system, compared with the REF system. 
In forced flow mode and airflow rate of 25 m'/hr the corresponding air velocity is 0.9 

m/sec while for natural flow of 5.65 m'/hr the corresponding air velocity is 0.2 M/sec. 
The module temperature measured with no air circulation (i. e. under stagnation) for all 

the PVT/AIR configurations was about 90 T at ambient temperature of about 20 T and 

insolation level of 1000 W/M2. With air circulation, the measured PV module 

temperatures ranged from 35 to 65 T depending on the flow rate. Thus the air 

circulation by forced or natural flow in the air channel reduces the PV module 

temperature by at least 25 - 55 T and thus contributes to improved electrical output 

power. 

The addition of fins lowers the back wall temperature compared to the REF system for 

both natural and forced flows and could contribute to reducing the building overheating 

by reducing conduction heat gain through the building's wall or roof materials. For the 

FIN system, the fins enhance heat transfer from the PV to airflow resulting in a lower 

temperature than that of the REF system. 

Closer inspection of the temperature profiles in the Figure 5.9 shows that the fins 

reduce the back wall temperature by about 13 OC for both forced and natural flow. 

The modified system gives higher outlet air temperature with respect to the REF system 

for both forced and natural flow with the FIN system. In the FIN system, heat is 

conducted along the fin from the base of the PV towards the tip and simultaneously the 

fin dissipates heat by convection to the flowing air and increases the rate of heat 

convection to the channel. Thus the FIN system is more effective in PV cooling and heat 

extraction than the REF system while the FIN is superior in reducing the back wall 

temperature than the REF. 

The modified system can improve the energy saving in the buildings because of the 

increased overall efficiency. The heat produced can be channelled through a ducting 

system into the building interior for heating in winter. The suggested modification and 
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their mounting are practical in that they can easily be fabricated and attached in the 
building structure considering that the off-the-shelf modules are to be used. 
The system, when operated in free flow mode, can provide thermal comfort with good 
user control at minimum capital cost and negligible operation and maintenance hence 

cost effective. The improved PVT/AIR system can be used also to heat air for several 
industrial or agricultural processes, such as drying of products, and could promote PV 

applications in these sectors. 

5.8 Conclusions 

The developed steady state model predicts and compares the thermal and electrical 

performance of PV/T collector with and without fins. The prediction results agreed with 
the results obtained from experiment carried out in the laboratory. 

The possibility of generating electricity and heat energy from a commercial PV module 

adopted as a PVT/AIR solar collector with forced or natural airflow in the channel was 
demonstrated. Under natural flow, the temperature rise could reach up to about 10 to 15 

OC for REF and FIN system and could induce sufficient airflow rate to effect adequate 

ventilation. For the forced convection with flow rate of 0.9 m/s (or 25 in 3 /hr) the use of 

fins yields an efficiency of 46% in comparison with the REF system. 

In connection with Figure 5.10, it is obvious that as the air temperature rise decreases 

with increasing mass flow rate, the collector thermal efficiency gets correspondingly 

higher and higher due to the decrease in the average temperatures of the absorber plate, 

thereby reducing the top losses. Increasing the flow rate will increase the heat transfer 

coefficient between the channel walls and the working fluid, resulting in a lower mean 

photovoltaic cells temperature. This will increase the electrical efficiencies of the 

collector. However the enhancement in the value of electrical efficiency is remarkably 

small compared with the increase in the value of mass flow rate. Nevertheless from 

Figure 5.13,5.14 and 5.16 it may be shown that there is some contribution of the 

electrical efficiency to the total efficiency of the system. The combined efficiency varies 

from II to 72% at mass flow rate of 0.2 - 3.4 m/s (or 5.65 - 96 in 3 /hr) and radiation 

intensity at 1000 W/M 2. 
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In general, results show that electricity production in a PV/T hybrid module decreases 
with increasing temperature of the air flow. This implies that the air temperature should 
be kept as low as possible. On the other hand, the system should deliver hot air for other 
purposes. A trade off between maximizing electricity production and producing hot air 
of useful temperatures is thus necessary. The simultaneous use of hybrid PV/T and fins 
has a potential to significantly increase in electrical production and reduce the cost of 
photovoltaic electricity. 
It has been observed that the experimental results were slightly higher than as predicted 
in mathematical model. This characteristic may be due to the effect of IR radiation 
released by tungsten halogen lamps during the test. 

The choice of the modification depends on the location of application which determines 

the optimization of the PVT/AIR collector required, whether for heating or cooling. In 

high latitude regions, heating in winter is more important than cooling in summer while 

the converse is true for low latitude and tropical regions. In such scenarios, use of FIN 

system is ideal for high latitude regions (more heating) where the high heat gain is 

exploited in winter. Therefore, the increased performance of the finned PVT/AIR 

system will contribute significantly towards wider application of PV systems and 

mitigation of energy supply of buildings and consequently lower C02 emission among 

other social benefits 
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CHAPTER 6: PHOTOVOLTAIGTHERMAL SYSTEM HEAT PIPE 

6.1 Introduction 

Usually, conventional solar collectors use pipes attached to the collecting plate and a 
heat transfer fluid, such as water, to transfer by natural or forced circulation the heat 

captured by the solar collector to a storage tank. Some of the shortcomings associated 
with conventional solar collectors include extra expense of the forced circulation system 
due to the pump and its extracted power, extra space required for the natural circulation 

system due to implicit position of the collector relative to the tank, the potential risk of 

cooling of stored hot water due to the reverse flow at night, freezing of the water on cold 

nights, pipe corrosion due to the use of water and the limited quantity of heat transferred 

by the heat transfer fluid. 

Heat pipes offer a promising solution to these problems. The basic heat pipe is a closed 

container consisting of a small amount of vaporizable fluid (e. g., a refrigerant). The heat 

pipe employs an evaporating-condensing cycle, which accepts heat from an extemal 

source, uses this heat to evaporate the liquid (latent heat) and then releases latent heat by 

reverse transformation (condensation) at a heat sink region. This process is sustained by 

a return feed mechanism of the condensed fluid back to the heating zone. Heat pipes are 

very flexible systems with regard to effective thermal control. Their heat transfer 

coefficient in the evaporator and condenser zones can reach 103_105 W/M2 K, and their 

heat pipe thermal resistance to 0.01-0.03 K/W (Vasiliev, 2005). 

Heat pipes designed to work under gravity with the condenser above the evaporator do 

not require external power or capillary action in order to return the heat transfer fluid to 

the evaporator (see Figure 6.1). This type of heat pipe is known as the gravity assisted 

heat pipe, closed two-phase thermosyphon or wickless gravity assisted heat pipe. Closed 

two-phase thermosyphon solar collectors consist of heat pipes (or thermosyphon tubes) 

filled with a refrigerant and used in closed loop water heating systems. Closed loop solar 

heating systems are suitable for domestic solar water heating, solar swimming Pool 

heating or solar space heating systems. They are also suitable for areas with 

questionable water quality and all climatic conditions. Furthermore, they are the 

preferred option for extremely cold areas. 
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Figure 6.1 Schematic of a gravity assisted heat pipe (Srihajong, 2006) 

In the present work the results of a theoretical and an experimental investigation of the 

energy behaviour of a new type of PV/T system employing heat pipes are presented. 
The system employs a gravity assisted loop heat pipe with the one model having a tank 

placed above the collector at such a height as to allow the natural return of the liquid 

phase to the lower part of the collector. The second model uses a series of manifolds 

coupled to the condenser side of the heat pipes. 
The novelty of the system consists in the use of a new way to incorporate the heat pipe 

operation principle in a solar system and place that system in the back of a PV in order 

to reduce the panel temperature and improve the electrical efficiency of the system. In 

fact a loop heat pipe is introduced in both the collector and the tank or manifolds acting 

as a direct heat transfer device. One of the advantages of using heat pipes in the back of 

the PV are a) the then-nal diode benefit when the collector temperature is less than 

storage water temperature; b) less area needed in the back of the PV to incorporate the 

heat pipes than the water coil layout; c) the reasonable resistance against corrosion by 

selecting a suitable working fluid to be compatible with the pipe wall material; d) the 

easy freeze protection; e) the lower pumping requirements. Because the PV/T system 

using heat pipes is not covering the same area as the PV/T system with the serpentine 

I ipes cause a pipes in the back of the PV and because the thermal resistance of the heat pi 

reduction in the heat transfer it is obvious that the system with the serpentines work 

more effectively. But the advantages mentioned above can provide a useful new PV/T 
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approach that can be considered as an alternative technology used for different 

applications. 
The research presented includes an analysis of the basic operation parameters of the 
system and specifically of the heat pipe, a study of the evaporation - condensation 
operation cycle, a quantitative investigation of the energy fluxes from the PV collector 
to the heat pipe and from the heat pipe to the tank or manifolds. The usefulness in 

evaluating the heat pipe parameters is to understand how a heat pipe works under 
specific conditions and how these parameters can help to design the PV/T heat pipe 
design. 

6.2 Heat Pipe Capacity Limits 

As mentioned in section 2.6, a heat pipe is a very efficient device in terms of the heat 

transfer. Capacity of heat pipe heat transfer is governed by several limits, namely 

capillary limit, sonic limit, boiling limit, entertainment limit, and viscous limit for a 

normal heat pipe working at the normal temperature. These limits determine the 

maximum heat transfer rate for an individual heat pipe under a given operating 

condition. 

6.2.1 Capillary Limit 

For a given capillary wick structure and working fluid combination, the pumping ability 

of the capillary structure to provide the circulation for a given working medium is 

limited. This limit is usually called the capillary or hydrodynamic limit (Faghri, 1995). 

The circulation of working fluid in the heat pipe can be achieved through the capillary 

pressure head on the condition that it is greater or equal to the sum of the pressure losses 

along the vapour-liquid path, which can be expressed as: 

14cap, max > Apg + Ap,, 8 + Apc, 6 + ApI + Ap, Eq. (6.1) 

were Ap, is the vapour pressure drop along the heat pipe and Ap, is the pressure drop for 

the liquid due to the frictional drag at the fiquId-vapour interfaces. APe, 6 and Apc, 6 are the 

pressure drops due to the evaporation and condensation at the liquid-vapour interface, 

respectively, and usually can be neglected. Apg is the pressure drop in the liquid due to 
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the effect of the gravitational force in the direction of the heat pipe axis, and which can 
be expressed as 
Apg = pi g lp sinO Eq. (6.2) 

Using the Laplace-Young equation APcap, max for a normal wicked heat pipe is a function 

of the surface tension cy, the wetting angle 0, and the radius of curvature of the liquid- 

vapour interface in the evaporator, r, 
APcap, max '77 Cos 1) Eq. (6.3) 

For the wickless heat pipe, there is no capillary pressure along the pipe length, i. e 
Apcap, 

max -" 
0 

For constant heat addition and heat rejection, the liquid pressure drop, Ap, may be found 
(Faghri, 1995): 

, ýIl =- 
ill IIyq,: 

( 
L4, hl-gpl Eq. (6.4) 

Where 

h Eq. (6.5) 

0.5 1, + 0.5 Eq. (6.6) 

Determination of the vapour pressure drop, Apv, in the heat pipes is complicated because 

of the compressibility of vapour. Zhao (2003) gave the following expression for the 

vapour pressure drop: 

L, ý p, -- 
( 

") i -ý,, ý 1, p, I-g Eq. (6.7) 

The friction factor fv and the constant C can be determined once the local axial 
Reynolds number and Mach number are defined. These expressions are given below: 

Re, = 
21'h' qc 

A, it, /if-, Eq. (6.8) 

Al, = 
qc 

oý Jill; (R, T,,, -) - Eq. (6.9) 

For the different conditions, Kraus et al (1983) gave the expressions Of fv and C which 

are summarised in Table 6.1: 
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Table 6.1 Parameters against conditions for vapour pressure drop 
Re m f c 

Re, < 2300 1/, '< 0.21 (l, 'R(,, ) -- 16 C=1.00 

I Re, < 2300 ý -ý 0. -1 A/ - (I%R(.,, ) = 16 ". -I .' 
iV5 

11( 
) ), 

IJ 

Re, > 2300 Al, l< 0.2 (/, Rc, ) = 0.039 2 q, ( 
A, 

Re, > 2300 11, > 0.21 = 0.038 
--7- 

6.2.2 Sonic Limit 

Sonic limit is reached under chocked working conditions where the vapour velocity may 

reach sonic or supersonic values during either start-up or steady state operation. With 

Mach number lower than 0.2, the vapour can be treated as incompressible. However 

when then vapour Mach number is high especially when the vapour flow approaches the 

sonic limitation, vapour compressibility must be taken into account. For M=I the 

maximum heat flow rate qs, max iS: 

q,..,, =A, phfg(-I-R, T, /ý 2(-, - + 10) Eq. (6.10) 

6.2.3 Boiling Limit 

Boiling limit happens when the radial heat flux or the heat pipe wall temperature 

becomes excessively high and boiling of the working fluid at the wall of heat pipe 

severely affects the circulation of the working fluid. Heat transfer from wicked surfaces 

is more complicated than that from plain surfaces due to the existence of capillary 

structure. Also the vapour formation may change with different types of wick structures 

and working fluids. For a wickless heat pipe wIth non-metallic working fluids, when the 

temperature difference across the wall is large, nucleate boiling takes place. When the 
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bubble population becomes so high that the interaction of the liquid and vapour stream 
causes a restriction of the liquid supply to the heating surface a continuous vapour film 
fon-ns adjacent to the wall. The wall temperature increases rapidly and the critical heat 
flux is reached. Critical nucleate boiling limit for a cylindrical heat pipe can be 

expressed as (Zhao, 2003): 

Tli a- Al 
/-,, 

) 

Eq. (6.11) 

6.2.4 Entrainment Limit 

The vapour and liquid in the heat pipe flow in opposite directions. When the vapour 

velocity is sufficiently high, the shear force exiting at the liquid-vapour interface may 

tear the liquid from the heat pipe wall and entrain it into the vapour flow stream. This 

reduces the return flow of condensate to the evaporator and limits the heat transfer 

capacity. In terins of the axial heat flow rate, the entrainment limit for the wicked heat 

pipe can be expressed as (Zhao, 2003): 

qe. m 1--- -4ýh l-g (, 71,, / (21-h,,, )) 
Eq. (6.12) 

For the wickless heat pipe, Dpcap, max = 0. So the entrainment limit can be expresses 

as: 

Rd h 
4 

Eq. (6.13) 

where 

G=0.725 

-+%, ý sin 2 
180 

6.2.5 Viscous Limit 

When viscous forces dominate the vapour flow, the vapour pressure at the condenser 

end may reduce to zero. The heat transfer of heat pipe may be limited under this 

condition. A heat pipe operating at temperature below its normal operating range can 

encounter this limit. 

231 



q\. Ill l6p\ Eq. (6.14) 

6.3 Simulation to calculate heat transfer limits 

Considering the effect of gravity on the heat pipes, the maximum heat transfer capacity 

is governed by the mass of the liquid charge, which was expressed by Zhuang (1989) as: 

(0 -8 1, +0 -S 1,31 tIj, I n't I, 1.13 

llj-ýg 
Eq. (6.15) 

Therefore the heat transfer limit of a heat pipe will be 

q, = min ý qs, max, qb, max, qe, max, +, max I 

Based on the above expressions, a computer programme was developed by Zhao (2002) 

to calculate the heat transfer limits. The flow chart of the programm. is shown in Figure 

6.2, and the procedure is described below: 

1) Input all the temperatures, including the working fluid, geometry of the heat 

pipe, operating temperature, and liquid filling level. 

2) Calculate each limit and obtain the heat transfer limit of heat pipe. 

3) Repeat step 1) - 2) when the conditions are changed. 
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Figure 6.2 Flow chart of programming for heat transfer limitation of heat pipe 

For a given heat pipe, the maximum heat transfer rate will be affected by the diameter, 

working temperature, fill level, inclination, wick conditions, and working fluid. As 

mentioned in the project objectives the heat pipes will be installed in the back of the PV 

and in vertical position. Therefore the adoption of a gravitational wickless heat pipe is 

appropriate. The subsequent analysis will be based on the example of a vertical wickless 

copper heat pipe of 10 mm diameter with the length of evaporation section of 260 mm, 
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the adiabatic section with 50 mrn and condenser section of 130 mm. These dimensions 

were selected cause the same are going to be used also for testing the PV/T Heat pipe 
systems. 

6.3.1 Working fluid effect on heat pipe performance 

pe Working fluid is very important for a heat pi and it is the prime consideration in the 
design of the pipe. Among the available working fluids mentioned in the literature 

review, water is widely used because of its good then-no-physical properties such as 
latent heat and surface tension, and the benefits of safety and environmental 
friendliness. However while water is suitable for the operating temperature higher than 

30 T it is impossible to evacuate the heat pipe further under the room temperature. 

Another fluid that can also be used is the N-pentane because of its lower boiling point of 
36.2 T (Riffat et al, 2002) and working temperature of -20 T to 120 T. Another new 
fluid is HFE7 100 (C4F90CH3) with boiling point of 60 OC. 

After using the program that we described above the different working fluids were 

compared over a range of operating conditions. Figure 6.3 shows the influence of the 

working fluid on the maximum heat transfer rate with the filling level at 1/3 of the 

evaporator length (90 mm). 
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Figure 6.3 Heat transfer limit against working fluid 

It may be seen that water works much better for the specific type of heat pipe from the 

other two fluids, especially from temperatures that start from 20 OC- Also water is better 
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than the other two fluids in terins of health and safety considerations. From the fluid 
properties we know that n-pentane is extremely flammable although Its ODP =0 (Ozone 
Depletion Potential) and GWP =3 (Global Warming Potential). Similar values we can 
see with the HFE-71 00 with ODP =0 and GWP == 3.2. In addition its chemical and 
then-nal stability, non-flammability and low toxicity make it useful for many other 
industrial and specialty solvent applications. Of the three fluids therefore water was 
selected as it is safer and also cheaper to use than the other two. 

A convenient means of quickly comparing working fluids is provided by the Merit 

number which is defined as: 

-Al ý 
P, aA 

1IL Eq. (6.16) 

Where 

M Merit number, W/m 2 

PL Liquid density, kg/m 3 

(Y Surface tension, n/m 
X Latent heat, J/kg 

[tL Liquid viscosity, Pa 

The physical properties of the working fluids change radically with temperature [NIST 

(2003), NIST (1993)]. The dramatic change of the working fluid viscosity with 

temperature, especially as the temperature increase towards the boiling point, has a 

significant effect on the liquid transport factor (k). This leads to the increase of the 

liquid transport factor with temperature as shown in Figure 6 4, to a maximum point 

around the boiling point of the working fluid. Figure 6.4 gives the Merit number at the 

boiling point for working fluids, covering temperatures ranges between - 73 OC and 227 

OC. One obvious feature is the marked superiority of water with its high latent heat and 

surface tension compared with the other two fluids. 
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Figure 6.4 Liquid Transport Factor K of Water, n-Pentane and HFE-7100 

6.3.2 Diameter effect on heat pipe performance 

As mentioned in section 6.3 the heat transfer limit of a heat pipe is affected by various 
design factors. One such a factor is the diameter of the heat pipe. The calculations show 

in Figure 6.5 that the heat transfer limit will increase greatly from around 36 W to 3000 

W with increasing the inner diameter from 5 mm to 30 mm. i. e. as the diameter 

increases the heat transfer limit also increases. 
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Figure 6.5 Heat transfer limit against the Inner diameter for 60 T operating temperature 

6.3.3 Fill liquid level effect on heat pipe performance 

The level of the liquid filling is also very important in the terrns of the heat transport 

capacity in the heat pipe design. Calculation with water shows that the level of liquid 
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filling affects the heat transport capacity greatly only In the lower level. As can be seen 
from Figm-e 6.6 above a certain level the heat transport capaci II no longer varies w th 
the working fluid fill ratio. 
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Figure 6.6 Heat transfer limit against working fluid fill ratio 

6.3.4 Inclination angle effect on heat pipe performance 

The position that a heat pipe is placed in, i. e. its inclination, especially for gravitational 

wickless heat pipes affects the perfon-nance of the system. From Figure 6.7 it may be 

seen that at the vertical position the heat transfer limit is at 200 W and the highest value 

comes around 60 deg. Many researchers in their papers confinn that the maximum heat 

tansfer limit doens't come always in the vertical position (Terdtoon et. al., 1990, Negishi 

et. al., 1982, Payakaruk et. al., 2000). 
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Figure 6.7 Heat transfer limit against inclination angle measured from horizontal 

6.4 Experimental Performance of Heat Pipes 

After evaluating the maximum heat transfer capacity of a heat pipe the next step was to 

check the real performance of the heat pipes that were going to be used for the PV/T 

experiments. As mentioned in section 6.1 two models were going to be incorporated in 

the back of the PV. One with the heat pipes condenser side inside a tank and the other 

inside a manifold as shown in Figure 6.8. Similar experiments were carried out in order 

to evaluate the heat transfer rate and then-nal conductivity of the pipes. Figure 6.9 shows 

the two ngs created for the experiments. 

I 1/ 

[1] Figure 6.8 Schematic of PV/T heat pipe with tank and manifolds 

Thermocouol 
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Figure 6.9 Heat Pipe Experimental Rigs, a) Heat pipe with Tank, b) Heat pipe with 

Manifold 

6.4.1 Heat Pipe with a Tank 

Figure 6.10 shows the experimental setup that consists of a heat pipe with a heating bath 

for the evaporator section and a cooling bath for the condenser section. Heat pipes were 

made of copper tubes with 10 mrn diameter and evaporator and condenser length of 150 

and 100 mm. The length of the adiabatic section was 190 mm. Water was selected as the 

heating and the cooling medium. 
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Figure 6.10 Heat Pipe Experiment with Tank 

Since it is rather difficult to detect the inside temperature at the adiabatic section, the 

surface temperature of the adiabatic section was measured and used to determine the 

inside temperature on the basis of adiabatic process. Three temperature readings in the 

evaporator section were taken simultaneously; two readings at the adiabatic section and 

two readings at the condenser section were also taken, to observe the temperature 

distribution along whole length of the heat pipe. 

The heat pipe evaporator received heat from a thennostat that was heating a bath, while 

the condenser was cooled by water through a cooling bath. To minimize heat losses to 

the environment, the heat pipe was insulated with a polyethylene sheet with then-nal 
2 

resistance of 0.74 m K/W. 

In the Figure 6.11 it may be seen that the experiment took 2.2 hours to complete. The 

bath temperature was 70 OC at the evaporator and in can see the temperature at the 

different sections of the heat pipe. The big bath that contained the evaporator section 

had 6 It of water and heated the pipe and the condenser part was inside a small tank of 

0.8 It. 
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Figure 6.11 Temperature profile of Heat pipe experiment with Tank 

Figza-e 6.12 shows the temperature difference between the evaporator section of the heat 
CD 

pipe and the condenser. As the time passes and the temperature in the small tank 

increases the temperature difference of the two parts reduces from 6T to I T. 
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Figure 6.12 Temperature Difference of Evaporator and Condenser section 

The effective thermal conductivity (Keff) gives an indication of the additional heat flow 

I Keff for the heat pipe system s determined by the rate resulting from the heat load. The 

following equation: 

eff - AT., I 
Eq. (6.17) 
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where Q is the heat transfer rate, AT is the temperature dIfference between evaporator 
and condenser, L is the distance between the measuring points of T, and T,,,,, and A is 
the cross-sectional area of the heat pipe (0.01382 M2). 
Figure 6.13 shows the effective thermal conductivity K, týf of the heat pipe system as a 
function of time. The results show that KI-t, increases with increasing the heat load and 

with decreasing condenser temperature. The average measured thermal conductivity is 
2411 W/rnK about six times more than thermal conductivity of copper. According to 
Then-nacore heat pipes thermal conductivity can range from I to 100 times that of 

copper (400 W/i-nK). The heat pipes that were used for the experiments manufactured 
from the technicians in the laboratory. A factor that the pipe could not achieve higher 

conductivity maybe cause of some air that remained inside the pipe. To mention that the 
big spites are not included in the calculation. 
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Figure 6.13 Thermal Conductivity of Heat Pipe 

6.4.2 Heat Pipe with Manifold 

The next experiment investigated a manifold supplying water at a constant flow rate. 

Figure 6.14 shows the test rig. The heat transferred by the heat pipe was taken equal to 

the heat transferred from the condenser to the cooling water at steady state conditions. 

This was determined by measuring the temperature difference across the condenser and 

the volumetrIc flow rate of the cooling water and then, applying the following simple 

equation; 
QW 

= 1) 
ýN 

, C, 
PA ,I", , 

-'ý, Eq. (6.18) 
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The heat pipe has the ability to transfer heat rapidly through its internal structure. This 

will result in a quick rise in wall temperature which could damage the heat pipe if the 

heat were not dispersed at the condenser. Therefore, before any heat was supplied to the 

evaporator, the condenser cooling water was allowed to run through the condenser 

jacket. The condenser flow rate and temperature was kept constant throughout the 

experiments by the use of a chillers' system. 

Then, the power input was gradually raised to the desired power level. Enough time was 

allowed for the temperatures at various locations along the heat pipe to reach steady 

state before adding more power. At this stage, the power input, condenser water flow 

rate, temperatures at the various locations and heat pipe pressure were all recorded. 

Figure 6.15 shows a graph of the temperature at the different sections of the pipe with 

different power input. It may be seen that the temperatures of the adiabatic and the 

condenser section are very close and this is probably caused by the high heat transfer 

rate and the insulation that covers the pipe. 
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Figure 6.15 Heat Pipe Temperature at Different Power Input 

After measuring the temperature difference between inlet and outlet and recording the 

steady flow rate it was possible to calculate how much of the energy delivered to the 

heat pipe was extracted at the manifold. Figure 6.16 gives the power input versus the 

useful power delivered to the water. When the power delivered to the heat pipe is 46.07 

W the power taken from the water is 37.23 W. 
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Figure 6.16 Input Power to Heat Pipe versus Useful Power 

Figure 6.17 shows the variation of heat flux values versus evaporator temperature. 

Clearly, the heat pipe is greatly affected by the heat flux Input. To calculate the heat flux 

the useful power was used divided by the area of the condenser section. 
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Figure 6.17 Heat Flux Vs Evaporator Temperature 

At low heat flux inputs, less than 11.85 kW/m 2, the heat pipe had similar superheats, 

resulting in an average experimental heat transfer coefficient of approximately 4927 

W/M 2 *K. At heat fluxes of 47.67 kW/M2 and more, the experimental heat transfer 

coefficient at this range of heat flux was approximately 6821 W/m 2 *K as can be seen 

from Figure 6.17 and 6.18. The heat transfer coefficient is being calculated by dividing 

the heat transfer rate of heat pipe with the temperature difference of evaporator and 

condenser and this with the cross sectional area of the condenser side (0.0031416 m2 
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Figure 6.18 Heat Transfer Coefficient of Heat Pipe 
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The temperatures of the evaporator and the condenser at steady state were recorded and 
a temperature gradient was calculated. With the known power input the heat pipe 
performance at that load was measured in terms of conductivity as defined from (Eq. 
(6.17). The unit of conductivity is W/m*"C or W/i-n*K. Thus for a heat pipe with a 
steady state heat load of 149.78 W, AT of 8.23 OC, distance between evaporator and 
condenser point of temperature rneasurerntn 0.3 15 rn, and cross sectional area of 

condenser A of 0.0031416 rn 2 the conductivity was 1584.94 W/m*K (Table 6.2). 

Table 6.2 Thermal Conductivity of the heat pipe 
Heat Input (W) Temperature difference Thermal Conductivity 

AT = Tev - Tcon (OC) (W/m*K) 

37.23 2.41 1548.94 

70.31 5.82 1211.30 

100.43 7.75 1299.33 

149.78 8.23 1824.79 

6.5 Design of the PV/T Heat pipe model 

After evaluating the heat transfer capacity of a heat pipe In section 6.3 at the desired 

dimensions the maximum capacity was measured to be 20OW, the next step was to 

design the 2 PV/T Heat pipe models. 

Assuming the maximum solar radiation in a sunny day was: 
Imax ý 1000 W/M 2 

and effective area was: 
2 Apv = 0.4*0.4 = 0.16 m 

the total solar energy received was 

Emax ý Imax*Apv = 160 W 

If it is assumed that all this energy can be absorbed, then a heat pipe will be needed that 

the evaporatlion section w, ill be the length of the PV. A pipe of 10 mm will be capable of 
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absorbing tile heat. The dimensions of the different pipe sections are the same with the 

ones used in the previous simulations (Table 6.3). 

Because the PV/T area is larger than the area of the hear pipe diameter two back plates 

were designed that was two slots in order to accommodate four pipes of the same length 

and size as shown in Figui-e 6.19. Because the cost of the copper was very high two 

copper plates with 5 mrn thickness and area of 0.06 m2 were manufactured and bonded 

to the PV with a thermal paste. 

Figure 6.19 Back of PV with two copper plates incorporating four heat pipes 

All the parameters relating to the heat pipe, used in this part of the research are listed in 

Table 6.3. 
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Table 6.3 Heat pipe dimensions 

Working Fluid Water 

Outer Diameter (OD) (mm) 10 

Thickness of heat pipe (mm) 0.5 

Length of evaporation section (mm) 260 

Length of adiabatic section (mm) 50 

Length of condenser section (mm) 130 

Liquid Filling Level (mm) - Filling 

Ratio (%) 

90-20% 

6.5.1 Sensitive parameters that affect the performance of a solar collector 
The ability of an efficient solar collector to produce useful heat energy depends on many 

elements. Some of these elements are dimensional and rely on the design of the 

collector, while others are related to the operating conditions. Duffie (1991) introduced 

a famous equation (2.3.1) that may be used to assess the useful thermal energy (Q,,,, ) 

produced by a flat plate solar collector considering most of the essential elements. 

The heat removal factor is defined as the relationship between the actual useful energy 

of the collector to the useftil energy gained at the fluid inlet temperature. 

FR = actual energy gained by the collector / energy gained when collector temperature 

equals to fluid inlet 

Rearranging (2.3.1) the heat removal factor for most flat plate solar collectors, as stated 

by Beckman (199 1), can be represented mathematically as: 

FR ý m*cp*(Tf,,,,, t - Tfi,, )/A,,, I* [Q, (, i,,, - UL*(Tfi,, - Ta)l Eq. (6.20) 

Where rn is the fluid mass flow rate (kg/sec) 

Cp is the fluid specific heat capacity at constant pressure (kJ/kg*K) 

Tf, i, ý is the inlet fluid temperature (K) 
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Tf,,,,, t is the outlet fluid temperature (K) 

6.5.1.1 Correlation of the heat removal factor and design parameters of a 
thermosyphonic wickless heat pipe solar collector 

The principle of obtaining a relationship between the design parameters of a heat pipe 

solar collector and the heat removal factor was introduced by Kamminga (1986) and 
Tabassum (19 8 8). The parameters that will be discussed in this analysis are; the 

evaporator and the condenser thermal resistances per unit area and the effect of the 

condenser size. 

Due to the relatively small size of a heat pipes condenser, the thermal resistance is 

considered as the most crucial parameter in the design of heat pipe solar collectors. The 

condenser thermal resistance per unit area mainly depends on the structural design, the 

roughness of the surface, working fluid properties, pressure and temperature at the 

interface of the condenser inner surface (Zhao, 2003). 

To simplify the analysis, the heat transfer process of the collector is divided into three 

parts at steady state. The first part refers to the heat gained by the collector panel (Qpl). 

The second denotes the heat exchanged between the panel and the heat pipe, which 

could be taken as heat delivered by heat pipe evaporator (Qe). The final part signifies the 

heat delivered to the heat pipe condenser (Q, ) and that could be presumed to be the 

useful heat gained by the collector. Assuming that these three heat transfer quantities are 

equal and the evaporator area is approximately equal to the collector area A. = A. 1 (this 

assumption is based on the idea that the heat pipe and the copper plate form an 

evaporator area equal with that of collector), the heat transfer quantities of the collector, 

the evaporator and the condenser could be respectively given by the following 

equations: 

Q, ol=A,,,, *[Qsolar-UL*(Tp-Tz, )] Eq. (6.21) 

A, *(Tp, - Thp)/R, Eq. (6.22) 

Ac*(Thp - T,, j,, )/R, Eq. (6.23) 

Where A,,,, is the collector area (m 2) 
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A, is the condenser area (M) 

A, is the evaporator area (=Acol) (m 2 

Tp, is the collector panel temperature ('C) 

Thpis the beat pipe temperature (OC) 

T,, in is the condenser inlet temperature (OC) 

R, is the evaporator thermal resistance per unit area ('C*M 2 /W) 

Rc is the condenser thermal resistance per unit ('C*m 2 /W) 

Solving equations (6.2 1) and (6.22) results in obtaining Qevap as: 

Qe = Acol/Re*UL+l [Qsolar - UL*(Thp-Tý, )] Eq. (6.24) 

Similarly equations (6.22) and (6.23) can be solved to get Qc which Is assumed equal to 
the useful heat gained by the collector Quse therefore: 
Q,,,, = A,, j/R, *A,,, j*UL+R, *A,. j*UL+l [Qsolar - UL*(Ti, - Ta)l Eq. (6.25) 

The comparison of equations with the heat removal factor FR we obtain the following 

fonnula: 

FR ý I/ [R, *UL+R, *UL*(A,,, I/A, )+I] Eq. (6.26) 

This formula could assist in determining the required thermal resistance of the 

condenser with respect to the evaporator thernial resistance, collector area, and overall 
heat transfer coefficient. 

6.5.1.2 Evaporator and condenser thermal resistances 
In most solar heat pipe applications, the design of the evaporator is a typical flat surface 

and does not include any complexity, and so its thermal resistance apparently depends 

on the properties of the surface. The heat removal factor FR is dependent on the three 

ratios Uldhevý UL/hc,, n and Acon/Acol as shown in equation (6-26). 

Normally, the evaporator design engages less attention in the design of solar heat pipe. 

However, to scrutinize its influence it is possible to use Kamminga's (1986) 

experimental measurements for Philips ETC-VTR 141 evacuated heat pipe solar 
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collector as guidance and assurne a practical then-nal resistance of 0.0 1 for the condenser 
and 1.932 for the overall heat loss coefficient. Considering these two factors the effect 
of the evaporator on the heat removal factor may be demonstrated as in Figure 6.20. 
This may possibly explain that the efficacy of the evaporator then-nal resistance could 
have a major role merely when the condenser size Is relatively large, and this is not a 
desirable situation. On the other hand, as the condenser size is reduced, it is possible to 

sense the weak reliance oil the evaporator thermal resistance to alter the heat removal 
factor. Figm-e 6.20 shows that when the condenser is not very efficient UL/h,, 

n>0-01, 
FR 

is reduced but is relatively insensitive to varl II iations of the ratio UL/h, v. 
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Figure 6.20 Effect on the heat removal factor of varying the ratio of the coefficient of 

heat loss from the collector to the coefficient of heat transfer across the evaporator 

In contrast, the significance of the condenser then-nal resistance may possibly be 

underlined in two ways. First, the relationship between the evaporator thermal resistance 

and the heat removal factor is re-evaluated for an Inefficient condenser (Rc = 0.1) as 

shown in Figure 6.21. Under such conditions, reasonable heat removal factors can only 

be achieved with impractical evaporator then-nal resistance and condenser size. At the 

same time, when the condenser area is increased relative to the collector area Acon/Acol 

then it may be observed that FR increases as shown in Figure 6.21. 
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Figure 6.21 Effect on the heat removal factor of varying the ratio of the coefficient of 
heat loss from the collector to the coefficient of the heat transfer from condensate to 

manifold 

From another point of view, the decisive role the condenser plays in determining the 

performance of a solar heat pipe collector's means of attaining acceptable heat removal 
factors may be realized by observing the direct effect of the condenser on the heat 

removal factor as illustrated in Figure 6.22. The effectiveness of the condenser thermal 

resistance may be explored by taking an example of a 0.06 area ratio in Figure 6.22, for 

which the reduction of the condenser thermal resistance from 0.04 to 0.003 produces a 

significant rise of about 0.3 in the heat removal factor. However if a relatively efficient 

condenser is used and after an increase in area ratio of beyond 0.04 no further 

contribution is being observed to the increase of FR value as shown in Figure 6.22. 
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Figure 6.22 Effect on the heat removal factor of varying the ratio of the heat transfer 

area at the condenser to the area of collector plate 

The desire of achieving high heat removal factors by employing efficient, low thermal 

resistance condensers is enhanced with the improvement of the overall heat loss 

coefficient as indicated in Figure 6.23. This could be accomplished by insulating the 

space around the perfon-ning heat pipe and so diminishing the convective heat losses. 

Such an effect may contribute an increase in the heat removal factor for an efficient 

condenser. Both the parameters UL/hc,, n and Acon/Acol may be combined to forrn a ratio. 

The term UL*A,,,, is the reciprocal of the then-nal resistance to rate of heat loss to the 

atmosphere and hc,,, *Acon is the reciprocal of the resistance to the transference of heat 

from the condensate to the fluid in the manifold. From Figure 6.23 it may be seen that 

FRhas a maximum value when the ratio is above 20 and Fr is near 0.9 when the heat 

transfer of the evaporator increases. 
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Figure 6.23 Effect on the heat removal factor varying the ratio of the resistance to heat 

loss frorn collector to the resistance to heat transfer from condensate to manifold 

In the PV/T Heat pipe investigated here are the ratios of the equations are: 
Acon/A,,,, = 0.02683 

UL/hev ý 0.005 

UL/h, on = 0.0025 

FR = 0.9106 

Where A,,,, = 0.12 m2 and A,,,, = 3.22* 10-3 M2 

UL = 13 W/m 2 K, hev = 2600 and h,, ),, = 5160 

The values of h, and h,, ), were calculated from equation (6.27) taken from Mathioulakis 

(2001) and equation (6.28) from Hussein (2006): 

P1 C 
P, 

9 psat 0.4 

C04(1-q, -, P, f2PI(P. Eq. (6.27) 

h,. 0-997 0.3')4(,,,,,,, 1 

W i'm K Eq. (6.28) 

The first step should be to choose a reasonable value of FR which will define the 

limiting value Of UL/hev- Increasing the heat transfer area at the condenser has its 

practical limitations: for example a manifold has a greater propensity to lose heat if the 

dimensions are large. It will thus require better thermal insulation and thus incur a 

higher cost. The use of a larger condenser has inherent cost implications because special 
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internal and external structures and high thermal conductance materials may be 
required. 

6.6 Experimental PV/T Heat Pipe Model 

This section describes a new configuration that was developed to provide a compact 
PV/T Heat pipe system made with a group of four heat pipes placed in the back of the 
PV. The four pipes adhere their evaporator section with a flat plate absorber and with 
the condenser section inside a thermal reservoir or inside a manifold. Copper pipes 

charged with water were chosen according to the final application and the operational 

conditions. 

6.6.1 Description of the PV/T Heat Pipe with Tank system 
The system consists of a typical flat plate collector and a tank placed above the collector 
(Figure 6.24). Heat transfer from the collector to the tank is performed by the process of 
boiling in the evaporator, vapour flow, condensation in the condenser and condensate 

return. The evaporator of the heat pipe consists of two copper flat plates with slots that 

allow incorporating 4 heat pipes. Four heat pipes were used in order to absorb as much 

as possible heat from the whole area of the PV something that would be difficult with 

just using one heat pipe. The evaporator section of the pipes was soldered on the copper 

plate and a thermal paste also was used. The condenser section of the pipes that are 

placed inside the tank works as a heat exchanger. The basic characteristics of the system 

are summansed as follows: 

)ý, PV/T collector: dimensions OAXOA m and two copper flat plates with 

dimensions 0.3XO. 2 m 

Tank: rectangular tank with water of 8.5 1. 

Heat pipe: 4 pipes of 10 mm diameter and 450 mm length. Evaporator length 

0.26, adiabatic 0.05 in and condenser 0.14 in. 
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Physical quantities measured are: temperature In parts of the evaporator, the condenser 

and the tank as seen in Figure 6.8. Measurement series contain whole charge - 
discharge cycle starting either from a zero stored energy state with cold collector or 
from a state of high temperature in the tank. For temperature measurements 4 type K 

thermocouples were placed at equal spaced points inside and along the tank (see Figure 

6.8 black circles). The initial water temperature was near 18 T and the duration of the 

experiment was 3 hr 40 min and the discharge and charge phase started I hr 40 min after 

the beginning of the experiment. An attempt was also made to improve the heat transfer 

enhancement by incorporating 10 fins to the condenser section of each of the 4 pipes as 

shown in Figure 6.25. 

Figure 6.25 PV/T Heat Pipe with Tank using Fins 
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6.6.2 Description of the PV/T Heat Pipe with Manifold system 
The system consisted of the same evaporator section as In 6.6.2 section and the 

condenser part of the p pe Inside a manifold as shown In Figure 6.26. I Heat transfer from 

the collector to the manifold is occured inside the manifold by the direct contact of the 

pipe with the water flowing around. The experiment started wi III ith initial temperature of 
18 OC and flow rate of 0.3 Urnin. The experiment worked in steady state conditions and 

the outlet heated water of 21.6 T (see Figure 6.31) was dumped in a cooling fan heat 

exchanger as in Figure 6-17. The basic characteristics of the system are summarised as 

follows: 

ý, PV/T collector: dimensions OAXOA in and two copper flat plates with 

dimensions 0.3XO. 2 rn 

ýý Manifold: 4 cylindrical tubes of 30 mrn OD diameter and 0.14 in length (see 

Figure 6.8) 

Heat pipe: 4 pipes of 10 mm diameter and 450 mm length. Evaporator length 

0.26, adiabatic 0.05 m and condenser 0.14 m. 

Figure 6.26a PV/Heat Pipe with Manifolds 
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Figure 6.26b PV/T Heat pipe Schematic Rig 

6.7 Experimental Results 

Solar collectors could be experimentally tested by several methods. For many solar 

applications, some methods had been standardised by ASHRAE (Duffie, 1991). The 

testing principle of the various methods rationally divert from two fundamental 

procedures known as the instantaneous and calorimetric procedures (Hill, 1976). Both 

procedures could be implemented under transient steady state conditions. 

6.7.1 Calorimetric method of testing used in the PV/T heat pipe with tank 

The quantity of heat transferred to the water within the tank can be calculated by the 

water temperature variation, taking into account the water quantity and its specific heat: 

Qc 
ol 

Cp, w(T, 2 Twi 

where mw is the mass of water within the storage tank, kg, Cp, w is the specific heat 

associated with water, kJ/kg'C, and (Tw2 - Twl) is the temperature rise of water within 

the tank. Twl is the temperature of the water within the tank at the beginning of the 

experiment while Tw2 is the water temperature at the actual time. 

The cumulative collection efficiency (n) can be expressed as a ratio of amount of heat 

stored in the tank to the total amount of solar energy incident on the collector for the 

same period of time, i. e., 
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It is noted that the cumulative efficiencies are calculated from the beginning of the 

experiment, and therefore these integrated efficiencies based upon the initial tank 

temperature are not instantaneous values. Actually thi iment works as a s exper 

representative of a collector that is warming up without circulation of water. Thus the 

system works under unsteady state conditions and can not be compared with the system 

using the manifolds. So the efficiency will start to increase, reach a high point and later 

start to decrease with increase of water temperature. 

The first set of experiments involves the evaluation of the electrical and then-nal 

perfon-nance of the system with or without fins in the condenser section that is placed 

inside the water tank. From Figui-e 6.27 and 6.28 show the electrical and thermal 

performance of the two systems. It is obvious that the use of the fins improves both the 

electrical and thermal efficiency. The improvement in the electrical efficiency is small 

in comparison with the then-nal efficiency. Only 1.29 % increase for the electrical and 

24.78% for the then-nal efficiency. 
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Figure 6.27 Comparison of electrical efficiency of PV/T Heat Pipe with and without 

Fins 
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Figure 6.28 Comparison of then-nal efficiency of PV/T Heat Pipe with or without Fins 

The heat transfer mechanism from the collector to the tank is based on a continuous 

evaporation - condensation cycle of the working fluid. Water is evaporated in the 

evaporator which is coupled to the collector by absorbing heat. This heat is then 

transferred to the tank through the condenser. Figure 6.29 gives the variation of the 

basic parameters of the system for irradiation of 1000 W/M2. 

As can be seen from Figure 6.29 two discrete phases characterise the operation of the 

system during charging. In the first phase no heat transfer was observed, as evidenced 

by the temperature in the collector increasing rapidly but without heat transfer to the 

tank. This period lasts about 30 minutes until the second phase starts. Water in the lower 

part of the heat pipe is heated up gradually while the temperature in the condenser 

increases rapidly. In the second phase mass and heat transfer from the collector to the 

exchanger - condenser begins. The beginning of this phase is characterlsed by a sudden 

fall of the temperature in the evaporator (from Figure 6.29 the fall in evaporation could 

not be seen) and adiabatic section, a steady increase of the condenser section and a 

gradual increase of the temperature of the water in the tank. This Implies that the 

working fluid inside the heat pipes has started evaporating and transferring the heat to 

the condenser. It is actually the beginning of the activation of mass and heat transfer 

mechanism. In I hour and 40 minutes at an irradiation of 1000 W/M2 the water 

temperature increased by 7T before change the water and put a new with a temperature 

of 18 T. In the same period of time a similar increase of water temperature was 
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obtained as previously. This experiment was done in order to observe the performance 

of the system when have water withdrawal. 
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Figure 6.29 PV/Heat Pipe Temperature 

Under real operating conditions the distribution of temperature inside the heat pipe 

during charging is not unifonn. Figure 6.30 shows a typical temperature distribution 

along the heat pipe for different periods during the experiment. The distance along the 

heat pipe is depicted along the horizontal axis following the route of the working fluid 

setting the starting point at the lowest part of the collector. In this figure can be seen that 

after the beginning of the charging phase the heat pipe remains isothermal along its 

length apart from the lower part of the condenser where the fluid is at a temperature 

lower than the condensation temperature. 
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Figure 6.30 Temperature distributions along the length of the pipe 

6.7.2 Instantaneous method used in PV/T heat pipe with the manifold 
The method of testing that used for the test rig with manifolds measures the useful heat 

gained (Q,,,, ) in terrns of the fluid temperature difference between the inlet and outlet of 

the collector given by equation (2.3.1). 

The efficiency of the collector may be deten-nined by including the influential 

parameters that control the production of the useful energy. Thus the scope of 

measurements in addition to the parameters in the above equation may extend to include 

the incident solar radiation and ambient temperature. Therefore at steady state, the 

useful heat energy and the efficiency of the collector could be deten-nined by the 

measurement of these parameters independently and the general formula that congregate 

then may be given by equations: 

n=Q,,,, /Ac 
, (,, 

*G = m*CP*(To,, t - Tin)/Ac,,, *G % 

n= FR*[Qsolar - UL*(Tin - TO] 

The first set of experiments evaluating the thermal and electrical efficiencies for 

different flow rates. In Figure 6.31 an example of the different flow rates can be seen 

that were used in order to determine the temperatures of the collector, the fluld Inlet and 

outlet as also the temperature at the different sections of the heat pipe. As seen from the 

graph it takes 30 minutes before the heat pipe starts working and with a flow rate of 0.3 

I/min an average PV temperature of 43 T is achieved. The experiments worked under 

steady state conditions that reached after an hour and were repeated for 6 different flow 
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rates and as may be seen frorn Figm-e 6.32 both the difference between outlet and inlet 
water temperature is affected as well the PV temperature from Figure 6.33. 
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Figure 6.31 PV/T Heat Pipe Temperature with Manifold 
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Figure 6.32 Water Temperature Difference for different flow rates 
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Figure 6.33 PV/T Temperature for different flow rates 

From the same set of experiments the electrical and then-nal efficiency were evaluated 
for the different flow rates. As may be sees from Figure 6.34 and 6.35 as the flow rate 

increases both efficiencies increase. A 10% improvement in electrical efficiency is 

observed for an increase in flowrate from 0.3 to 2 1//min and a 10% improvement in 

then-nal efficiency for the same flow rate range. 
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Figure 6.34 PV/T Heat Pipe Electrical Efficiency with Manifold 
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Figure 6.35 PV/T Heat Pipe Thermal Efficiency with Manifold 

6.7.3 Comparing PV/T Heat Pipe system with Manifold and Tank 

As mentioned the two systerns are not working at the same conditions as the manifold 

works in steady state conditions and the tank system at unsteady state conditions. The 

manifold system tested 9 different experiments using different water temperatures at the 

manifold inlet. For the tank system 6 different experiments were completed by 

increasing the water tank temperature for each. From the results the electrical and 

then-nal efficiency for the two systems were determined and the results can be seen in 

Figures 6.36 and 6.37. The x-axis in Figure 6.36 is used to be valid with equation 

(2.4.6). 
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Figure 6.36 Comparison of the PV/T Heat Pipe Electrical Efficiency with Manifold and 

Tank 
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Figure 6.37 Comparison of the PV/T Heat Pipe Thermal Efficiency with Manifold and 
Tank 

From the Figin-e 6.36 both models have similar electrical efficiencies but the manifold 
has a higher electrical efficiency coefficient than the tank model. Considering the 

then-nal efficiency it may be seen that the manifold has higher efficiency at zero reduced 

temperature than the tank model. The system with the manifold has an initial efficiency 

of 65.4% and the tank 60.5%, a percentage difference of 8%. Also the manifold system 

has a lower heat loss coefficient (UL ý 13.82 W/m 2o C) than the tank (UL = 22.93 

W/M2oC) . The manifold works more efficiently and the improvement in terms of heat 

loss coefficient in comparison with the tank is 40%. The tank's higher heat loss 

coefficient probably occurs because of the bottom part of the tank was partly insulated 

relative to the rest of the tank as the connection between the 4 pipes and the bottom of 

the tank did not allow the placing of insulation. Table 6.4 gives the linear equations for 

electrical and thennal efficiencies for the two systems. 
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Table 6.4 PV/T Heat Pipe Electrical and Thermal Linear Equations for Manifold and 
Tank models 

Electrical Equations Thermal Equations 

P IPVIT I V/T Heat Pipe - nele 3.363*(l - 0.003568*(Tpv - nth = 0.654 - 
Manifold 25)) 13.82*(AT/G) 

PV/T Heat Pipe - Tank n, le 3.277*(1 - 0.001525*(Tpv - nth = 0.605 - 
1 

25)) 22.93*(AT/G) 

The two systems were further evaluated with the total energy efficiency, the energy 

saving efficiency and the exergy efficiency were evaluated as in previous chapters. 

Figure 6.38,6.39 and 6.40 show these parameters for the two models. As may be seen 
from the three graphs the system with the manifold works more efficiently than the tank 

system. In Figure 6.38 the total sum of electrical and thermal efficiency is 68.8% and 

63.8% for manifold and tank system respectively. The same trend may be observed in 

Figure 639 were the energy saving efficiency is higher for the manifold model at 74.3% 

than the tank that is 69.1 %. As observed from all graphs the system using the manifold 

as a heat exchanger performs better than the system with the tank. This can be seen most 

clear in Figure 6.40 which shows the exergy efficiency of the two systems. This 

indicates that the manifold system works with 24% exergy efficiency when the inlet 

water working temperature is near to 40 T at 20 T ambient temperature and 1000 

W/m2 irradiation in comparison with the tank that achieves maximum exergy efficiency 

at 17% but the working temperature is in the region of only 33 T on the same working 

conditions as previously. The data also indicate that the manifold system works 

effectively in a higher temperature range than the tank system. 
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Figure 6.39 Co mparison of the PV/T Heat Pipe Energy Saving Efficiency with 

Manifold and Tank 

PV/T Exergy Efficiency 
30 

ficat Pipe Tank 
25% 

20% N Heat Pipe Manifold 

15% 
uj 

Poly. (Heat Pipe Tank) 

>- 10% 

w 
x 5% Poly. ýI icat Pipe 
UJI Manifold) 

0% 

0 0.01 0.02 0.03 0.04 0ý05 

(Tin - Ta)/I (oC*m"2/W) 

Figure 6.40 Comparison of the PV/T Heat Pipe Exergy Efficiency with Manifold and 
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6.8 Conclusion 

Chapter 6 investigated a new PV/T system that incorporates heat pipes that work with 
high thermal conductivity and heat transfer rates in place of water pipes or openings that 
transfer air in the back of the PV. Section 6.1 explored the heat transfer limits, such as 
capillary limit, sonic limit, boiling limit, entrainment limit and viscous limit for a 
non-nal cylindrical heat pipe and used a simulation to evaluate how a heat pipe is being 

affected by parameters such as working fluid, diameter of pipe, inclination angle and 
liquid fill level. A gravitational wickless heat pipe was selected for the simulation and 
experimental work on the PV/T Heat pipe system. This choice was based on the simple 
build of such a pipe and also cause the heat pipe would be assisted by gravity so a wick 
was not necessary. The effects of other parameters on the perfon-nance of heat pipe were 
discussed as follows: 

)ý, Working fluid was very important to the application of the heat pipe and its 

choice mainly depends on the operation temperature and the heat load that could 
carry. For the present case a low temperature working fluid was required with 
temperature range of 20 - 60 OC. From the simulation and from the Merit 

number it was found that water was the best choice. 
The effect of inner diameter of the heat pipe was also simulated and the results 

showed that the heat transfer limit increased greatly with increasing the diameter 

of the pipe. Also the heat transfer limit increased by increasing the operating 
temperature of the system. 
Another important parameter was the liquid filling level and the inclination angle 

of the pipe. In the first case the simulation showed that above certain fill level 

the heat transfer limit ceased to be increase and reached maximum. For the 

inclination angle it was seen that the maximum heat transfer limit was near 60 

deg and that at 90 deg a value of 200 W was obtained. This phenomenon had 

been noticed and from other researchers. For this case the 90 deg was chosen. 

Section 6.2 discussed two experiments that were performed to evaluate the performance 

of a heat pipe, which was used also on the PV/T model, as far as consider the heat 

transfer rate, thermal conductivity and heat flux. From the results it was found that the 
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heat pipes had a thermal conductivity of 2411 W/mK and that both the heat transfer 

coefficient and heat flux increase with the increase of evaporator temperature. By 

increasing the heat input in the pipe the heat transfer coeffiecient increased from 5000 to 
7000 W/m 2 K. 

Using Kammingas correlation for heat removal factor it was noticed that the condenser 

area affects the performance of a system. From using the correlation of heat removal 
factor to our PV/T model it was estimated a FR value of 0.91. 

A ng was constructed and two PV/T models were tested. The condenser part of the heat 

pipes for the first model was inside a tank and fins were welded on the pipes in order to 

increase the heat transfer. The second model used a series of manifolds that water 

passed through them and extracting the heat from the condenser part of the heat pipes. 
The following observations can be done for the two PV/T systems: 

ý;, PV/T Heat pipe with tank 

This model is a representative of a collector that is warming up without transfering that 

heat to a circulating fluid and works in unsteady state conditions. Thus the maximum 

instantaneous efficiency was recorded. The beginning phase of the heat pipe is 

characterised by an immobility period without heat transfer to the tank. The period 

before the pipe starts working is around 30 min. The results showed that the system with 

the fins in the condenser part of the heat pipe increased the thermal efficiency by 

24.78%. It took I hour and 40 min to increase the temperature by 7 oC in a water tank 

filled with a volume capacity of 8.5 It. By changing the initial water temperature in the 

tank it was noticed that this model has high heat losses (22.93 W/M2 K) and works in a 

small temperature range (AT/G =0 -0.025,20 - 45 OC). This application could be used 

as the thermosyphon for water heating. With a more efficient heat pipe a higher water 

temperature increase could be achieved in a shorter time. After the water temperature 

has reached an acceptable level (i. e. 40 - 55 'Q a discharge of the hot water and charge 

of new water with low temperature is being placed until the procedure starts again. 

Because the system also should take into consideration the PV performance the 
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temperature scale of such an application should be around 25 - 40 OC so can work as a 
pre-heating device. 

)ý, PV/T Heat pipe with manifolds 
The same period of 30 min before the pipe starts transferring heat was observed in the 

model using the manifolds. The results showed that the PV/T temperature remains 

around 40 OC and noticed that by increasing the flow rate the electrical and thermal 

efficiency was improved. Testing the system with different inlet water temperatures it 

was noticed that the model with the manifolds works around 65.4% at zero reduced 

temperature and a heat loss coefficient of 13.82 W/m 2 K. This application could be used 

by passing water from the manifold and heated up until the temperature of the water and 

collector's temperature reach a similar level and thus heat pipe stops transferring more 

heat and no further heat gain can be achieved. Special attention should be given to the 

PV perforinance thus a low temperature scale from 25 - 40 T can be used for pre- 

heating purposes. 

Using the total energy efficiency, primary energy saving efficiency and exergy 

efficiency it was noticed that both systems have the potential to be used as an alternative 

PV/T system. Adding the electrical and thermal efficiencies gave 68.8% and 63.8% for 

the system using the manifold and the tank respectively. Both systems have a high 

primary energy saving efficiency that reaches 74.3% and 69.1 % respectively and can be 

compared with other PV/T systems. As far as consider the exergy efficiency as seen 

from Figure 6.40 the manifold performs better with the peak exergy being 24% at 40 T 

inlet water temperature. The PV/T model with the tank cause of the high heat losses 

achieves a peak exergy at 17% but around 35 OC. 

As a general conclusion can be noticed that heat transfer rate is favourable if low 

temperatures exist in the fluid that the heat is transfered. A temperature increase in the 

fluid causes an increase of temperature in the whole heat pipe, thus increasing the losses 

from the collector. Although heat transfer continues at higher temperatures, the increase 

of collector losses results in a decrease of the overall system efficiency. This means that 
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to rnaximise energy output it is worthwhile for the heat pipe to operate with large 

temperature differences between the collector and the fluid used. 

By decreasing the volume capacity of water and using a better insulated tank system an 

improved perforinance could be obtained for the PV/T system using the tank. A better 

designed manifold could work better as a heat exchanger and a smaller adiabatic length 

of the heat pipe with further insulation will reduce the heat losses. 
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CHAPTER 7: PHOTOVOLTAIC/THERMAL SYSTEM PHASE CHANGE 
MATERIAL (PCM) 

7.1 Introduction 

Phase change materials (PCMs) absorb a large amount of energy as latent heat at 

constant phase transition temperature and are thus used for passive heat storage and 
temperature control. Many articles have been published by researchers who have used 
PCM in wallboards, in glazed facades or as a solar aided latent heat storage system. 
Incorporating a solid-liquid PCM with a phase change similar to the PV reference 
temperature of 25 T for the thermal regulation of PV under cyclic time-dependent solar 

energy input is a novel approach to PV temperature control. Depending on ambient 

conditions, a PV/PCM system may enable the PV to operate near its reference 

temperature and thus with good solar to electrical conversion efficiency. Because the 25 

T of temperature is low grade heat a PCM could be used with a higher melting point 

and thus a compromise between electrical efficiency and temperature stored can be 

achieved. An additional potential benefit is that the energy stored in the PCM may be 

released to water or air with special designed heat exchangers. 

This chapter presents an extensive unsteady state heat storage process and 

experimentally investigates the thermal behaviour of a phase change material, when 

used to moderate the temperature rise of PV in a PV/PCM system. A transient numerical 

model for predicting the thermal behaviour has been developed to optimise the PV/PCM 

system design. This chapter describes the experimental validation and application of the 

developed PV/PCM simulation model. From a review of the literature this appears to be 

the first time a TRNSYS model for a PV/PCM system has been built and validated 

using experimental data. Using the validated numerical model, behaviour is predicted 

for a range of PV/PCM systems and conditions. As described above the heat that was 

absorbed from the PCM could be used for heating water or air. So an experiment was set 

up incorporating water pipes inside the PCM container in order to extract that heat and 

improve the cyclic working conditions of the system. 

Overall the benefits of a system using PCM are: 

a) ability to cut the peak load and reduce the size of the system 
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b) stabilize PV cell temperature and thus improve electrical performance 
c) larger heat storage capacity 
d) improve heat storage discharge strategies 

A drawback of using PCM is that when compared with a PV/T system using serpentines 

in the back it can't provide increased thermal efficiency. 

7.2 PCM Thermo physical Properties 

Knowledge of the main then-nophysical properties of materials used for latent heat 

storage is essential for the design and study of the exchanger - accumulator and 

subsequent measures to optimize its performance. The main property is the enthalpy 

since the quantity of thermal that may be stored depends on the enthalpy variation 

around the phase change region. 

Yingping reviewed methods such as differential scanning calorimetry (DSC) and 

differential thermal analysis (DTA) and pointed out their limitations for PCM property 

analysis. In the same work Yingping proposed a simple method to determine phase 

change temperature, undercooling, phase change enthalpy and the specific heat and 

conductivity of the solid and liquid phases with a study of temperature - time curves 

easily obtained in a simple experiment. 

7.2.1 Description of the method 

In the method presented by Yingping et al. a tested PCM sample and a heated sample 

with known thermal properties are subject to ambient air. Their temperature history 

upon cooling down from the same initial temperature to room temperature is recorded. 

A comparison of both curves, using a mathematical description of the heat transfer, 

allows the determination of the heat capacity, the enthalpy of the PCM from known 

specific heat of the reference material. 

The experimental system built based on the criteria that Yingping designed is shown in 

Figure 7.1 and consists of- 

)ý- Test tubes whose L/D ratio falfils the condition Bi < 0.1; in this work the tubes 

used had a length (L) of 25 cm, diameter (D) 10 mm and glass thickness of 1 

mm. The geometry of the tubes allows the heat transfer to be considered um- 
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dimensional and each tube to be a lumped system in front of the ambient air. 
These two conditions are fulfilled when Bi < 0.1 (Biot number; B/ = aR,, '12ý. 

ý 
where R Is the radius of the sample, k is the then-nal conductivity of the glass and 
cc is the heat transfer coefficient between the tube and the environment. 

ýý An insulated cooling chamber, with a temperature change during the experiment 
of less than I OC. 

ýý, A hot water bath, for heating the sample and the reference to an initial 
temperature 

ý, Temperature sensors, type T thermocouples (accuracy 0.1 T, thickness 0.127 

mi-n), to measure the temperature of the PCM, water and ambient. 
ýý, Data acquisition equipment connected to a computer. 

Two identical tubes, one containing the PCM to be tested and the other a reference 

substance whose specific heat is known i. e. distilled water, were heated up in the water 
bath to temperature above the melting point of the PCM material (Figure 7.1). Then the 

tubes were placed in a cooling chamber and the temperature T-history was recorded, 

until the temperature of the tubes reached ambient temperature. The whole experiment 

lasted about 2.2 hr. 

7 

ocouple ý-ý ýýj 
PCM water 

water bath 

LIS 

data logger/ PC 

Figure 7.1 Schematic diagram of the experimental rig (Hong, 2004) 

The outlined method allows the cleterrmnation of the then-nophysical properties most 

relevant for PCM research and development in a simple and economic way. 

Conventional calorimetric methods such as dIfferentlal scanning calorlmetry (DSC), 

differential thermal analyses (DTA) and adiabatic calorimetry are by comparison 
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complex and expensive. Although DTA and DSC methods are well developed, their 
shortcomings are obvious: the samples thus tested are very small (I - 10 mg) so that the 
thermophysical properties of samples are usually different from those of bulk materials. 
DTA and DSC measurement rigs are complicated and expensive and they cannot 
measure heat of fusion, specific heats and thermal conductivities of several samples 
simultaneously. In addition, the phase change process of a PCM sample during 

measurement is hard to observe clearly when using conventional methods. The 

conventional methods are however superior in accuracy, but accuracy at this level may 
not be an absolute requirement. 
Because the Yingping (1999) method had some incorrect assumptions, such as using a 
degree of supercooling as the end of latent heat period and neglecting sensible heat 

during phase change, which caused errors in determining the heat of fusion forced a 

modified method suggested by Hong (2004) was used. The modified method can be 

applied to several PCMs having different freezing patterns. In view of these facts, the 

present study used the improved T-history method of determining the melting point, 

degree of supercooling, heat of fusion, specific heat and thermal conductivity of several 

PCM samples. Using the method the then-nophysical properties of A28 

(alkane/allphatie) and E44 (salt hydrate) both manufactured by EPS Ltd were measured. 

Figure 7.2 and 7.3 give the T-history diagrams of A28 and E44 with water as the sample 

reference. It may be seen that the A28 is a PCM with no supercooling and melting point 

near 28 T. This matches the data provided by same as EPS (Environmental Process 

Systems Ltd). 
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Figure 7.2 experimental results for A28 and Water Sample during cooling 

Figure 7.3 the test data for E44 indicate the material has a supercooling characteristic. 
The supercooling temperature is around 40 OC and the phase change starts at 44 OC, a4 
T range. 
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Figure 7.3 Experimental results for E44 and Water Sample during cOOling 

60 

50 

40 

30 

Q) CL 
20 

10 

0 

The procedure to calculate the data from the T- history curves involves the separation 

of the PCM curve in three areas as seen in Figure 7.4. The first area Involves the liquid 

phase and starts from the initial temperature (TO) of the PCM until the supercooling 

point (Ts). This area calculates the sensible heat during the liquid phase. The second 

area is the phase change area were the latent heat is being calculated from where the 

material starts to release its heat (Trn) until the point of inflection (b) that separates the 

boundary of phase change and solid state period, where the first derivative of T-history 
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curve for PCM becomes minimum. The last area calculates the sensible heat at the solid 
state from the point of Inflection (Ti) to a point that can be taken as an arbitrary point 
(Tf) and that is above ambient temperature. The points of temperature that forrn the three 

areas are being used on the T-history curve of the reference material (water). KnowIng 

the mass and the specific heat of PCM, tube and reference material and using the 

equations from Hong (2004) the values of specific heat and latent heat can be evaluated. 

TT 
liquid phase change solid 

T, 

Irofflemn Poir't 
I -, .a First derivative 

P 

------------------------- ----- 
T, 

T, 

-------------------------- -- ------------------------ ----- ------ - 

Figure 7.4 A typical T-history curve during cooling process with supercooling 

The same is being applied for the PCM without the supercooling phenomenon with the 

difference that the boundary between the liquid and solid phase is the melting 

temperature (T,,, ). Table 7.1 compares the values given from EPS Ltd and the values 

calculated use the mathematical fon-nula of Hong (2004). 

Table 7.1 PCM Properties of A28 and E44 given and calculated 

PCM Type Latent Heat from 

EPS (kJ/kg) 

Latent Heat 

Calculated (kJ/kg) 

A28 245 247.71 

E44 
L- 

105 

-I 

112.93 
I 

The results agree well with those in the literature. This method Is useful for rapid 

measurement of PCM candidates for use in engineering applications of latent then-nal 

storage. 
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7.3 PV/PCM Thermal Model 

A thorough understanding of the fundamental heat transfer processes involved is 
essential to predict accurately the then-nal performance of combined PV/PCM systems 

and thus avoid costly system over-design. 

in spite of the large number of research papers published on the applications of PCM 

over the last fifteen years, simulation of the behaviour of PCMs when used in real 
thermal applications with cyclic melting and solidification subject to realistic boundary 

conditions remains a challenging task. When modelling such a system the following can 

contribute to the complexity but haven't been taken under consideration for this model: 

nonlinear motion of the solid-liquid interface within the PCM, 

presence of buoyancy driven flows in the melt, 

volume expansion of the PCM, and 

density change in the PCM that ensues during melting/solidification. 

7.3.1 Detailed Description of PV/PCM 

A model was developed to evaluate the perfon-nance of a PV/PCM system. An energy 

flow analysis was developed based on Figure 7.5. The energy balance equations used to 

create a transient simulation program with the help of Then-nal Energy Systems 

Specialists (TESS) owning the TRNSYS simulation software. The Type601 can be used 

to model both glazed and unglazed PV/PCMs. The unglazed PV/PCM does not include 

the transparent cover material shown in Figure 7.5. 

a bs orb Pd convective radiative 
s01 a' losses losses 

T-rovei TianspuentCOVE-1 

Rl-- T-PV PV Cells 
R 2- PCM Matenal 

T-PCM 
Collector BacMnsulaition 

T_back 

convective Ta di attv e 
lossps losseq 

Figure 7.5 PV/PCM Array Configuration 
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Type 601 is designed to be able to model PV/PCM arrays that either have or do not have 

a transparent cover material protecting the PV material from ambient conditions. If a 
cover is specified, Type 601 requires that the user enter information about the cover 
material's refractive index, thickness and thermal conductivity. If a cover is included, 
Type 601 calculates incidence angle i-nod1fiers in order to deten-nine the solar radiation 

absorbed by the PV cells themselves. 

The individual IAM (incident angle modifier) values are provided to Type 601 by the 

standard TRNSYS "Tu" routine (TRNSYS 16, Programmers Guide Manual section 
8.4.4.18). This routine takes number of covers, radiation angle of incidence, and cover 

thickness -cover material index of refraction, absorber surface absorptance, and cover 

reflectance to diffuse radiation as arguments. It then returns an overall transmittance 

absorptance product for the cover system. 

From the infon-nation indicated on Figure 7.5 it is possible to evaluate the energy 

balance for every part of the glazed PV/PCM system. 

a 

Figure 7.5a TRNSYS PV/PCM System 

7.3.2 Completely Solidified or Completely Liquefied Glazed PV/PCM 

This section includes the energy balance equations derived to evaluate the performance 

of the PV/PCM (the meaning of each indicator can be found In Appendix 1). The 
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PV/PCM system is being separated by four sections, the top surface transparent glazing, 
the PV cell, the PCM layer and the back insulation surface. 
The energy balance on the top surface Is given by (Eq. 7.1) for a PV/PCM array that 
includes a transparent glazing that protects the PV cells from ambient conditions. 

T -T 'PT7 C= llcow-top (TI 
-T,,,, b. top + "rad, 

tOP 
(TI 

- T,,, 
d, top R, 

(Eq. 7.1) 
The energy balance on the PV cells (the absorbing plate) Is 

S 
(Tpr - T) - Tptr) 

+ 

(Eq. 7.2) 

The energy balance on the PCM layer is 

C, 
dTpc. li 

dt 

(Tv'- - 
TPCA[ ) (TPCAf 

-TB 
) 

R R3 

The energy balance on the back surface is 

(Eq. 7.3) 

TPC. V - 
T3 

R3 
= llcom%back (TB 

-Ta? nb bark 
)+ llrod, 

back 
(TB 

-Trad, back 
) 

(Eq. 7.4) 

In order to solve the system of equations, some simplification is necessary. (Eq. 7.1) can 
be solved for the cover temperature, Tc: 

T-ý- (RI hrod, 
rop T,,, d. t,, p + R, h,,,,,,., 

Op 
T,.. t,,, 

) 
Tc = fl 

+ R, "rad. 
ro! p + R, 

"-convrop ) --t- , R, Ilrod. 
rop - (Eq. 7.5) 

Similarly, (Eq. 7.2) can be solved for the temperature of the PV layer (Tpv) yielding 

TPT' 
R, R, S 

(1 + R, "rad. 
top + R, hcontop 

R, (RI "rod. 
rop Trod_rop + R, heo", 

rop T,,, b,,, 
(RI + R., Xl + R, hrad, 

top + R, licop, 

R, 
R, 

Tpol 

(I + R, hrod. 
rop - Ri hconvlroPýV- 

(Eq. 7.6) 

Lastly, (Eq. 7.4) is solved for the insulation temperature, TB 
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T -- 
TPCM 

+ 
11CO"v, 

back 
TB kadhack Trdhack 

B- R3 (11conv, 
back + hrad 

"cow, 
back -4- 

"rad, 
back + hcoback + "radback + 

(Eq. 7.7) 
R3 

) 

R3 

Equations (Eq. 7.5) through (Eq. 7.7) are substituted into equation (Eq. 7.3) to generate 

a single differential equation that represents the energy balance on the entire PV/PCM 

system. 

TRNSYS is equipped with a built-in utility subroutine that will analytically solve 
differential equations of the forin 

dT 
Tb 

dt (Eq. 7.8) 

In which "a" and "b" can be assumed to be constant over a time step. The differential 

equation in this case will be written slightly differently as 
dT 

III CP PC-"f 
-a Tpckl +b 

dt (Eq. 7.9) 

Written in this form, the overall differential equation for the PV/PCM array is 

R, 
a 

R, R1 R3 R3- 

R-, R, + R2 
(I + R, 11rad. 

rop + R, hcon, 
'TOP 

b 
R, S (R, h 

rad 14opTd. rop 
+ R, korv. 

top 
Tmb. 

rop 

R, +R, 
R, (IR, + R, X1 

- R, "rod 
ýtop 

+ R, lic4ontop R, 

(I 
+ R, 1'rad. 

top 
+RI 

1i 

CO? T%, -rop 

+ cov_back 
TB 

+ "'d, back 
Trad, 

back h 11 
R3 (ilron-back 

+ hrad. 
back 

)+ R3 (hc,,,,, 
ack 

+ "rad. 
back 

)+ 

a for (Eq. 7.10) and b for (Eq. 7.11) 

It should be noted that the right hand side of equations (Eq. 7.10) and (Eq. 7.11) are 

divided by the (m Cp) product to obtain the pure "a" and "b" terms in (Eq. 7.8). 
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7.3.3 Two Phase Region between the Liquefaction and Solidification Temperatures 

This section introduces the concept of energy required for a PCM material to melt or 

solidify. The equations were derived with the help of TESS that owns TRNSYS and 
connect the energy balance equation of (7.9) with the temperature of PCM needed to 

start liquefy or solidify. 

The total energy required to fully melt or fully solidify the PCM material is 
QS011driCation 

(Eq. 7.12) 

Adding this much energy to the fully solidified PCM material moves it from a quality of 
0 (completely solid) to a quality of I (completely liquid). One can therefore write an 

expression for the change in PCM quality (X) associated with the addition or removal of 

a known quantity of energy. 

-Vold 

Or, rearranging 
(-Vold 

- 'V7, elv) in Ii,, = 
6added 

., L 

(Eq. 7.13) 

(Eq. 7.14) 

The differential equation (Eq. 7.9) can also be rewritten as 

dTpýif 
CP 

dt --,: a 
(Eq. 7.15) 

The energy added to the PCM layer in equation (Eq. 7.14) is the same as the net energy 

transfer (Qi,, - Q),, t) in equation (Eq. 7.15). One can therefore equate the two equations 

and solve for the change in PCM quality between the solidification and liquefaction 

temperatures. Based on the quality, the temperature of the two-phase PCM can be 

calculated as 

TFICAil ::: -- 
(Tiquefaction 

-Tsolidificarion 
)X 

+TsoidtficaTion 
(Eq. 7.16) 

Type 601 models a PCM material that has a constant specific heat below the complete 

solidification point and a constant specific heat (albeit perhaps a different specfic heat) 

above the complete liquefaction point. Between the complete solidification and 
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liquefaction points, the temperature of the PCM material is allowed to vary linearly 
between the solidification and liquefaction temperatures. For many PCM materials, 
particularly pure PCM materials, the liquefaction and solidification temperatures are 
equal and the temperature of the material rernains constant in the two phase region. The 

cooling curves for the solidification of two PCM materials (one with and one without 
equal solidification and liquefaction temperatures) are shown in Figure 7.6. 

Figure 7.6 Cooling Curves for the Solidification of a Pure Material 

The rationale behind including a PCM layer in a PV array is that PVs are more efficient 

at lower cell temperatures. For the cells in a standard PV array that heat up, the PCM 

layer in a PV/PCM array absorb the incident solar energy that is not being converted to 

electrical energy by the PV cells and melts thus keeping the PV cells cooler and more 

efficient. The drawback is that when the PCM has completely melted the PV 

temperature starts again to increase and the benefit from the PCM stops. 

The PCM layer in Type 601 takes, as parameters, the PCM liquefaction and 

solidification temperatures, the latent heat of fusion for the material, its density and the 

thickness of the layer. The user also provides efficiency information for reference 

conditions as well as coefficients that describe how the overall efficiency changes with 

cell temperature and incident solar radiation. 

The overall efficiency of the PV is calculated based on equation (Eq. 7-17). 

77 + 17- T, -+ 77,,. 
coef cW A (Eq. 7.17) 
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7.4 TRNSYS 601 Model Simulation Results 

The first simulation sought to explore various PCMs In order to see how long they will 
remain at a constant temperature durl 

ion ing phase change. This first study used the durat, 
index that measures which of the PCMs offers the longest of constant temperature at 
phase change. 4 PCM materials were studied E21, A28, E30 and E32 using the 

properties given by their manufacturer EPS Ltd. The results showed that E32 remains at 
the constant melting temperature longer than the other materials as can be seen from 

Figure 7.7. 

-Duration Index [Mj/ (M3oC)]: Cornparlson of how long a PCM will remain at a 

constant temperature during the phase change. Calculated as: 

D. 1, -hf 1) AT Eq. (7.18) 

Where hf is Latent Heat (kJ/kg), p is density (kg/m 3) and AT is the temperature 

difference of Melting Temperature of the material and ambient temperature (OC). 

To check the validity of the equation (7.18) with the new TRNSYS 601 model the same 

materials were used in the simulation, with the same ambient temperatures the same 

irradiance and convective losses as working conditions (Appendix 2 includes all the 

parameters needed in order to simulated a PV/PCM model). From Figure 7.8 it may be 

observed that the same pattern of behaviour as that predicted by the duration index 

occurs. It may be seen that E32 takes longer to undergo complete melting in comparison 

with the other 3 materials. The duration that it takes for the materials to melt is 188 min 

for E32,158 min for E30,111 min for A28 and 88 min for A21. 
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Figure 7.8 Comparisons of 4 Phase Change Materials 

Because EPS Ltd were only able to supply A28 in order to do experiments only this 

material was simulated in the TRNSYS model. For that reason all the graphs below 

relate to A28 as a PCM. 

7.4.1 Thermal conductivity influence on PV/PCM performance 
An important factor that may affect the performance of the PV/PCM system is the 

conductivity between the PV frame with the PCM container and the PCM material. To 

deten-nine if the thermal conductivity is a major design consideration before building 

this system a set of simulations was performed using the same working conditions and 

changing the conductivity betwen the PV and the PCM . Figure 7.9 provides an 
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indication of how the PV and PCM respond to the changes in then-nal conductivity at 
irradiation level of 1000 W/rn 2 and ambient ternperature at 20 OC. As may be observed 
when the thermal conductivity between the PV and the PCM is low (42.68 W/mK) then 
the PV temperature stabilizes at 60 T quickly and after 64 min when the PCM has 

melted increases until again stabilizes at 72 OC. The PCM takes a long time to 

completely i-nelt. With a high conductivity (500 W/mK) the PV temperature is held at a 
lower ternperauture of 32 T but maintains this temperature for only 36 min. These 

variations can be seen in the perfon-nance of the PV in Figure 7.10 were the electrical 

efficiency is being directly affected by the then-nal perfon-nance of the PCM. The higher 

conductivity provides higher electrical efficiency for a longer time than the simulation 

with low conductivity. It is therefore important to consider this aspect of the collector's 
design when designing the PV/PCM system. In Figure 7.10 the electrical efficiency of 

the system having the highest conductivity seems to increase for a short period (inside 

the circle). This is caused by a mulfunction of the first time steps during the simulation. 
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Figure 7.9 PV/PCM A28 Temperature performance at different thermal conductivities 
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Figure 7.10 PV/PCM A28 Electrical Efficiency at different thermal conductivities 

7.4.2 Parametric analysis 

Purpose of the parametric study was to evaluate how the PV/PCM system responds in 
different working conditions. The parameters that were changed to assess the effect that 

have in the system are the material thickness (PCM quantity used in the back), the 

ambient temperature and the level of irradiation. 

In the parametric analysis was assumed that the contact layer between the PV and the 

PCM is a copper plate (see Figure 7.5, R2 resistance). In the simulations temperatures 

within the PV/PCM system and that of the ambient environment were all Initially set to 

20 T, the heat transfer coefficients from the front and back surfaces of the PV/PCM 

system to the surrounding were set at 10 and 5 W/M2 K (to simulate natural ventilation 

conditions) and the top and bottom boundaries of the system were assumed to be 

adiabatic. Insolation was kept at a constant value of 1000 W/M/2 and a variable time step 

with a minimum value of I min was used for all simulations. 

7.4.2.1 The performance PV/ PCM system with different PCM material thickness 

First set of experiments tested the perfon-nance of the PV/PCM system Incorporating 

different PCM depth (represented by varying the PCM depth). Figure 7.11 presents 

predicted temperatures for PV/PCM with a PCM at depth of 30,60 and 90 min 

respectively. It can be seen that for the 30 mm thick PCM layer after III min the phase 

change is complete and the temperature of the PV starts increase signiticantly above the 
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35 T. With a 60 mrn layer the PV was kept at 35 T for 224 min and for 90 mm for 338 

min. This indicates that by increasing the material thickness we gain more time with the 
PV temperature near the reference ternperature (25 'C) and thus have better electrical 
efficiency for longer time. A drawback is a heavier system and more expense. The same 
times are also observed when the system is discharging under cooling the process as 

seen in Figure 7.12. 
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Figure 7.11 PV/PCM A28 Melting Period for different material thickness 
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Figure 7.12 PV/PCM A28 Cooling Period for different material thickness 

7.4.2.2 Thermal control achieved for different ambient temperatures and 

insolations 

The effect of ambient temperature on the temperature of the front surface of PV/PCM 

system i ient temperature was set to 10,15 and 20 OC 
is shown in Figure 7.13. The ambi 

respectively. The PCM layer was at 30 mm. By increasing the ambient temperature the 
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temperature of the PV does not change significantly, however, as less heat is lost from 
the system because of the lower temperature dIfference between the system and 
arnbient, the time required for the PCM melting Is reduced. It takes 112 min when the 
ambient temperature is 10 OC, 90 min for 15 T and 73 min for 20 OC. 
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Figure 7.13 PV/PCM A28 Perfon-nance at different Ambient Temperature 

In order to evaluate the effect of insolation on the thermal behaviour of the system, 

simulations with incident insolation intensities of 600,800 and 1000 W/m 2 at 20 OC 

ambient temperature were undertaken. The predicted temperatures at the front surface of 

PV/PCM system for the three different levels of insolation are presented in Figul-e 7.14. 

With increasing insolation intensity the temperature at the front surface increases and 

the melt time is reduced. Melting is complete 48 min sooner for a PV/PCM system 

exposed continually to 1000 W/M2 when compared to continual exposure to 800 W/M2 

and 72 min sooner when the insolation is 600 W/m 2. 
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Figure 7.14 PV/PCM A28 Performance at different Incident Irradiation 

To see how much a PV/PCM system improves the electrical performance a comparison 

was made with a system without PCM. Figure 7.15 compares the temperature air cooled 

of PV temperature with the PV/PCM A28 at 30 mm thickness. It may be observed that 

the PV temperature without PCM reaches 62 OC and with PCM it is kept at 35 OC for 

III min. It is obvious that this big temperature difference will have an effect on the PV 

electrical efficiency as seen in Figure 7.16. For III min the electrical efficiency of the 

PV/PCM system is at 3.9% in comparison without PCM that is at 3.4% an improvement 

of 15%. The temperature of PV with the PCM does not converge with the system 

without PCM and reaches an equilibrium state at 50 OC. 
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Figure 7.15 Comparing a PV free system with a PV/PCM A28 temperature 
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Figure 7.16 Comparing a PV free system with a PV/PCM A28 Electrical Efficiency 

7.4.3 PV/PCM A28 system simulation for one day, under realistic ambient 

temperatures and insolation and 3 different PCM thicknesses 

The thermal control perfon-nance of a PV/PCM system was predicted using realistic 

ambient temperature and insolation conditions for SE England for 3rd June. The initial 

system temperature was set to 14 OC at 00: 00 h, the same as the ambient temperature. 3 

different systems were simulated each with different PCM thickness in order to see how 

the whole system perfonns. 

The predicted temperature of a PV is shown in Figure 7.17 together with a system 

without PCM. It can be seen that the system with the PCM keeps the PV temperature 

well below that of the air cooled. Also as the PCM gets thicker the temperature of the 

PV remains near to the 25 T for a longer period of time (see inside circle). During 

phase change, the temperature at the front surface of PV/PCM system with 30 mm PCM 

is maintained below 35 OC from 7: 00 to 9: 00 hr, and once the PCM became wholly 

liquid, the temperature of the PCM system rose rapidly. At 11: 45 h the temperature at 

the front surface of the PV/PCM system reached a maximum of 54 'C- The system with 

60 mm. PCM depth can maintain PV temperatures below 35 T until 10: 45 hr and for 90 

mm until 12: 00 hr. 

When no insolation was incident (during night), the temperature of the PV returned 

rapidly to ambient for the system without the PCM but for the other systems It remained 

at the melting temperature of the PCM until fully solidified (see Inside circle). 
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The improvement in tile electrical efficiency can be seen in Figure 7.18 were it may be 

observed that as the PCM thickness increases then the efficiency remains steady and 
near their reference efficiency of tile PV at non-nal ambient and irradiations conditions 
for a longer period of tirne (outside the lines is night). To simulate the electrical 

efficiency of the system the equation (7.17) was used, 
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Figure 7.17 Comparison of a PV free system with a PV/PCM A28 Temperature for a 

typical summer day 
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for a typical summer day 

A plot of electrical efficiency against (Tp, - Tamb)/l enables a comparison of different 

PV/PCM systems to be made in terms of design conditions (i. e., insolation, ambient 
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temperature) rather than behaviour with time. The electrical conversion efficiency 
against (Tp,, - T,,,, b)/l shown in Figui-e 7.19 give a comparison for the systems with 
realistic test conditions (after the black line is consider night). The electrical conversion 
efficiency for the base case PV has the sharpest change in the narrowest range of (Tpv - 
Tamb)/I when compared with the system using PCM depths of 30,60 and 90 mm. The 

electrical efficiency for the systern with 30 mi-n PCM depth was above 3.6% even during 

the period of maximum insolation. 
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Figure 7.19 24 hr predicted electrical conversion efficiency on the front surface of the 

base case PV and at the front surfaces of system with a PCM depth of 30,60 and 90 mm 

with (Tp,, - Tamb)/l for a south-east orientation with insolation and ambient temperature 

for SE England on the 3rd of June. * Tpv and Tarnb are the front surface temperature and 

ambient temperature, I is insolation W/M2 

7.4.4 PV/PCM A28 system simulation for three days, under realistic ambient 

temperatures and insolation and 3 different PCM thicknesses 

A three day simulation using the weather data for typical summer days was undertaken 

to predict the heat accumulation In the PV/PCM system with PCM depths of 30,60 and 

90 mm and is presented in Figure 7.20. We first observe that as the PCM thickness gets 

larger, then the systems temperature remains lower than 40 OC for a longer time. The 

second is that for the 30,60 mm and 90 mm depth of PCM a full transition to the molten 

state is achieved during night. This heat is being released during the night and 

depending from the application that the pV/PCM is needed this heat can be used for pre- 
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heating water, air or work as a building insulation. This will be discussed in section 
7.5.2. If increase it further a problern will arise with absorbing heat during the day. As 

seen in the Figure 7.20 at PCM thickness 90 inni, at the end of first day the PCM 

doesn't completely melts and thus in the next day the higher PV temperature gets hI gher 
than the previous day. The sarne is also observed in the end of the second day that again 
doesn't melts and forces the system to not perforrn at full capacity. To mention that 

inside lines with the same colour represent day and between two different colour lines is 

night. 

PV Free Vs PV/PCM A28 for 30,60,90 mm 
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Figure 7.20 Average temperature evolutions for a three day simulation using weather 

data for the base case PV and at the front surface of PV/PCM system with PCM depths 

of 30,60 and 90 mm 

The predicted PV electrical conversion efficiencies for PV and system with PCM depths 

of 30,60 and 90 mm are compared in Figure 7.21. For PV/PCM system with a PCM 

depth of 90 mm, PV electrical conversion efficiencies of over 3.8% were maintained 

over the longer period of the day. 
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PV Free Vs PV/PCM A28 Electrical Efficiency for 30,60,90 rnm 
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Figure 7.21 Electrical Efficiency evolutions for a three day simulation using weather 
data for the base case PV and at the front surface of PV/PCM system with PCM depths 

of 30,60 and 90 mm 

The study in this section revealed the potential that PV/PCM systems have in the 

performance of a PV system. Not only can use it to improve the electrical efficiency of 

the PV but PCM can also work as thermal energy storage system. Also the quantity of 

the material used in the system deten-nines the period that the PV will remain cool 

enough by also the amount of energy that can be stored. 

7.5 Experimental work 
A series of experiments was undertaken to study the then-nal behaviour of PV/PCM 

systems in order to validate the TRNSYS model. 

Temperature measurements for a 0.4 in wide by 0.4 in high by 0.03 in thick PV/PCM 

system provided an experimental comparison with predictions for a natural convectively 

cooled system. The two experimental PV/PCM systems provided results which enabled 

detailed comparison of PV/PCM behaviour with prediction. Both PV/PCM systems had 

the same external dimensions. As shown in Figure 7.22, walls of the PCM container 

were fabricated from 2 mm thick copper plate. The dimensions of the container were 

0.37 m wide by 0.37 m high by 0.03 m depth. The upper and lower horizontal faces and 

the vertical end faces of the PCM container were insulated with 0.027 m thick 
2 

polystyrene insulation sheet with a thermal resistance of IM K/W. 
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The then-nophysical properties of the phase change materials applicable to experiments 

and simulations are shown in Table 7.2. The data sheet provided by the manufacturer 
EPS Ltd indicates the PCMs used in the experiments have stable performance 

throughout repeated phase change cycles. From the experimental observations there was 

no deterioration of the PCMs. 

Table 7.2 EPS provided Thermo-Physical Properties of Phase Change Material (EPS 

Ltd) 

PlusICE Phase Change Density Latent Heat Specific Then-nal 

Type Temperature ('C) (kg/m 3 (kJ/kg) Heat Conductivity 

(kJ/kg*K) (W/m*K) 

A28 28 789 245 2.22 0.21 

E30 30 1304 201 0.68 0.48 

The temperatures on the convectIvely cooled PV and on the front surface of the 

PV/PCM system were measured by four K-type then-nocouples. Two thermocouples 

were located within the PCM to measure temperature variation. The Insolation intensity 

was 1000 W/M2 and the ambient temperature varied by less than IT during the 

experiment. 
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7.5.1 PV/PCM A28 experiment 

Figure 7.23 explores the importance of the thermal conductivity between the PV 

laminate and the copper container holding the PCM. As seen, the system with low 

conductivity has a PV temperature near 58 T and the PCM melts after III min. After a 
thermal paste with thermal conductivity of 3 W/m*K was placed between the PV and 

the container the improved systern temperature rernamed below 45 OC for 72 min. To 

mention that temperatures of Figure 7.23 are the average recorded from each surface. 
This affects the performance of the PV electrical efficiency as seen in Figure 7.24 and 

accordance with the np, = no*(I - P*(Tpý, - Tamb)) fon-nula. The drawback is the increase 

of PV temperature after the PCM has completely melted (after 72 min) that result in 

reduced electrical efficiency. This increase of temperature is caused by the low then-nal 

conductivity of the PCM material that works as an insulator that causes the quick 

increase of temperature after it has completely melted. 
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Figure 7.23 PV/PCM A28 Temperature with low and high thermal conductivity 
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PV/PCM A28 Electrical Efficiency 
4.5 0 ý, 6 

4ý00% 

3.0 O'ý 

-PV/PCM A28 
I rn pro ved 

-PV/PCM A28 

' 2.50% 

200% 

0 5000 10000 15000 

Time (sec) 

Figure 7.24 PV/PCM A28 Electrical Efficiency with low and high thermal conductivity 

The next set of experiments used the same model and explored performance under 
different incident irradiation conditions. Figure 7.25 shows how the system worked for 

insolation of 1000,800 and 600 W/m 2. It may be observed that at 1000 W/M2 the system 

temperature remains lower than 45 T for 72 min, at 800 W/M2 remains lower than 42 

T for 100 min and 600 W/m 2 remains lower than 40 T for 127 min. When the three 

experiments finished the cooling down period was recorded to see how long it takes for 

system to cool. From Figure 7.26 it may be seen that in all three conditions the time for 

solidifying is the same at around 82 min. In the experiments it may be observed that the 

melting point starts at 28 T and finishes at 30 T and is not as steady as the properties 

taken from the company say. The same can be seen in the cooling process. This may be 

caused of the variation of temperature inside the container affected by the location of the 

thermocouples or the PCM quality is being affected by segregation of material. 
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Figure 7.25 PV/PCM A28 for different incident irradjance conditions 
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Figure 7.26 PV/PCM A28 Cooling Process 

7.5.2 PV/PCM A28 with Water Pipes Experiments 

From the previous experiments it was observed that the PCM can hold amounts of 

energy at specific temperatures for a long time and release it when addition of solar 

energy is ceases. The desired melting temperature of the PCM in order to keep the PV 

close at the reference temperature of 25 OC should be around the range above the 

ambient temperature and below 35 OC. So the thermal energy absorbed from sun can be 

released at this range of temperature. The range of 20 T to 35 T can be used for water 

pre-heating, for room air heating or for heating a pool. When real operating conditions 

were simulated for one and three days it was observed that it is possible to extract this 

amount of energy at the melting temperature of the PCM during the whole 24 hr period 
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of a day. However the temperature range of 20 to 35 T is being considered as low grade 
heat thus the use of it will be limited. As mentioned in section 2.5.4.2 PV/T systems can 
be distinguished to panels and collectors. Panels are used to improve electrical 

efficiency and provide low grade heat and collectors to provide higher thermal energy 

and sacrifice electrical energy. A similar trend can be applied In the PV/PCM system. A 

PV/PCM system using a PCM with low melting temperature can be used to improve 

electrical efficiency and provide low grade heat or a system with PCM having a higher 

melting point can be selected for high grade heat. However to be able to use that heat 

and not overheat the system after the PCM has completely melted a heat exchanger 

should be incorporated in the systern in order to extract that heat. 

In order to remove heat effectively from the PCM the rig was modified to incorporate 

some pipes inside the copper container in order to have the ability to extract that heat 

and use it. In this way the PV temperature can be retain low level for a longer time and 

at the same time the thermal energy may be used for other purposes. Figure 7.27 show 

the container with the pipes inside, as the pipes are welded in the copper side that has a 

contact with the PV laminate. 

Figure 7.27a PV/PCM A28 Container with incorporating Pipes 
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Figure 7.27b PV/PCM with serpentine pipes Schematic Rig 

7.5.2.1 Varying the Flow Rate 

The first set of experiments explored the effect of varying the flow rate of water. As 

seen in Figure 7.28 the PV temperature is around 32 OC and the PCM near 26 to 27 

The flow rate used was 0.3 I/min and the experiment took 3 hr before the temperature 

stabilised. The inlet water temperature was 21 OC and the output 25 OC at 20 OC ambient 

temperature and an irradiance of 1000 W/M2. 
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Figure 7.28 PV/PCM A28 - Water Temperature 

The same experiment was undertaken with a change in the flow rate from 0.3 I/min to 

0.8 I/min, 1.2 I/min and 2 I/min. Figure 7.29 shows the temperature difference of outlet 
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and inlet water for the 4 flow rates and Figw-e 7.30 gives the PV temperature at these 
flow rates. As may be seen from Figin-e 7.29 where the experiments undertaken in 
chapter 4 are compared with results for the cooled PCM the PV temperature decreases 

as the flow rate increases. From F'gure 7.30 It may be seen that the temperature of the 
PV/PCM - Water is about the same as of PV/Water system. The temperature difference 

beween tile two systems is not significant. 
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Figure 7.29 Water Temperature Difference at different Flow Rates 
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Figure 7.30 PV Temperature of the PV/PCM system for different Flow Rates 

As the flow rate increases, the electrical and thermal efficiency of the system also 

increases. Figure 7.31 shows the then-nal efficlency of the system. At 0.3 I/min the 

thermal efficiency is 59% and reaches 84% at 2 I/min, an increase of 30%. In Figure 

7.32 were the electrical efficiency is shown the efficiency goes from 3.5 1% at 0.3 I/min 

to 3.69% at 2 I/min, an increase of 5%. A difference exists with the PV/Water model 
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because the area at the back of the PV has better contact and more uniforrn absorption 
that can transfer the heat to the pipes and to the PCM. 
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Figure 7.31 PV/PCM A28 - Water Thennal Efficiency at different Flow Rates 
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Figure 7.32 PV/PCM A28 - Water Electrical Efficiency at different Flow Rates 

7.5.2.2 Varying Inlet Temperature 

The next set of experiments explored the effect of varying the inlet temperature of the 

water over a range from 20 T to 60 OC. As may be seen from Figure 7.33 at zero 

reduced inlet temperature the efficiency for both is 59.8% but the PCM system shows 

significant improvement exhibiting a low then-nal loss coefficient at 4.14 W/M2 K. A 

second point of interest relates to the points that are inside the circle. The point that is 

below the straight line gives a low then-nal efficiency (32%). Occurs because the inlet 

and outlet temperature of the water are near the melting point of the PCM and thus the 

energy is not transferred to the fluid but remains in the material as latent heat. In the 
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circle above the line, the inlet and outlet temperature of the water and also the PCM 

temperature are above the range of melting temperature. This higher then-nal efficiency 
(61% - 72%) is above the efficiency of zero reduced temperature meaning that this Is the 

optimum point of operation. At this level the heat transport is via the latent and sensible 

energy stored in the PCM and the fluid passing absorbs the maximum of it. The obvious 

improvement in comparison with the systern with sirnple water pipes passing in the back 

of the PV is that the PCM system managed to decrease the heat loss coefficient. For the 

PV/Water system this heat loss was 7.68 W/m 2K and for PV/PCM - Water is 4.14 
W/M2 K, a reduction of 46%. 

The same improvement may be observed in Figure 7.34 for the electrical efficiency of 

the system. Inside the circle it may be seen that the PCM and the water system cool the 

PV and thus increase the effectiveness of the system. 
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Figure 7.34 PV/PCM - Water Electrical Efficiency 
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By adding the thermal and electrical efficiency we get the total energy efficiency, as 

shown in Figin-e 7.35, the total efficiency Is around 63.5%. As di I iscussed in prev ous 

chapters the value of electric power and then-nal energy differs due to the fon-n of 

energy. Hence to correctly evaluate the energy saving of the system it is necessary to 
define the energy saving efficiency in terms of primary energy saving. As shown in 
Figui-e 7.36 by diving the electrical efficiency by the electrical power generation (0.38) 

efficiency we get a total of 69.4%. For simplicity the efficiency of conventional heating 

systems has been assumed to be 100%. It has been found by Huang (1993) that the daily 

efficiency for most solar hot water heaters is around 0.50. This value can provide a 

critenon for checking the overall perfon-nance of a PV/Then-nal system. It is expected 

that the primary-energy saving efficiency Ef for a PV/T system should exceed 0.50 in 

order to compete with a pure solar hot water system. From these two graphs the points 

inside the circle get efficiencies around 64 -81% thus the water absorbs both sensible 

and latent heat from the system. 
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PV/PCM - Water Energy Saving Efficiency 
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Figure 7.36 PV/PCM - Water Energy Saving Efficiency 

PV/Thermal systems supply different forms of energy such as electrical and heat. 

Therefore to quantitatively evaluate the usefulness of the energy obtained it is necessary 

to adopt the concept ot exergy. The exergetic evaluation is a technique for evaluating the 

obtained energy by considering the temperature difference with the open air and paying 

attention to the work which can be taken out to the outside. As seen from Figure 7.37 

the optimum working conditions is when the heat medium at the system is 45 T at 

ambient temperature 20 T and irradiation at 1000 W/m 2. There the exergetic efficiency 

is around 34%. In the points that are inside the circle the system has absorbed the energy 

as sensible and latent heat causing PCM to melt. This energy is transfered to water and 

so the exergy efficiency reaches the optimum value of 34 - 36% when the heat medium 

is around 35 T. The PV/PCM - Water model works more efficiently and in larger 

temperature range in comparison with the PV/Water model and the highest exergy 

efficiency difference is 10%. 
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7.6 Conclusion 

From chapter 3 it was seen that as the temperature of the PV increases the electrical 

efficiency drops. Attempts to cool the PV in order to improve the electrical efficiency 
have been tested by passing air, water or incorporating heat pipes to the back of the PV. 

Another technology that can work as a heat absorber is a phase change material. This 

kind of material can absorb a large amount of energy as latent heat at a constant phase 

transition temperature. This chapter used PCM positioned in the back of the PV in order 

to absorb the heat by controlling the temperature in a region near the reference 

temperature (25 OC). 

The first step of the study was to find out what kinds of materials exist that are near the 

characteristic temperature and to validate their then-nophysical properties using a 

method developed by Yingping and improved by Hong. 

A developed numerical PV/PCM model was created and validated successfully by 

comparison with experiments. With the help of TESS a simulation model was created 

from the energy balance equations in order to evaluate the perforinance of the system. 

This is to date the only numerical TRNSYS model for a system using PCM to moderate 

the temperature rise of PV that has been validated for identically sized geometries with 

realistic experimental conditions. The validated model provides a detailed insight into 

the then-nal perfon-nance of a solid-liquid transition PCM when employed in a PV 

temperature control application. 
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From the simulations it was observed that the conductivity between the PV and the 
PCM container affects the performance of the system. Various PCM materials were 
simulated and it was possible to check which takes longer to melt. This provides an 
indication as to which PCM offer the longest phase transition period and so hold the PV 

close to its characteristic temperature and offer better electrical perforinance. 
Also the difference in the ambient conditions, the incident irradiation and the thickness 

of the PCM positioned behind the PV affect the performance. As the ambient 
temperature or incident irradiation increases then the time for PCM to melt becomes 

shorter. As the volume of PCM increases the time for the PCM to fully melts increases. 
Simulations were also performed under real operating conditions for one and three days 

for different thickness of PCM and it was discovered that as the thickness of the PCM 

increases, the PV is kept at lower temperature for a longer period of time during the day. 

A series of experiments were performed with PCM A28 which has a melting of 28 OC 

exploring the impact of the conductivity between the PV laminate and PCM container 

and the behaviour of the system at different irradiations. The results from these 

experiments agreed well with simulation. 

The stored energy at the phase transition temperature could be used in order to pre-heat 

water, air room or heating a pool. An adjustment was made to the existing model by 

incorporating water pipes inside the container in order to extract that heat. The model 

was tested with various flow rates and inlet temperature passing from the pipes. The 

outcome was that as the flow rate increases the electrical and thermal efficiency 

improves and the PV temperature reduces. Depending on the phase change temperature, 

the system works well enough when the inlet temperature is below or above the melting 

temperature. When the inlet is near the melting temperature we face a poor operation 

because much of the heat is being absorbed by the PCM as latent and sensible heat 

instead of being transferred to the fluid. 

A last point is that to maintain the temperature on the front surface of the PV/PCM 

system at 25 OC, the characteristic temperature of the PV, the set transition temperature 

of the PCM should be higher than the ambient temperature and lower than 25 OC. 

When real operating conditions were simulated for one and three days it was observed 

that it is possible to extract this amount of energy at the melting temperature of the PCM 
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during the whole 24 hr period of a day. However the temperature range of 20 to 35 T is 

being considered as low grade heat thus the use of It will be limited. As mentioned in 

section 2.5.4.2 PV/T systems can be distinguished to panels and collectors. Panels are 

used to improve electrical efficiency and provide low grade heat and collectors to 

provide higher thermal energy and sacrifice electrical energy. A similar trend can be 

applied in the PV/PCM system. A PV/PCM system using a PCM with low melting 

temperature can be used to improve electrical efficiency and provide low grade heat or a 

system with PCM having a higher melting point can be selected for high grade heat. 

However to be able to use that heat and not overheat the system after the PCM has 

completely melted a heat exchanger should be incorporated in the system in order to 

extract that heat. This heat exchanger system may be a tank incorporating pipes that 

water could flow in order to extract the heat from the PCM. Thus when the PCM has 

completely melted the water will start flowing through the pipes in order to cool down 

the PCM and extract that heat. The advantage is twofold, first the PV is being kept as 

cool as possible for a longer time during the day and secondly the absorbed heat can be 

used fro preheating purposes. Another advantage of using PCM is the low thermal 

conductivity that can work as thermal insulator and thus reduce the heat losses. 
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CHAPTER 8: PHOTOVOLTAIGTHERMAL SYSTEM 
MICROENCAPSULATED PHASE CHANGE MATERIAL SLURRY (MCPCM) 

8.1 Introduction 

Energy storage in phase change materials allows very high energy densities to be 

achieved at well defined temperatures. Due to the low thermal conductivity of many 
phase change materials it is difficult to get high rates of heat transfer and rapid charging 

unless (Farid, 2004): 

(1) high thermal conductivity materials are embedded in the phase change material, 
(for example fins), 

(ii) the phase change materials are encapsulated in modules and a heat transfer fluid 

flows around them, 

(111) the phase change materials are micro encapsulated and suspended in a carrier 
fluid to form a slurry. If the carrier fluid has higher thermal conductivity than 

the PCM or convection occurs in the micro encapsulated PCM slurry an 
increased charging rate can be achieved. 

Many thermal-energy systems have long sections of piping to convey heat-transfer 

fluids between the heat exchangers for source and sink. In such conventional systems, 

thermal energy is transferred by the sensible heat of a single-phase working fluid, being 

proportional to the source - sink temperature difference. Because the systems are often 

operated with small temperature differences, the single-phase fluid must be pumped at a 

higb-volume flow rate. As a result, the system consumes a large amount of pumping 

power. The increase in the thermal capacity of beat-transfer fluid is an important 

problem and is of growing concern to engineers. The use of pbase-change material PCM 

particles suspended in a single-phase working fluid would provide additional thermal 

capacity from the latent heat associated with the solid-liquid phase change (Yamagishi, 

1999). These mixtures of PCMs and carrier fluids are called phase change slurries 

(PCSS). 

Micro encapsulated PCM slurries are advantageous because of latent heat effect 

associated with phase change process of material. The apparent specific heat capacity is 
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much higher than conventional sensible heat of a fluid without phase change, which 
may greatly enhance the heat transfer performance between the fluid and heat transfer 
surface. Furthermore, the agglomeration and deposition of particles in the fluid are 
avoided because the core material is always separated from the carried fluid by thin 

plastics shell (Wang, 2007). 

When there are fine particles of non-encapsulated PCM the slightly sticky nature of the 

material often means the particles can stick together to form large lumps, clogging often 
occurs in a piping system, resulting in failure to circulate the slurry through the system 
(Winters, 1991). 

The purpose of the present study was to investigate the feasibility of using slurry of 

microencapsulated phase change material MCPCM as a heat-transfer fluid. Besides the 
benefit of the additional thermal capacity, no special equipment for charging and 
discharging PCM particles is needed because the PCM is always separated from the 

suspending fluid. Therefore, this type of slurry can be treated as a conventional single- 

phase working fluid. Furthermore the fluid works as a storage, carrier and rejector of 
heat system advantage that can reduce size and cost of the system and stabilize the PVs 

cell temperature. 

8.2 Microcapsules and slurry 
Figure 8.1 is a photomicrograph of the two different MCPCM particles used in the 

present study. The two materials have a melting temperature of 26 T and 33 OC and 

latent heat of 155 kJ/kg and 124 kJ/kg respectively. 

The particle diameters given by the manufactures CIBA were in the range of 70 micron 

and 10-17 micron mean diameter for the 26 OC and 33 T MCPCM respectively. The 

coating wall was made by an acrylic shell approximately 0.1 micron. Pure water was 

chosen as the suspending fluid for the MCPCM particles because it is easy to handle and 

does not react chemically with either the PCM or the coating material on the shell. 
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The density, specific heat, then-nal conductivity and latent heat of MCPCM slurry and 
its components are given In Table 8.1. These bulk physical properties are calculated 
from the combination of pure water, coating-wall material, and PCM using the 

equations given by Inaba et. al. (2004). The weight fractions of wall-coating material and 
PCM in the slurry were deten-nined from manufactures from the feed weight used in the 

slurry during the manufacturing process. The particle volume fraction, (P, in the slurry 

and the physical properties were estimated from these weight fractions. The weight 

ratios between the coating material and PCM were the same for all the slurry samples. 

When the particle volume fraction is 0.3, the volume fraction of the coating material in 

the slurry is approximately 0.07. The physical properties of a MCPCM particle were 

calculated under the assumption that all of the particles had the same diameter and the 

coated walls all had the same thickness. To prepare the slurry the weight ratio of 

PCNI/coating was taken into account. 
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Figure 8.1 Microscopic Photo of Micro-PCM particles 



Table 8.1 Physical Properties of MCpCM Slun 

(Approximation) 

Dcnsifý Specific lical 

(kg/ 111-1) (k. J/kg-, Ik) 

ry (26 "C) and its Components 

Thermal Latent l4eat 

C'onductivity (kJ/kg) 

(W/m*K) 

PCM 780 2.2 0.34 155 

Acrý lic Shell 1490 1.67 0.42 - 

Water (298 K) 997 4.18 0.61 - 

1NICPCNI 1000 1.75 0.31 124 

Particle 

NICPCNI Slurry 998 3.94 0.539 12.4 

F=10% 

F=20% 998 3.687 0.506 24.8 

F= 30% 989 3.489 0.483 37.2 

F=40% 989 3.245 0.448 49.6 

8.3 Slurry Performance 

When the PCMs are properly selected and encapsulated, it is possible to achieve 

remarkable improvements in the heat storage and the transport capability of the fluid 

slurry (Wang, 2007). Equation 8.1 is the familiar relation describing the rate of heat 

storage within a material as its temperature increases. 
Q= m*Cp*AT Eq. (8.1) 

The effective thermal capacity of a two component materials is therefore proportional to 

the ratio of the rate of heat transfer and its temperature change, as described by Eq. (8.2) 

Cpe, eff= Q/m*AT Eq. (8.2) 

Expressing the heat transfer sum of the sensible and latent components, the effective 

heat capacity Cp,, ff becomes (Kasza and Chen, 1985): 
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Cp, 
ety - 

Cp i wpAI/m/AT 
Eq. (8.3) 

where wp is the mass fraction of MPCM in the slurry; AH,,, is the latent heat of the 
MPCM; AT is the difference between the slurry temperatures at the inlet and outlet of 
the test section. The latent beat of slurry increases with the mass faction, so too does the 

effective specific heat capacity of the slurry. 

From equation (8.3) it can be seen that the latent heat capacity is comparably very large 

at a small temperature difference, but the contribution it makes to the weighted average 
heat capacity decreases as AT grows. 

The amount of heat that can be stored by common heat transfer fluids, e. g. water or oils, 
depends on the usable temperature range that can be exploited. The efficiency of such 
heat transfer fluids is poor if an application allows only a small temperature difference. 

One solution to increase the efficiency of such applications is to use phase change 

materials. The energy that can be stored at the phase transition of some materials is very 
high. Paraffin is a PCM that can be pumped through pipes when it is micro -encapsulated 

and dispersed in a carrier fluid. 

The capacity of such a PCS (phase change slurries) to store heat is computed with the 

following equation (Gschwander et al., 2004): 

QPCS XcapsuleAhca p, c, ATzjret 
of melting ý, ule + p, ýN, dter Eq. (8.4) 

where ATarea of melting is the melting range of the PCM 

With a melting range around 4 K, the heat storage capacity can be calculated with Eq. 

(8-4) to be 44.4 kJ/kg for a 20% PCS with 26 OC melting temperature and 38.2 kJ/kg 

latent heat for 33 OC. Water without a PCM would absorb 16.8 kJ/kg over a4K 

temperature range or would have to be heated up or cooled down approximately 10.5 K 

and 9.1 K respectively to store or release the same quantity of heat. 

The investigated PCS is advantageous for applications where only a small temperature 

difference can be used. With a high AT, water as a very cheap heat transfer fluid has 

clear advantages in comparison to PCS. Slurries promise advantages particularly in low- 

temperature applications, in comparison with water where only a small AT is usable. 
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The energy content of slurries hics as a function of the ternperature T and different 

fractions of capsules may be computed with the following formula (Gschwander et aL, 
2004). 

11PCS ( ý'4 
)= /'Cýir 

ILI IA ý'4)-X-CiIJISLI IC+ 11\% 
j It cl-( -VCaPSL11C Eq. (8.5) 

where h is the enthalpy per kilograrn for the capsules or water and 0 the temperature in 

T. Figm-e 8.2 and 8.3 shows the enthalpy - temperature diagram for the two MCPCM 

materials investigated in this chapter in comparl I 'son with water, at different MCPCM 

concentrations. This method is commonly known and used for simulations of PCMs 

(Lamberg, 2003). 
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Figure 8.2 Enthalpy curves of PCS with different concentration of capsules and a 

melting range from 25 - 27 OC 
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Enthalpy Curve of MicroPCM (33 oC) Vs Water 
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Figure 8.3 Enthalpy curves of PCS with different concentration of capsules and a 

melting range from 32 - 34 T 

8.3.1 Thermal Analysis (TA) 

Thermal analysis technique is another measurement technique to determine the melting 

and freezing characteristics of MCPCM slurry The differential Thermal Analysis (TA) 

technique involves the deten-nination of temperature-time diagrams, or the heating and 

cooling curves, recorded during the melting and freezing of the sample. It uses between 

I Ogr - 10 kg of the sample, depending on the type of apparatus. With proper care, the 

rate of heating and cooling can be closely controlled and relatively accurate results can 

be gained. A literature survey of the techniques revealed that the most commonly 

employed experimental apparatus used is that of a simple test tube. Abhat (1978) 

constructed the same apparatus as in Figure 8.4 to test samples under a variety of 

thermal cycling conditions. 
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Figure 8.4 Glass test tube apparatus for TA measurement 

8.3.2.1 Methodology 

The MicroPCM slurries of 10%, 20%, 30% and 40% concentrations were evaluated 

using the TA technique. A cylindrical glass tube (10 mm diameter x 150mm) was used 

as a container for the microPCM slurries. The temperatures were measured using K-type 

then-nocouples located at the centre of the tube. The glass tube filled with the slurry was 

initially submerged in a bath kept at 20 OC using an immersion thermostat. In order to 

heat the sample, the tube was transferred to another bath kept at 45 OC. Once the sample 

was fully heated, to complete the heating cycle and initiate the cooling phase, the 

sample was transferred back to the 20 T bath. 

It can be noted that a key factor to the experimental accuracy was the mixing or 

separation of the microPCM capsules. As a result, important experimental parameters 

other than the microPCM particle density and separation characteristics were the 

duration of test and quantity of sample. The longer the duration of experiment the more 

time the particles had to separate. Using a smaller quantity of sample (25 gr), the test 

took less time and could be done before stratification occurred. One drawback of using 

this smaller sample quantity was that the constant temperature region was less apparent. 

8.3.2.2 TA Experimental Observations 

Figures 8.5 and 8.6 show typical heating curves for the 26 OC and 33 T samples 

respectively, obtained during TA measurements with lo%-40% microPCM slurries and 

for pure water. Figures 8.7 and 8.8 show the cooling curves for the respective PSCs. As 
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seen in the figure the mIcroPCM did not show the long and flat freezing/melting 

characteristics of a sirnPle PCM cause of the low concentration and the mix with the 
water. However it could be observed that the slurries exhibited narrow freeze/melting 

ranges, which signified a phase change transition. The 10% concentrations did not show 
significant influence on the temperature variation. 

Supercooling was not clearly shown frorn Figures. Compared with water, the slurries 
had more energy transport as they maintained a larger temperature difference in both the 
heating and cooling curves (as the rate of heat transfer depends on the temperature 
difference between the system and surroundings). The higher the concentration of 

microPCM, the greater the temperature difference between the PCS and the bath, and 
the greater rate of heat transfer. 

In terms of energy storage, the microPCM slurry also provided a higher heat capacity 

compared with water but is not possible to evaluate it with this experimental method. 
This can be seen in Figure 8.5 and 8.6 where the curves for the slurries lagged behind 

that of the water. This implies that they have a higher heat capacity, which took longer 

time to transfer all the heat. For example, compared with water, the 30% microPCM 

slurry took approximately one minute longer to reach 45 T as its temperature reached 

the surrounding bath temperatures. 

This seems very attractive since it has the unique advantage of maintaining a larger 

temperature difference in heat exchange components and hence could improve overall 

heat transfer. 
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Figure 8.5 Temperature variations of MCPCM slurries (10% to 40%) in heating mode 

with PCM melting at 26 T 
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Figure 8.6 Temperature variations of MCPCM slurries (10% to 40%) in heating mode 

with PCM melting at 33 OC 
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Figure 8.7 Temperature variations of MCPCM slurries (10% to 40%) In cooling mode 

with PCM melting at 26 OC 
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Figure 8.8 Temperature variations of MCPCM slurries (10% to 40%) in heating mode 

with PCM melting at 33 OC 

8.4 MCPCM Slurry 

In order to select a fluid as an energy transport medium, Goel (1994) notes that two 

main criteria have to be considered which are high thermal conductivity and high 

specific heat. However, a selection of the working fluid is governed by another 

important factor: its compatibility with PCM and the wall capsules. As a carrier fluid for 

the MCPCM, water can be used without any inconvenience. It is easy to handle, has low 

viscosity and no effect on the phase change material or the microcapsule wall. 

Temperature variations of MCPCM (26 OC) slurries in Cooling 
mode 
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Mixing the microencapsulated phase change particles and water is one of the most 
common operations for preparing the phase change slurry. The tenn mixing is applied to 
a process used to reduce a degree of non-uniformity or gradient of a property such as 
concentration, viscosity, temperature and so on. To promote a high rate of heat transfer, 
effective mixing is required to achieve a desired degree of homogeneity. Thus an 
electric stirrer was used to prepare the slurry. However, after the homogeneity of 
MCPCM slurry has been achieved and the stirrer was turned off, phase separation 
caused by gravity or centrifugal force between the suspended particles and water could 
be observed within several minutes. The capsules of PCM are lighter than water and 
generally float to the surface. 

8.4.1 MCPCM Slurry in a Closed Loop System 

Parameters affecting the heat storage performance of MCPCM slurry include bulk 

Stefan number, volumetric concentration etc. The bulk Stefan number is defined as the 

ratio of the sensible heat capacity of the suspension to its latent heat capacity. 
Charunyakom (199 1) notes that the bulk Stefan number significantly dominates the heat 

transfer performance of the MCPCM slurry. The Nusselt number can be considerably 

improved 1.5-2.5 times by reducing the bulk Stefan number, which corresponds to 

increasing the latent heat of the slurry. The effect of increasing the concentration is 

twofold: it decreases the Stefan number and raises the conductivity enhancement factor. 

Goel (1994) showed that the bulk Stefan number is the most dominant parameter. His 

results show that up to 50% reduction in the pipe wall temperature rise can be obtained 

by using the MCPCM suspension in place of a single-phase fluid. He concludes that for 

the best results, the bulk Stefan number should be maintained below (Ste<O. 1). This can 

be achieved either by increasing the concentration of MCPCM or by reducing the duct 

radius. The concentration does play an indirect role in heat transfer through the bulk 

Stefan number. 

Choi (1994) studied the effects of PCM-water slurry on the convective heat transfer 

coefficient in a turbulent flow and suggested that the effect of latent heat on the local 

heat transfer coefficients may also depend upon the slurry flow structure. In 1999, 

Yamagishi investigated the effect of turbulent and laminar slurry flows on local heat 
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transfer coefficients. His results interestingly show that when flows of the MCPCM 

slurries are at approximately the same mean flow velocity, higher particle fractions of 
15% have a lower heat transfer augmentation than a 7% MCPCM slurry. This is because 

the flow of 7% slurry has higher Reynolds number than that of the 15% slurry. However 

if the particle volume fractions are the same for both laminar and turbulent flows, the 
heat transfer in the turbulent flow is more effective than in the laminar flow. The heat 

transfer augmentation associated with phase change depends upon not only the fraction 

of solid particles in the slurry but upon the degree of turbulence. The effects of duct-to- 

particle diameter ratio and degree of homogeneity of the suspension do not have a 

significant effect on the heat transfer characteristics of the phase change slurry (Goel, 

1994). 

Recently more papers have been published on theoretical or experimental approaches to 

clarify the merits of this medium. These studies focus mainly on heat capacitance and 

heat transfer coefficient. The major challenge in applying liquid-solid PCM to a 

convection heat transfer system is to achieve continuous circulation of the particles 

through the heat transfer flow loop. The current study employs a small scale rig with a 

closed loop circuit (Figure 8.9b), instead of a one way flow rig as used by many studies 

(Figure 8.9a), in order to circulate the suspension from the slurry reservoir through the 

test section and back to reservoir. The effects of repeated use of the slurry with liquid- 

solid phase change particles upon melting and solidifying can be investigated. 

Slurry Collecting 

Reservoir 
-ý---Hýe 

7at 
1 ra nsfer h7eý a fi n 

ýq 

Reservoir 

Slurry 

Reservoir 
Heatiný ection 

T- .4 4 Cooling Section 

Figure 8.9 a) One way flow rig b) Closed loop rig 
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8.5 Description of the PV/MicroPCM Slurry System 

The proposed experiment is based on incorporating MCPCM slurry within a PV system. 
The system works similar with chapter 4 but instead of water microPCM slurry is used. 
The PCM in microcapsules was selected to melt/freeze at temperatures near the 

characteristic temperature of the PV (25 'Q. The system containing the MCPCM slurry 

is linked to a piping system that runs through a continuous loop. It was anticipated that a 
pump would be needed to circulate the fluid mixture to increase the extraction of heat 

from the panel into the thermal storage unit. 

8.5.1 Experimental apparatus and method 
Two microencapsulated PCM produced by CIBA with a melt temperature of 26 and 33 

OC respectively has been analysed for use In a PV/MCPCM Slurry system. 
This temperature range for the slurry was chosen as it matches closely with the working 

temperature of the PV/Water system taken from experiments in chapter 4. The 

microcapsules suspended in water with a 20% concentration and pumped around heating 

and cooling circuits using commercially available pumps. 

Figure 8.10,8. Hand 8.12 illustrates the schematic diagram of the experimental 

apparatus and the view of the experimental rig. The rig consisted of two closed circuits, 

the primary and secondary circuit. The primary circuit consisted of a PV panel, a shell 

and tube copper heat exchanger unit that is incorporated in the back of the PV, a 

MCPCM slurry tank that the slurry passes for the electric mixer to keep the fluid mixed 

and homogeneous, a double diaphragm pump and a flow rate transmitter (turbine type). 

The secondary circuit comprised of a heat exchanger cooling fan, a pump and a variable 

flow meter. These two circuits were connected with a heat exchanger as can be seen in 

Figure 8.11. 
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Primary and Secondary circuit 

The temperatures of the working fluid at the inlet and outlet of the PV/MCPCM panel, 
heat exchanger and MCPCM tank were monitored using the K-type thermocouples 

attached to the outer wall of the pipes. The temperature of the water (or slurry) inside 

the tank was monitored using 6 thermocouples which were located at different positions 

in the tank. The heat exchanger, reservoir and pipes were insulated with a then-nal 

resistance of 0.94 m2 K/W in order to minimise heat loss through the system. A DT500 

data logger was connected to the then-nocouples and a turbine flow meter to upload 

inforrnation into a PC. All thermocouples were scanned every 5 seconds. 

The heat exchanger used in the present study was a shell and coil construction. The coil 

was I 00mm diameter and 3 00mm length made from 12mm soft copper tubing. The 

water reservoir had a volume capacity of 15 litres. The slurry had a concentration of 
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Figure 8.10 Left Primary Circuit, Right - Secondary Circuit 

Figure 8.11 Left - Pump of Primary Circuit, Right - Heat Exchanger Unit connecting 



20% due to its relatively high heat capacity and it was more reliable than a 30% or 40% 

concentration. Figure 8.12 illustrates an operation cycle of the experiment. 

Initially the MCPCM was prepared and mixed in the reservoir before being fed into the 

system. Radiant flux generated from the II ghts heated the PV panel and that heat was 

absorbed by the panel. Heat was transferred into the working fluid passing through the 

pipe attached to the sheet and tube copper plate adhered in the back of the PV. As the 

temperature of the slurry rose to the phase change temperature the MCPCM particles 

would melt, which stored heat as latent heat of fusion. The working fluid was then 

circulated through the heat exchanger to reject heat into the secondary working fluid, 

which was water. Here, the MCPCM particles solidified. Then the slurry was circulated 

back into the MCPCM reservoir and again to the PV/MCPCM system and the process 

started again. Meanwhile the secondary working fluid entered the cooling fan heat 

exchanger and rejected heat. 

As mentioned in the section 2.8.4.2 it is not possible to use the log-mean-temperature- 

difference (LMTD) method for the MCPCM slurry because neither the thermal capacity 

nor the local heat transfer coefficient is constant along the flow direction. Thus 

measurement of the amount of heat (Q2) absorbed by the MCPCM slurry had to be 

determined from the amount of heat received by the secondary fluid (Q4 == m*cp*AT). It 

326 

Figure 8.12 Operation cycle of the experiment 



was assumed that the heat loss of the system was small and could be neglected, thus Q2 
= Q3 = Q4 

The test procedure for the PV/MCPCM rig was carried out in a number of steps which 
were: 

1. The experiments were operated with the insolation of approximately 600 W/m 2, 

800 W/M2 and 1000 W/m 2 by adjusting the lighting system to obtain the required 

average irradiation. 
2. Set the primary working fluid, MCPCM slurry, to the temperature of 23 T or 30 

T, which was below the phase change temperature of the two MCPCM sample 
tested. 

3. Circulate the primary working fluid to collect heat from the PV/MCPCM. 

4. Adjust the flow rate of the primary working fluid to 0.3 I/min in order to record 

measureable values cause of the small area of the panel 

5. Set the secondary working fluid, pure water, to the temperature of 20 T. 

6. Circulate the secondary working fluid to pick up heat from the primary working 

fluid in the heat exchanger. 
7. Adjust the flow rate of the secondary working fluid to 0.3 I/min (see 4). 

8. Running the system until an outlet temperature of the primary working fluid 

from the solar collector climbed above the PCM melting point. 

9. Temperature profiles for each of the major components were taken from 

thermocouples located on the inlet and outlets to the heat exchanger and tank 

reservoir. A flow meter was used to record flow rates. 

8.5.2 Calibration and verification 
Initially, water was used as a primary working fluid to check heat losses of the system. 

Table 8.2 illustrates measurement of irradjance (1) and calculation of the rate of heat 

transfer for Q2. Q3 and Q4 from the PV collector rig using water as the primary working 

fluid. Heat loss through the system for the primary circuit between Q2 and Q3 was 

shown at around 5 W. Results show good agreement between the rate of heat input 

provided by the primary working fluid M) and the rate of heat transfer absorbed by the 

secondary working fluid (Q4) with relatively low heat loss of 5 W. Hence it is 
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acceptable to determine the rate of heat transfer for the primary working fluid by the 

calculation of the rate of heat transfer frorn the secondary fluid (Q2 ý Q3 ý Q4). The 

error for transferring heat from the primary to the secondary circuit is around 5.6% so 
the results would be underestimated during the experiments. 

Table 8.2 Heat input and output of the PV/MCPCM collector system using water as the 

primary working fluid 

Q, (W/m 
2 

or W) Q2 (W) Q3 (W) Q4 (W) 

1000 or 163 89 86 84 

Discrepancies arise on the one hand from the indirect detennination of the latent heat, 

because the heat losses are calculated with water on the secondary side, as described. 

The heat losses with slurry have to be lower due to the lower temperatures during the 

melting process. Figure 8.13 and 8.14 show PV temperature perfon-nance as well the 

inlet and outlet water temperature. It may be seen that at 1000 W/m 2 the PV front 

reaches 35 OC and the back 31 OC and water temperature difference is around 4 T. At 

Figure 8.14 we see the calibration that was undertaken in order to estimate the losses of 

transferring the heat from the primary circuit to the secondary. As can be seen the total 

power incident on the PV is around 163 W (1) and of that 89 W (Q2) was extracted from 

the rear of the PV to water. The water outlet supplies the heat exchanger inlet with 86 W 

(Q3) and the heat exchanger extracts 84 W, representing a total loss of around 5W from 

the whole system. 
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Figure 8.13 Calibration of the PV/Then-nal system using Water 
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Figure 8.14 Then-nal Power Calibration of the PV/Then-nal system using Water 

8.5.3 Performance of the PV/Thermal collector with the use of MCPCM slurry 

After evaluating the loss of transferring the heat from the primary to the secondary 

circuit for water the experiment was repeated with the phase change slurry. As seen 

from Figure 8.15 the PV temperature recorded on the front of the panel is 31 T and 27 

OC at the back, however this time the MCPCM temperature difference is 2.8 T lower 

than with water which is caused by the latent heat absorbed near at the melting point of 

the PCM. To mention that the same set of experiments were performed for 33 T 

MCPCM because the behaviour is similar with the 26 OC slurry. 
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Temperature of MCPCM Slurry of 26 oC 
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Figure 8.15 PV/MCPCM Slurry Melting Temperature at 26 T 

Figure 8.16 illustrates the temperature difference between the inlet and outlet of the Cý 
PV/Then-nal collector for the primary working fluid using water and 20% MCPCM 

slurry plotted against irradiance between 600 W/m 2 and 1000 W/m 2. At high irradiance 

the temperature difference for the working fluid measured between the inlet and outlet 

of the PV/Then-nal collector were higher than those of at low irradiance, which resulted 

from the increased amount of heat flux. The use of phase change slurry was found to 

decrease the temperature difference between the inlet and outlet of the collector, because 

the slurry had greater thermal capacity than water. For example at 1000 W/m 2, the 

temperature difference between the inlet and outlet of the collector for 20% MCPCM 

slurry was around 2.8 OC comparing to 4 OC of the pure water. 
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Figure 8.16 Temperature difference at various irradiation between water and MCPCM 
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Figure 8.17 illustrates the maximum efficiency of the collector as a function of 
2 

insolation from 600 W/i-n2 to 1000 W/nj 
. The intensity of irradiance was the main factor 

dominated the efficiency of the collector. The efficiency of the collector decreased as 
the insolation decreased. Overall the rate of heat transfer of the MCPCM slurry was 
higher than that of the pure water. 
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Figure 8.17a Thermal Efficiency of PV/MCPCM system in comparison with water at 

different irradiations 

As Thaicham (2004) mentioned the phase change slurry has higher viscosity than water 

and so needs more pump power for the same flow rate. As seen in Figure 8.18 the 

average increase of power need was 8% when using the MCPCM slurry. 
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Figure 8.18 Pump Power Consumption of Water & MCPCM Slurry (20% - 26 OC) 
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To estimate in what degree the increase in PUMP power consumption affect the 

perfon-nance the additional power consurned was included to estimate the then-nal 

efficiency of the systern. The increase of 8% on power need means that the pump 

consumed 2W more power than when using just water in the system. Because the 2W 

is electrical power and is different in nature with thermal power as discussed in section 
4.5.2 an efficiency factor of 0.38 is used to get the thermal power needed for a 

conventional plant to generate 2W of electricity. The given amount of thermal power 

needed is 5.26 W. This value is being subtracted from the then-nal power gained from 

the MCPCM slurry and the thermal efficiency can be seen in Figure 8.13. As can be 

seen the reduction in then-nal efficiency is around 4% but still more than using water in 

the system. 
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Figure 8.17b MCPCM Slurry Thermal Efficiency after subtracting the additional pump 

power consumption (20% - 26 'C) 

8.5.4 Efficiency of the PV/MCPCM collector 

The next sets of experiments were to find the thermal and electrical efficiencies of the 

PV/MCPCM system using 26 OC and 33 OC MCPCMs of different slurry inlet 

temperatures. Figure 8.19 illustrates the efficiency of the PV/MCPCM collector plotted 

based on the secondary circuit against that for the water system at 1000 W/M2 

irradiation. The use of MCPCM slurry was found to improve the efficiency of the 

collector over the single phase working fluid. As discussed in section 2.8.3 the slurries 
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have higher heat capacity and observed near the melting point of the PCM. For example 

at 1000 W/m 2 the efficiency of the collector with MCPCM (26 T slurry was shown at 

around 69% compared with 57% for pure water, an improvement of 21 %. The same can 
be observed with the 33 T slurry. Near the melting temperature the efficiency 

improvement is around 27% (69% for MCPCM and 54% for water). When the 

temperature range of inlet and outlet was out of the melting range of the PCM materials, 

then the theriiial efficiency was very close to that of water (see blue circle in Figure 

8.19). 
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Figure 8.19 PV/MCPCM Thermal Efficiency in comparison with water and MCPCM 

slurry (26 oC and 33 oC PCM) 

To maximise the benefit from the latent heat of fusion of this phase change slurry, it was 

decided that an average slurry inlet temperature of around the range of 22 OC to 24 T 

and 29 T to 31 T respectively be maintained. 

As far as the electrical efficiency is concerned it may be seen that there is no variation in 

comparison with water as seen in Figure 8.20. 
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Figure 8.20 PV/MCPCM Electrical Efficiency in comparison with water and MCPCM 

slurry (26 T and 33 T PCM) 

Figure 8.21 and 8.22 give as the total energy efficiency by adding the thermal and 

electrical efficiency of the systems and the energy saving efficiency. Both indexes give 

as higher efficiencies in comparison with water because of the increase in thermal 

efficiency of the PV/MCPCM system. 
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Figure 8.21 PV/MCPCM Total Energy Efficiency in comparison with water and 

MCPCM slurry (26 OC and 33 OC PCM) 
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Figure 8.22 PV/MCPCM Energy Saving Efficiency in comparison with water and 
MCPCM slurry (26 oC and 33 oC PCM) 

The improvement in the heat transfer of the PV/MCPCM system can be also seen by 

comparing the exergy analysis of PV/Water system. As seen in Figure 8.23 and Figure 

8.24 the exergy efficiency of the MCPCM with melting temperature at 26 T is 16% in 

comparison with 14% of water. The same with MCPCM with melting range at 33 T 

with an exergy efficiency of 21.8% in comparison with 19% of water. In both materials 

a 15% improvement is observed. To mention that the comparison between the water and 

the MPCM system concerns the temperature range close to melting point and not the 

optimum point of water. It could be possible with a MCPCM having a melting 

temperature near the range of AT/G = 0.022 (42 'C) to give as better efficiency (see 

Figure 8.24). 

PV/T Exergy Efficiency 
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Figure 8.23 PV/MCPCM Exergy Efficiency in comparison with water and MCPCM 

slurry (26 T and 33 T PCM) 
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Figure 8.24 PV/PCM Exergy Efficiency in comparison with water and MCPCM (26 oC 

and 33 oC PCM) in AT/G range from 0.001 to 0.011 (21 OC to 35 'C) 

8.6 Conclusion 

When water was used as the heat transfer fluid in the PV/Thermal system a flow rate of 

0.3 I/min was required to provide a water temperature difference of 4 OC. Fluid flow rate 

above this tended to flow through the panels without a measurable rise in temperature 

across the inlet and outlets of the PV panel. At this rate water was able to extract and 

remove energy gains and maintain PV temperature at 32 OC. 

A 20% concentration PCM slurry was substituted for the water in the circuit. It was able 

to maintain a temperature difference around 2.8 T with a flow rate of 0.3 I/min. 

The specific heat of the slurry when the PCM material is solid or fully melted is near to 

that of water (4.18 kJ/kg*K). By running the circuit with an inlet temperature to the 

panels of around 23 T and an outlet temperature of around 26 OC, an average specific 

heat for the slurry was calculated to be 9 kJ/kg*K, with at times a value of 11-12 

kJ/kg*K. 

When the fluid is near melting range then the heat capacity increases and improves the 

efficiency of the system. The calculated fluid specific heat capacity fell to near that of 

water when the flow and return temperature of the slurry was above 26 'C- A similar 

specific heat capacity was determined if the slurry return temperature was below 25 T. 

A slurry return flow temperature below 26 T would have led to very little, if any, of the 

PCM material in the microcapsules melting, with no latent energy absorption at phase 
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change. As a result the system was optimised so that the return flow temperature was 
around 25.5 OC. The slurry was cooled no lower than 23 OC to maximise solidification 
efficiency of the PCM in the slurry. On inspection there were no signs of deposition of 
the microcapsules in the pipes at bends or around the valves, and no degradation of the 
slurry. 
The data obtained from the test facility has proven that a concentration of 20% 

microcapsules containing PCM can be used as the heat transfer fluid in a PV/Thermal 

application with the collector working mainly near the melting temperature of the 
MCPCM slurry. A drawback is the need for more pump power with using MCPCM 

slurry instead of water. Because at the same flow rate the MCPCM thermal efficiency 
improves around 21 %a lower flow rate could be used and keep the thermal efficiency at 
the level of water. With this way a significant amount of energy could be saved. (i. e. 
57% - 69% at 0.3 I/min, make it 57% - 57% at 0.2 I/min). Another important advantage 
of using PCM in a solar heating system is that the store/system temperature does not 

increase at the same rate as in a water store. The solar collectors can therefore operate at 
lower temperatures for an extended period of time, thus increasing the total amount of 

solar energy collected by the system. This system except the size reduction that can 

offer is suitable for cases that work with a narrowrer temperature range and for a system 

working around the phase transition temperature of the chosen PCM and for the specific 

application needed. 
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CHAPTER 9: PHOTOVOLTAIGTHERMAL SYSTEMS TECHNICAL, 
ECONOMIC AND ENVIRONMENTAL COMPARISON 

9.1 Introduction 

From previous chapters the performance of five different PV/Thermal systems was 
determined. As was mentioned in the literature review PV/Thermal systems with water 

and air have been evaluated by other Investigations and the results from experiments 

carried out in this thesis agreed very well with the researchers' work, To evaluate if the 

three new PV/Thermal systems have the potential to be useful alternative technologies, 
for a hybrid PV and Thermal collector panel, a comparison was carried out. This 

comparison is based on the technical, economic and environmental aspects of the five 

systems. Then-nal and electrical efficiency were compared in order to evaluate each of 
the PV/Thermal system. 

After comparing their technical perfon-nance an economic comparison was carried out. 
For each of the five systems an attempt was made to estimate the cost of the different 

components required in order to build these hybrid systems. A simple payback method 

was used for different PV/Thermal surface areas (1,10,50,100 and 140 in 2) and as a 

PV panel an assumption made that an amorphous silicon panel was used. The difference 

in comparison with the polycrystalline panel used in the experiments is the lower 

efficiency and degradation that amorphous panels face. To estimate the annual energy 

production a PV system using thin film panels and based in the Sustainable Research 

Building was monitored for two years and these values was used for the analysis. 

From the PV/Thermal system's electrical and thermal perfon-nance it was possible to 

evaluate the quality Of C02 emissions that can be saved. A Life Cycle Energy Analysis 

(LCEA) was also carried out for each system in order to evaluate how much energy is 

consumed in order to build the system and to estimate the energy payback period. 

9.2 PV/Thermal Systems - Technical Comparison 

When considering the design of a PV/Then-nal collector, determination of the 

perfon-nance of the electrical and thermal output from the system allows the specific 

system to be evaluated. To mention that the comparison is not to indicate if the new 
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PV/T systerns are better than PV/T with water and air but to assess if can be concerned 

as alternative technologies for use. 

9.2.1 Total Energy Efficiency 

The first law of then-nodynarnics tells us that work and heat are both forms of energy. 
Thus a sirnplIstic first law approach Is to consIder them to be of equal value. A number 

of studies on PV/Therrnal collectors have used a simple one-to-one energy approach to 

express the combined efficiency of the electrical and thermal output. (Sharan and 
Kandpal, 1992; Hegazy, 2000; Soplan et a]., 1996,1997; Abdalla and Wilson, 2001). 

Figin-e 9.1 and 9.2 show the electrical and thermal efficiency of the PV/T systems. As 

can also be seen from Table 9.1 the system integrating PCM to the rear of the PV 

module achieves higher electrical efficiency and the lowest heat loss coefficient and 
hence highest then-nal efficiency of all the other systems as may be seen in Table 9.1. 

The hybrid systems incorporating heat pipes can be compared very well with the 

PV/Water system and have the potential to be competitive technology if heat loss 

coefficient issues are being resolved. PV/MCPCM system for very low grade 

temperature applications can provide thennal efficiencies that reach 70% and their 

electrical efficiency is equal with the one of PV/Water system. Last to mention PV/Air 

system that as discussed in section 5.2.1 cause of the lower thermal conductivity and 

heat capacity give the lowest thermal and electrical efficiencies. However for 

applications that need air heating achieves high efficiencies. 

PV/T Electrical Efficiency 
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Figure 9.1 PV/Thermal Systems - Electrical Efficiency Comparison 
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PV/T Thermal Efficiency 
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Figure 9.2 PV/Then-nal Systems - Then-nal Efficiency Comparison 

Table 9.1 Electrical and Thermal Efficiency Equations of PV/T Systems 

PV/Thermal Systems PV/T Electrical Efficiency PV/T Thermal Efficiency 

i 
Equations Equations 

Pv n,,, = 3.5781 *(1 - 
0.00461 *(Tp, - 25)) 

PV Insulated n, le ý 3.4396*(l 

PV[Water 

PV/Air (With Fins) 

0.00488*(Tp, - 25)) 

3.636*(l - 0.00385*(Tp, nýh 0.597 - 7.683*(AT/G) 

-25)) 

3.193*(l - 0.0025*(Tp, nh 0.496 - 12.65*(AT/G) 

-25)) 

PV/Heat Pipes 

(Manifold) 

n, j, = 3.363*0 - 0.00356*(Tp, nlh = 0.654 - 13.82*(AT/G) 

-25)) 

PV/PCM - Water n,,, = 3.651 *(1 - 0.00301 *(Tpv nth = 0.598 - 4.138*(AT/G) 

(A28) -25)) 

PV/MCPCM (26 OC) nele = 3.369 nh = 0.69 
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PV/T Total Energy Efficiency 
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Figure 9.3 PV/Thermal Systems - Total Energy Efficiency 

The same discussion can be provided from Figure 9.3 that total energy efficiency of the 

systems is presented. A general conclusion that can be drawn is that then-nal efficiency 

contributes around 94% to the total efficiency of the systems. However both the second 
law of then-nodynamics and common sense tell us that electricity is not the same as heat, 

and not equally useful. 

9.2.2 Primary Energy Saving Efficiency 

To improve on the simple first law approach, one method that has been proposed is to 

use an energy efficiency ratio derived from conventional power plants to give a 

weighted overall efficiency measure (Huang et al., 2001). In this approach, a so called 

primary-energy saving efficiency Is defined by equation (4.11) to give a favourable 

weighting to the electrical output. It has been found by Huang (1993) that the daily 

efficiency for most solar water heaters with cold-water start is around 50%. This value 

will provide a criterion for checking the overall performance of a PV/Then-nal system. 

Therefore the systems should exceed this value in order to compete with a solar hot 

water system. Figure 9.4 and Table 9.2 give as the energy saving efficiency of PV/T 

systems. As may be seen all systems exceed the 50% thus could be competitive 

alternative choices for thermal heating. The same pattern is observed as in section 9.2.1. 

PV/PCM-Water system has the highest performance for the whole range of (AT/G) 
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values and the lowest heat losses. PV/Water and PV/Heat pipe systern follow with 
PV/Air perform less than the others but exceeding the 50% firnit. 

PV/T Energy Saving Efficiency 
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Figure 9.4 PV/Thermal Systems - Energy Saving Efficiency Comparison 

9.2.3 Exergy Efficiency 

The second law of then-nodynamics addresses the fundamental limits that apply in the 

efficiency of conversion of heat to work. The predictions and formulations of the second 
law all follow from the simple observation that heat flows naturally from hot to cold 

objects but never the other way. The second law leads to a quantification of the relative 

value of different energy streams via exergy analysis. Exergy is defined as the 

maximum theoretical useful work obtainable from a system as it returns to equilibrium 

with the environment. Researchers in Japan have applied a similar idea to annual results 

from a flat plate PV/Thermal collector (Takashima et al., 1994; Fujisawa and Tani, 

1997). Figure 9.5 and Table 9.2 give as the exergy efficiency of the PV/T systems. As 

can be seen the PV/PCM system has the highest exergy efficiency (34%) when inlet 

temperature is around 45 T (or AT/G = 0.025) and PV/Heat pipe is comparable with the 

PV/Water system with optimum exergy at 24% at Tj,,, t 40 T. On the other hand PV/Air 

systems exergy reaches only 16% at around 38 T as PV/MCPCM but the later is in the 

range of 0.005 (AT/G) or temperature inlet around 25 T. 
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Figure 9.5 PV/Then-nal Systems - Exergy Efficiency 

Table 9.2 PV/T systems - total energy, energy saving and exergy efficiency equations 

PV/Thermal PV/T Total Energy PV/T Energy Saving PV/T Exergy 

Systems Efficiency Equations Efficiency Equations Peak Efficiency 

PV[Water nt,,, = 0.632 - np, = 0.688 - n ... = 25% 

7.825*(AT/G) 8.056*(AT/G) 

PV/Air (With nto, ý 0.528 - np, = 0.58 - n ... = 16% 

Fins) 12.74*(AT/G) 12.89*(AT/G) 

PV/Heat Pipe n,,, ý 0.688 - np, = 0.743 - n ... = 24% 

(Manifold) 13.94*(AT/G) 14.14*(AT/G) 

PV/PCM - n, O, = 0.635 - np, = 0.694 - nexe = 34% 

Water (A28) 4.25*(AT/G) 4.44*(AT/G) 

PV/MCPCM (26 0.729 np, = 0.784 16% 

0c) 
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9.3 PV/Thermal Systems - Economic Comparison 

To evaluate the cost of PV/Thermal systems it was necessary first to choose a PV panel 
upon which to base the analysis. There are a number of different types of photovoltaic 
panels. The two main types available are (1) crystalline silicon PV and (2) amorphous 
silicon PV- Crystalline PV panels can be further divided into mono-crystalline and 
polyclystalline PV and the amorphous silicon panels can be divided into multi-junction 

and single junction amorphous silicon PV. While all of these technologies can be used 
to generate electricity from solar energy, there are some differences in the way that they 

are manufactured, and these differences affect their cost, as well as the way that they 

perforin. 

One of the main technical differences between crystalline and amorphous PV 

technologies is in their efficiency at converting solar energy into electricity. Crystalline 

PV panels now have efficiencies that range from 8 to 15%, while single junction a-Si 

modules often have efficiencies that range from 2 to 4%. The efficiency of a panel tells 

you how much electricity it can generate for a given area. This means that an a-Si 12 

Watt panel will be larger in size than a crystalline panel with the same 12 Watt rating. A 

second difference between a-Si and crystalline PV has to do with their performance 
during the first few months after they are purchased. For a given amount of sunlight, the 

performance of crystalline PV panels is more or less constant from the time that they are 

bought. In contrast, most a-Si panels lose about 25% of their output during the first few 

months of use. After that, the performance stabilizes at a constant level. The final 

important difference between a-Si and crystalline PV panels is their price. The lower 

price of a-S1 PV has convinced many to choose a-Si PV over the higher priced 

crystalline PV panels. 
After considering the differences between these two panels a decision was made to use a 

product similar to one used on a building within the school of the Built Environment 

(the Sustainable Research Building [SRB1) on which monitoring could be performed. 

The product is Uni-Solar US-64 (United Solar Systems specification sheet). Each UNI- 

SOLARV solar electric power module utilises proprietary Triple-Junction thin film 

silicon solar cells from United Solar Systems Corp. Each cell is composed of three 

semiconductor junctions stacked on top of each other. The bottom cell absorbs the red 
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light, the middle cell the green/yellow light and the top cell absorbs the blue light. This 

spectrum splitting capability Is the key to higher efficiency, especially at lower 

irradiation levels and under diffuse light. The cells are produced In a roll-to-roll vacuum 
deposition process on a continuous roll of stainless steel sheet. 
The modules are exceptionally durable. They are encapsulated In UV-stabillsed 

polyrners and frarned with anodised alummiurn. A lacquered Galvalumeg-steel backing 

plate provides stiffness. The polymer encapsulation includes EVA and the fluoro- 

polymer TEFZEL(-R-), a DuPont film. By-pass diodes are connected across each cell, 

allowing the modules to produce power even when partially shaded. Each module has 

either a weather resistant standard junction box, designed to accept 12.7 mm cable 

conduits or a Multi-Contact junction box (with a female connector and an MC-cable 

ending in a male connector) for easy plug-and-play series connection. These modules 

are appropriate for all applications from simple single module requirements to high 

voltage grid-connected applications. In Figure 9.6 the general characteristics of the 

module may be seen. 

Rated Power W 64 

Operating Voltage Vpp 01) 16.5 

Operating CixTent Impl, (A) 3.88 

Open Circuit Voltage Voc (V) 23.8 

Open Circuit Volta @ Voc @ -10'C q 1 27.1 
and 1250 W/m' (V) 

Short Circuit Current Isc (A) 4AO 

Short Circuit Current Isc @ 75'C and 6.30 
1250 W/m' (A) 

Series fuse rating (A) 8.0 

Minimum blocking diodo; (A) 8.0 

Weight (k9s) 9.17 

Figure 9.6 Uni-Solar-64 Thin FIlm PV Characteristics (United Solar Systems 

specification sheet) 

In order to estimate how much these PVs produce the 140 in 2 plant that exists in the 

SRB was monitored for a period of two years. F, gure 9.7 shows the global Incident 

irradiation in the 5' collector plane for the two years. Both of them give an annual 

availability of 888 kWh/m 2. 
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Figure 9.7 Global Incident Irradiation in Collector Plane 

The annual energy produced was about 5408 kWh in the first and 4809 kWh in the 

second year respectively. The C02 emissions saved were 2558 kg Of C02 the first and 

2274 kg the second year. Figure 9.8 and 9.9 give the monthly energy produced and C02 

emissions saved. 

Sustainable Research Building PV Production 
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Figure 9.8 Sustainable Research Building PV Monthly Energy Production 
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Figure 9.9 kg of C02 emissions saved every month 

In Figin-e 9.10,9.11 and 9.12 show the monthly values for inverter efficiency, 

perforinance ratio and the overall plant efficiency of the system. As seen the average 

inverter effieciency was near 85% and 83%, the perfon-nance ratio 64.2% and 52.7% 

and the average PV plant efficiency were 4.1 % and 3.3 8% respectively for the two 

years. It may be seen that in the second year there was an I I% reduction in energy 

production. 
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Figure 9.10 Monthly fnverter Efficiency 
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Figure 9.12 Monthly PV Plant Overall Efficiency 

The monitored results will be used for the calculation of the payback time of PV/T 

systems. Table 9.3 presents estimates of the cost of a PV/Then-nal panel of Im2. First 

this was obtained by estimating the cost for the thin film PV module for I in 2 and the 

various components used for the installation of SRB PV plant. The values are index 

linked to 2007 and were taken from manufacturers or published material (Bakker, 2005, 

Duckers, 2004, Bernal, 2006, Eiffert, 2003). For the PV/Thermal systems attempts were 

2 again made to estimate for a panel of Im the components that would be used for the 

heat extraction from the panels. The prices are based on pro rata values based on larger 

arrays. From observing the Table 9.3 it may be seen that PV/Thermal panels are 59%, 

28%, 135%, 107% and 76% more expensive than the simple PV module. 
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Table 9.3 PV and PV/Thermal Panel Cost Estimation for I M2 
Product Investment in E/ rný' R/, 9mple PV/Water PV/Ar PV/ PCM RI/ Heat R pes R//MpCM 
7 Panel 200 200 2-00 200 ý2O 0 200 
S)lar Array Mounting Frame 30 30 30 30 37- 30 
Grid Cbnnected Inverter 40 

- 
40 40 40 40 40 

T[Disconect 
, 
Cables 75 25 25 2-5 25 25 

AC-Isolator, Cables 25 25 25 25 25 25 
Installation and Oz)mmisioning 

- - 
35 35 35 35 35 35 

Fan 77m p or 0 20 20 20 20 20 
Water Sorage & Rpes 0 100 0 100 100 100 
PCM or M CPCM or Heat R pes 

- - 
0 01 0 250 150 50 

Drber Manufacturing Cost for PVT V s 0 40 30 60 60 50 
Heat Exchanger 0 50 50 50 50 50 

jTbtaI Net (Dapital Cbst (f/m2) 355 565 455 835 735 625 

To estimate the electrical and thermal energy of the systems we followed different 

approaches. The PV system used the monitored values taken from SRB PV plant for 1 
2 

in . To calculate the electrical and thermal efficiencies of PV/Water and PV/Air the 

TRNSYS was used to simulate the two systems with the parameters taken from the 

experiments (i. e. thermal efficiency, heat loss coefficient). To estimate the performance 

for the PV/PCM the new built TRNSYS model was used with PCM to be E30 (melting 

temperature at 30 T, see EPS Ltd Datasheet). From the values obtained for thermal 

energy a factor of 0.65 (thermal efficiency of 65% at zero reduced temperature for 

PV/PCM-Water) was applied in order to include the heat extraction achieved by water 

pipes passing from a PV/PCM-Water system. For PV/Heat pipe and PV/MCPCM 

systems the electrical energy from monitoring was used, and for thermal energy the 

irradiation values recorded from monitoring were multiplied by the thermal efficiency of 

the two systems in order to obtain the thermal energy. The results can be seen in Table 

9.4. In particular, by collecting and using the thermal energy (usually lost) produced 

during PV modules operation it Is possible to achieve two different goals: an Increased 

amount of electrical yield (thanks to the lower operating temperature of modules) and an 

additional 'clean' energy flow to be used to replace traditional thermal energy sources. 

From the derived thermal energy an assumption was made indicating that the yield of 

recovered heat that becomes a useful output for the user strictly depends on its final use; 

this may be calculated by means of the 'use coefficient' (Cu) that is the thermal energy 
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delivered to the user divided by the then-nal energy recovered during PV/T system 
operation. If the final use is space heating, the coefficient Cu reaches the very low value 
of 0.2. As a matter of fact, in autumn and winter, when the user heat requirement is 
higher, the availability of the primary source (the sun) provides the lowest levels of the 

year. The exploitation of the recovered heat is obviously more interesting when it is 

used for domestic hot water (DHW) production, thanks to a more homogeneous demand 

distribution during the year. In this case, the calculated Cu rises to about 0.6. 

Table 9.4 Monthly Electrical and Thermal Energy Produced for I in 2 of PV and 
PV/Then-nal Panel 

PVSmple R// Wat er PVIAjr PV/ PCM FV/He-at Rpe R// M GICM 
Annual Saving (kWh) Bectrical Thermal Bectrical Thermal Bectrical Thermal Bectrical Thermal Bectrical Thermal [Electrical Thermal 

January 0.687 0.000 0.767 0.000 0.774 0.000 U79 6.743 0.781 0.000 0.781 0.000 
February 1309 0.000 1.375 9.911 1.394 4.971 1.585 9.194 1.413 12.736 1.413 10.614 

March 2.264 0.000 2.135 17,431 2,175 8.738 2.381 14.065 2.216 22.423 2.216 18.686 

April 4366 0.000 4.509 39.286 4.627 19.682 4.898 41 518 4.744 50.586 4.744 42.155 

May 5ý918 0.000 5.921 58.507 6.095 29.307 6.448 57825 6.269 75.328 6.269 62.774 

Jine 6.068 0ý0()o 5.266 50.502 5.386 1 25.313 5.702 39759 5,508 65.015 5,508 54,179 

Jily 6.021 0.000 5.427 44.953 5.608 22.497 5661 85ý041 5,790 58.020 5.790 48,350 

August 5.200 U00 4.779 44.822 4.883 22.468 5 132 35,923 4.987 57.712 4.987 48.093 

September 3.880 0.000 3.646 32.320 3.735 16.195 3892 39180 3.823 41.638 3.823 34.698 

October 1.754 0.000 1ý640 10.670 1.663 5.351 1 805 9535 1,687 13.729 1.687 11,441 

November 0.696 0.0w 0.843 0.000 0.850 0.000 0940 4624 0.858 0,000 0.858 0.000 

December 0.471 0.000 0.566 0.000 0.570 0,000 0651 2,938 0.574 0ý000 0.574 0,000 

Use Cbefficient Gi . 0.6 '01 70 6 *06 *0* 6 

Annual Total ES(WVh) 38.635 ODOO 36.874 185.041 37.760 1 30.904 1 39.972 1 207.808 38.650 778t 2 38.650 1T8.594 

After evaluating the annual electrical and therinal energy produced the next step was to 

calculate the total annual saving, the payback time and the cost of the PV system per 

kWh energy produced. To extract the heat from the PV panel it is necessary to use a 

pump or a fan, and these two components require energy to work. To account for this it 

was necessary to estimate the energy produced in order for these components to work 

during a year. If consider that a system should stop working when the solar irradiation is 

less than 200 W/m 2 then an estimate from the solar irradiation recorded for the 

monitoring was used and obtained that the systems could work for 2922 hours a year 

was made. This irradiation level was used because below that point the thermal energy 

extracted is not significant and because the power needed for pump and fan covers the 

energy extracted. By multiplying the energy produced and the energy consumed with 

the current price of electricity (f 0.08/kWh) it is possible to estimate the annual cost 

savings. As seen from Table 9.5 the annual cost saving for PV/Thermal systems is 

higher than the simple PV. 
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During the period when the present study was undertaken the UK government offered 
financial support through mechanisms such as the DTI, a grant scheme for PV plants or 
then-nal collectors (Latest UK solar grants, Heat my home). These schemes can cover 
50% of the whole cost of the system. Taking advantage of such schemes could cut the 
cost to half i. e the f355 of PV to become only f 177. By using this assumption and 
dividing the net capital cost estimated In Table 9.3 by the annual cost saving it is 

possible to provide a very approximate estimate of the time needed until the system is 

payed back. As seen from Table 9.5 the payback time for a PV is 57 years and for the 

PV/Thermal systems is 46,52,51,35 and 42 years. The cost savings takes into account 

also the costs produced by running the pump or fan. 

Table 9.5 Payback period, annual C02 emission saving and cost of a PV system per 
kWh of energy produced 

Pvg, plý 
_P, 

//Wale_r_ I P\//Ar PV/PCM PV/Heat pipe P\//MCPCM 
Aýýal Q)sl Swing (0.08 E/ M) 3091 0. = 2950 14803 3021 =4 3-092 --7- 588 

- - -- - - - - A-ual Rinning Tirre (hr) 0 03r 
-- 

Tum 
- 

0 000 
-- - -- - 7- - - - 

7= 
-- - - 

79=0 -- O ý =0 9,22 000 
-- - 

0.000 2922000 
F4jmp, Fw Flower (M) 5 OT 

-- - - 
= 5557 0 375 

- 
70 5 0 007 = -= --7'dYo- 0 57- 00-00 _0 O= 

Tot ai Power Required (kwh) 7 0G 0 -7= --O= 7'-00 -7-00-0- - =6 -= --lZl-OO -O-3= -7TrO-O- 00-00 -M 1 -00 

Rinning CDs[ (0.08E/ kWh) 0000 0,000 0000 11688 O, OGO 1.169 0.000 11688 0,000 11.688 0.000 11,688 

- 7 ........... - Total AnnuEA rbst S3ýing (E) 3091 6065 4.324 - 8= - 10 = 7 291 

- - - - -- Smple Ptqba: k Time (years) 4 -717- 52609 - 1 3=2 - =l D 4 71= 

@ 1 

- - - - - - - 7 - - 7 -7 1019 EmIsgon ot CC(? 33ving ýkg/ yew) 613 00 "' 1 -79 W ' 16237 -73 28 9 7= 
- - 

7 =3 
, 

1 667 
- 

10 2 777 619 1 6 
- - - 

39 0= 

0.48 ky kVVh 95 424 -7=2 10 6 37r - 1 1 02. 01r 

L-bsi olthePV, 'Wem (LlkWh) 0102 U. 2bb u Iib 1 0,106 0105 1 

The same calculations have been undertaken for different areas of PV panel in order to 

see how the payback is affected. As seen from Figure 9.13 the payback period decreases 

as the area or units of PVs increases. It may be seen from the Figure that the PV/Heat 

Pipe give the lowest payback period. The points in the figure inside the circle are for the 

I M2 of PV panel. 
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Figure 9.13 Payback Period for PV and PV/Thermal Systems for diffent panel area 

Currently the price paid by the utilities for PV generated electricity entering the grid is 

just 8p/kVvh. A simple calculation is taking 603.67 kWh of energy output per annum per 
kWp installed for an amorphous PV panel, and E2,800 per kWp unit installed cost (after 

receipt of the installation grant), it is apparent - given a return from energy produced for 

the grid of f 48.3 (603.67 kWh x 8p) per annum per kWp installed - that it will (in 

financial terrns), take 57 years to recover the initial installation costs. This is a long pay- 
back projection. Considering that most PV arrays carry a 20 year guarantee, and have a 
life expectancy of about 25 years, it is obvious that the economics for PV in the UK do 

not currently add up, and create an uninviting picture for investors and for the future of 

PV here. 

If in the near future the cost of electricity is increased or the government decide to 

promote the clean renewable energy by Increasing the price from energy coming from 

renewables then we could obtain lower payback periods. This can be seen from Figure 

9.14 were the payback periods for different prices of electricity are investigated. As may 

be observed as the cost of electricity increases, the payback reduces. As an example may 

be seen when the price reaches LO. 4/kWh then PV and PV/Thermal systems could bring 

down the payback period near to 10 years. This price is very common to European 

countries like Gen-nany and Greece that the clean electricity price Is In the region of 

LO. 34/kWh. 
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Payback Period of PV & PV/T Systems 

60 
50 

40 
'0 2 
gj 30 

20 

_O 

0 
0 0.1 0.2 0.3 0.4 

Cost of Electricity (f/kWh) 

0 Pv 

--01--PV/Water 

-v, - PV/Ajr 

-pv/pcm 

-PV/Il(--)t Pipcý 

PV/MCPCM 

0.5 

Figure 9.14 Payback period of PV and PV/Thermal Systems for different cost of 

electricity 

The same can be observed with the grant schemes. As seen in Figure 9.15, when the 

contribution from government for the cost of the PV system increases, the payback time 

reduced. Figure range from 114 years with no grant contrIbutlon to 57 with a 50% grant. 

Payback Period of PV & PV/T Systems 
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Figure 9.15 Payback period of PV and PV/Thermal Systems for different percentage 

contribution of grant schemes 

An alternative way of comparing systems is to Investigate the cost per kWh of energy 

produced from a PV or PV/Then-nal system. This can be calculated by taking the net 

capital cost of each system and deviding it by the annual energy produced multiplied by 

an estimate of the years of operation (25 years). As seen from Figure 9.16 the PV 

system has the higher (0.368/kWh) cost per kWh of energy produced in comparison 

353 



with the PV/Thernial systems that reduce it by around 72%, 28%, 63%, 72% and 72% 

respectively. 
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Figure 9.16 Cost of the PV and PV/Then-nal systems per kWh energy produced 

9.3.1 Comparison of a PV/T system with a side-by-side PV and Solar Thermal 

Collector system 

To understand and evaluate the economic prosperity of a PV/T system a comparison 

with a side by side system was undertaken. In Table 9.3b the cost of a PV/T water 

system with a solar thermal collector systern and a side by side PV + Solar thermal 

collector system was presented. It can be seen that the investment on the side-by-side 

system is about 39% higher than the PV/T system. The difference is caused by the 

additional collector frame and support, plus the higher installation cost in handling the 

larger system. 

Table 9.3b Cost Estimation of a PV, a PV/T and a side by side PV + Solar Thermal 

Collector System for Im2 

Product Invest ment in F-/ m2 PVSImple P\//TWater SDI ar Thermal Col lector p\/ + Eblar Thermal Collector 

P\/ Panel 200 200 0 200 

' '331ar Array Mount i ng Rame - 30 30 30 60 

Grid Connected Inverter 40 40 0 40 

DCDisconect 
, 
Cables 25 25 0 25 

AC Isolator, Cables 25 25 0 25 

Installation and Commisioning 35 35 35 70 

Pump or Fan 0 20 20 20 
' 

Water Storage & Rpes 0 100 100 100 

PCM or MCPCM or Heat Rpes 0 0 0 
- 

Absorber Manufacturing Cost for PVT 
Heat Exchanger 

0 
0 

40 
50 

200 
50 

200 
50 

[Ltý Net Capit ad Cost (F-/ m2) 355 565 435 790 
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The same procedure was used as previously for estimation of thermal energy with the 

assumption that the solar then-nal collector average daily efficiency is 50%. The 

overview of collector energy yi 11 ield of the hybrid PV/T system and the side-by-side 

system can be seen in Table 9.7. With the two separate collector units of total surface 

area of 2 M2, the combined energy yield is 7.3% higher than the PV/T system with I M2 

surface area. However in terms of combined energy yield per unit surface area the PV/T 

collector is then 86% higher than the side-by-side system. 

Table 9.7 Overview of collectors energy yields: hybrid PV/T vs side-by-side system 

Side-by-side PV/T 
Surface Area (M 2) 

Solar Thermal Collector I I 
PV Panel I I 
Total 2 1 

Energy Generation From Collector (kWh) 
Thermal Energy 213.56 192.75 
Electrical Energy 34.77 38.63 
Total Energy 248.33 231.38 

JEquivalent Energy Yieldper unit surface area (k"Im 2 124.165 231.38 

The payback period was evaluated for different panel areas, for different electricity cost 

and different grant schemes. As seen from Figure 9.17 the PV/T system payback period 

of the cost of the investment was quicker than the side-by-side system. This difference is 

around 4 years more time to cover the investment for the side-by-side system. 

Figure 9.18 and 9.19 present the influence that an increase in electricity cost or an 

increase in grant scheme will have on the payback period of the systems. As can be seen 

by increasing both factors the payback period reduces and the PV/T system performs 

better than a side-by-side systern. 
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Figure 9.17 Payback Period for PV, Solar Then-nal Collector and PV/Then-nal System 

for diffent panel area 
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Figure 9.19 Payback period for PV, Solar Thermal Collector and PV/Thermal System 

for different percentage contribution of grant schemes 

As far as consider the cost per kWh of energy produced the PV/T system value is 

f 0.10 1 8/kWh and the side-by-side system is EO. 1273/kWh, a reduction of about 25%. 
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Figure 9.20 Cost of the PV, Solar Thermal Collector and PV/Thermal system per kWh 

energy produced 
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9.4 PV/Thermal Systems Environmental Comparison 

Reliable data on the environmental impacts of PV module manufacture have been rather 

scarce for the last 10- 15 years. The only extensive data collection based on production 
data were published in 1992 (Alsema) and were based on technology from the late 

1980s. Later work was done to update these data but this was to a large extent based on 

secondary data sources and estimates (Alsema, 1998,2000ý 2006, Keoleian, 1997, ). 

Consequently, life cycle assessment studies are often based on the old data set that does 

not really reflect the technological progress made over the past decade (Frankl, 1998, 

Krauter, 2004, Ardente, 2005). 

The present study considered only one standard module type with 72 cells (1 m2 module 

area), with glass/EVA/Tedlar lamination. The glass thickness was 3.6 mm and the 

modules were supported in an aluminium frame of mass 3.8 kg. Module efficiencies 

were assumed equal those of the commercially available module from Uni-Solar upon 

which the studies in this chapter are based (Figure 9.6). Module life time was assumed 

to be 30 years; the life time of electronic components of the PV systems (inverter) was 

assumed to be 15 years. 

Environmental impacts during the use phase of a PV system are generally negligible; the 

replacement of electronic components (inverter) after 15 years is accounted for by 

including two inverters in the system. For all manufacturing processes we assumed the 

average electricity supply system for the Western- European continent (UCTE region), 

at medium voltage level. This system has an overall conversion efficiency of 31% and a 

greenhouse gas emission of 0.48 kg C02-eq/kWh. To do the analysis, values of energy 

intensity data were used to determine the embodied energy for each of the materials or 

components used. The values were taken from other researchers studies that analysed 

PVs or thermal solar collectors. 

9.4.1 Energy Payback Time of PV systems 

During the life of the PV system, no substances are emitted that might be harmful to the 

heath or environment. However, a great amount of energy is needed in their production. 

Furthermore at the end of their useful life, the installation must be disposed of and the 

residues dealt with. Life cycle energy analysis is a means of evaluation that consists of 
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analyzing all the energy flows associated with different production stages, in this case of 
the PV system connected to the grid. One of the parameters used by this method is the 
time needed to recuperate the invested energy or the Energy Pay-Back Time (EPBT) 

EPBT(vcars) = 
Ej,, 

vested 
EpNla 

Eq. (9.1) 

The energy payback time is expressed In Eq. (9.1). Einvested is the energy Invested 
throughout the life of the PV system (extracting of raw material, fabrication of the 

modules and inverter, installation, operation, residual management) and Epv, is the 

annual energy generated by the PV system. EPBT is expressed in years. 
In PV systems the EPBT depends on numerous factors: cell technology, type of 

encapsulation, the module frame, the supporting structure, inverter, system efficiency, 

climate, site, inclination of the generator, etc. Table 9.6 gives an indication of EPBT 

from work that has been done from other researchers. 

Table 9.6 Estimates of energy payback times for various solar technologies 

Tecbllology EPBT (yrý) Reference 

_Crystalline 
Silicon 3.1-4 Alsema (2000) 

_Amorphous 
Silicon -4 Alsenia (2000) 

CdS/Cd 1.1 - I., Kato et al. (2001) 
F1 [Iat7coju (CP%,, ) 0.7 -1 -3 

Peharz and Dmioth (2005) 
Table 1: Estmiates of energy payback times for various solar technologies. 

9.4.2 Factors Driving the Results of PV LCA 

In summary, a set of parameters is responsible for the variability in the performance of 

different installations. Aside from the level of incident solar radiation, which depends on 

the latitude and the characteristics of the local air mass and reflects a natural 

characteristic of the site selected for the installation of the modules, other parameters are 

simple choices made by the user of the system, which are sometimes technology 

dependent, and other times are driven according to the purpose of the system. Some of 

these parameters are listed in Table 9.7 and discussed in the next paragraphs. To value 

of this study is to present the different factors that can affect the LCA analysis. None of 

these are being included for this study. 
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Table 9.7 Factors affecting the EPBT of a system 
Technology System Configuration 

Module technology 

Module efficiency 

Tracking system 

Components' lifetime 

Array area 

Tilt angle and/or orientation 

Mounting structure 

Stand alone vs. grid connected 

Installation scale 

Other balance of system (BOS) 

components 

9.4.2.1 Technological Options 

Currently, PV module production centres on three types of technology: monocrystalline, 

polycry stal line, and thin film (amorphous) silicon. The manufacture of crystalline PV 

modules is more energy intensive than the manufacture of amorphous modules. The 

primary energy required for the fabrication of crystalline PV modules has been reported 

to be 2.9 to 3.8 times greater than the input for the same unit area of thin film modules. 

Primary energy requirements for manufacturing crystalline modules were found to range 

between 2,400 and 7,600 MJ/m 2 for poly-crystal line (mc-SO modules and between 

5,300 and 16,500 MJ/m 2 for mono-crystalline (sc-SO modules, whereas the 

manufacturing energy requirement for thin film modules ranges from 710 to 1,980 

MJ/m 2 (Table 9.8) 
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Table 9.8 Primary energy requirements for the production of PV modules (Alsema, 

2000) 

jPrimary cncr. p tviluirenients for (lie production of PV iii(dilics I 

Njtjlticrýstallinc Silicon AmorphOLP, Silicon Thin 

tclfiicicncý 13';: 130 Film (clficlcncý 7"Z(: 70 
wtým )W 1)/Iyl, ) 

I 

Without '1111111initint \\ IIII . 11LInfinium 1110dUlC Wilhout aluminiUm With aluminium module 
module 1'raine I rame moduic franic Fra me 

2 4210 NiJpri. /ni 

1 

1" 9) NI-1pniii/111' I 2(X ý NIJ pi,,, 
frn2 I (") MJ 

pti nilm' 

I 

3"\ 11 
pri -0ý p ý5 \J. Iprim/\% 

p 17 NlJprim/\\ p 23 NlJpnm/W 
p 

The primary energy input into the manufacturing phase affects the energy payback time 

of the modules, the higher the input primary energy the longer the payback time and 

vice versa. 
The source of the energy mix is one of the factors that strongly influences the amount of 

emissions released (emissions released are also dependent in the type of materials used) 

during manufacture of the PV system's components. Most greenhouse gas emissions 

associated with PV systems (80 to 90%) are linked to electricity requirements for the 

fabrication of modules. Because the energy mix is critical in influencing its greenhouse 

gas emissions, the substitution of renewable electricity for fossil fuel based electricity in 

manufacturing the modules would be expected to reduce the emissions from the energy 

usage by significant amounts. 

Of course, the energy conversion efficiency of the modules also affects the energy 

payback time of PV systems. The energy conversion efficiency measures the ratio 

between the electricity output of the panel and the incoming solar radiation 

perpendicular to the surface of the module, and is expressed as a percentage. The 

efficiency of a module is a function of the technology used; therefore, different brands, 

vintages, and types of modules have different efficiencies. The energy conversion 

efficiency of the PV modules often degrades over time. Improving both the energy 

conversion efficiency of the modules and their manufacturing efficiency, that is, 

reducing energy and material inputs, affects the life cycle cost (total cost of the 

electricity generated from the PV system) of the electricity produced by PV 

installations. 
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9.4.2.2 Incident Solar Radiation 

Because the electricity output of a module depends on how much solar radiation reaches 
the surface of the module, the position of the module with respect to the sun is 
important. The electricity produced by the module depends on the orientation of the 
module's face and the angle with the horizontal plane. Modules may be mounted on a 
frame that tracks the position of the sun over time and increases the amount of incoming 

radiation. While some arrays move only along one axis based on a frame filled with 
refrigerant gas, other tracking systems move along three axes and are powered by a 
small electric motor. In this case some electricity generated by the system is consumed 
during its operation. 
The choice of the tilt angle depends not only on the maximization of the energy output 

of the modules, which varies with the seasons of the year, but also on the economic and 

environmental cost of the structures to support the modules. 

9.4.2.3 Balance of the System (BOS) 

The Balance of the System (BOS) is the term used to refer to all the other components in 

the PV installation besides the modules. The BOS depends on the type of application 

and local conditions, and includes the structure to support the modules and the 

installation hardware. Batteries to store and deliver energy during load periods, as well 

as inverters might be necessary if the system is connected to a network that operates 

with alternate current (AC). Cables to interconnect modules and arrays to batteries and 

inverters are also part of the BOS. Batteries have emission impacts throughout their life 

cycle and potential disposal concerns at their end of life. The assessment of the energy, 

carbon, and other emissions associated with the BOS should also be part of a 

comprehensive LCA. Table 9.9 shows energy inputs into some of the components used 

in the BOS from a previous investigation. 
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Table 9.9 Energy requirements for the production of PV components (Alsema, 2000) 

Aliuiillliuii module frame 500 
Array support - central plant MJ/m 1800 
Array support - rooftop 700 
Inverter (3 k'W) 1 

Whenever energy to be recovered in the future is stored or converted, some losses occur; 
therefore, there are some efficiency losses associated with these practices that need to be 

included in the analysis. Accordingly, it is estimated that 10% of energy is lost in the 

system through BOS conversion efficiency losses, which accounts for inverter and 

storage losses. The inverter, a very important component of the balance of system 
(BOS), and converts the direct current (DC) generated by the PV modules into 

alternating current (AC) that can be used by the building. 

9.4.2.4 Installation Type 

The user's requirements of the installation can also influence the system's performance. 

While some PV systems are stand-alone systems that can only supply energy for small 

consumers, others are grid-connected. The scale of grid-connected systems is variable 

and affects the BOS of the system and its respective material requirements. According 

to Alsema (2000), different mounting options affect the amount of energy input into the 

systems; thus, the energy payback time for a rooftop system is typically 2.5 to 3 years, 

whereas the payback time for a ground mounted system is 4 years. The ground mounted 

PV system involves the installation of additional support structures to help generate the 

maximum possible electricity from the system. However, from the energy payback time 

estimates it is evident that the structures used to support the modules consume 

significant amounts of energy and also are responsible for GHG emissions. Indeed, 

concrete and steel used in the construction of the structures to support the modules are 

responsible for a considerable amount of energy input in some PV installations (1,100 

MJ/m 2) 
- The use of an existing structure, such as an existing building roof, to support 

the modules also reduces the environmental impacts of this electricity generation 
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alternative since the structure serves other functions in addition to supporting the 
modules. One advantage of using a special structure to support the modules is that they 
can be positioned in order to maximize the amount of effective solar radiation received; 
and therefore, the amount of electricity output of the modules. 
Building- integrated PV (BIPV) are PV module s/laminate s integrated in the building 

envelope such as PV shingles, While rooftop modules are placed on an existing 
structure through the use of simple frames to hold a set of modules, stand-alone systems 
demand manufacture and installation of special frames on the ground to support an 
array, which includes a set of modules. 
The scale of gnd-connected systems varies, and although a collection of small modules 

may match the energy produced in a larger Installation, there are some advantages due 

to economies of scale in the construction of large-scale centralized systems. One 

advantage of a centralized system is that the materials used in the facility can be reused, 

recovered, and recycled more readily than if they were in dispersed installations. 

9.4.2.5 Conversion Efficiency Trend 

A comparison between crystalline and amorphous technologies shows that more 

efficient crystalline modules consume more energy during manufacturing than less 

efficient amorphous modules. However, the output of amorphous modules diminishes 

over time more dramatically than the efficiency of crystalline modules. The output of 

amorphous modules typically declines about 25% over the first few months of exposure 

to the sun due to the Staebler-Wronski effect, but then the efficiency tends to stabilize 

and minimal decay in the efficiency rates are observed after this point for the life-cycle 

of the PV. Another study by National Academy of Engineering reports that the power 

output of amorphous silicon modules decrease by 15-40% during the first few months of 

operation (due to Staebler-Wronski effect) after which the power output stabilizes itself. 

9.4.2.6 Lifetime of the System 

A LCA compares material and energy input and various emissions to the energy 

generated over a certain perlod, which usually equals to the lifetime of a major 

component of the system. In the case of PV systems, the crystalline modules have an 
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expected life time of 25 to 30 years and the UNI-SOLAR thin film modules have a life 
time warranty for 25 years. While some parameters are determined by the system 
designer, others are circumstantial, that Is, they depend on local characteristics or natural 
conditions. The lifetime of the modules is an important parameter that affects both the 
electricity costs and the amount of reduced CO-, emissions. 

9.4.3Energy Return Factor 

The energy payback time as an indicator of energy performance has an appeal because 

of its similarity with economic payback times. One advantage of the EPBT indicator is 

that it is additive, EPBT values for different system components may simply be added 

up to obtain the total system EPBT. A drawback of EPBT is that it does not account for 

the energy gain during the rest of the economic lifetime. An indicator that fulfills this 

requirement is the energy returnfactor (ERF) which expresses the total amount of 

energy saved per unit invested energy. 

Energy Return Factor (ERF) = 
E,,,, xLL 
Einput EPBT Eq. (9.2) 

The fonnula Eq. (9.2) resembles the one for energy payback time with the addition of L 

the life time of the PV system. Obviously, modules with saved input over longer 

lifetimes will perform better using the ERF-indicator. A disadvantage of the ERF 

indicator is that it is not additive, i. e. ERF values of different system components cannot 

be added to obtain the ERF of the total system. With this definition an Energy Yield 

Factor of 3 would mean that the PV system produces three times the amount of energy 

which is consumed in its life cycle. 

In this thesis data has been used from articles where the present understanding of the 

energy requirements of the present technologies in the PV industry (Alsema, 1998, 

2000,2002,2005, Battisti, 2005, Fthenakis, 2004, Cellura, 2005, Frankl, 1998) is 

examined. The energy invested in the installation, maintenance operation and 

dismantling and recycling of the grid connected PV system has been considered as zero. 

This approximation, due to the lack of information about the subject, does not alter the 

results of the EPBT calculations, as the specific energy necessary in the fabrication 
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stage of the components is much greater than that invested in the other and so can be 
disregarded without influence the findings. 

The main hypotheses of the LCA study are: 
)ý, PV module matenals: 

1. PC-sl 

2. glazing (glass) 

3. aluminium frame 

4. other lamination materials (EVA, etc. ) 

ý, PV support structures: a horizontal flat roofs installation was assumed for which 
a support frame was required for the PV 

1. Aluminium 

2. galvanized iron (installation material) 

heat recovery unit materials: 
1. copper (sheet + pipes) 

2. PUR (insulation) 

3. aluminiurn (collector back cover) 

4. glazing (glass, only for glazed PVT systems) 

5. aluminium (additional collector frame, only for glazed PVT 

systems) 

6. heat exchanger (copper) 

7. PCM or MCPCM material 

Table 9.10 a, b, c, d, e, f gives the components and the materials needed for the PV and 

PV/Thermal systems as also the energy requirements for I m2 of panel. 
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Table 9.10a PV Components and Materials Energy Requirements 
PV for 1 M' 

Sub-Component and Material Amount Energy RequiFe--ment --70tal' 

PV Solar Cells (MJ/m') 865 865 
Glazed Covering (MJ/kg) 5 15 75 

Lamination Material EVA-Tedlar (MJ/kg) 1 260 260 
Aluminiurn Frame (MJ/m') 1 400 400 

Inverters and Cabling (MJ/W) 64 2 128 
Array Roof Support (MJ/m"') 1 700 700 

aI 
I sum (Mi/ 1 _2428 

Table 9.10b PV/T Water Components and Materials Energy Requirements 
PVNVater for 1 m'ý 

Sub-Component and Material Amount Energy Requirement Total 

Thermal Insulation (MJ/kg) 2 18.7 37.4 
Collector Back Cover Aluminium (MJ/m" 3 400 1200 

Sheet&Tube Copper in back of PV (MJ/kg) 6 100 600 

SUM (Mjlm? T- 7, 
. 

1837.4 

Table 9.10c PV/T Air Components and Materials Energy Requirements 

PV/Ai r for 1 m6 
Sub-Component and Material Amount Energy Requirement Total 

Thermal Insulation MJ/kg 2 18.7 37.4 
Collector Back Cover Aluminium MJ/m'ý 3 400 1200 

Copper Plate in back of PV (MJ/kg) 4 100 400 

SUM (MJ/m') 1637.4 

Table 9.10d PV/T PCM Components and Materials Energy Requirements 

PV/PCM for 1 m' 
Sub-Component and Material Amount Energy Requirement Total 

Thermal Insulation MJ/kg 2 18.7 37.4 

Collector Back Cover Aluminium MJ/m' 3 400 1200 

Copper Plate in back of PV (MJ/kg) 4 100 
. ý400 

Small Tank in back of PV (MJ/kg) 8 100 800 

PCM Material (MJ/kg) 50 50 2500 

__ I sum (Mj/ Z) rM 4937.4 
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Table 9.1 Oe PV/T MCPCM Components and Materials Energy Requirements 
PV/MCPCM for 1 m' 

Sub-Component and Material Amount Energy Requirement Total 

Thermal Insulation (MJ/kg) 2 18.7 37.4 
Collector Back Cover Aluminiurn (Mi/m4l 3 400 1200 

Sheet&Tube Copper in back of PV7MJ/kg) 6 100 600 
MCPCM Material (MJ/kg) 5 50 250 

SUM (MJ/m") 787.4 

Table 9.1 Of PV/T Heat Pipes Components and Materials Energy Requirements 
PV/Heat Pipe for 1 m" 

Sub-Component and Material Amount Energy Requirement Total 

Thermal Insulation (MJ/kg) 2 18.7 37.4 
Collector Back Cover Aluminium (MJ/m4) 3 400 1200 

Sheet&Tube Copper in back of PV (MJ/kg) 6 100 600 
Heat Pipes & Manifold (MJ/kg) 8 100 800 

SUM (MJ/m 2637.4 

Given that 95% of the energy used in the production of the silicon PV modules and the 

rest of the components come from electricity, the value of primary energy can be 

converted into electrical energy. Assuming an efficiency of the primary energy to 

electrical energy conversion of 35%, the equivalent of I kWh of electric energy is equal 

to 10.28 MJprim. After calculating the kWh of energy needed to produce I M2 ofpanel 

the value divided was by the annual electrical energy and thermal energy production 

taken from Table 9.4. From this ratio it is possible to determine the EBPT. As seen in 

Figure 9.17 the EBPT reduces in the PV/Thermal systems because of the additional 

thermal energy delivered by the hybrid systems. 

To calculate the C02 payback the manufactorY energy required and produced was 

assumed to have a greenhouse gas emission of 0.48 kg C02-eq/kWh. For the PV system 

the C02 payback is around 6 in comparison with the PV/Thermal systems which are 

near or below 1 (0.78,1.74,1.21,0.73,0.77). 

As mentioned in section 9.4.3 to determine the Energy Return Factor the energy 

produced from the PV systems is multiplied by the life time of the system and divided 

368 



by the energy consumed in order to produce the systern. From Figure 9.17 it may be 

seen that the PV/Then-nal systems give more times than the energy involved in their 

production. The ERF for the PV is just 4.9 times for PV/Water it is 16, for PV/AIr is 
5.3, for PV/PCM is 10.3, for PV/Heat Pipe is 16.8 and for PV/MCPCM is 16.2 

respectively. 
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Figure 9.17 PV and PV/Then-nal Technologies EBPT, CO-, Payback and ERF 

It may be seen that with increasing PV panel area there is also an increase of the CO-, 

emissions saved. Figure 9.18 shows for each PV/Then-nal technology the amount of 

emissions saved by increasing the PV area. 
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Figure 9.18 Emissions of C02 saved per year with dIfferent PV panel area 
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Based on the LCA results' regarding greenhouse gas (GHG) emissions for module 
manufacturing it is possible to evaluate the life-cycle GHG emissions of our PV system, 
expressed in kg CO-, -eq per kWh in a similar way. For this evaluation the BOS data are 

used a 30 year systern life time is assurned. 

Dividing life cycle emissions made by the production of the systems by the useful 

electricity produced non-nalizes life cycle emissions and allows for comparison with 

other technologies. 

Figure 9.19 shows the results of this exercise, and compares today's PV systems with a 

number of other energy supply options. PV with a GHG emission of 96 gr C02- eq, 

perforrns quite well in comparison with fossil-fuel based technologies, but less so in 

comparison with wind and nuclear technology. At the same time the PV/Then-nal 

technologies have reduced the emissions by around 70%, 7%, 52%, 71% and 69% 

respectively. 

1000 

800 

600 
400 

400 

200 
8 45 21 

96 
29 

89 46 28 29 

011 -- 
M-MM- -- 

b\ Q 

0 GHG Emissions gr C02 per kWh 

Figure 9.19 Greenhouse gas emissions of PV systems based on thin film technologies, 

compared with a number of other energy technologies. The PV systems are installed on 

a roof-top in UK (irradiation 888 kWh/m 2 /yr) and have a 30 year life time. N. B. The 

emission from a coal-fired power plant (1000 gr/kWh) exceeds the Y-axis maximun) 

(Sources: Coal, CC gas, nuclear, biomass and wind data derived from Ecoinvent 

database, www. ecoinvent. ch) 
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9.5 Conclusions 

Three new PV/Then-nal systems were compared with a PV system and two PV/T 

systems, the first used serpentine tubes, or a ftee channel for the system using water as a 
heat transfer medium and the second used an air passing from the rear of the PV with 
and without fins. This comparison was based on the technical, economic and 

environmental aspects of the five systems. 

The technical comparison indicated that the new approaches of using heat pipes, phase 

change material and microPCM slurry have the potential to work as alternative PV/T 

systems. The system integrating PCM to the rear of the PV module performed better 

than all the other systems. Also the heat Pipe system was performed equally with the 

PV/Water system. The PV/N4CPCM system can work for applications that a small 
temperature difference is required and when the system works under a specific 

temperature range that includes the melting temperature of the PCM. 

The PV/T systems cause of the additional energy that could generate had a better 

payback time than PV that was 57 years (PV/Thennal systems is 46 (PV/Water), 52 

(PV/Air), 51 (PV/Heat pipe), 35 (PV/PCM) and 42 (PV/MCPCM) years). The cost of 

electricity as also the available grant can further reduce the payback times. The cost per 

kWh of energy produced for a PV system was the higher (EO. 368/kWh) in comparison 

with the PV/Thermal systems that reduce it by around 72% (PV/Water), 28% (PV/Air), 

63% (PV/PCM), 72% (PV/Heat pipe) and 72% (PV/MCPCM) respectively. A 

comparison between a PV/T system and a side-by-side PV and Solar Thermal Collector 

system was evaluated and the result indicated that the PV/T system achieved lower 

payback time by about 4 years and 25% lower cost of electrivity produced per kWh of 

energy produced. The most important benefit that a PV/T system can offer is the higher 

energy yield in the same surface area that reached about 86%. 

The PV//T systems can reduce the C02 payback ftorn 6 that is for PV to near or below 1 

(0.78 PV/Water, 1.74 PV/Air, 1.21 PV/Heat pipe, 0.73 PV/PCM, 0.77 PV/T\4CPCM). 

The ability to generate more energy than a PV increases the Energy Return Factor from 

just 4.9 times for a PV to 16 for PV/Water, 5.3 for PV/Air, 10.3 for PV/PCM, 16.8 for 

PV/Heat pipe and 16.2 for PViMCPCM respectively. 
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The Greenhouse Gas Emissions for a PV were 96 gr C02- eq, a number that performs 

quite well in comparison with fossil-ftiel based technologies, but less so in comparison 

with wind and nuclear technology. At the same time the PV/Then-nal technologies have 

reduced the emissions by around 70% (PV/Water), 7% (PV/Air), 52% (PV/PCM), 71% 

(PViHeat pipe) and 69% (PV/MCPCM) respectively. 
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CHAPTER 10: CONCLUSIONS AND FUTURE RECOMMENDATIONS 

10.1 Conclusions 

Most of the energy used in the World today comes from fossil fuels. The wealth of 
nations is linked with energy use which is the main factor driving the industrial and 
economic activity. Because of both rapid increase in population and economic 
development, the consumption of vast quantities of fossil fuels by mankind has 
increased dramatically. Today around 90% of UKs energy needs are met by fossil fuels 

and by 20 10 will be a net importer of oil, gas and coal. There are two main problems to 
be concerned in the years to come. With the current use of fossil fuels the reserves will 

run out shortly. A few decades are the estimate for gas and oil and some centuries for 

coal. This need for high demand and low production of fossil fuels will increase the 

price of fuels and slow the current growth. The second problem is that by burning fossil 

fuels generation of ham-iful gasses fills the atmosphere. This impact on the environment 
by theC02 emissions causes the global warming. This effect could increase the earth's 

surface temperature 2-3 OC. 

In the UK the domestic sector is responsible for consumption of the 30% of the total 

energy consumed. The majority of the consumption is for space and water heating 

applications. In the industrialized world this demand for low temperature heat is usually 

covered by consuming "high quality" resources such as fossil fuels, which are both 

limited in abundance and have a negative effect on the global environment. So in order 

to reduce the negative effects renewable energy could be used such as solar energy to 

provide the necessary low quality heat for building operation. At the Kyoto Summit, the 

UK has made a commitment to a 20% C02 reduction below 1990 level by the year 

2010. This reduction will come mainly from employing renewable energy. 

Most renewable energy sources are derived from solar radiationý including the direct use 

of solar energy for heating or electricity generation, and indirect forms such as energy 

from the wind, waves and running water, and from plants and animals. The use of 

renewable on a more significant scale than at present would at the very least replace a 
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further significant proportion of fossil and nuclear fuel use, thereby reducing the 

associated environmental impacts. Solar energy can be used in buildings to provide 
electricity or then-nal energy for heating or cooling. 

The conversion of solar energy to electrical and thermal energy has been practiced for 

many years. In order to convert the solar energy to electrical, photovoltaics are used. 
The widely used heat collection systems are flat-plate collectors for thermal 

applications. The markets for both solar then-nal and PV are growing rapidly globally, 
but often the two technologies find themselves competing for sales in the residential 
sector. This competition arises because some families will choose to buy solar thermal 

collectors in order to heat their houses and others to supply them with green electricity. 
The limited space in the roofs and the cost of the technologies will prevent families to 

integrate both systems in their roof 

Hybrid energy systems combine the use of two or more alternative power sources and 

aim to increase the system's total efficiency. One relatively new type of PV panel is the 

hybrid PV panel. The photovoltaic/thermal (PV/T) system is a hybrid structure that has 

been examined quite thoroughly over the past years and makes use of the 70-95% of 

collected solar energy that is not converted into electricity by conventional solar cells. 

This heat extraction can be achieved by either air or a fluid coolant. 

Based on the brief overview of the current status regarding the worlds and UKs energy 

consumption and the options for the future, and the potential of solar energy, this 

research investigates novel approaches for PV/T systems. 

This PhD research focused entirely on the production of a hybrid PV/T fulfilling the 

main objectives that were to: 

0 improve performance of PV by reducing the temperature effect 

o evaluate the PV/T system with water and air as a heat transfer medium and use 

the results as a benchmark 

e investigate the heat pipe performance and develop a PV/T system that 

incorporates heat pipes 
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9 evaluate the developed phase change material technology used as an absorber in 
back of the PV 

e investigate and evaluate micro-encapsulated phase change materials for PV/T 

integration 

* from the PV/T systems produce higher energy yield per surface area than a PV 

system 

* use of an appropriate energy rating for electrical and thermal performance 

9 cost analysis of the systems and comparison with PV 

achieve improvements In greenhouse gas emlssions savings In comparlson with 
PVs 

Some of the shortcomings associated with conventional solar collectors include: 

a) extra expense of the forced circulation system due to the pump and its extracted 

power, 

b) extra space required for the natural circulation system due to Implicit position of 

the collector relative to the tank, 

c) the potential risk of cooling of stored hot water due to the reverse flow at night, 

d) freezing of the water on cold nights, 

e) pipe corrosion due to the use of water 

f) limited quantity of heat transferred by the heat transfer fluid. 

The new approaches considered in this thesis present advantages than can overcome 

some of these problems. Some of these advantages and disadvantages are summarized 

below for each PV/T system separately: 

PV/T Heat Pipe: 

Advantages: 

a) the thermal diode benefit when the collector temperature is less than storage 

water temperature; 
b) less area needed in the back of the PV to incorporate the heat pipes than the 

water coil layout; 
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c) the reasonable resistance against corrosion by selecting a suitable working fluid 
to be compatible with the pipe wall material; 
the easy freeze protection; 

e) the lower pumping requirements; 

Disadvantages: 

a) the high then-nal resistance of heat pipes cause a reduction in heat transfer in 
comparison with a PV/T water system with the serpentines in direct contact with 
the rear of the PV 

PV/T PCM: 

Advantages: 

a) ability to cut the peak load and reduce the size of the system 

b) stabilize PV cell temperature and thus improve electrical performance. The 

desired melting temperature of the PCM in order to keep the PV close at the 

reference temperature of 25 T should be around the range above the ambient 

temperature and below 35 T 

c) the PCM can hold large amounts of energy at specific temperatures for a long 

time and release it when addition of solar energy is ceases 
d) PCM's the low thermal conductivity can work as thermal insulator and thus 

reduce the heat losses 

e) a PCM with low melting temperature can be used to improve electrical 

efficiency and provide low grade heat or a system with PCM having a higher 

melting point can be selected for high grade heat 

improve heat storage discharge strategies: to be able to use that heat and not 

overheat the system after the PCM has completely melted a heat exchanger 

should be incorporated in the system in order to extract that heat. The advantage 

is twofold, first the PV is being kept as cool as possible for a longer time during 

the day and secondly the absorbed heat can be used for preheating purposes. 
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Disadvantages: 

a) it can't provide increased thermal efficiency when compared with a PV/T system 
using serpentines in direct contact with the rear of the PV 

b) a PV/T system having PCM in the back increase the weight of the system 

PV/T MCPCM: 

Advantages: 

a) the use of phase-change material PCM particles suspended in a single-phase 

working fluid would provide additional thermal capacity from the latent heat 

associated with the solid-liquid phase change 
b) no special equipment for charging and discharging PCM particles is needed 

because the PCM is always separated from the suspending fluid. Therefore, this 

type of slurry can be treated as a conventional single-phase working fluid. 

c) ftirthermore the fluid works as a storage, carrier and rejector of heat system, 

advantage that can reduce size and cost of the system 

d) stabilize the PVs cell temperature 

e) another important advantage of using PCM in a solar heating system is that the 

store/system temperature does not increase at the same rate as in a water store. 

The solar collectors can therefore operate at lower temperatures for an extended 

period of time, thus increasing the total amount of solar energy collected by the 

system. 

Disadvantages: 

a) need for more pump power with using MCPCM slurry instead of water 

b) is suitable for cases that work with a narrower temperature range and for a 

system working around the phase transition temperature of the chosen PCM 

The research started from a review of solar thermal collectors and photovoltaics 

performance and applications. From the review the designs of flat-plate, and evacuated 

tube thermal collectors were presented. It was concluded that the solar components 

affect the performance of the system such as glazing and absorber plate. These two 
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components affect the parameters of solar absorption and heat loss from the system. 
This was followed by then-nal and thermodynamic analysis of the collectors and a 
description of the methods used to evaluate their performance. From the review of PV 

technology different cell technologies were evaluated and concluded that the energy 
conversion efficiency is affected by the temperature of the PV cells. 

After describing the two solar technologies and presenting the factors that affect their 
performance the new hybrid PV/T system was reviewed and the current status was 
reported. The review was concentrated on flat plate PV/T systems using water and air as 
a heat transfer medium. From the report it was concluded that the conduct between the 

absorber and the cell is an important parameter that affects the performance of the 

system. PV cells and thermal absorber plate should be well adhered together in order to 
decrease cell temperature and achieve high heat transfer to the passing fluid. Also it was 
discussed the option of a PV/T system having an extra cover that could reduce the heat 

loss coefficient and give better thermal efficiency but sacrifice the electrical efficiency. 
This thesis concentrated on PV/T systems without an extra cover and from Figure 2.30 

the loss mechanisms parameters that affect the performance of the system can be seen. 
The parameters affecting PV/T performance was the absorption and reflection factor of 
PV surface, the mass flow rate, the absorber plate parameters (i. e. tube spacing, tube 

diameter, fin thickness), the absorber to fluid thermal conductance and the different PV 

cell technology used. From the review also investigated that three perfonnance 
indicators should be used to assess the PV/T system performance. These were total 

energy efficiency, primary energy saving efficiency and exergy efficiency that could 
help to compare the different PV/T systems among them. 

An extended literature review was undertaken to introduce the new technologies that 

could be used in the PV/T system. The first technology reviewed the basic principles of 

heat pipes. Different types of heat pipes were Investigated according with their structure, 

shape and working fluid used. It was concluded that these devices are capable of 

transporting a large quantity of heat and this can vary in accordance with the shape, size 

and working fluid used. Also reported applications were heat pipes were used in solar 
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collectors. In these thesis solar collectors using a wickless gravity assisted heat pipe was 
reviewed and showed that these systems can provide additional advantages over 
conventional solar collectors. Some of these advantages were lower pumping 
requirements and freeze protection. Two heat exchanger types and different working 
fluids were assessed and the conclusion is that both parameters affect the performance 
of the system. Both heat exchanger types with the condenser section of the heat pipe 
inside a tank or inside a manifold gave satisfactory results. Best performance was 
obtained when using a working fluid with high latent heat, high liquid thermal 

conductivity, and low viscosity. 

Next review looked at the current state of research in phase change materials, with the 

main focus being on the assessment of the then-nal properties of various PCMs, methods 

of heat transfer enhancement and design configurations of heat storage facilities to be 

used as a part of solar passive and active space heating systems. One advantage of using 

PCM was the relatively large amount of latent heat associated with the phase transition 

that gives a higher energy storage density compared to the traditional sensible heat 

storage systems, and therefore allows a reduction of volume and mass. Another 

advantage is the isothermal behaviour during melting/freezing which reduces the 

temperature range of operation. Phase change materials were classified as organic and 

inorganic materials mentioning their advantages and disadvantages. The use of 

nucleating and thickening agents was recommended to reduce supercooling and phase 

segregation. Also commercially PCM were presented with melting temperatures ranging 

from 22 - 31 T. For the PV/T system these materials could be candidates to be used to 

bring the PV temperature near the reference temperature (25 'Q of the PV in order to 

improve its performance. One major problem for latent heat storage systems is that most 

of the PCM have low thermal conductivity. Thus techniques were reported like fins that 

could improve the rate of heat transfer as also focused on the performance of PCM on 

rectangular enclosures. Review showed that PCM could be used in buildings either 

incorporated in the walls, roof or floor, either used in solar collectors. Solar collectors 

incorporating PCM in their structure or inside a storage unit were presented and results 

showed improved heat transfer rate and improvement is heat loss coefficient. 
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Another interesting technology reviewed was to use phase change material inside small 
containers in order to Improve the heat transfer coefficient of the system. Many 

conventional thermal energy systems often operate with the use of a single phase 

working fluid is likely to require high volumetric flow rate. PCMs can be encapsulated 
in small micro-spheres and suspended in a working fluid to form slurry. This improves 

the thermal characteristics of a heat transfer fluid through use of the latent heat of 
fusion. It was concluded that by increasing the heat transfer coefficient by introducing 

the use of a suspended particles of PCM in the carrier fluid would permit the use of 

smaller flow rate. Applications that the MCPCM could be used were in textiles or inside 

building structure. Two new applications reviewed, one was using MCPCM slurry in a 

ceiling in order to provide cooling to the building and the other a solar collector/storage 

system that could retain heat at high temperatures for a longer time than water. 

From literature review the different technologies potential were evaluated and provided 

an understanding of the operating conditions. Before investigate the PV/T systems using 

the new approaches it was necessary to investigate the performance of the PV with or 

without insulation in order to evaluate how the temperature affect the performance of a 

polycrystalline PV. A set of experiments were undertaken to evaluate how the 

temperature affects the current, the voltage, the power and the electrical efficiency of the 

PV. From the results it was concluded that the uninsulated PV performed better than 

insulated. At 1000 W/m2 the electrical perforinance was 3.8 8% for insulated and 4.02% 

for uninsulated system. After validating that the temperature affects negatively the 

performance of the PV two experiments were performed using water and air to cool 

down the PV. 

These two experiments used the same PV and followed the PV/T guidelines mentioned 

in the literature review for systems working with water and air in the rear of the PV. The 

purpose of these experiments was to use their results as a benchmark tool to the new 

approaches in order to perform a comparison and assess the potential that these new 

systems can have. 

380 



The PV/T model using water investigated two heat extraction devi the first being a ces, 
serpentine tube adhered in a copper sheet and the second a rectangular tank creating a 
flow channel in the back of the PV. The heat transfer coefficient with the serpentine 
tube was higher (129.21 W/M 2 K) than with the rectangular tank (73.87 W/M 2 K) in the 
rear of the PV cause of the better contact between PV laminate and copper sheet. By 

varying the flow rate in experiments it was noticed that both systems achieve better 
thermal and electrical performance. In the same time the PV temperature reduces as the 
difference between water outlet and inlet. Between the two systems the PV 
incorporating the rectangular tank had a better thermal performance than the serpentine 
pipe cause water passing in the rear of the PV covers the full area of the panel in 

comparison with the serpentine pipes. Despite the better thermal efficiency of the tank 

system (63.8% to 59.7% of serpentine pipe) the heat loss coefficient in higher operating 
temperatures is higher (14.31 W/m 2K to 7.68 W/M2 K of serpentine). This is may be 

cause of the higher capacity of water passing the channel below the PV and thus causing 
higher heat losses. From exergy analysis it was possible to identify the optimum 

working conditions of the two systems. It was found that both systems work better when 
the inlet temperature is in the range of 35 - 45 OC with peak efficiencies 21.5% for the 

water tank and 25% for the serpentine tube. With the experiments also a similar model 

was simulated using TRNSYS in order to identify which factors affect the performance 

of the system and how useful this simulation can be for predicting PV/T system 

performance. From the results it was concluded that it the simulated model was closer to 

the model with the serpentine tubes and the two factors that affect the performance of 

the system are the heat loss coefficient and the transmittance-absorptance product. 

The PV/T system using air investigated two experimental models. The first model used 

a free channel having a duct depth of 3 cm and air passing from it, and the second 

incorporated fins bonded to the back of the PV in order to achieve beat transfer 

augmentation and improve its overall performance of the system. The heat transfer 

coefficient for the system with the fins was 500% better than the system without fins. 

This resulted in lower PV temperature and higher temperature difference between air 

outlet and inlet. Different flow rates were tested and observed that the increase of flow 
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rate improves the electrical and thermal performance. Fins increase the thermal 

performance by 35% at 25 M3 /hr flow rate in comparison with the system having no 
fins. When the inlet air temperature was varied it was observed that the system with the 
fins at zero reduced temperature has a thermal efficiency of 49.6% in comparison with 
no fins that achieves an efficiency of 30.4%. The exergy efficiency shows that both 

systems works best when the inlet temperature is around 36 T and PV/T model with the 
fins achives 16% exergy efficiency 4% more than the system without fins. Both models 
were simulated using TRN SYS and their performance was in good agreement with the 

experimental results. 
These two models worked as a benchmark to the new PV/T models that use heat pipes, 

phase change material and micro encapsulated phase change material slurry to cool down 

the same PV. 

Before investigate the performance of the PV/T model using heat pipes first a simulation 

was performed in order to identify the performance of a heat pipe by changing 

parameters such as the working fluid, diameter of heat pipe, liquid fill level and 

inclination angle. It was observed that water performs better at operating temperatures 

ranging from 20 OC and above. By increasing the diameter of the heat pipe the heat 

transfer capacity increases and above a certain level the heat transport capacity no 

longer vanes with the level of liquid filling. The inclination angle affects the heat 

transfer capacity of the heat pipe by reaching its maximum around 60 deg. Also two 

experiments were performed in order to evaluate the heat transfer coefficient and 

thermal conductivity of the pipe that was created in our labs. It was observed that the 

thermal conductivity is 6 times (2411 W/mK) higher than the conductivity of copper and 

the heat transfer coefficient increased from 5000 - 7000 W/M 2K when the power input 

to the heat pipe was increased. The heat pipe constructed and used was underperforming 

in comparison with pipes that achieve thermal conductivities from 100 to 200 that of 

copper. The principle of obtaining a relationship between the design parameters of a 

heat pipe solar collector and the heat removal factor was introduced by Kamminga 

(1986). The parameters that affect the perforinance of a heat pipe solar collector was; 

the evaporator and the condenser thermal resistances per unit area and the effect of the 
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condenser size. After investigating the performance of a heat pipe and estimating the 
heat removal factor of our model (FR = 0.9106) from Kammingas model the next step 
was to observe the performance of the two PV/T models using heat pipes in the rear of 
the PV, The main difference between the two systems was in the condenser section. The 
first model used a manifold for water passing from each condenser and in the second 
model the condenser section of the heat pipes was inside a tank. The model with the 
condensers inside the tank was adhered with fins in order to increase the heat transfer 
area of the condenser section. The result with fins showed an increase of 1.29 % for the 
electrical and 24.78% for the thermal efficiency. When comparing the two different 
PV/T models it was observed that the system with the manifold (65.4%) had higher 
then-nal efficiency than the system with the tank (60.5%). Also the system with the tank 
had higher heat losses cause of the bad insulation in the bottom of the tank and the 
larger capacity of water resulting in bigger losses. The exergy efficiency confirmed this 

observation. For PV/T model with the manifold the system could work in higher 

operating range (30 - 50 OC) with peak exergy efficiency at 24% than the model with 
the tank (25 -35T, 17%) . 

Incorporating a solid-liquid PCM with a phase change similar to the PV reference 

temperature of 25 T for the thermal regulation of PV under cyclic time-dependent solar 

energy input was the next novel approach. Four PCMs (E21, A28, E30, and E32) were 

selected having a melting temperature near the reference temperature of 25 T. From 

using the duration index indicator and comparing with the transient numerical model 

developed it was obseirved that E32 takes longer to undergo complete melting. From the 

TRNSYS model developed it was possible to evaluate the parameters that affect a PV/T 

system using PCM in the rear. One such a parameter is the thermal conductivity 

between the PCM container and the PV rear surface. At higher conductivity the PV 

keeps the temperature at lower level than with systems with bad conductivity. Another 

parameter that affected the performance of the system was the thickness of the PCM that 

by increasing it kept the PV temperature near the reference temperature (25 'Q longer 

time and thus had better electrical efficiency for longer time. By increasing the ambient 

temperature the temperature of the PV does not change significantly, however, as less 

383 



heat is lost from the system because of the lower temperature difference between the 

system and ambient, the time required for the PCM melting is reduced. Also with 
increasing insolation intensity the temperature at the PV surface increased and the melt 
time reduced. A simulation was carried out for one and three days and it was observed 

that by having more PCM in the rear of the PV a lower temperature Is maintained for 

longer time and more energy is absorbed ready to be used during the night. The 

experiments undertaken with A28 as PCM validated the simulated results. From the 

experiments and simulations it was observed that the PCM can hold amounts of energy 

at specific temperatures for a long time and release it when addition of solar energy is 

ceases. Depending from the PCM melting temperature used a PV/PCM system using a 

PCM with low melting temperature can be used to improve electrical efficiency and 

provide low grade heat or a system with PCM having a higher melting point can be 

selected for high grade heat. To be able to use that heat and not overheat the system 

after the PCM has completely melted a heat exchanger incorporated in the system was 

used in order to extract that heat. Comparing the PV/T model with serpentine tubes and 

with the model incorporating pipes inside the PCM tank it was concluded that the model 

with the PCM had better electrical efficiency but similar thermal efficiency at different 

flow rates. When varying the inlet water temperature the thermal efficiency at zero 

reduced temperature was the same (59.8% - 59.7%) but the model with the PCM had 

lower heat loss coefficient (7.68 W/M 2K to 4.13 W/M2 K) because the material was 

working as an insulator. However it was noticed that when the inlet temperature of the 

water was near melting point the efficiency of the system dropped to 32% cause much 

of the heat was retained by the PCM as a latent heat. When the inlet water temperature 

exceeded the melting point of PCM it was observed that the efficiency increased and 

reached around 70%. This indicated that the system except from the lower heat loss, the 

water absorbed latent and sensible heat. This phenomenon can be observed from exergy 

efficiency when comparing with the PV/T model using serpentine tubes in the rear. The 

results showed that the exergy efficiency without the PCM was 24% - 25% instead of 

30% - 34% with the PCM. 
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Due to the low thermal conductivity of many phase change materials It Is difficult to get 
high rates of heat transfer therefore the phase change materials can be 

inicroencapsulated and suspended in a carrier fluid to form slurry. The use of phase- 
change material PCM particles suspended In a single-phase working fluid would provide 
additional thermal capacity from the latent heat associated with the solid-liquid phase 
change. The technique of thermal analysis investigated the performance of two phase 
change slurries with different melt temperatures (26 T and 33 OC) and concentrations 
(10%, 20%, 30% and 40%). Results showed that the temperature difference between the 
fluid and bath for the MCPCM slurries were higher than that of pure water in both 

heating and cooling mode. Furthen-nore the slurry with high concentrations had the 

bigger temperature differences comparing to those of the small concentrations. This was 
because most of the energy was used during the transition of phase with no change in 

temperature. Thus the suspension of MCPCM particles in a carrier fluid was found to 

increase the heat transportation of the working fluid. The PCM in microcapsules was 

selected to melt/freeze at temperatures near the characteristic temperature of the PV (25 

OC). To evaluate the perfon-nance of a PV/T model a rig was constructed consisted of 

two closed circuits, the primary and secondary circuit. The primary circuit consisted of a 

PV panel, a shell and tube copper heat exchanger unit that is incorporated in the back of 

the PV, a MCPCM slurry tank that the slurry passes for the electric mixer to keep the 

fluid mixed and homogeneous, a double diaphragm pump and a flow rate transmitter 

(turbine type). The secondary circuit comprised of a heat exchanger cooling fan, a pump 

and a variable flow meter. These two circuits were connected with aa shell and coil heat 

exchanger cause it was not possible to use the log-mean-temperature-difference 

(LMTD) method for the MCPCM slurry because neither the thermal capacity nor the 

local heat transfer coefficient is constant along the flow direction. The error for 

transferring heat from the primary to the secondary circuit was around 5.6%. 

For 1000 W/M 2, the temperature difference between the inlet and outlet of the collector 

for 20% MCPCM slurry was around 2.8 OC comparing to 4 OC of the pure water. Overall 

the rate of heat transfer of the MCPCM slurry was higher than that of the pure water 

because the apparent specific heat capacity is much higher than conventional sensible 

heat of a fluid without phase change, which greatly enhanced the heat transfer 
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perforinance between the fluid and heat transfer surface. Near the melting temperature 
the efficiency improvement was around 21% (69% for MCPCM and 57% for water). 
When the temperature range of Inlet and outlet was out of the melting range of the PCM 
materials, then the thermal efficiency was very close to that of water. A drawback was 
the need for more pump power with using MCPCM slurry Instead of water. 

To evaluate if the three new PV/Thermal systems have the potential to be usem 

alternative technologies, for a hybrid PV and Then-nal collector panel, a comparison was 

carried out. This comparison was based on the technical, economic and environmental 

aspects of the five systems. 

The system integrating PCM to the rear of the PV module achieved higher electrical 

efficiency and the lowest heat loss coefficient and hence highest thermal efficiency of 

all the other systems. The hybrid systems incorporating heat pipes can be compared very 

well with the PV/Water system and have the potential to be competitive technology if 

heat loss coefficient issues are being resolved. PV/N4CPCM system for very low grade 

temperature applications can provide thermal efficiencies that reach 70% and their 

electrical efficiency is equal with the one of PV/Water system. Last to mention PV/Air 

system cause of the lower thermal conductivity and heat capacity give the lowest 

thermal and electrical efficiencies. 
When the green electricity price increases the payback period for a PV can reach the 

11.48 years and for the PV/Thermal systems is 9.31 (PV/Water), 10.52 (PV/Air), 7.02 

(PV/Heat pipe), 10.26 (PV/PCM) and 8.57 (PV/MCPCM) years. As also observed as the 

grant scheme increases, the payback reduces. An alternative way of comparing systems 

is to investigate the cost per kWh of energy produced from a PV or PV/Thennal system. 

The PV system has the higher (EO. 368/kWh) cost per kWh of energy produced in 

comparison with the PV/Thermal systems that reduce it by around 72% (PV/Water), 

28% (PV/Air), 63% (PV/Heat pipe), 72% (PV/PCM) and 72% (PV/N4CPCM) 

respectively. When comparing a PV/T system with a side-by-side PV and Solar Thermal 

Collector system the first system achieves lower payback time and also for the same 

surface area a higher energy yield. 
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For the PV system theC02payback is around 6 in comparison with the PV/Thernial 

systems which are near or below 1 (0.78,1.74,1.21,0.73,0.77). The Energy Return 
Factor for the PV is just 4.9 times for PV/Water it is 16, for PV/Air is 5.3, for PV/PCM 

is 10.3, for PV/Heat Pipe is 16.8 and for PV/MCPCM is 16.2 respectively. 
It was observed that PV with a GHG (Greenhouse Gas Emissions) emission of 96 gr 
C02- eq, perfon-ns quite well in comparison with fossll-fuel based technologies, but less 

so in comparison with wind and nuclear technology. At the same time the PV/Thermal 

technologies have reduced the emissions by around 70% (PV/Water), 7% (PV/Air), 52% 
(PV/Heat pipe), 71 % (PV/PCM) and 69% (PV/MCPCM) respectively. 

10.2 Recommendations for Future Work 

Further research can be carried out in the following areas: 
For PV/Heat pipe system 

perform experiments with a flat heat pipe or a closed loop heat pipe that will 

cover the whole area in the back of the PV and achieve higher thermal 

conductivities 

perform experiments with different number of heat pipes. An optimum number 

of heat pipes incorporated in the back of the PV could be found 

iii. design different manifold configurations and achieve an optimum design 

iv. use different working fluids in the heat pipe and evaluate with different 

conditions which can work most effectively 

V. improve the systems des jign and develop a transient numerical model or use a 

CFD software to simulate the PV/Heat pipe performance 

vi. take into consideration of cost issues in designing a PV/T Heat pipe model 

For PV/PCM system 

depending from the application needed perform experiments with different PCM 

melting temperatures. PCM with high melting temperatures can work for higher 

heat grade than PCM with lower melting temperatures 

perform experiments to see how much energy can extract when irradiation has 

finished 
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M. improve designs by increasing heat transfer rate by incorporation of fins 
iv. take into consideration of cost issues in designing a PV/T PCM model 

For PViMCPCM system 

perforin experiments with different MCPCM melt temperature depending from 

the application needed. See PV/PCM i. 

Ii. perform experiments for all AT/G range to observe the performance of the 

collector 

iii. a better heat exchanger system can be designed to enhance the microPCM heat 

transfer coefficient 

IV. investigate how much the pump power consumption can decreased. As a 
MCPCM slurry can give higher heat transfer rate in comparison with water at the 

same flow rate we could reduce the flow rate and achieve the same heat transfer 

rate as a water system can achieve when works at higher flow rate 

V. a theoretical model can deten-nine the local bulk mean temperature of MCPCM 

flowing through a heat exchanger 

vi. take into consideration of cost issues in designing a PV/T MCPCM model 
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Appendix 1 

Nonienciature 

17 [0.. 11 

J7T ný�ý [o. 11 

Tp 

IT 

Trei 

[0-11 

PC I 
[W lu Lii2] 

11c] 

[W In mi'l 

l7w 

I-Lif 

L4-11,, 
waw 

LOf 

mimd. ýý. 7c: rnc 

-4 

LOAI 

R. 11 

NAI 

fo.. Il 

R'll 

[kllinin2j 

fkJ. lu-. m 21 

[degree, ] 

fdegieeý] 

[degree,, ] 

[kJ himill 

[W 11Tý1112 K] 

The overall offiiý ieijcý' of tile pilotol-oltlic 
A coefficient that desuilbes the change ul photovoltaic airay efficiency as a function of cell temper-alm e 
A coofficient that deýcnbes tile change in pbotovoltaic arfly efficiency as a function of incident solai radiation. 
I lie PV cell (empelature 

The total ninowir of olýjj 1-acii,, ition incident on the PV collector slu. face. 
Cell temperatitie at the condition, under which the reference PV efficiency A a, measuted 

The total amount of solar radiation incident on the PV collector surface at the conditions 
under JA7hjCl I I]) eI efelellCe Pj' effCj, ý,, Cý %k as nieaýwed 
The overall efficiency ofthe photovoltaic array under refereace conditions. 

The combined incidenceangle modifier for the PV cover material. 

The incidence angle modifier for the PN' cover for beam radiation. 
The incidence angle modifier for the PV covei for dithise radiation. 

The incidence angle modifiei for the P\'co, % ei for poilnd reflected radiation. 

The beam radiation incident on the PV surface. 

The diffuse radiation incident oil the PV surface. 

flie gTowid reflecied radiation incident on the PV w-fiice 

-Fhe effetive incidence migle of diffuse solar radiation on the PV tuface. 

The slope of the PIV surface 

The effective incidence angle of ground reflected solar radiation on the PV surface. 

The power generated by the PV 

The transmittance absorptance product of the PV cover for solar radiation at a normal 
angle of incidence. 
The PN' surface area. 

The convective heat ti. awýfej coefficient for the top sw face of tile PV- 

The i adiitive heat transfer coefficient for the top surface of the PV. 

[kPu-. ni'-K] 
The convective heat transfer coefficient for the backsurface of the PV. 

[kJ The radiative heat ti-ansfer coefficie"T fOl the back sniface of the PV. 

T. 
ýp 11C] The temperature to which the PV convectively loses eiierzy off its top siuface. 

Tamý. 
back [-Cj The temperature to which the PIV convecrively lose; eneq*. - off its back suface. 

The temperature to, ýýIiicli the PVradiatively lose, energy off its, top surface. 

Trad 
bgrk 

IOCI The temperartire to which the PV' i adiatively loses energy off its back surface. 

' The thennal resi%tance of the cover niateiial. PV cell backing, and back insulation 
RI, R,, R 3 . K'k-T1 [hr. m7 

materials i espec tively. 
x PCM inaterial quality (0: completely liquid. 1: completel". solid) 

in [kgj Masý, of the PCNI layer 

I Ifg k. T k, - I 
The energy of solidification oi energy of liquefaction of the PCM material. per unit 
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Appendix 2 

PARAMETER / INPUT / OUTPUF LIST 

PARANIETERS 
parm Name Unit T-, -picsil Comment 
Number V. 1 IUe 

I PV efficiencv niode I The niode defining how the PIV, efficiency should be 
ýJlLuhted by the model: 
1= Constant Px- efficiency 
2= Linear modifiers for off-rated cell temperature and 
incident radiation 

Eff icieuý: y provided as an INPUT to the model 
4= User-provided data file of PV efficiencv as a function of 
cell temperature and incident radiation 

2 Cox et niode I 1 This parametei indicates \% liethei the PV systein has a 
transparent co% ei: 0ý No cover, 1= Covered 

-77 

F -. -Vea 7 7 -0 The area of the PV array: consistent with the provided 
efficiency parameters and inputs 

4 Reýiýtaiice of PV cell F77771 0.0 e resistance to heat transfer for die material separating the 
backma matefial PV cells and die PCýM laý ei. 
Re-1, tance of back 1 h. nr. KIJ 3.0 1 The resistance to heat tiansfei foi the back of the collector. 
insulaTiOn material 

6 [77777, T it-, 0.. 1 0.9 The eini, ý, ivitv of the outer ulface for long-wave radiation 

- 
exchangewith the sky. 

- Bick eiuisýivity 0. 1 0.9 F The en-ussivity of the collector back surface for loug-wave 
radiation exchanae with the zone, 

8 Absorptance 0.. 1 0.9 The absorptance of the PV surface for solar iadiation. 
9 PCM layer thickness in 0.0" The thickness of the PCM layer 
10 PCM layer density Liz ni-' 1000.0 The density of the P('. N I lavej material. 
11 Solid phase specific U 1, --. K 2.50 The specific heat of the PC-M layer material in its completely 

heat solidified state. 
I Liquid pha,, e ýpecific 

7777 1 50 ' The specific heat of the PCM laver material iii itý completeh 
heat liquefied state. 

13 Eiiei: 2ý v of I ()(. Pj'O The energy per unit mass required to transform the PCM 

solidification fi-om 1000,6 solid to 1000 ý liquid. 

1-4 initial PCM C 'I 2(W yer - lining of the The temperature of the PCM laý, at the begi 

temperature 

I 
simulation. 

Solidification I C o. C) The temperature below which the PCM is co-pletelY 
temperature solidified. 

16 Liquefaction - F-C 40.0 The temperature above ýN-JjiCll The PC NI iS Completely I 

temperature liquefied. 

PV Efficiency - lode 2 (P\, efficiency odifiers) d Cover Mode 0 (uncovered P, --) 
1 Reference PV OA 0.12 I The efficiency of the P., cells in convertin. - incident 

efficiency radiation to electricity at the provided reference conditions. 

is Reference C 2,;. 0 The reference temperature at which the efficiency of the PV 

temperature cell is prmided. 

19 Reference radiation Ulir. mý 3600.0 The reference total incident solar radiation at which the 
PV, cell i& provided. efficiency of the 

10 Efficiency niodifiei - I C, -0.005 
_ The multiplier to con ect the rated PN. - cell efficiency as a 

temperature function of cell temperature. Efficiency =Noniinal 
Efficiency * Xt*Xx where Xt =I- this parameter* (TpN-- 
Treference) 

Efficiency modifier - 
radiation 

lir-111"U 0.00002 The multiplier to correct the rated PV cell efficiency as a 
ftuiction of incident solar radiation. Efficiency = Noininal 

L 

Efficiency * Xt*. %r where Xr ýI- this parameter*(Incident 
solar-Incident solar at refetence condition) 
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INPUTS 

aine Unit Typiefll Comment hiput Number [__ý 

Wile 
I temperature C 200 Tile temperature Ofthe environment for calculating losses 

f h ll ector SLIffaces (top and back). rom t e co 
2 temperature C 20.0 The temperature of the sky for calculating long-wave 

radiation losses from the collector surface. 
3 rperatur e 

170ne 'eu C 20,0 The temperature of the air located behind the back surface of 
i the collector, 

4 Back radiant C 200 The temperature of the surfaces located behind the collector. 
e Thiý temperature will be used for radiative lo%.,, calculations 

from ilie back airface of the collectoi. 
Top heat losý, 111 -111 64.0 The couvectim heat transfer coefficient from the cover 
coefficient K '1111 . ace to the anibient III A commonly used correlation i.. -, 

liconv=3.6*(ý %%uidveedinm, '0 
6 Back heat loý,, KJ III. -In - 11.0 The convectix e hear transfer coefficient fi, orn the back 

' 
coefficient K surface of the collector to the zone air. 

77 - Incident olir j lir-111- 0.0 
ý, 

e rate at which incidentsolar radiaTion (beam ý diffuý, e) 
radiation , kk trikes, the slq)ed collector surface- 

OUTPUTS 

Output nine 
7. it C: Ommeut 

Number 
iency The efficiency of the PV cells in converting incident solar radiation to 

electrical enerK,: expressed as a fraction. 

2 Pv po"ver The rate at which the photovoltaic cells are producing electrical power. 
[Mle P 'V C The temperature of the PV cells. 

t 
j; 

'. erriperarme 
4 C over temperature F- C The temperature ot the PV. PCM array cover 
1; PCNI temperature C The temperature of PCM layer 

6 Back surface C' The temperature of the back surface of the collector (zone air / collector 
teniperatine back interface). 

Absorbed solar 0 lu The net rate at which solar radiation is absorbed by the collector. This 

radiation value does not include the radiation that was absorbed by the P-V cells 
and converted to electrical energy. 

8 Collector top losseý - U hi The rate at which energy is lost to the environment through coovection 

convecti%-e from the topsm-face of the collector. 
9 Collectol top loýse, - W In F The rate at wItich enei gy is lost to the environment throu. 2b radiation 

radiative losses from the top stuface of the collector. 

10 Collectoi back losses U lir The rate atwhich energy is convected from the back of the collector to 

- con, the zone air. 
11 Collectoi back losýe, Uhr The net rate at which enei 2y iý radiated from the back of the collector to 

radiative the zone 1411rfaces. 
I et energy PCM n Ulu, The rate at which heat is transferr ed into the PCAI material at the 

transfer rate current time step. 

13 PC'M quality O.. l The quality of the PCM material at the end of the time step. 0= fully 

solid. I= fully liquid, -0.1 = subcooled solid. 1.1 = superheated liquid- 

0 to I= partially solid / partially liquid (2-phase) 

h sed Time that the PCM material has been below a quality of M The ela 14 Elapsed time - r p 

subcooled 
15 Elapsed time - two III The elapsed time that the PCM material has been in a two-phase 

phase condition. 
h The elapsed time that the P(Al material has been above a qiiafit, ý of 1.0 

16 r Elapsed time - 
superheated I 
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