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ABSTRACT 

Abstract 

Solar energy can be converted into electrical energy using photovoltaic (PV) cells ( solar cells). 
Nat all solar irradiation that is incident on a solar cell can be converted into electricity. In PVT 
collectors the solar irradiation that is absorbed by the solar cells and nat converted into electricity 
is extracted with a heat transport medium. The heat transported by the heat transport medium 
can be used for several purposes, for example for tap water heating or for room heating of a do
mestic dwelling. 

ECN and Eindhoven University of Technology (EUT) cooperate in a research to come to an 
optimal system concept for PVT collectors to cover the energy demand of a dornestic dwelling. 
Until now the focus of the research at the EUT has been on the optimization on device level. The 
next step in this research is to expand the scope to optimization on system level. 

The goals set for this thesis are: to develop a universa! model for the electrical yield of a sys
tem containing solar cells, to develop a model of a water starage tank that can be used for PVT 
collector system optimization studies and to perfarm simulations of two PVT collector systems de
signed for respectively the hot tap water demand and room heating demand of a dornestic dwelling. 

Until now the model of the electrical yield of a PVT collector was nat complete with respect 
to the losses that occur during the conversion process from solar irradiation to electricity at grid 
voltage. The model of the electrical yield of a system containing solar cells as presented in this 
thesis covers the most important losses occurring during the conversion from solar irradiation to 
electricity at grid voltage. Two thermal rnadeis of a free-standing PV system were developed to 
determine the temperature of the solar cells which is needed as input for the electrical model of 
a PV system as developed in this thesis. The model is applicable for different systems containing 
solar cells (for example PVT collectors) and it will give realistic anteomes when the model is 
applied for PV systems situated in a different elimate than the Dutch climate. 
To rednee computing time of the simulations it was investigated whether it is possible to use a 
linear model for the thermal and electrical efficiency of a PVT collector. It is concluded that a 
rednetion of computing time by a linear model of tlie thermal and electrical efficiency of a PVT 
collector can, in contrary to thermal collectors, nat be used for PVT collector energy yield simu
lations. 
Until now the water starage tank of a PVT collector system was modeled as a fully-mixed tank or 
as a perfectly stratified tank. In this thesis a multinode model of a water starage tank is presented 
and compared with the previous used two models. From simulations with these three starage tank 
models two important conclusions can be drawn: stratification in the starage tank impraves the 
system yield of a Solar Dornestic Hot Water system for any heat transport medium flow rate, 
secondly when stratification is taken into account this system can operate at lower heat transport 
medium flow rates than commonly used without a rednetion of the system yield, resulting in lower 
operation casts. 
The multinode model is able to describe stratification well and was found to be adequate to use for 
PVT collector system optimization studies. With the models developed in this thesis simulation 
studies can be performed easily with the use of Simulink. Simulink is a tooibox of Matlab with 
which it is possible to design rnadeis of dynamic systems. For future work it is recommended 
to investigate the influence of PVT collector parameters on the system yield to come to an opti
ma! system. Flirthermore it is recommended to further explore the possibilities of a PVT system 
collector system in combination with a heat pump. 



ii SAMENVATTING 

Samenvatting 
Zonlicht kan worden omgezet naar elektrische energie door photovoltaïsche (PV) cellen (zon
necellen). Niet al het zonlicht dat op een zonnecel valt kan worden omgezet naar elektriciteit. 
In PVT collectoren wordt het zonlicht dat door een zonnecel geabsorbeerd wordt en niet wordt 
omgezet in elektrische energie, afgevoerd met het warmte transport medium. De warmte getrans
porteerd door het warmte transport medium kan voor verschillende doeleinden gebruikt worden, 
bijvoorbeeld warm water voor de douche of warm water voor de verwarming van een woning. 

ECN en de Technische Universiteit Eindhoven (TUE) werken samen in een onderzoeksproject 
om tot een optimaal systeem concept te komen van een systeem met PVT -collectoren dat in de 
energie behoefte van een woning kan voorzien. Tot nu toe heeft het onderzoek op de TUE zich 
gericht op optimalisatie van enkel de PVT collector. De volgende stap in het lopende onderzoek 
is om het onderzoek uit te breiden naar optimalisatie op systeem niveau. 

De doelen gesteld voor dit afstudeerproject zijn: het ontwikkelen van een universeel bruikbaar 
model voor de elektrische opbrengst van een systeem dat zonnecellen bevat, het ontwikkelen van 
een model van een water opslag tank dat gebruikt kan worden voor PVT -collector systeem opti
malisatie studies en het uitvoeren van simulaties van twee verschillende PVT -collector systemen 
ontwikkeld voor respectievelijk de warm water behoefte en verwarmings behoefte van een woning. 

Tot nu toe was het model voor de elektrische opbrengst van een PVT-collector niet compleet 
met betrekking tot de verliezen die optreden tijdens het conversie proces van zonlicht tot elek
triciteit op een voltage van het lokale elektriciteitsnet. Het model van de elektrische opbrengst van 
een systeem dat zonnecellen bevat, zoals gepresenteerd in dit verslag, beschrijft de belangrijkste 
verliezen die voorkomen tijdens de conversie van zonlicht tot elektriciteit op een voltage van het 
lokale elektriciteitsnet. Twee thermische modellen van een vrijstaand PV systeem zijn ontwikkeld 
om de temperatuur van de zonnecellen die nodig is als invoer voor het elektrische opbrengst 
model van een PV-systeem. Het elektrische model is toepasbaar voor verschillende systemen die 
zonnecellen bevatten (bijvoorbeeld PVT-collector systemen) en het geeft realistische uitkomsten 
wanneer het model wordt toegepast voor systemen die aan andere klimatologische condities wor
den bloot gesteld dan het Nederlandse klimaat. 
Om de rekentijd van de simulaties beperkt te houden is onderzocht of het mogelijk is om de 
thermische en elektrische rendement van een PVT -collector te beschrijven met lineaire modellen. 
Geconcludeerd is dat beperking van rekentijd door middel van het toepassen van lineaire modellen 
voor de elektrische en thermische rendement kan, in tegenstelling tot thermische collectoren, niet 
gebruikt worden voor PVT-collector systeem opbrengst simulaties. 
Tot nu toe is de water opslag tank van een PVT -collector systeem gemodelleerd als een volledig 
gemixte opslag tank of als een perfect gestratificeerde opslag tank. In dit afstudeerverslag wordt 
een multinode model van een water opslag tank gepresenteerd en vergeleken met de twee voorheen 
gebruikte modellen. Uit de simulaties die uitgevoerd zijn voor deze drie verschillende water opslag 
tank modellen kunnen twee conclusies getrokken worden: ten eerste verhoogt stratificatie in de 
opslag tank de systeem opbrengst van een zonneboiler systeem voor elk debiet van het warmte 
transport medium, ten tweede wanneer stratificatie in de opslag tank is meegenomen kunnen deze 
systemen opereren met een lager warmte transport medium debiet zonder dat daar een verlies in 
systeem opbrengst tegenover staat waardoor de operatie kosten van deze systemen omlaag kunnen. 
Het multinode model beschrijft stratificatie in de water opslag tank goed en het is geschikt bevon
den voor het gebruik voor PVT -collector systeem optimalisatie studies. Met de modellen die 
gepresenteerd zijn in dit verslag kunnen eenvoudig simulatie studies van PVT -collector systemen 
uitgevoerd worden met behulp van het software pakket Simulink. Voor vervolg onderzoek is het 
aanbevolen om de invloed van PVT-collector parameters op de systeem opbrengst te bestuderen 
om tot een optimaal systeem concept te komen. 
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Chapter 1 

Introduetion 

One of the big problems society is facing are the problems that come with energy production. 
Two major problems are faced with the production of energy: the increasing demand of energy 
with a gradual depletion of the available fossil fuel reserve and the environmental issues that are 
caused by energy production from fossil fuels. Sustainable energy sourees can substitute fossil 
fuels and decrease environmental problems. Solar energy is one of the sustainable energy sources, 
next to biomass and wind energy, that is believed to play a major role in future energy supply. 
Photovoltaic Thermal (PVT) collectors could accelerate a wide spread growth of sustainable solar 
systems by cost reductions compared to conventional thermal collector and photovoltaic (PV) 
systems. 

PVT collectors 

Solar energy can he converted to electrical energy using PV cells (also known as solar cells). 
The conversion from solar irradiation to electricity is called photovoltaic conversion. Not all solar 
irradiation that is incident on a solar cell can he converted into electricity. A PV laminate, which 
is built up from solar cells, absorbs about 80% of the incident solar irradiation. However only 5-15 
%of the solar irradiation is converted into electricity, depending on the solar cell technology used. 
An example of a PVT collector is shown in figure 1.1. In PVT collectors the solar irradiation that 

Figure 1.1: Cross section of a covered sheet-and-tube PVT collector with water as heat transport 
medium. 

is absorbed by the PV solar cells and not converted into electricity is extracted from the solar cells 
with a heat transport medium. Commonly water or air is used as heat transport medium for PVT 
collectors. Water has the advantage that its specific heat capacity is much larger than for air , 
however air PVT collectors are easier and cheaper to manufacture compared to PVT collectors 
with water as heat transfer medium. The heat that is extracted by the heat transport medium is 
available for several purposes, for example tap water heating and space heating of a dwelling. 

1 



2 CHAPTER 1. INTRODUCTION 

In this way heat and electricity is produced by one device which has the following advantages 
above separately heat production from a thermal collector and electricity production by a PV 
module: 

• An area covered with PVT collectors produces more electrical and thermal energy than a 
corresponding area partially covered with conventional PV panels and partially covered with 
conventional thermal collectors. This is particulary useful when the amount of space on a 
roof is limited, which will become increasingly important in the future. 

• For uncovered PVT collectors the electrical efficiency of the PV cells will he higher because 
of a lower PV cell temperature caused by the heat extraction by the heat transport medium. 
Solar cells are more effective at lower temperatures. 

• PVT collectors provide architectmal uniformity on a roof, in contrast to a combination of 
separate PV and thermal collector systems. 

• The energy payback time of a PVT collector is shorter compared to a thermal collector 
system or a PV system (Van Helden et al. [4]). 

Different PVT system concepts 

Solar energy is a time-dependent energy source, and energy needs are also time-dependent pro
cesses. However mostly the supply and need of energy are not equal in time so energy storage is 
essential to assure a sufReient energy supply at the time energy is needed. Electricity produced 
by the PVT collectors can quiet easily he supplied to the local electricity grid. In this way the 
local electricity grid serves as a buffer for the electricity produced by the PVT collectors. In con
trary to the electrical energy produced by the PVT collectors, thermal energy is much harder to 
store. PVT collector systems are designed to serve a specifk thermal load, the electrical yield is 
less sensitive to the kind of system configuration that is used and is therefore of minor importance. 

The use of heat in dwellings can roughly he divided into two main areas. First, heat is used 
to keep the interior temperature at a comfortable level in cold seasons. Especially in modern 
dwellings, the application of interior heating with asolar collector is attractive. Modern dwellings 
with good thermal insulation and high efficiency glazing can he heated with a low-temperature 
heating system with temperatures varying between 30-40 oe, even in cold climates. The sec
oud main utilization of heat in dwellings is for hot tap water, as can he seen in figure 1.2. The 
temperatures needed for hot tap water are around 60 oe. 

warm 
To electricity 

~-{]: 
i 

Figure 1.2: PVT collector integrated in aSolar Dornestic Hot Water system (SDHW). 



Storage tank 

Traditionally starage tanks have been modeled as one dimensional fully mixed tanks. However in 
real systems some degree of stratification will always be present and fully-mixed models will under 
predict the yield of solar systems with a starage tank. Solar systems with PVT collectors have 
been simulated with a perfectly stratified model by De Vries [2] but a more accurate description 
is possible with other models, for example a multinode model. Stratification in water starage 
tanks will imprave the collector thermal and electrical efficiency and therefore the thermal and 
electrical system yield. The reason that stratification in the starage tank impraves the collector 
thermal and electrical efficiency is that the water flowing from the starage tank to the collector, 
will be at a lower temperature compared to a fully-mixed water starage tank. A lower inflow 
temperature of the water flowing into the collector will reduce heat losses to the environment and 
therefore increases the thermal efficiency, also the electrical efficiency is increased with a lower 
PV cell temperature. A model to describe a stratified water starage tank is very useful as it will 
reflect reality more than a fully-mixed model, moreover it gives insight in the sensitivity of a solar 
system to the degree of stratification in the starage tank. 

Problem definition 

Until now the model of the electrical yield of a PVT collector was nat complete with respect 
to the losses that occur during the conversion process from solar irradiation to electricity at grid 
voltage. For PV systems the losses occurring during the conversion process are defined by Baltus 
et al. [3]. The losses defined in this artiele have to be translated toa model for the electrical yield 
of a PVT system. The research at the EUT has until now been focussed on optimization on the 
device level af a PVT collector. The next step in this research is to expand the scope to opti
mization on system level. For optimization on system level an environment has to be developed 
in which it is possible to study a variety of PVT system setups. One of the requirements set for 
optimization studies of PVT systems is that it has to be possible to change system parameters as 
the collector flow rate and tap water flow rate independently. 

Goals 

Three goals are set for this thesis: 

• Develop a universa! model for the electrical yield of a grid-connected system containing PV 
solar cells. 

• Develop and evaluate models of a stratified water starage tank to come to an adequate 
starage tank model that can be used for PVT collector system simulations. 

• Perfarm simulations of two PVT systems designed for respectively the hot tap water demand 
and room heating demand of a dornestic dwelling. 

Outline of this thesis 

This thesis starts with the definitions of losses that occur during the conversion process from 
solar irradiation to electricity at grid voltage. Two thermal models of a free-standing PV sys
tem were developed todetermine the temperature of the solar cells which is neededas input for 
the electrical model of a PV system as developed in this thesis. Simulations of a free-standing 
grid-connected PV system are performed for different PV cell technologies and climatological con
ditions. In chapter 3 the thermal and optical model of four different PVT collector concepts are 
discussed and their resulting efficiency curves are presented. In chapter 4 three different models 
to describe a water starage tank are presented. Conventional methods to describe the thermal 
behavior of a water starage tank are compared with the multinode model as presented in this 
chapter. In chapter 5 two different PVT systems are discussed and simulated for a Test Reference 
Year. The influence of the collector flow rate on the yearly performance of the tap water system 
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4 CHAPTER 1. INTRODUCTION 

is discussed. The thesis is concluded with concluding remarks and recommendations for future 
research. 



Chapter 2 

Yearly energy yield simulations of 
a PV system 

The goal of this chapter is to characterize and quantify the energy losses occurring in the photo
voltaic conversion process and system componentsof a grid-connected PV system. Two thermal 
roodels of a free-standing PV system were developed to determine the temperature of the solar 
cells which is needed as input for the electrical model of a PV system as developed in this thesis. 
In the first thermal model, the temperature rise of the PV module is assumed to he proportional to 
the solar irradiance. In the second thermal model also the sky temperature, amhient temperature 
and wind speed are taken into account. It was found that the convective heat losses account for 
more than 60% of the total heat losses of the module, so much attention is given to the convective 
heat transfer coefficient. Commonly used correlations for the convective heat transfer coefficient 
of the PV module to the amhient were found to have some disadvantages, especially the lack of a 
charaderistic length limit the validity of these correlations. A more advanced model for the con
vective heat transfer coefficient is developed in order to overcome the shortcomings of the simple 
correlations. The chapter ends with results of yearly energy yield simulations of the PV system 
which are performed with the different thermal roodels for PV systems with two different PV cell 
technologies. Also a sensitivity analysis of the most advanced thermal model is presented. 

2.1 Componentsof a PV system 

There are two main categories of PV systems: autonomous and grid-connected systems. Au
tonomous systems can he suhdivided in systems with or without hattery storage. Grid-connected 
system can he suhdivided into free-standing and roof-integrated systems. In this chapter a free
standing grid-connected system is analyzed. 
A grid-connected PV system consists of: 

• An array with a numher of PV modules 

• An inverter 

• A conneetion to the puhlic electricity grid 

A PV module consists of a numher of solar cells. One crystalline silicon solar cell produces a 
voltage of ahout 0.45 to 0.5 V in its Maximum Power Point (MPP). The MPP of asolar cellis 
defined as the current lmp and voltage Vmp for which the power output of the cell has a maximum. 
This voltage is not enough for most practical applications so the solar cells are put in series to 
come to a voltage of ahout 16 V. This implies that one solar module is constructed from 33-36 
solar cells. The solar cells in a module are well protected against the meteorological influences hy 
a hardened proteetion glass. 
The maximum power produced by asolar module under Standard Test Conditions (STC), solar 

5 



6 CHAPTER 2. YEARLY ENERGY YIELD SIMULATIONS OF APV SYSTEM 

irradiance of 1000 W· m-2 , an Air Mass 1.5 spectrum and a cell temperature of 25 oe, is called 
the peak power and is expressed in Wp. For example, asolar module consisting of 36 
10 cm x 10 cm crystalline silicon cells, with a cell efficiency 'f/cell,STC of 13%, will produce a peak 
power of 36 x 1.3 Wp = 47 Wp as the peak power of one cellis 1000 W· m-2 x 0.01 m2 x 13% 
= 1.3 Wp. 
The relation between array peak power, cell efficiency and total cell area is given by: 

Parray,STC = 'f/cell,STC Acell 1000 w . m - 2 (2.1) 

The array consists of modules with a certain package density of PV cells. For this chapter it is 
assumed that the packing density of PV cells in a module is equal to 1. Therefore in this chapter 
the array area Aarray is chosen to be equal to the total cell area Acell· The relation between array 
peak power, cell efficiency and total array area can now be expressed by: 

Parray,STC = 'f/cell,STC Aarray 1000 w. m-2 (2.2) 

Henceforward we will only use Aarray. 

PV inverters convert the DC power produced by the PV module into AC current at grid voltage 
(230 VAC). An example of an inverter used in a grid-connected PV system of a house is the Mas
tervolt Sunmaster 1800 with a nomina! DC input power Pnom,inv of 1500 W. The typical nomina! 
input current of inverters like this is 15 A at a system voltage of 100 V. 

In this thesis two reference systems have been used, each having an array peak power of 1500 
Wandan inverter with a nomina! input power of Pnam,inv = 1500 Wp, the system voltage being 
100 V. The peak power of bothof these systems equals the nomina! power of the 1500 Winverter 
described above. 

2.1.1 PV cell technologies 

There are a few different PV cell technologies available for photovoltaic conversion of solar irradi
ance. The three most used cell technologies are: 

1. Monocrystalline silicon solar cells are originally designed for applications in aerospace. 
This concept is widely used since the seventies and has been improved on celllevel but also 
on production level. On industrial scales cell efficiencies of about 15 % are common with 
this cell technology. 

2. Multicrystalline silicon solar cells are obtained by casting silicon in a mold of preferred 
shape (rectangular). The cell efficiency ofthis cell technology is slightly lower than monocrys
talline cells but the production costs ( energy and labour) are lower as well. Typical cell 
efficiencies of this technology are about 13-14%. 

3. Amorphous silicon solar cells are thin film solar cells. The advantage of this type of solar 
cells is that the production costs (energy, labour and material) are low. Another advantage 
of this technology is that the sensitivity of the cell temperature on the cell efficiency is 
much smaller than for mono- or multicrystalline solar cells. Typical cell efficiencies of this 
technology areabout 5-8%. 

Specifications of solar cells for four different cell technologies are given in appendix A. 

2.1.2 System setup 

In this chapter the yearly energy yield of a PV system with PV modules consisting of amorphous 
and crystalline silicon solar cells are compared. As discussed before these two cell technologies 
have different cell efficiencies. To compare the systems consisting of PV modules with different 
cell technologies, Parray,STC is chosen to be equal to Pnom,inv resulting in an array area that can 



2.2. TEST REFERENCE YEAR 

be calculated with expression 2.2. In The Netherlands the difference between solar irradiance 
during winter and summer is large. An optimal tilt angle with respect to the horizontal in The 
Netherlands is between 30° and 50°. In this thesis the array of PV modules is orientated to the 
south with a tilt angle of 45° with respect to the horizon as can beseen in figure 2.1. 

Figure 2.1: System setup of a free-standing grid-connected PV system. 

2. 2 Test Reference Year 

To obtain an estimation of the yearly performance of a PV /PVT system a Test Reference Year 
(TRY) is used. The TRY used in this thesis is from the KNMI and gives the climatical data of De 
Bilt, the Netherlands. Data for this TRY were collected over a period of 20 years. The TRY avail
able gives the ambient temperature, sky temperature, wind speed and global solar irradiation for 
the 8760 hours of one year. The global solar irradiation given by the TRY is the solar irradiation 
on a plane that is orientated to the south with a tilt angle of 45° to the horizon. More details of 
the TRY are given in appendix B. 

Hourly values versus actual values 

For yearly energy yield calculations it is essential to define solar irradiance C and solar irradi
ation H. Solar irradiance is a radiation power flux in W· m- 2 and solar irradiation is an amount 
of radiation energy incident on a unit area in Wh· m-2 • 

The values of the variables given by the TRY are hourly values. That means that the actual values 
are measured at a certain time interval and then averaged for one hour. So this implies that an 
actual value as the solar irradiance, is integrated over one hour resulting in the solar irradiation 
H which is given by the TRY. It is assumed that the solar irradiance ct in hour t is constant for 
that hour with a value equal to the solar irradiation Ht for that hour. For all other meteorological 
conditions the same assumption is made. The hourly solar irradiation can be expressed as: 

l
t•=t+l 

Ht = ct dt* = ct · 1 hour 
t•=t 

(2.3) 

The superscript t denotes that this a value assigned for hour t of the TRY. 

7 
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2.3 Lossesin a grid...:connected PV system 

Losses occur during the conversion process from solar irradiation to electricity at grid voltage. 
The loss mechanisms during the conversion process are: cell losses, low-irradiance losses, losses 
due to the temperature rise of the PV cells, ohmic and inverter losses. The losses are assumed to 
occur in steps as can be seen from figure 2.2. The numbers in figure 2.2 represent the following 

E' I E' E' E' 
loss. STC E1oss, Jow-irr loss.temp loss.ohmic loss.inv 

solar E' E' E' system 
low-irr temp ohm ie 

irradiatio~ PV cell PV cell PV cell cables in verter yield 

A · H1 
yt 

array 

Figure 2.2: Steps in the conversion process from solar irradiation to electricity at grid voltage. 

energy flows: 
E1rc = AarrayHt - Efoss , STC 

Efow-irr = AarrayHt - Efoss , STC - Efoss , low-irr 

Efemp = AarrayHt - Efoss, STC - Efoss, low-irr - Efoss, temp 

E~hmie = AarrayHt - Efoss, STC - Efoss, low-irr - Efoss, temp - Efoss, oh mie 

yt = AarrayHt - Efoss, STC - Efoss , low-irr - Efoss, temp - Efoss, ohmie - Efoss, inv 

The loss factors LF of the individual conversion steps are defined as the energy loss due to a 
specific conversion step, divided by the ingoing energy of this conversion step. For example, the 
temperature loss factor in hour t is: 

Et 
LF.t = loss, temp 

temp Et 
loww-irr 

(2.4) 

2.3.1 Governing equations of the energy losses 

Cell losses are the losses that are caused by the conversion of solar irradiance into electricity in 
the cells of the PV module. The energy loss in hour t due to cell losses can he expressed as: 

Efoss , eell = Aarray Ht (l - TJee!!, STC) (2.5) 

The PV cell efficiency at STC TJee!!, src is a characteristic parameter of a certain type of cell 
technology (see appendix A). 

Low-irradiance losses are losses due to the fact that the cell efficiency is a function of the 
solar irradiance, or irradiation in this thesis. The low-irradiance loss in hour t can be expressed 
by: 

Efoss, low-irr = Aarray Ht {TJee!!, STC -TJee!! (Ht)} (2.6) 

Lower irradiance levels than irradiance at STC result in a slightly different cell efficiency. The 
relation between cell efficiency and solar irradiance is different for different kind of PV cells (see 
appendix A). 

Temperature losses are a result of deviations of the PV cell temperature from STC 
(Tsrc = 25 oe). The relation between the cell efficiency and temperature is characterized by the 
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temperature coefficient (3 [ !c] and is a specific parameter for a certain type of PV cell technology 
(see appendix A). It is assumed that the temperature in the array of modules is homogenous so 
that Tcell = Tarray· Henceforward Tarray will he used. The temperature lossis normalized at STC 
(Tsrc = 25 °C) resulting in the following expression for the temperature lossin hour t: 

Efoss,temp = Efow-irr{1 + f3(Tarray- 25°C)} (2.7) 

Thermal models to determine the array temperature are presented in the next section. The 
electrical efficiency of the array can now he expressed as: 

(2.8) 

Ohmic losses are aresult of the ohmic resistance, mainly in the cables, of the PV system. In 
practice cables are chosen in such a way that the ohmic losses are 2% ( or smaller) of the power 
produced by the array of modules at STC (Van Zolingen [19]). Ohmic losses for different irradiance 
levels than STC in hour t can now he expressed as: 

Ht 2 

Efoss, ohmic = Rsystem ( 1000 I array, STC) (2.9) 

where Rsystem is the ohmic resistance of the system which can he obtained from the expression: 

1;rray,STC Rsystem = 0.02 Parray, STC (2.10) 

From the values given insection 2.1 for Parray,STC = Pnom,inv and Iarray,STC it follows that the 
electrical resistance of the PV system as presented in this chapter Rsystem is 0.133 0. 

Inverter losses are a function of the normalized DC input power Pnorm· The normalized in

put power of the inverter is (Pnorm = R.:;. = Ef~ö'dç) with Pinv the DC power input of the 
inverterand Pnom the nominal DC input power of the inverter. The inverter efficiency as a func
tion of the normalized input power and the nominal DC input power is given in appendix A. The 
inverter loss in hour t can now he expressed as: 

Efoss, inv = E~hmic[1 -1]inv (Pnorm)] (2.11) 

With the energy losses as presented above the system efficiency in hour t can he expressed as: 

yt 
1Jt - -==-:-:---
system- HtA 

array 

Equation 2.12 is only valid for Ht > 0. 

Yearly loss factors and system performance parameters 

(2.12) 

The yearly loss factors can he determined by the sum of the actual energy loss of a specific 
conversion step over a year and divide this by the sum of ingoing energy of this conversion step, 
for example the yearly temperature loss factor LFfemp is defined as: 

8760 

L Efoss,temp 
y t=O 

LFtemp = -'::8:::767:0:-----

L Efow-irr 
t=O 

(2.13) 

The other loss factors follow from a similar expression as 2.13. The yearly system yield is defined 
as: 

8760 

YY = Lyt (2.14) 
t=O 

9 
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and the yearly system efficiency is defined as: 

YY 
~y -----~~~-•tsystem - 8760 

Aarray L Ht 

t=O 

(2.15) 

Besides the system performance parameters given ahove, also the specific system yield Yl 
P Y" and the system yield per unit area yY 2 are given in the results in section 2.5. 

ar,..ay,STC . m 

2.4 Thermal modelsofan array of PV modules 

Two thermal modelsof a free-standing PV system were developed todetermine the temperature 
of the solar cells which is needed as input for the electrical model of a PV system as developed 
in this thesis. In the first thermal model, the temperature rise of the PV module is assumed to 
he proportional to the solar irradiance. In the secoud thermal model also the sky temperature, 
amhient temperature and wind speed are taken into account. eommonly used correlations for the 
convective heat transfer coefficient of the PV modules to the amhient were found to have some 
disadvantages, especially the lack of a characteristic length limit the validity of these correlations. 
A more advanced model for the convective heat transfer coefficient is developed in order to aver
eome the shortcomings of these simple correlations. 

Thermal model 1 

The array temperature is a function of the meteorological conditions and cell technology. For 
the thermal roodels presented in this section it is assumed that the temperature of the PV cells is 
homogeneaus in all dimensions and Tcell = Tarray· The most simple thermal model is ohtained if 
the array temperature is assumed to he proportional to the solar irradiance: 

Tarray = Tamb + Ç G (2.16) 

where Ç is the array temperature parameter, a parameter that is specific for a certain type of 
mounting of the modules: free-standing or roof-integrated. Experiments under test conditions 
show that the temperature of a free-standing PV module rises ahout 22 oe ahove amhient tem
perature at an irradiance level of 800 W· m-2 , V wind = 1 m· s-1 , Tsky = 4°e, Tamb = 20°e. This 
results in a Ç of 0.0275 oe· m 2 • w-1 . Expression 2.16 is hased on an average heat transfer coeffi
cient of the module to the amhient. If the module is suhjected to other meteorological conditions 
than the test conditions, as occurs for the TRY, this simple model could result in large inaccuracies 
in the predicted array temperature. Therefore a more detailed thermal model is developed. 

Thermal model 2 

Here a thermal model of an array of PV modules as a function of 4 variahles, V wind, Tsky, Tamb 

and G, is presented. The array of PV modules is assumed to he a free-standing flat plate orien
tated to south with a tilt angle of 45 ° exposed to the meteorological conditions given hy the TRY. 

Heat balance 

The heat halance of this plate can he expressed as: 

qsolar = qrad,sky + qrad,earth + qconv (2.17) 

where qsolar is the amount of solar irradiance incident on the PV modules that is converted into 
heat in the PV modules, qrad,sky the rate of radiant energy that is exchanged with the sky, qrad,earth 

the rate of radiant energy that is exchanged with the earth and qconv the rate of energy that is 
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exchanged with the surrounding by convective heat transfer. 

Constitutive equations 

In order to solve equation 2.17 constitutive equations are needed. The rate of energy that is 
exchanged with the surrounding by convective heat transfer is calculated with: 

Qconv = (hconv,Jront + hconv,back)Aarray(Tarray- Tamb) (2.18) 

here hconv,back is the convective heat transfer from the back of the modules and hconv,front the 
heat transfer convective heat transfer from the front of the modules. Expressions for hconv,front 

and hconv,back are discussed in section 2.4.1. 

The sky can he considered as a black body at some equivalent sky temperature. Also the earth is 
considered as a black body at a temperature of Tamb· The net rate of radiation exchange between 
the modules and the sky and the modules and the earth are given by: 

Qrad,sky = aAarray(EJFsky,lront + EbFsky,back)(T:rray- r:ky) 

Qrad,earth = a Aarray ( f. I Fearth,front + EbFearth,back) (T:rray - r:mb) 
(2.19) 

where Fsky,lront and Fsky,back are respectively the view factors to the sky of the front and back 
surface, Fearth,lront and Fearth,back are respectively the view factors to the earth of the front and 
back surface, E 1 the emissivity of the front of the modules, Eb the emissivity of the back of the 
modules and a the Stefan-Boltzmann constant a = 5.67 · 10-8 W· m-2 

• oc-4
• The temperatures 

in equations 2.19 are in degrees K. The view factor to the sky and the earth for the front and back 
surface can he expressed as: 

Fsky,front = 0.5(1 +COS(}) 

Fsky,back = 0.5(1 - COS(}) 

Fearth,front = 0.5(1 - COS(}) 

Fearth,back = 0.5(1 + COS(}) 

(2.20) 

The heat souree of the PV modules is the solar irradiance G incident on the array area, multiplied 
by a factor À that accounts for the thermal absorption and the electricity production of the array: 

Qsolar = AarrayG À (2.21) 

The factor À varies for a non power-producing and a power producing module. The amount of 
solar irradiance that is absorbed by a PV module is defined by the absorption coefficient apv. 
The absorption coefficient for a standard opaque PV module is about 78%. For an electricity 
producing module the factor À is obtained from the absorption coefficient decreased by the actual 
electrical efficiency of the array: 

À = apv - 'TJarray (2.22) 

where 'T/array is the electrical efficiency of the array of PV modules given by equation 2.8. 

With equations 2.17 - 2.22 a set of equations is obtained which can he solved numerically in 
order to obtain Tarray· 

2.4.1 Convective heat transfer coefficient 

The convective heat transfer coefficient, used in equation 2.18, from a flat plate to the ambient air 
can he divided into the heat transfer coefficient for natural convection and for forced convection. 
Natural convection can he described well with the correlations given in literature, however forced 
convection is much more difficult to describe and larger differences between natural environment 
conditions and a model will he inevitable. The most important factors that influence the forced 
convection by wind are: 

11 
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• Wind varies with time in speed, direction and turbulence level and mean velocity changes 
with height. 

• Wind arriving at the module is affected by the surroundings upstream. 

• The shape of the leading edge of the module affects phenomena as separation, reattachment 
and redevelopment. 

Thermal model 2.1 

In spite of the difficulties mentioned above some researchers have developed correlations between 
the convective heat transfer coefficient and the wind speed. A first attempt was done by Jurges 
in 1924 (McAdems [5]): 

hconv = 5.7 + 3.8Vwind (2.23) 

where V wind is the wind speed. According to Duftie and Beekman [6] it is probable that radiation 
is included in this equation. Watmuff [7] developed in 1977 a- new expression where radiation is 
excluded: 

hconv = 2.8 + 3.0Vwind (2.24) 

This relation is widely used because of its simplicity. The lack of characteristic length, the inde
pendency from fluid properties and incHnation angle, limits the validity of the correlations 2.23 
and 2.24 severely. Also, no distinction is made between the heat transfer coefficient of the back 
and front surface. It is assumed in this thesis that at the back surface only the natural convection 
part of equation 2.24 is present implying that the wind speed at the back surface Vwind = 0. 
From calculations it follows that the convective heat loss accounts for more than 60% of the total 
heat losses so it is obvious that more attention should be given to the convective heat transfer 
coefficient. To describe the heat transfer coefficient hconv more accurately, a more advanced model 
is developed. 

Thermal model 2.2 

The heat transfer coefficient can be expressed as a nmction of the Nusselt number Nu: 

h 
_ Nukair 

conv- L 
array 

(2.25) 

where kair is the thermal conductivity of air and Larray the length of the array of modules in 
flow direction (see figure 2.1). The convective heat transfer coefficient hconv of the module to the 
ambient air is a result of natural and forced convection. 
Three different heat transfer coefficients can be determined for a PV module: the heat transfer 
coefficient of the windward facing surface, the heat transfer coefficient of the leeward facing surface 
and the heat transfer coefficient for wind parallel to a surface. The windward facing surface is 
the surface normal to the the flow incident on the plate, the leeward facing surface is the surface 
subjected to the flow in the wake region of a flat plate. A detailed description of these three 
heat transfer coefficients are given in appendix C. Because of a lack of information, the Nusselt 
number of forced convection of the leeward facing surface is neglected and only the Nusselt number 
of natural convection is taken into account. The heat transfer coefficients obtained with the 
expressions given in appendix C tagether with the heat transfer coefficient obtained with thermal 
model 2.1 are shown in figure 2.3 for different wind speeds. From figure 2.3 it can beseen that for 
the conditions considered here, the heat transfer coefficients of the windward and leeward facing 
surface as discussed in appendix C are almast equal to the Watmuff equation for wind speeds up 
to 1 m· s-1. For larger wind speeds there is a significant difference between the heat transfer 
coefficient of thermal model 2.1 and 2.2. The Watmuff relation overestimates the heat transfer 
coefficient for the conditions simulated here. 
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Figure 2.3: Heat transfer coefficient of the module to ambient air as a function of the wind speed, 
evaluated at Tamb=20 oe and Tarray =40 oe, Aarray =1 m2

. 

2.4.2 Wind direction 

As discussed in appendix e the wind direction is of influence on the convective heat transfer co
efficient used in thermal model 2.2. The wind direction is not a parameter of the TRY available 
and therefore a wind direction chart of De Bilt is used (see appendix B) . The convective heat 
transfer coefficient is only described for wind normal or parallel to the module and therefore the 
wind direction chart shown in appendix B is reduced to the four main wind directions. Because 
the wind direction is not given by the TRY an assumption about the wind direction as a function 
of the time in the TRY has to be made. It is assumed that wind direction distribution during 
10 days is equal to the yearly wind direction distribution. The share of variabie wind directions 
is equally distributed over the four main wind directions. The wind direction for 10 days, or 240 
hours, of the TRY are given in table 2.1. For every following 240 hours of the TRY the wind 

Table 2.1: Wind direction for every 10 days, or 240 hours, of the TRY. 

Wind direction 
North 
East 
South 
West 
Tot al 

Hours 
1-47 
48-92 
93-168 
169-240 
240 

Relative amount of total [%] 
19.5 
19.0 
31.5 
30.0 
100.0 

direction is according to pattem given in table 2.1. This pattem can only be used for thermal 
model 2.2 because the correlations used for thermal model 2.1 does not contain a wind direction 
dependency. Forthermal model 2.1 only the absolute wind speed is used in the simulations. 

2.4.3 Influence of array length on the heat transfer coefficient 

In addition tothermal model 2.1 the heat transfer coefficient of thermal model 2.2 is a function of 
the length of the array of modules in flow direction (see figure 2.1). Especially for smalllengths 
of the array of modules, there is a significant effect of the array length on the forced convection 

13 
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coefficient of the windward facing surface. The heat transfer due to forced convection is strongly 
dependent on the thickness of the boundary layer. The boundary layer builds up in the flow 
direction with the result that the heat transfer due to forced convection is a function of the length 
of the array of modules. The influence of the length of the array of modules in flow direction on 
the heat transfer coefficient of a windward facing surface is shown in figure 2.4. 

50 

I 

~ 40 
"' I 

E 

~ 

1.5 2 2.5 3 3.5 4 4.5 5 
Array Iength L [m] 

array 

Figure 2.4: Heat transfer coefficient of a windward facing module as a function of the length of 
the array of modules in flow direction for different wind speeds. Evaluated at Tamb=20 oe and 
Tarray=40 oe. 

2.4.4 Evaluation of thermal model 2.2 

To evaluate the thermal model 2.2 the module temperature is evaluated for test conditions of a 
PV module. Test conditions are: V wind = 1 m· s-1 , Tsky = 4oe, Tamb = 20°e, Larray = 1 m 
and G = 800 W· m-2 with wind blowingat the front. It follows that the module temperature 
rise obtained with thermal 2.2 is 21.6 oe above ambient. This is a value that is often measured 
in test conditions soit is concluded that the thermal model 2.2 describes the temperature rise of 
the module well. 

2.5 Results of simulations 

In the first part of this section the results of simulations, performed with thermal models 1, 2.1 
and 2.2 are presented. Simulations were performed for a free-standing grid-connected PV system 
as discussed in section 2.1. Two different variations of this system are discussed: a system with 
crystalline silicon PV modules and a system with amorphous silicon PV modules. The system 
components are assumed to he the same for both systems implying that the peak power for both 
systems is 1.5 kWp. The array area Aarray for both systems follow from expression 2.2. In the 
second part of this section a sensitivity analysis of thermal model 2.2 is presented for a PV system 
with crystalline silicon PV modules. 

2.5.1 Results of simulations with the three thermal models 

The simulation runs for one year or 8760 hours with the data given by the TRY. The array length, 
used in thermal models 2.1 and 2.2, is determined by Larray = J Aarray · The data for the PV 
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system used are given in table 2.2, material properties are given in appendix A. The results of 
simulations performed for a free-standing PV system with crystalline and amorphous silicon PV 
modules for the different thermal models are given in table 2.3. 

Table 2.2: Data used for simulations of the performance of a free-standing PV system. 

Array area crystalline silicon modules Aarray 11.7 m2 

Array area amorphous silicon modules Aarray 29 .0 m2 
Inclination angle of PV array B 45 0 

Nomina! array output Parray ,STC 1.5 kWp 
Module temperature parameter ç 0.0275 oe . m2. w-1 

Absorption coefficient of crystalline silicon PV module O:py 78 % 
Absorption coefficient of amorphous silicon PV module O:py 78 % 
Electrical efficiency of crystalline silicon PV cells at STC TJcell , STC 12.85 % 
Electrical efficiency of amorphous silicon PV cells at STC TJcell, STC 5.18 % 

Table 2.3: Results of simulations with the three thermal models for a PV system with crystalline 
and amorphous silicon PV modules. 

System performance Crystalline PV cells Amorphous PV cells 

15 

Parameters Symbol Unit Model Model Model Model Model Model 
1 2.1 2.2 1 2.1 

Yearly yield per m 2 yY kWh 114 116 114 47 48 m2 m2year 

Yearly system yield YY kWh 1336 1359 1336 1373 1380 year 

Specific energy yield YY kWh 891 906 891 915 920 s kWp 

Total system efficiency y 
TJsystem % 10.4 10.6 10.4 4.3 4.3 

System loss factors 

LF cell LF;ett % 87.1 87.1 87.1 94.8 94.8 

LF low-irr LFl~w-irr % 5.2 5.2 5.2 3.7 3.7 

LF temp LFfemp % 2.3 0.6 2.3 0.9 0.5 

LF ohmic LF:hmic % 1.1 1.1 1.1 1.1 1.1 

LF inverter LFi~v % 11.2 11.2 11.2 11.5 11.5 

The data given in table 2.3 show that results obtained with the different thermal models are small. 
Furthermore it shows that the system efficiency for a system with crystalline and amorphous 
silicon PV modules is respectively an absolute 2% and 1 % lower than the cell efficiency at STC 
due to losses during the conversion process. Figure 2.5 shows a Sankey diagram of the loss factors 
occurring in the PV system. For the remaining part of this chapter the loss factors of: cell losses, 
low-irradiation losses, ohmic losses and inverter losses wiJl not be given anymore as these factors are 
almost equal to the values given in table 2.3 for PV systems with crystalline silicon PV modules. 
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Figure 2.5: Sankey diagram of the simulations of an array of crystalline silicon PV modules with 
thermal model 2.2. 

2.5.2 Sensitivity analysis of thermal model 2.2. 

Here a sensitivity analysis of thermal model 2.2 fora PV system with crystalline silicon PV mod
ules is presented. The temperature loss factor, as given in table 2.3, is a performance parameter 
that is influenced by the array temperature and is therefore influenced by the meteorological con
ditions and the thermal model that is used. The array temperature of thermal model 2.2 is a 
function of the meteorological parameters; solar irradiance, wind speed, sky temperature and am
bient temperature. Here the sensitivity of ambient temperature, sky temperature and wind speed 
on the yearly performance of a free-standing grid-connected PV system is presented. 

Ambient temperature 

According to the simulations presented in table 2.3 the temperature loss factor is only in the 
order of 0-2%. Soit seems that all the effort to describe the module temperature is not in propar
tion with its influence on yearly basis. However this apparent insensitivity of module temperature 
on electrical efficiency is due to the fact that in the Dutch elimate the temperature losses occur
ring during summer are compensated by the gain from lower array temperatures during winter, 
as can be seen in figure 2.6. To show the sensitivity of the ambient temperature on the system 
performance parameters, simulations are performed of a PV system subjected to meteorologi
cal conditions with an increased ambient temperature than the Dutch climate. For example the 
ambient temperatures of Cairo Egypt and Monrovia Liberia can be used. Only the ambient tem
perature and sky temperature of the TRY of De Bilt are changed, all other parameters are kept 
the same. 
For both locations the monthly average temperature is available. To approximate the ambient 
temperature of these locations the difference between the monthly average temperature of De Bilt 
and one of these locations, is added up to temperatures in the TRY on a monthly basis. For 
example, the difference in the average temperature of January between Cairo and De Bilt is 
10.8 °C. This temperature difference is added up to the ambient temperature of the first 730 
hours of the TRY of De Bilt. The sky in Cairo is mostly not covered with clouds and therefore 
the sky temperature of Cairo is calculated with a clear sky temperature correlation obtained from 
Duffie and Beckmann [6]: 

Tsky = 0.0552 T~;;_b (2.26) 
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Figure 2.6: Absolute monthly temperature lossof simulations with thermal model 2.2 fro De Bilt. 

where Tsky and Tamb are both in degrees Kelvin. For Monrovia it is estimated that the skies are 
equally covered with clouds as in De Bilt and therefore the sky temperature of Monrovia is de
termined by adding the difference with the monthly average temperature, to the sky temperature 
given by the TRY for every month. It has to be stated once more that these simulations will not 
give an exact reflection of the yield of a PV system for these locations but the sensitivity of the 
PV system to ambient temperature and sky temperature become visible with these simulations. 
The results of the simulations with thermal model 2.2 for these locations are given in table 2.4. 

Table 2.4: Results of simulations with thermal model 2.2 for a PV system with crystalline silicon 
PV modules subjected to different meteorological conditions. 

System performance Ambient temp Wind speed 

Parameters Symbol Unit Cairo Monrovia Vlissingen Built De Bilt 

Yearly yield per m 2 yY kWh 109 107 117 114 114 m 2 m2year 

Yearly system yield YY kWh 1274 year 1257 1370 1333 1336 

Specific energy yield YY kWh 849 838 913 889 891 8 kWp 

Total system efficiency y 
Tlsystem % 9.9 9.8 10.7 10.4 10.4 

System loss factors 

LF temp LFt~mp % 6.8 8.0 -0.2 1.1 2.3 

Wind speed 

To show the sensitivity of the yearly average wind speed on the yearly yield of a PV system, 
simulations are performed of a PV system subjected to the meteorological conditions of a coastal 
region and a built environment. To obtain this the wind speed of every hour in the TRY of De Bilt 
are increased by 3.2 m· s-1 to obtain the yearly average wind speed of Vlissingen, The Netherlands 
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and decreased by 1.5 m· s-1 to obtain the yearly average wind speed of a built environment (Built 
in table 2.4), with a minimum wind speed of 0 m· s-1. All other meteorological conditions are kept 
the same. The result of a simulation with thermal model 2.2 for these two locations are given in 
table 2.4. It can beseen from table 2.4 that the temperature loss factor of Vlissingen is negative. 
This implies that the yearly average cell temperature of the PV cells during operation is below 25 
oe. 

2.6 Discussion 

In this chapter the results of yearly energy yield simulations of a PV system with crystalline and 
amorphous silicon PV modules are presented. Loss factors are defined to quantify the energy 
losses occurring during the conversion proces from solar irradiation to electricity at grid voltage. 
Two thermal models of PV modules are presented. 

In Thermal model 1 the temperature rise of the PV modules is proportional to the solar ir
radiance. A disadvantage of this model is that it is only defined for standard test conditions. 
Thermal model 2 is a more advanced model of the array temperature and is evaluated for two 
different wind heat transfer correlations. Thermal model 2.1 is only defined for one geometry and 
only for the front surface of the PV module. Thermal model 2.2 is a function of the PV geometry, 
solar irradiance, fluid properties and distinguishes between the front and back surface of the array 
and is applicable for many PV module configurations. 

The largest loss factor during the conversion proces from solar irradiance to electricity at grid 
voltage occurs in the inverter (celllosses nottaken into account). Also the temperature loss factor 
can become significant for other meteorological conditions than the Dutch climate. 

From the simulations presented in section 2.5 it follows that the temperature loss factor of thermal 
model 1 and 2.2 is in the same order. The temperature loss factor of thermal model 2.1 is lower 
which implies a lower yearly average array temperature during operation. The temperature loss 
factors for the conditions simulated are in the order of 0-2%. So it seems that all the effort to 
describe the module temperature is not in proportion with its influence on yearly basis. However 
a sensitivity analysis of locations with different meteorological conditions than De Bilt results in 
temperature loss factors between -0.2 and 7.2% for the conditions simulated. The influence of the 
different thermal models on the temperature loss factor of the amorphous silicon PV modules are 
smaller because of a lower temperature coefficient of the amorphous silicon PV modules. 

In literature the simple expressions 2.23 and 2.24 are used to calculated the convective heat 
transfer coefficient of a silicon PV module. However, there is no consensus about the validity of 
these relations. A disadvantage of these relations is that they do not take the length of the array 
of modules into account, which appears to have a large influence as discussed in section 2.4.3. 
These relations also do not differentiate between a windward and leeward facing surface. The 
expressions for the convective heat transfer coefficient that are presented in appendix C can be 
used for a variety of geometries and meteorological conditions. 

The electrical model of a PV system as developed in this chapter is also applicable for other 
grid-connected systems containing solar cells. This implies that this model can also be used for 
the electrical yield of a PVT collector. 



Chapter 3 

PVT collector models 

The electrical model of a PV system as presented in the previous chapter can also be applied for 
a PVT collector. The electrical performance of a PVT collector differs in two ways from a PV 
module: additional reflections of solar irradiance are present at the top cover glass and the thermal 
model is much more complex. 

A lot of different PVT collector concepts were developed over the years. The most proruising 
concepts at the moment were evaluated by Zondag et al. [1]. This evaluation shows that the 
most proruising concepts are the sheet-and-tube concept with water as heat transport medium 
and the channel-below-transparant-PV concept with water or air as heat transport medium. ECN 
and Eindhoven University of Technology (EUT) have focused their research now on sheet-anci
tube water collectors and channel-below-PV air collectors. In this chapter efficiency curves of the 
uncovered and covered versions of these two PVT collector concepts are given. These efficiency 
curves are obtained with models developed by Zondag et al. [1] and Lyimo [8]. 

For yearly energy yield simulations of a PVT collector computing time can be become very large, 
therefore it is discussed how to reduce computing time. 

3.1 PVT collector concepts 

Previous research has categorized four different types of PVT collector concepts: 

• Sheet-and-tube PVT collectors 

• Channel-below-PV PVT collectors 

• Free-flow PVT collectors 

• Channel-above-and-below-PV PVT collectors 

In the research of Zondag [1] it is concluded that the free-flow PVT concept is not a promising 
concept and is therefore not discussed in this thesis. The channel-above-and-below-PV PVT col
lector has a high thermal efficiency but its electrical efficiency is lower than the other concepts 
because of an additional cover glass. Furthermore, the channel-above-and-below-PV concept is 
more difficult to construct. In this thesis the focus will be on system level and therefore only 
the more simple concepts, sheet-and-tube and channel-below-PV PVT collector, will be discussed 
here. The uncovered and covered sheet-and-tube collector and an uncovered and covered channel
below-PV collector are shown in figure 3.1. 
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Figure 3.1: upper left: uncovered sheet-and-tube, bottorn left: covered sheet-and-tube, upper right: 
uncovered channel-below-PV, bottorn right: covered channel-below-PV PVT collector. 

Sheet-and-tube PVT collector 

The sheet-and-tube concept, as shown in figure 3.1, is the easiest way to construct a PVT col
lector. This concept can currently be constructed by laminating the whole sandwich (PV glass, 
PV cells and heat conductor) at once. This concept has been investigated for zero, one and two 
top covers for the reason that an increased number of top cover glasses will imprave the thermal 
insulation of the PVT collector. The disadvantage of adding more covers is that each cover creates 
additional reflections resulting in a lower electrical efficiency. Moreover the electrical efficiency will 
decrease because of an increased temperature of the PV laminate. According to Zondag [1] the 
best thermal yield is provided by the two-cover concept but the electrical efficiency is relatively 
9% lower than in the case of one cover. Therefore this two-cover concept is not used here. The 
sheet-and-tube collector is basically only suitable for water as heat transport medium as the area 
of heat exchange between cooling fluid and absorber is small. 

Channel-below-P V P VT collector 

In figure 3.1 the uncovered and covered channel-below-PV PVT concepts are shown. There is 
a large area of heat exchange between absorber and cooling fluid and therefore this concept is 
suitable fora heat transfer medium with a lower heat capacity than water, for example air. The 
back absorber absorbs all light that is transmitted by the PV laminate. The addition of a back 
absorber has two advantages resulting in an improved thermal efficiency: there are two surfaces 
that transfer heat to the air and sunlight wiJl be converted into heat at the back absorber which 
has a smaller heat loss to the ambient. This concept can be constructed with a conventional 
laminated opaque PV laminate or a semi-transparent PV laminate. The latter can be expected to 
have a higher thermal efficiency because more solar irradiance is transmitted by the PV laminate 
and absorbed in the back absorber. A design constraint is that the PV laminate should be able to 
withstand the hydrastatic pressure if water is used as heat transport medium. Moreover, for water 
as heat transport medium care should be taken to assure that the PV laminate is water tight. All 
tagether this design is ideal for air as heat transport medium and has some disadvantages above 
the sheet-and-tube concept when water is used as heat transport medium. In this thesis air is 
used as heat transfer medium for the channel-below-PV PVT concept. 
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3.2 Definitions of thermal and electrical efficiency of PVT 
collectors 

Hourly efficiencies 

Thermal efficiency 

The thermal efficiency in hour t is defined as the PVT collector thermal yield in hour t divided 
by the total solar irradiation on the PVT collector surface in hour t: 

t = mcp(Tc,out - Tc,in) - ,!, Cp(Tc,out - Tc,in) 
TJth - AcHt - 'l'm Ht (3.1) 

or 
t = Pair Vccp(Tc,out - Tc, in) _ .+. PairCp(Tc,out - Tc, in) (

3
.2) 

TJth - AcHt - '/'V Ht 

where p is the density of the heat transport medium, Cp the specific heat, Ht the solar irradiation, 
Tc,in the inflow temperature of the collector heat transport medium and Tc,out the outflow tem
perature of the collector heat transport medium, Ac is the total PVT collector area, m is the mass 
flow rate of the collector heat transport medium and V is the volume flow rate of the collector 
heat transport medium. The specific mass flow rate <Pm is defined as: 

(3.3) 

The specific volume flow rate is defined as: 

(3.4) 

Electrical efficiency 

The electrical efficiency in hour t of a PVT collector can be determined with the electrical model 
as presented in the previous chapter. The difference with the electrical model of chapter 2 is that 
the thermal model is much more complex and the material parameters of the PVT collector are 
different. 

Yearly efficiencies 

The yearly thermal yield of a PVT collector can be expressed as: 

8760 

~~ = L TJihHt Ac 
t=O 

The yearly thermal efficiency is defined as: 

y - ~~ 
TJth = HYAc 

(3.5) 

(3.6) 

where HY is 1096 kWh for the TRY used in this thesis. The yearly electrical yield can be expressed 
as: 

8760 

Ye~ec = L TJ;lecHt Ac 
t=O 

The yearly electrical efficiency is defined as: 

Y - ~~ec 
TJelec = HY Ac 

(3.7) 

(3.8) 
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3.3 PVT collector models 

In this thesis PVT collector concept models developed by Zondag et al. [1] and Lyimo [8] are 
used. The thermal and optical models are presented in appendix D. The optical model is a 
general description and can he used for all different concepts. The thermal model is subdivided in 
the thermal model of the sheet-and-tube concept and a thermal model for the channel-below-PV 
PVT, henceforward called an air PVT collector. The optica! parameters that are used for the PVT 
collectors are given in table 3.1, where Tpv is a combined (or effective) transmission factor of the 
PV laminate, Ta,PV the fraction of the incoming irradiance that is absorbed in the PV laminate 
and Ta, ba the fraction of the incoming irradiance that is absorbed in the back absorber. For the 
sheet-and-tube PVT collector an opaque PV laminate is used and for the Air PVT collector a 
semi-transparent PV laminate is used. The most important geometrical data and other important 
data that are used for the simulations of the PVT collectors in this chapter are given in table 3.2. 

Table 3.1: Optical parameters for the different PVT collector concepts. 

PVT collector concept 
Uncovered sheet-and-tube PVT collector (opaque) 
Covered sheet-and-tube PVT collector (opaque) 
Uncovered air PVT collector (semi-transparent) 
Covered air PVT collector (semi-transparent) 

TPV Ta,PV 

1 0.78 
0.92 0.74 
1 0.71 
0.92 0.67 

Ta,ba 

0.11 
0.10 

Table 3.2: General values of coefficients used for simulations in this chapter. 

Collector length 
Collector width 
Electrical efficiency of crystalline silicon PV cells at STC 
Temperature coefficient of crystalline silicon PV cells 

3.4 Efficiency curves 

Lc 
Wc 
'f/cell,STC 

(3 

1.776 
1.0 
12.85 
-0.45 

m 
m 
% 
% 
oç 

The thermal efficiency of a PVT collector is conventionally shown as a function of the reduced 
temperature Tred· The reduced temperature is defined as: 

T _ Tc,in - Tamb 
red= G (3.9) 

with Tamb the ambient temperature. The electrical efficiency can not he shown as a function of 
the reduced temperature because the electrical efficiency is only a function of the absolute PV cell 
temperature as will he discussed in section 3.5. 

Mass flow 

It is difficult to determine an ideal mass flow rate for a PVT collector system. Thermally it 
would he best to use a very high mass flow rate but this would imply very large friction losses 
and more energy will he needed for pumping. Especially the friction losses for air as heat trans
port medium become very large at higher flow rates. For PVT collectors with water as collector 
medium it is commonly assumed that a specific mass flow rate c/Jm of 50 kg· m-2 • h-1 is a good 
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campromise between frictionallosses and thermal efficiency. 

For air PVT collectors the choice of the flow rate is from far more importance than for water 
collectors. For air collectors higher flow rates are necessary than for water systems in order to 
reach an acceptable thermal efficiency. According to Lyimo [8] a good compromise between fric
tional losses and thermal efficiency of an air PVT is reached for specific volume flow rates <Pv of 
30-50 m3 · m-2 • h- 1 for the configuration used here. 

The efficiency curves presented in the next paragraph are obtained with a specific mass flow 
rate </Jm of 50 kg· m-2 · h- 1 for the sheet-and-tube collector and a specific volume flow rate <Pv of 
50 m3 · m-2 · h-1 for the Air PVT collector. In chapter 5 a PVT system is discussed where the 
specific rnass/volume flow is optimized for one specific system configuration. 

Efficiency curves 

The efficiency curves of the concepts discussed in this chapter are shown in figure 3.2. To ob
tain these efficiency curves the collector inlet temperature is varied from 1 to 60 o C and all the 
other parameters are kept constant at a value shown in table 3.3. From figure 3.2 it is obvious 

Table 3.3: Conditions used in simulations. 

Ambient temperature 
Solar irradiance 
Wind speed 
Sky temperature 
Collector angle 
Specific mass flow rate 
Specific volume flow rate 

Ta mb 

G 
V wind 

T sk y 

() 

</Jm 
</Jv 

20.0 
800 
1.0 
4.0 
45 
50 
50 

0 

kg· m-2 · h- 1 

m3 · m-2. h-1 

that the covered sheet-and-tube PVT collector has the highest thermal efficiency for positive re
duced temperatures. In contrary, the uncovered sheet-and-tube PVT collector has a much lower 
thermal efficiency, but the electrical efficiency of an uncovered collector will be higher because 
there are no reflection losses from a cover glass. The thermal efficiency of the air PVT collector is 
lower than the sheet-and-tube design but other application possibilities can make these types of 
PVT collectors attractive, for example room heating and drying processes. 

3.5 Rednetion of computing time 

One of the goals of this thesis is to obtain the yearly energy yield of a PVT system. The PVT 
system yield is a function of meteorological conditions given by the TRY. The TRY consists of 
8760 hours with 4 corresponding meteorological conditions as specified in chapter 2. To calculate 
the energy yield for one year the thermal and electrical efficiency has to be calculated for every 
hour. Because an iterative procedure is necessary for the thermal modelsas presentedinappendix 
D, the computing time can be up to 35 minutes when only the PVT collector is simulated as 
part of a PVT system. To reduce the computing time three different measures were investigated 
as discussed in appendix E. From appendix E it is concluded that a reduction of the number 
of segments of the PVT collector module is possible without loosing accuracy. For the covered 
sheet-and-tube PVT collector 1 segment over the length of the collector model is suflident for most 
conditions. However for an uncovered sheet-and-tube PVT collector 2 segments are necessary to 
secure suflident accuracy in most conditions. In some studies (Zondag et al. [9]) a linear model 
of the thermal and electrical efficiency as function of the reduced temperature is used. For the 
thermal model this is justified, however for the electrical efficiency this is not justified as the 
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Figure 3.2: Thermal efficiency for 4 different electricity producing PVT concepts as a function of 
Tred· 

electrical efficiency is a function of the absolute PV cell temperature and can therefore not he 
expressed as a function of the reduced temperature, as explained in appendix E. 

3. 6 Discussion 

In this chapter two different PVT collector concepts are presented: sheet-and-tube PVT collector 
and a channel-below-PV PVT collector. The efficiency curvesfora covered and uncovered version 
of the sheet-and-tube PVT collector and air PVT collector are presented. The optical and thermal 
roodels of these concepts are presentedinappendix D. 

No special attention is given to the wind heat transfer relationship because the expression from 
the original model is assumed to he detailed enough. Also wind direction is nottaken into account 
in these roodels because the relation between the wind direction in a housing estate is strongly 
influenced by the environment. It is possible that when the wind conditions are such that the 
PVT collectors are situated at the leeward facing surface of the roof of a dwelling, the heat trans
fer coefficient from the PVT collectors to the ambient is lower than what is expected, resulting 
in an increased thermal efficiency and a decreased electrical efficiency than expected. This effect 
will he very small for covered collectors but could become significant for uncovered PVT collectors. 

Yearly energy yield simulations with the roodels of PVT collectors as presented in appendix D 
can he quite time consuming. Therefore special attention is given to reduce the computing time. 
The largest decrease in computing time is obtained by using only two numerical segments over 
the length of the collector instead of 3 segments as used in the original models. Computing time 
can go down by 40% without loss of accuracy. Also it is concluded that in contrary to the thermal 
efficiency a linear relationship between the electrical efficiency and the reduced temperature is not 
justified. Because it is essential for PVT collectors to determine the electrical efficiency accurately 
it is not possible to determine the energy yield of a PVT collector by using linear relationships 
with the reduced temperature only. 



Chapter 4 

Water starage tank 

Solar energy as energy souree and energy needs are time-dependent processes. However mostly the 
supply and need of energy are nat equal in time so energy starage is essential to assure a sufficient 
energy supply at the time energy is needed. The energy starage device discussed in this chapter is a 
water starage tank. The requirements set for the starage tank model for PVT system optimization 
studies are: firstly that the starage tank model approximates a real system as close as possible, sec
ondly it should be possible to change the collector flow rate and tap water flow rate independently. 

The main topic of this chapter will be to develop a model of a stratified water storage tank. 
The main reason why a stratified water starage tank model is discussed here is because it is 
expected that stratification in the starage tank will imprave the collector thermal and electrical 
efficiency and therefore the thermal and electrical system yield. The reason that stratification in 
the starage tank impraves the collector thermal and electrical efficiency is that the water flowing 
from the starage tank to the collector, will be at a lower temperature compared to a non-stratified 
(fully-mixed) water starage tank. A lower inflow temperature of the collector will reduce heat 
losses to the environment and will lower the PV cell temperature, therefore the thermal and 
electrical efficiency will be higher. Moreover in real systems some degree of stratification will 
always be present. Especially in !ow-flow systems stratification will have a significant effect on the 
system yield. For these reasans it is expected that a stratified tank model will give significantly 
different, and more realistic results of the system yield than when a fully-mixed tank model is used. 

A typical thermal collector system in which a water starage tank is used can be represented 
by the water heating system shown in figure 4.1. 

Heat 

From load 

Figure 4.1: Schematic overview of a thermal collector system with heat storage. 
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One of the models to describe stratification in a water starage tank is the multinode model pre
sented by Duftie and Beekman [6] . This multinode model consists of N fully mixed volume seg
ments that represent the stratification of a water starage tank. The multinode model described in 
this chapter is implemented in Simulink and evaluated for different heat supplies and load cases. 
Simulink is a tooibox of Matlab with which it is possible to design models of dynamic systems. 
Signals in Simulink are represented by lines and other operations are represented by blocks which 
makes it very easy to combine the different components of a PVT system model. 

4.1 Water storage tank description 

In figure 4.1 an example of a thermal collector system with water starage was shown. Heat is 
supplied to the water in the thermal collector and then transported to the starage tank via a heat 
exchanger. The pumps in the primary and secondary circuit are only running when the collector 
efficiency is positive. The heated water from the starage tank can be used for a closed loop load 
process, but it is also possible to use the heated water for tap water. In this case the used tap 
water is replenisbed by cold water from the mains. In this thesis the heat exchanger is not taken 
into account, physically this would imply that the heat exchanger is ideal: no heat losses to the en
vironment and the temper at ure of the water returning to the collector is equal to the temperature 
of the water coming from the starage tank. In this chapter only the water starage tank is discussed. 

Important characteristics of the water starage tank are: 

• Stratification 

• De-stratification 

• Temperature of the water needed for the load 

• Water extraction 

Stratification 

Stratification is the stabie maintained separation of fluids due to differences in mass density in a 
gravitational field (van Berkel [10]). The cause of stratification in a water starage tank is that 
the density of a fluid is a function of temperature. For water starage tanks this means that a 
temperature profile exists as a function of the relative height in the starage tank as shown in 
figure 4.2. Stratification in a water starage tank depends mainly on flow rates of entering and 
leaving fluid streams, location and design of the inlets and outiets and the volume of the tank. In 
a stratified system that mainly consist of water at two temperature levels (Thigh and Tlow, see 
figure 4.2 (a)), a thermocline exists which is defined as the region in the stratified starage with 
the maximum temperature gradient. The thermocline thickness is defined as (van Berkel [10]) : 

tl.T 
8= (4.1) 

~~~lmax 

where T is the time-averaged temperature in a frame rnaving with the thermocline interface, see 
figure 4.2 (a). An indication of the degree of stratification for systems with two temper at ure levels 
is the thermocline thickness 8. 

The starage tank of a solar systems is not build up of just two temperature levels as the tem
perature of the water coming from the collector changes with the solar irradiance incident on the 
collector. For these systems it is more difficult to give an indication of the degree of stratification. 
However two limiting cases can he distinguished: the fully-mixed case where it is assumed that 
water coming from the collector is immediately mixed resulting in a uniform water temperature in 
the tank and the perfectly stratified tank where no mixing between fluids of different temperatures 
occurs. Mixing of fluids at different temperatures creates entropy and entropy production always 
decreases the maximum available work that can be retrieved from a system. 
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Figure 4.2: Stratification of a water tank for different operation modes. Left (a): only water 
supplied by the collector, middle {b): only water extracted by the load, right {c): combination of 
water extraction and supply. 
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Temperature 
Temperature 

Four different operation modes of the water tank can be distinguished with a different degree of 
stratification: 

1. Only water supplied by the collector 

2. Only water extracted by the load 

3. Combination of water supply and extraction 

4. System in rest 

In figure 4.2 the stratification for the first three operation modes is shown fora low-flow system. It 
is assumed that the temperatures of the system in rest are only changing due to heat losses to the 
environment, other effects of de-stratification as discussed in the next paragraph are not taken into 
account here. If only water is supplied or if only water is extracted by the load, the thermocline will 
be thin so a high degree of stratification is present. For combined operation, both water supply and 
extraction are present with flows in opposite directions, resulting in a larger thermocline thickness. 

According to Kleinbach et al. [11] the mean number of tank turnovers during one day T* is 
an indication for the degree of stratification, 

T* = M heat + Mtoad 

Mtank 
(4.2) 

where Mheat represents the total daily mass of the fluid coming from the collector, Mtoad the total 
daily mass of the fluid removed by the load and Mtank the total mass of the fluid in the starage 
tank. Now low-flow systems are defined as systems with T* smaller than five and high-flow systems 
are defined as a system with T* of at least five. The exact degree of stratification related to T* is 
not known but the parameter is used as an indicator for the type of stratification, fully-mixed or 
stratified. 

De-stratification 

De-stratification of the water in the storage tank is caused by: mixing introduced during supply or 
extraction of water from the tank, natural convection, vertical wall conduction, heat conduction 
from the hot layer to the cold layer and heat losses to the ambient. The first mechanism is the 
major cause of de-stratification. Heat loss as a result of convection and radiation will occur at the 
outer wall of the storage tank. Heat conduction between the different layers of the tank, vertical 
wall conduction and natural convection are not taken into account in the multinode model. The 
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major cause of de-stratification, mixing caused by water supply or extraction, is accounted for in 
the multinode model. 

Temperature of water needed for the load 

Depending on the application of the heated water, the temperature of the water in the stor
age tank has to be at a certain temperature level. The temperature level of water coming from 
the storage tank that is needed for tap water and room heating are respectively Tref,tap = 60 oe 
and Tref ,heating = 35 oe. However if a heat pump is used, a water temperature lower than 35 oe 
is needed. It is possible to use an auxiliary heater to heat the water coming from the storage tank 
to the temperature level that is needed for the load. 

Water extraction 

As discussed above energy is needed at different temperatures. Here it is chosen that heat ex
tracted from the tank is always at the temperature of the top segment. This means that if water 
at a lower temperature level is needed, the water coming from the tank has to be mixed with 
colder water. It also implies that if the water of the top segment is lower than the temperature 
needed for the load, an auxiliary heater is needed. 

4.2 Water storage tank models 

Traditionally storage tanks have been modeled as one dimensional fully-mixed tanks. An improve
rneut in the rnadeling of stratified storage tanks was made by the development of the multinode 
model, presented in Duffie and Beekman [6], with which it is possible to describe stratification in 
a storage tank. The multinode model divides the storage tank in N fully-mixed segments (nodes) 
with energy balances that are evaluated at each time step. Another model was developed by De 
Vries [2] who used a perfectly stratified tank model but the application range of this model is 
very limited. Recently more accurate models are developed (for example Van Berkel [10]) but 
the complexity and the computing time of these models limit the application of these models for 
yearly yield simulations of PVT systems. In this section the multinode model, the fully-mixed 
model and the model used by De Vries are presented. The physical system under consideration is 
shown in figure 4.3 (a) where Tc,o is the temperature of the water flowing out of the collector, Tc ,i 
the temperature of the water flowing into the collector, Tt ,i the temperature of the water flowing 
to the load, T1 ,r the temperature of the water returning from the load, rhc the collector mass flow 
rate and rht the mass flow rate of the water flowing to the load. 

Figure 4.3: Left (a): Storage tank configuration, right {b ): an example of water entering a storage 
tank divided in five segments. 
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4.2.1 Multinode model 

As described before the multinode model divides the storage tank in N fully-mixed segments with 
energy balances for every individual segment. A schematic overview of the multinode model with 
N segments is shown in figure 4.4. A distinction is made between parameters that are assigned on 
tank level, collector /load mass flows and temperatures, and segment level, segment temperatures 
and incoming/ outgoing mass flows for every segment. Parameters assigned on tank level are de
noted by the superscript t, parameters assigned on segment level are denoted by the superscript s, 
the subscript i denotes the segment number. First the multinode model is discussed on tank level, 
foliowed by a discussion on segment level and at the end of this section tank level and segment 
level are coupled in order to obtain a closed set of equations. 

Description at tank level 

An important assumption in this model is about how the water entering the tank is distributed 
over the various segments. For example for the multinode model with five segments as shown in 
figure 4.3 (b) water from the collector enters the tank at a temperature Tc,o which lies between 
Tseg2 and T8 e93 . Now there are two manners to distribute the water entering the tank. First it can 
he assumed that water entering the tank at Tc,o will find its way down inside the tank to segment 
3, where its density nearly matches that of the water in the tank. This implies that the two 
top segments are assumed to he undisturbed and water only flows from segment 3 to 4 and from 
segment 4 to 5 to secure mass balance. Alternatively it can he assumed that the water entering 
that tank distributes itself in some way to segments 1, 2 and 3. lt is hard to say what manner is 
the most realistic one as it depends on the tank design, inlet design and position and flow rates of 
entering and leaving flows. With the first manner the highest degree of stratification is obtained. 
With the first manner and the number of segments that still has to he chosen, a range of different 
degrees of stratification can he described. For the limiting case of one segment a fully-mixed model 
is obtained, for an increased number of segments an increasing degree of stratification is obtained. 

A justification of the model as described above is the recent development of storage tanks with 
variabie inlet positions where the water is physically provided to the layer where the density is 
nearest to the water provided by the collector (see appendix F). 

A control function (see figure 4.4) is necessary to determine to which segment the water com
ing from the collector is provided to realize that water is supplied to the layer where its density 
nearly matches that of the water in the tank. The collector flow control function Di is defined as: 

ij r;,o > Tsegl then Dl= 1 and D2 ... DN = 0 

ij Tsegi-1 2:: r;,o > Tsegi then Di= 1 and D1 ... Di-l= Di+l· . . DN = 0 (4.3) 
ij r;,o::::; TsegN then D1 ... DN = 0 

where DN+l = 0. A similar control function can he defined for the water returning from the load 
at a temperature of T1~r · The load control function rPi is defined as: 

ij Ti~r < TsegN then rPN = 1 and rP1 · · · rPN-1 = 0 
ij Tsegi-1 2:: Tl~r > Tsegi then rPi = 1 and rP1 · · · rPi-1 = rPi+l · · · rPN = 0 (4.4) 

iJ Tl~r 2:: Tsegl then rPl = 1 and rP2 · · · rPN = 0 

where rPN+l = 0. 

The mass flow rate and temperature of water returning from the load depends on the load process. 
lf for example the water extracted from the storage tank is used for tap water, no water from the 
load is returned to the tank so mf 

0 
is zero. In this case the used tap water is replenisbed by water 

from the rnains Tl r = T rnains with T rnains = 10 °C. The load process could also he room heating, 
' 
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in this case the water returning to the starage tank will be at a temperature 1l,o which tagether 
with mf.o is determined by the parameters set for room heating (as will be discussed in chapter 
5). Fora combined load process, tap water and room heating, the water returning from the load 
mf,

0 
will be mixed with water from the rnains (see figure 4.4) resulting in the mass balance: 

(4.5) 

The temper at ure of the returning water 7l~r in the case of a combined laad process can be expressed 
as: 

· t T + · t Tt t - mtap rnains ml ,o l ,o 
Tl ,r - · t · t 

ml ,o + mtap 
(4.6) 

One more situation has to be discussed and that is when the water extracted from the top of the 
tank is higher than the temperature needed for the load. If the water extracted from the top of the 
tank is warmer than the temperature of water that is needed for the tap water, the water coming 
from the tank is mixed with colder water from the rnains mmix to come toa temperature Tref,tap· 

In case the temperature of the water extracted from the tank is warmer than the temperature of 
water that is needed for room heating, it is assumed that the water coming from the tank is mixed 
with water returning from the rooms. Because this is a closed loop process no extra water from 
the rnains is needed and therefore mmix = 0. The mass flow that is withdrawn for hot tap can be 
expressed as: 

where 

mLP = rhtap ij Ts egl ~ Tref,tap 

rh~ap = rhtap - mmix ij Tsegl > Tref,tap 

. T . t T 
. ffitap rej,tap - ffitap segl 

ffimix = 
Tmains 

(4.7) 

(4.8) 

Water leaving the starage tank occurs from outiets at fixed positions . Water flowing to the col
lector is always extracted from the bottorn segment, water provided to the load is always taken 
from the top segment. 
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Figure 4.4: Multinode model of a starage tank divided in N segments. 



4.2. WATER STORAGE TANK MODELS 

Description at segment level 

Segments in this model have a fixed volume so mass halance of each segment is necessary. The 
mass flows of segment i are shown in figure 4.5 (a). It is convenient to define a net inter segment 
flow rate: 

. s - . s . s 
minter net,i - minter inl,i - minter out,i-1 
. s - • s • 8 

minter net ,i+l - minter out,i+l - minter in2,i 

With this definition the mass halance of segment i can he expressed as: 

·8 ·8 ·8 ·s Q 
me + mz + minter net,i - minter net ,i+l = (4.9) 

where m~ is the collector mass flow that is provided to segment i, m:nter net, i the net inter segment 
mass flow going from segment i-1 to segment i, mj the load mass flow that is provided to segment 
i and m:nternet,i+l the net inter segment mass flow going from segment i to segment i+l. Next 
to the mass halance also an energy halance of one segment is necessary as shown in figure 4.5 (h). 
The mass flow entering or leaving a segment at a specific temperature contains a certain amount 
of energy. Energy can he stored in a segment if the mass flow that is leaving the segment is at 
a lower temperature than the incoming mass flow. Purthermare heat losses to the environment 
occur due to convective and radiative heat transport at the outer tank wall. The energy halance 
of segment i is: 

8 s +s s +s 
qstored,i = qcollector,i qinter segment,i - qloss,i qload,i (4.10) 

where q;tored,i is the the rate of energy stored in the tank segment medium, q~ollector,i the energy 
that is transported to the segment hy the flow coming from the collector, qfoss i the rate of energy 
that is lost to the environment hy segment i and qfoad i the rate of energy th~t is transported to 
the segment hy the flow returning from the load. qfnt~r segment,i is the net rate of energy that is 
transported from other segments to segment i and can he expressed as: 

s - 8 8 
qinter segment,i - qinter in,i - qinter out,i (4.11) 

where qfnter in,i the rate of energy energy that is transported hy the flow going from segment i-1 
to segment i and qfnter out, i the rate of energy energy that is transported hy the flow going from 
segment i to segment i+l. 
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Figure 4.5: Left (a): mass flow halance of one segment, right (b): energy halance of one segment. 
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Coupling of segment level to tank level 

To couple the net inter segment mass flow rate on segment level mfnter net,i to tank level the 
values of the control functions cjJ and 8 have to he taken into account. As discussed befare the 
control functieris cjJ and 8 determine to which segment the load and collector flow are provided. 
For example, for the five segment tank as shown in figure 4.3 (b) the collector flow is provided to 
segment 3. If water is provided to segment 3 with a temperature of Tc,o water with a temperature 
of Tseg3 is pushed from segment 3 to 4. At the same moment water is pushed out the bottorn 
segment to secure mass balance. This implies that for segment 4 and 5 the net inter segment 
mass flow rate is equal to the collector flow rate and that the net inter segment mass flow rate of 
segment 2 and 3 are zero (segment 1 has nonet inter segment flow). For the load flow the similar 
happens only flows are then in the opposite direction. The net inter segment mass flow rate from 
segment i-1 to segment i on tank level can now he expressed as: 

i-1 N 

·t ·t"'ó ·t "",!, minter net,i = me L...., j - mz L...., 'l'j (4.12) 
j=1 j=i+1 

where minter net ,1 =0. 

The following constitutive equations are needed to couple tank and segment level. The rate 
of energy stared in a segment is equal to the rate of change in internal energy of the segment fluid. 
Therefore q!tored,i with constant segment volume vs can he expressed as: 

s _ v• dTsegi 
qstored,i- P Cp~ (4.13) 

where Cp is the specific heat of the tank fluid, v· is the volume of a segment (V 8 = vt /N) , vt 

the volume of the starage tank and Tseg i the average segment temperature. 

The rate of energy provided to a segment by the flow coming from the collector can he expressed 
as: 

(4.14) 

The rate of energy provided to a segment by the flow of the returning load flow is: 

QÎoad,i = cPirhlcp(Tz~r - Tseg i) (4.15) 

In case of tap water heating the returning load flow is at a temper at ure of the rnains T ma ins. 

The net rate of energy transported into segment i can he expressed as: 

qfnter segment, i = rh~nter net,icP(Tseg i-1 - Tseg i) if m~nter net,i 2:: 0 

q s - m,t c (T · - T "+1) if m~nter net,• < 0 inter segment, i - inter net,i p seg t seg t , , 

The rate of energy lost by convection at the outer wall of the tank is given by: 

with 

s (Tseg i - Tamb) 
qloss,i = 

Rthermal 

1 
Rthermal = =-u=-A-:----

wall,seg i 

(4.16) 

(4.17) 

( 4.18) 

where U is the heat transfer coefficient at the outer wall of the tank and Awall,seg i the outer 
wall area of a segment. In this thesis the heat transfer coefficient of the outer wall is taken very 
large what implies that the starage tank is assumed to he adiabatic. With the set of equations as 
presented in this sectien a closed set of equations is obtained which can he solved numerically. 
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4.2.2 Non-stratified model 

The non-stratified tank model is also known as the fully-mixed tank model. This model assumes 
that the the temperature is constant in the whole tank. This model is in principle a multinode 
model with only one segment. This model is only representative for systems with a high number 
of daily tank turnovers (T* > > 5). 

4.2.3 Highly stratified models 

A higher degree of stratification is obtained if the multinode model with a large number of segments 
is used. It is assumed that with 10 segments the model represents a high degree of stratification 
which is encountered with low-flow systems (T* < < 5) or for special starage tank designs as 
presented in appendix F. For a large number of segments one should keep in mind that the mass 
entering a segment can never be larger than the mass one segment contains: 

. vtp 
/).tmc < N ( 4.19) 

and 
vtp 

f).tm1 < N ( 4.20) 

where /).t is the simulation time step. This implies that the time step has to be chosen small 
enough or the number of segments should be not too large. 

Another way to model a high degree of stratification is used by De Vries [2]. De Vries divides a 
starage tank in eight equally sized fully-mixed segments. The time step is chosen such that in 
one step the volume of one vessel segment is pumped through the collector. All temperatures are 
put in an array and after one time step any possible temperature inversions are eliminated by 
rearranging the elements of the array. Also the load flow is chosen in such a way that in one time 
step exactly the volume of one segment is extracted from the starage tank. This model can he 
simulated with the multinode model if the time step is chosen in such a way that with every time 
step exactly the mass of one segment is extracted or supplied to the tank: 

. vtp 
/).tmc = N (4.21) 

and 
vtp 

/).tml = N (4.22) 

This model has two large disadvantages. First it is not realistic to assume that the tank is perfectly 
stratified (certainly not with the flow rates common for solar systems). The second and biggest 
disadvantage of this model is that the collector and load flow rate have to be constant or time 
steps have to be changed during the simulation proces, see equations 4.21 and 4.22. In contrary 
to what is needed for the De Vries model, load and collector flows are generally given for a fixed 
time step and can change in time. This reduces the application possibilities of the De Vries model 
drastically and is therefore not adequate for PVT system optimization studies. 

4.3 Evaluation of the models 

In this section three different manners of camparing the starage tank models, as presented in the 
previous section, are discussed. The first manner is to campare the models by simulating a simple 
thermal collector system as shown in figure 4.1 without a heat exchanger. The relative amount of 
energy stared after one day is a measure to campare the different tank models. Secondly the same 
simulations are performed for different collector mass flow rates and the relative amount of energy 
stared after one day is again a good measure to campare the models. The last manner to campare 
the different models is by camparing the Figure Of Merit resulting from the different models. 
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4.3.1 Influence of the number of segments 

As mentioned in the introduetion of this chapter the collector efficiency is a function of the fluid 
temperature entering the collector Tc,i , ambient temperature Tamband solar irradiance G. To com
pare the different modelsas discussed before the storage tank modeled with 1, 3 and 10 segments 
is coupled to a covered sheet-and-tube PVT collector as discussed in chapter 3 and simulated for 
a representative solar irradiance profile of one day. This simulations is also performed with the 
multinode model equivalent of the De Vries model. The array area is chosen to be 6 m2 because 
this is a common array size for a tap water heating system with PVT collectors, the storage 
tank size for these systems is usually about 200 1 (van Helden et al. [4]). The parameters used 
for this simulation are given in table 4.1 and the daily solar irradiance pattem incident on the 
collector surface Ac, is shown in figure 4.6. To compare the multinode model with a different 
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Figure 4.6: Solar irradiance profile used for simulation. 

Table 4.1: Parameters used in simulation. 

Thermal efficiency at zero reduced temperature 'T/thO 48.8 % 
Ambient temperature Ta mb 20.0 oe 
Wind speed V wind 1.0 m· s-1 

Sky temperature Tsky 4.0 oe 
Collector mass flow rate rhc 200 kg· hour-1 

Tank volume vt 200 l 
Start temperature of fluid in tank Tstart 20.0 oe 
Tank turnover time t* 1 hour 
Number of daily tank turnovers T* 10 
Heat capacity of storage fluid Cp 4200 J· kg-1 . oc-1 
Density of storage fluid p 998 kg· m-3 

Collector surface area Ac 6.0 m2 
Total irradiation incident on the collector surface Htot 29.4 kWh 

number of segments, the collector efficiency normalized to the thermal efficiency at zero reduced 
temperature, is shown as function of time in figure 4.7. At the beginning of the day (time=O) the 
reduced temperature is zero, given the conditions from table 4.1 , resulting in a thermal collector 
efficiency 1Jth,O · So the starting conditions are the same for all the models. However because of a 
different inflow temperature of the collector for the different models, the thermal efficiency 1Jth of 
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the collector changes during the day resulting in different normalized thermal efficiencies. 
Although the differences between the models are small for the conditions simulated, it can be 
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Figure 4.7: Normalized collector efficiency 'TJth!'TJth ,o for the multinode model (MN) with N = 
1 (fully-mixed) , 3, 10 and N = 10 (De Vries model). 'T/th is fora covered sheet-and-tube PVT 
collector as presented in chapter 3. 

seen from figure 4.7 that the normalized collector efficiency of the 10 segment multinode model 
is higher than the other multinode models for most of the time. This is because the temperature 
of the water flowing to the collector is lower than the other models because of a higher degree of 
stratification. 
The normalized efficiency of the De Vries model changes step-wise with a time interval of t* as can 
beseen in figure 4. 7. In the De Vries model no mixing of fluids of different temperatures is allowed. 
This implies that for this simulation the water in the storage tank is at two temperature levels 
with a thermocline between these two temperature levels. The thermocline is moving trough the 
tank in one tank turnover timet* which causes the step-wise increasefdecrease of the normalized 
thermal efficiency. 
The one segment model results in the lowest thermal efficiency for most of the time. This is 
because for this model the temperature of the water flowing to the collector is the highest of all 
models. However, from 420-480 min the thermal efficiency of the one segment model is higher than 
all the stratified models. At t=420 the solar irradiance is reduced from 600 to 500 W· m- 2 and 
simultaneously the temperature of the water coming from the collector is reduced. This sudden 
decrease in collector water temperature results for the one segment model in a lower temperature 
of water flowing to the collector and therefore in a higher thermal efficiency. This effect will hap
pen with every sudden decrease in solar irradiance, however a decreasing solar irradiance occurs 
mostly at the end of the day when the collector efficiency is already lower. Therefore this effect 
on the total daily yield will be smal! compared to the lower thermal efficiency at the beginning of 
the day. 
The differences between the models for the conditions simulated are small because the collector 
mass flow ratechosen results in aT* of 10 which implies that this is a high-flow system as defined 
insection 4.1. The result will be significantly different for low-flow systems as will be discussed in 
section 4.3.2. 
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Another way to campare the models with a different number of segments is to evaluate the relative 
amount of energy that is stared in the tank after one day: 

t=600 

J qstoreddt 
t=O 

'T/stored = --'-t=-'-6-00----

J AcGdt 
t=O 

(4.23) 

where t is given in minutes and q 8tored is the amount of energy that is stored in the starage tank 
after one day: 

vtp N 

qstored = N l:)Tsegi - T start) 
j=l 

(4.24) 

The values of 'TJ stored for the different models are given in table 4.2. According to this simulation 
the relative stared energy with the De Vries model is the largest. This implies that this model has 
the highest degree of stratification for this specific heat input profile. It is obvious that the the 
relative stored energy with the one segment model is the smallest. The differences are quiet small 
but this is caused by the collector mass flow rate. 

Table 4.2: Relative amount of energy supplied to the thermal collector that is stored in the water 
starage tank for different models. 

Tank model 
10 segments (De Vries model) 
10 segments 
3 segments 
1 segment (fully-mixed) 

'T/stored [%) 
32.3 
32.2 
31.9 
31.1 

4.3.2 Influence of the collector mass flow rate 

As mentioned in the introduetion of this chapter the mass flow rate can have a significant effect 
on the system yield. Two effects occur at the same moment if the collector mass flow is decreased 
or increased. For stratified models a decreasing collector mass flow rate will result in a lower 
temperature of the water flowing to the collector for a Jonger time period. A lower water inlet 
temperature of the collector will increase the thermal (and electrical) efficiency. However due 
to a lower collector mass flow rate the temperature increase of the water flowing through the 
collector is larger resulting in larger energy losses to the environment and therefore in a lower 
collector efficiency. What effect is stronger is hard to determine as it depends on collector design, 
tank design and meteorological conditions. The simulation as described above is performed for 
different collector mass flow rates. The collector mass flow rate of a PVT collector system is mostly 
chosen to be in proportion to the collector array size, the size of the starage tank is mostly of no 
influence on the choice of collector mass flow rate. It is convenient to introduce a tank turnover 
time t*, this parameter combines collector mass flow rate and tank size. The tank turnover time 
is defined as: 

( 4.25) 

The relative amount of energy stored as a function of the tank turnover time is shown in figure 
4.8. From figure 4.8 it can be seen that for higher tank turnover times (lower collector mass flow 
rates) the difference between the three models are increasingly larger. The difference between the 
10 and 1 segment model can be up to 4% for a tank turnover time of 240 min. For higher tank 
turnover times the relative stared energy will go down faster as heat transfer in the tubes of the 
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Figure 4.8: Relative amount of energy stared in the tank for changing tank turn-over times. 

collector will start to decrease rapidly resulting in a very low collector efficiency. For tank turnover 
times that approach zero, the models perfarm equally. This is an important condusion because 
it implies that for large collector flow rates , the 1, 3 and 10 segment models give the same result 
what is expected for real systems with a high collector mass flow rate. 

4.3.3 Figure Of Merit 

Another methad to compare the differentmodelsis to compare the Figure Of Merit (FOM). The 
FOM relates the thermal energy that is charged or discharged in a time span r , where T is the 
t ime span in which just one tank volume has been charged or discharged, to the maximum amount 
of thermal energy contentsof the tank (van Berkel [10)): 

with 

FOM = Qstored in time spanT 
Qstored,max 

(4.26) 

vtp N 
Qstored,max = N L)Tc,o- Tstart) (4.27) 

j=l 

The FOM is determined by supplying a collector mass flow tothetank at a constant temperature 
of T c,o· Here it is chosen that Tc, o is kept constant at 60 °C. The FOM of the multinode model 
for any number of segments is constant for changing mass flow rates , so the FOM is a measure 
for the maximum degree of stratification that is possible with the multinode model with a certain 
number of segments. 

For two situations the FOM can be determined analytically. In the De Vries model no mix
ing of fluids with different temperatures occurs and has therefore the highest possible degree of 
stratification. With the highest degree of stratification FOM=l. For the one segment or fully
mixed model the FOM can be determined analytically with the use of the heat balance of one 
segment: 

t dT(t) . 
pV Cp-;Jt = mccp(T(t) - Tc,o) (4.28) 

The salution of above equations is: 

T(t) = (T(O) - Tc,o)e-{:- + Tc ,o (4.29) 
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Table 4.3: FOM for the different storage tank models. 

Tank model FOM 
10 segments (De Vries model) 1 
10 segments 0.88 
3 segments 0.78 
1 segment 0.63 

with 

(4.30) 

In combination with equations 4.24 and 4.26 the FOM of the fully-mixed tank model can he 
expressed as: 

( 4.31) 

The FOM is also determined with the multinode model for 3 and 10 segments. The numerically 
determined FOM's are given in table 4.3. From table 4.3 it can he seen that the numerical cal
culated FOM of the fully-mixed modeland the De Vries model equal the analytically determined 
values. With the FOM of the different models known it is essential to compare it with measure
ments. Van Berkel [10] measured the FOM of a storage vessel with the inlet carefully chosen at 
a specific height, and the inlet flow carefully stabilized. This experiment was performed with a 
flow rate of 0.32 ·10-3 m3 · s-1 (which is equal to 1152 kg hour- 1 ) and a storage volume of 128 
1. The maximum FOM that was found was about 0.96. Although realsolar collector systems will 
not supply collector water at a constant temperature and often water is extracted and supplied 
simultaneously, this experiment confirms that with the right measures it is possible to achieve a 
high degree of stratification. This implies that the multinode model of a water storage tank is a 
better approximation of a real water storage tank than a fully-mixed tank model. 

4.3.4 Evaluation of the combined operation mode 

The multinode model with 10 segments will he evaluated for a characteristic day with water 
supplied by the collector and water extracted by the load. The load process is the hot tap water 
demand of a dornestic dwelling, this implies that the water returning to the tank will he water at 
T rnains =10 oe. Tap water extraction at a mass flow rate of rhtap occurs according to the tapping 
scheme as shown in figure 4.9. This tapping scheme assumes a total daily demand of 139 lof water 
at 60 oe. For the heat supply the yield of a 6 m2 PVT collector during a representative sunny 
day is used. The PVT collector used is as discussed insection 4.3.1. The collector mass flow rate 
rhc is chosen to he 100 kg· hour-1 to show the effect of stratification better. The results of the 
simulation are shown in figure 4.10. In figure 4.10 (b) Qin is the rate of energy that is supplied to 
the tank by the collector: 

Qin = rhccp(Tc,o - Tc,i) 

Qout is the rate of energy that is used for the load: 

Qout = rhtapcp(Tseg1 - T mains) iJ T seg1 < 60°e 

Qout = rhtapcp(60oe- Tmains) iJ T seg1 ~ 60oe 

(4.32) 

(4.33) 

Qaux is the rate of auxiliary energy that is needed to warm the water extracted from segment 1 to 
60 oe: 

Qaux = rhtapcp(6ooe- Tsegl) iJ Tseg1 < 60°e 

Qaux = 0 iJ Tseg 1 ~ 60°e 
(4.34) 
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Figure 4.9: Tapping scheme of a dornestic dwelling resulting in a daily extraction of 139 1 of water 
at 60 °C. 

In figure 4.10 it can beseen that the temperatures of segment 8, 9 and 10 decrease when first water 
is extracted from the tank at 7 o'clock. The temperatures of the other segments remain almost 
the same, sarnething what could be expected if only a small amount of water is extracted from the 
tank and replenished by cold water at the bottorn of the tank. At 9 o'clock heat is supplied by the 
collector resulting first in an increase of the temperature of segment 1, other segments follow and 
the temperature of the last segment starts to rise at about 2 hours after the first heat is supplied. 
This is consistent with the tank turnover time of 2 hours. After 19 hours no heat is supplied 
anymore by the collector and temperatures start to decrease at every time water is withdrawn 
for the load. Especially at the end of the day stratification is present, this is mainly because the 
tap water is withdrawn with a small quantity each time so that a high degree of stratification is 
obtained. 

2 3 4 5 6 7 8 9101112131415161718192021222324 
Time [hour] 

- T 
- T 

C,O 

seg1 
- T seg2 
- T seg3 

T seg4 
- T seg5 
- Tseg6 
_ T 

seg7 
- Teg8 
_ T 

seg9 
T seg10 

- qin 

qout 

- qaux 

Figure 4.10: Top (a): Temperatures of segments in the starage tank during a representative 
daily heat supply and load, bottom (b): rate of energy supplied to the tank (qin), rate of energy 
withdrawn from the tank (qout) and rate of energy used for auxiliary heating (qaux)· 
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4.4 Discussion 

In this chapter three different models to model a water storage tank are discussed: fully-mixed 
model , multinode model and the perfectly stratified model. It is shown that the fully-mixed model 
can be modeled with the multinode model with only one segment. The perfectly stratified model, 
also referred as the De Vries model in this chapter, can also be modeled with the multinode model 
when the right time-step and collectorjload mass flow rates are chosen, see equations 4.21 and 4.22. 

While evaluating the amount of energy that is stored in the tank after one representative day, 
it is shown that for an increasing number of segments, an increased amount of energy is stored in 
the tank (see table 4.2). The largest amount of energy that is storedis obtained with the perfectly 
stratified De Vries model. The reason why the amount of energy stored in the tank at the end of 
the day is larger for models with an increased degree of stratification is that stratification results 
in lower temperatures of water flowing to the collector. A lower inflow temperature of the collector 
will reduce heat losses to the environment and therefore increases the thermal efficiency, also the 
electrical efficiency is increased with a lower PV cell temperature. 

It was found that for high collector mass flow rates (low tank turnover time) the multinode model 
for 1, 3 and 10 segments result in the same amount of energy stored, see figure 4.8. When the 
limit of the difference in the relative stored energy between the 1 and 10 segment model is set at 
an absolute 1%, a system can be modeled with a 1 segment multinode model (fully-mixed) when 
the tank turnover time is smaller than 60-30 minutes. For systems with a higher tank turnover 
time more segments are needed to obtain the limit set for the difference in stored energy. 

An indication of the maximum possible degree of stratification that can be obtained with the 
multinode model with a certain number of segmentscan be expressed with the Figure Of Merit. 
For two situations the FOM can be determined: for perfectly stratified systems FOM=1 and for 
the fully-mixed model a FOM of 0.63 is found. The FOM of the multinode model with 3 and 10 
segments were found to be between these limiting cases. Van Berkel [10] measured the FOM of 
a storage vessel with the inlet carefully chosen at a specific height, and the inlet flow carefully 
stabilized. This experiment was performed with a flow rate of 0.32 ·10-3 m3 · s- 1 (which is equal 
to 1152 kg hour-1 ) and a storage volume of 128 l. This experiment confirms that with the right 
measures it is possible to achieve a high degree of stratification and that the multinode model is 
a better approximation of a real water storage tank than a fully-mixed tank model. 

Simulations in section 4.3 are only performed for heat supply. For heat extraction the effect 
of the mass flow rate on the stratification in the tank is similar to the results obtained with only 
heat supply as discussed in section 4.3. When the yield of a PVT system for a TRY is simulated, 
where heat supply and water extraction occur independently and at different times, the difference 
between the different tank models as presented in this chapter will be even larger as will be shown 
in the next chapter. 



Chapter 5 

Simulations of PVT collector 
systems 

In this thesis PVT collector systems supplying partly or totally the energy demand of a dornestic 
dwelling are investigated. The energy dernand of a dornestic dwelling can he divided into three 
groups: electricity, hot tap water and dornestic heating. As mentioned befare energy dernand and 
supply are not equal in time so starage is necessary. Electricity produced by the PVT collectors 
can quite easily he supplied to the local electricity grid. In this way the local electricity grid serves 
as a buffer for the electricity produced by the PVT collectors. In contrary to the electrical energy 
produced by the PVT collectors, thermal energy is much harder to store. PVT collector systems 
are designed to serve a specific thermal load, the electrical yield is less sensitive to the kind of 
system contiguration that is used and is therefore of minor importance. 

Systems that are designed to cover the hot tap water demand of a dornestic dwelling are also 
known as Solar Dornestic Hot Water (SDHW) systerns. Stratification in the starage tank plays 
a very important role in SDHW systems. In this chapter the influence of the collector flow rate 
(which influences the stratification) on the systern efficiency is investigated. One of the promising 
systern concepts to cover the energy that is needed for dornestic heating and hot tap water is a 
PVT collector system with a heat pump. For this systern it is chosen to couple the PVT collectors 
directly to a large water starage tank which in its turn serves as a heat souree for the heat pump. 
It has to he rnentioned that especially the PVT collector system with a heat pump discussed in this 
chapter is not optirnized on system level and device level yet. However the simulations presented 
in this chapter show that system sirnulations studies of a variety of systerns is possible with the 
developed Simulink rnodels. 

5.1 Energy demand of a dornestic dwelling 

The energy dernand of the dornestic dwelling used in this thesis is the energy dernand of the 
reference dwelling of Novem [12] . The hot tap water (Tr ef ,tap = 60 oq that is needed for this 
dwelling is given by a tap water schedule as shown in figure 4.9. The daily tap water schedule is 
equal for every day of the year as discussed in section 4.3. Zondag [13] provided the data of the 
heating dernand of the reference dwelling. These data give the heating demand for the reference 
dwelling with a time step of 15 minutes. The total yearly energy amount needed for the Novern 
reference dwelling is given in table 5.1. The weekly energy dernand of t he reference dwelling for 
one year is shown in figure 5.1. 
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Table 5.1: Yearly energy demand of the Novem reference dwelling. 

Hot tap water demand 
Dornestic heating 
Electricity demand 

I 

10.64 
10.76 
1432 

GJ 
GJ 
kWh 

- Dornestic heating 
Hot tap water 

- Electricity 

I 

I 

I 

9an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Test Reference Year 

Figure 5.1: Weekly energy demand of Novem reference dwelling for the TRY. 

5.2 Solar Dornestic Hot Water System 

Thermal collectors are widely used as a souree for the hot tap water demand of a dornestic dwelling. 
Covered collectors are usually used for SDHW systems because they can supply water at higher 
temperatures than uncovered collectors. In contrary to the energy demand for hot tap water 
which is constant during the year, the energy delivered by the collectors is not constant over the 
year. During the winter the energy demand for hot water is larger than the energy delivered by 
the collectors. Large starage vessels to store hot water are not common and also not economical 
valuable, so auxiliary heating is necessary during periods of low solar irradiance. For SDHW PVT 
collector systems an array size of 6 m2 in combination with a 200 1 starage vessel is common (van 
Helden et al. [4]). A schematic overview of a SDHW as described here is shown in figure 5.2, the 
heat exchanger is not taken into account in this chapter. 

5.2.1 Low-flow SDHW systems 

Relatively high collector flow rates are traditionally used in SDHW systems, commonly about 
50 kg· m-2 · h-1 . However because of stratification in the starage tank, lower flow rates could 
he beneficia! if the whole system is considered. A good measure to expres the performance of a 
SDHW system is the Solar Fraction SF, which is defined as: 

SF= yearly amount of energy that is supplied by the solar collectors (
5

_
1
) 

yearly amount of energy needed for hot tap water 
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Heat 

Figure 5.2: Schematic overview of a SDHW system with PVT collectors. 

One of the initiators of low-flow solar systems was van Koppen [14]. Van Koppen did not evaluate 
the solar fraction, instead he used the yearly amount of energy that is supplied by the solar col
lectors. Van Koppen found that for stratified storage the yearly amount of energy that is supplied 
by the solar collectors in a SDHW system is higher at any flow rate than for fully-mixed storage. 
Moreover Van Koppen found that the difference in the yearly amount of energy that is supplied by 
the solar collectors for stratified and fully-mixed storage is becoming increasingly larger for lower 
collector flow rates , see line 1 of figure 5.3. For lower collector flow rates (about 10 - 15 kg· m-2 • 

h-l) Van Koppen found that the yearly amount of energy that is supplied by the solar collectors 
would even be higher than for larger collector flow rates. 

Also Wuestling et al. [15] found that a higher solar fraction could be achieved by operating 
the solar system at lower flow rates than commonly used. These researchers claimed that the solar 
fraction of a SDHW system with stratified storage, operating at low flow rates, could be up to 
38 % higher than for systems with a fully-mixed tank at common flow rates. Van Koppen and 
Wuestling et al. found results similar to line 1 as shown in figure 5.3 (figure 5.3 is adapted from 
Hollands et al. [16]) . According to Wuestling et al. a similar graph should be obtainable for 
different climates, system contiguration and heat loads. In 1992 Hollands and Brunger [17] noted 
that the results obtained earlier (line 1) were affected by numerical mixing. The numerical mixing 
is caused by a lack of convergence of the numerical scheme, which produces a similar effect to a 
physical mixing of water in the tank (Hollands and Brunger [17]). New calculations resulted in 
the graph labeled with line 2. 

5.2.2 Simulations of a SDHW system with PVT collectors 

For SDHW systems with PVT collectors stratified systems will not only improve the thermal ef
ficiency, also the electrical efficiency can be improved while using stratified storage. Simulations 
of a SDHW system for varying collector mass flow rates were performed with the models of the 
storage tank and PVT collectors as presented in this thesis. Similar results as shown in figure 
5.3 (line 1) are obtained with the models developed in this thesis as can be seen in figure 5.4. 
The PVT collectors used are covered sheet-and-tube PVT collectors as discussed in chapter 3. 

Table 5.2: Most important values used for the simulation of a SDHW system with PVT collectors. 

Area of array of PVT collectors 
Volume of storage vessel 
Daily extraction of water of 60 ° C 
Electrical efficiency of crystalline silicon PV cells at STC 

Aarray 
vt 
vtap water,daily 

1Jcell , STC 

6 m2 

200 
139 l 
12.85 % 
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Figure 5.3: Solar fraction of a SDHW system as a function of the specific mass flow rate for a 
fully-mixed and an ideally stratitied tank model, adapted from Hollands et al. (16]. 

The most important parameters used for the system components are given in table 5.2. For the 
climatical data the TRY is used as discussed in section 2.2, the hot tap water demand used is 
as discussed in section 4.3.4 and the SDHW system contiguration is as discussed in section 5.2. 
The PVT collector is modeled with 2 segments to secure accuracy at low collector flow rates (see 
appendix E). The storage tank is modeled with the multinode model with 1, 3 and 10 segments. 
The results of the simulations are shown in tigure 5.4 and given in table 5.3. 
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Figure 5.4: Solar fraction of an electricity producing SDHW system simulated with PVT collectors 
for different specitic mass flow rates. 

From tigure 5.4 it is immediately clear that fora conventional flow rate of 50 kg· m-2 · h-1 the 
solar fraction of the SDHW system with a stratitied tank (3 and 10 segments) is about an abso-
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lute 8-9% higher than for the SDHW system with a fully-mixed storage tank (1 segment). This 
difference is mainly caused by water extraction by the load at times of low irradiance when the 
collector mass flow is zero. The water extracted by the load occurs at a low flow rate resulting in 
a highly stratified storage tank. For example, in the evening water is extracted for hot tap water 
and replenisbed by water from the mains. Because the tap water flow rate is very smal!, the lower 
part of the stratified tank will be at a temperature of the rnains in the morning, in contrary to the 
fully-mixed tank which will be at a higher temperature. Therefore the stratified tank will give a 
lower collector inflow temperature in the morning compared to the fully-mixed tank resulting in a 
higher collector efficiency. Another effect of tap water withdrawal is that for a stratified tank the 
water extracted will be at a higher temperature during water extraction than for a fully-mixed 
tank, implying less heat for auxiliary heating. 

The solar fraction of the SDHW system with the fully-mixed storage tank is decreasing for a 
decreasing collector flow rate. For the SDHW system with a stratified storage tank the solar frac
tion is constant for a decreasing collector flow down to to a critica! flow rate f/Jm,cr (about 10 kg· 
m-2 · h- 1 for the system simulated here). For flow rates lower than the critica! flow rate the heat 
transfer in the tubes of the PVT collector start to decrease rapidly with a decreasing flow rate 
resulting in a rapidly decreasing solar fraction of the SDHW system. When the costs of plumbing 
and the energy needed for the pump are taken into account, operating cost of !ow-flow SDHW 
systems with a stratified storage tank can he lower than traditional systems. 

Table 5.3: Results of simulations of a SDHW system modeled with a multinode (MN) storage 
tank model with different number of segments. LFtemp is the temperature loss factor of the PV 
laminate as defined in section 2.3. 

System performance f/Jm=50 kg· m- 2 -h-1 f/Jm=10 kg· m-2 -h-1 

parameters symbol unit MN MN MN MN MN MN 
N=1 N=3 N=10 N=1 N=3 N=10 

Yearly system thermal yield ~~ GJ 4.98 5.83 6.01 4.60 5.80 5.99 year 

Yearly system electrical yield Ye~ec kWh 580 588 590 577 588 590 year 

System thermal efficiency y 
'rlth % 21.0 24.6 25.4 19.4 24.5 25.3 

System electrical efficiency y 
'rlelec % 8.82 8.94 8.97 8.77 8.94 8.97 

Solar fraction SF % 46.8 54.9 56.4 43.3 54.5 56.3 

System loss factors 

LF temp LFfemp % 10.2 9.0 8.5 10.7 9.0 8.5 

The solar fraction is defined above as the yearly amount of energy supplied by the solar collectors 
divided by the yearly amount of energy amount needed for hot tap water. It is also possible to 
define a daily solar fraction: 

SFd = daily amount of energy that is supplied by the solar collectors (
5

.
2
) 

daily amount of energy needed for hot tap water 

When it is assumed that all the energy supplied by the collectors is used for hot tap water, the 
daily solar fraction SFd is equal to the normalized daily heat that is extracted E extracted,norm· The 
normalized auxiliary heat Eaux ,norm is the amount of auxiliary heat that is needed to cover the 
hot water demand for one day divided by the daily amount of energy needed for hot tap water. 
Eaux ,norm is equal to 1-SFd. From the definition it follows that E extracted,norm + Eaux,norm = 1. 
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In figure 5.5 (a) the temperature of the top segment of the storage tank is shown as function of 
time in the TRY. In figure 5.5 (b) Eaux,norm and E extracted,norm are shown as a function of the 
time in TRY. 
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Figure 5.5: SDHW system simulated with a 3 segment multinode model and covered sheet-and
tube PVT collectors. Top (a) : Temperature of the top segment of the storage vessel. Bottom (b): 
normalized daily heat that is extracted from the storage tank E ext ract ed,n orm and normalized daily 
auxiliary heat that is neerled to cover the daily energy neerled for hot tap water. 

5.3 Dornestic heating and hot water system with PVT col
lectors and a heat pump 

When next to the energy neerled for hot tap water also the energy neerled for dornestic heating is 
to he covered by PVT collectors, the array area has to he increased to cover this energy demand. 
Energy storage is necessary to assure energy cover over the whole year. Several storage methods 
are available, for example storage in a large water tank, ice storage and seasonal storage in an 
aquifer. Here it is chosen to use a large water storage tank. A heat pump upgrades the water from 
the storage tank to temperatures which are neerled for hot tap water andfor dornestic heating. 

5.3.1 Heat pump 

The dornestic hot water and dornestic heating system with a heat pump is shown in figure 5.6. The 
heat pump that is used is a heat pump which is able to upgrade water to two different tempera
ture levels, for hot tap water Tref,tap = 60 oe and for dornestic heating Tref,heating = 35 oe. The 
souree temperature of a heat pump is bound to a maximum T max,hp· The minimum temperature 
that is allowed in the system to prevent freezing of the water is set at T min,system = 0.5 oe. The 
lowest temperatures occurring in the system are the chilled water coming from the heat pump at 
To,hp and the temperature of the water at the bottorn of the storage tank T c,i · When one of these 
two temperatures is below 0.5 oe the heat pump shuts down and the energy demanded by the 
load is supplied by the auxiliary heaters Auxl and Aux2. When the temperature coming from 
the souree is between T min,system and T max ,hp and the temper at ure of the chilled water is above 
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T min,system the heat pump is operating. When the temper at ure of the water coming from the 
souree is higher than T max ,hp but lower than Tr ef,heating it is assumed that water coming from 
the starage tank is mixed in the heat pump with the chilled water produced by the heat pump, to 
reduce the temperature to Tmax,hp · When the temperature of the water coming from the souree 
is above Tref ,heating , this water is directly used for dornestic heating and to preheat the tap water 
when needed. When the the heat pump can not operate because of the conditions discussed above, 
auxiliary heaters Auxl and Aux2 supply the energy needed for the load. The specifications of the 
heat pump used are given in table 5.4. The valves that are used in figure 5.6 are multi way valves 
which distribute the flows into the correct piping. 

Table 5.4: Specifications of the Ochsner heat pump, obtained from Techneco [29]. 

T . 
C,l 

Nomina! souree mass flow rate for heat pump operation 
Nominalload mass flow rate 
Maximum heating power 
Maximum electrical power 
Maximum souree temperature 

To grid 

v 
I 

J T 

rhsource,hp 

mload 

Pheating 

Pelectrical 

Tma x ,hp 

1400 
500 
6.1 
1.2 
25 

kg·hour 
kg· hour- 1 

kW 
kW 
oe 

rhload 

Theating 

Floor heating 

Figure 5.6: Schematic overview of a PVT collector system with seasonal heat starage and a heat 
pump, supplying the energy demand for dornestic heating and hot tap water. 

Coeffi.cient Of Performance (COP) 

The COP of a heat pump is a function of the temperature difference between the temperature 
needed for the load and the temperature of the water coming from the souree Tsource · Because the 
temperatures needed for the loads are fixed at a temperature of Tref ,tap and Tr ef,heat ing, a COP 
for tap water heating COPtap and a COP for heating COPheating need to be distinguished. the 
CO P 's can be expressedas a function of the temperature of the water coming from the source: 

COPtap = 0.078Tsource + 1.9 (5.3) 
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and 
COPheating = 0.078Tsource + 3.9 (5.4) 

The data used to formulate the COP's of equations 5.3 and 5.4 are ohtained from Zondag et al. 
[9]. The governing equations of the system are shown in appendix G. 

5.3.2 Simulations of a dornestic heating and hot water system with a 
heat pump 

The simulations performed in this section were clone with covered and uncovered sheet-and-tuhe 
PVT collectors as discussed in chapter 3. The parameters used for the collectors are the same 
as given in D.2. For the climatical data the TRY is used as discussed in section 2.2, the hot tap 
water demand used is as discussed in section 4.3. The PVT collector specific mass flow rate <Pm is 
set to 30 kg· m-2 • h- 1 . The storage tank is modeled with the multinode model with 3 segments. 
The simulations were performed for different collector areas Ac and storage tank sizes yt. The 
simulations were clone for two repeating years to have a thermal halance of the system. The results 
as presented in this chapter are from the second year of the simulation. Next to the thermal and 

Tahle 5.5: Most important values used for the simulation of a dornestic heating and hot water 
system with PVT collectors and a heat pump. 

Specifi.c collector mass flow rate 
Yearly energy needed for dornestic heating demand 
Yearly energy needed for hot tap waterdemand 
Electrical efficiency of crystalline silicon PV cells at STC 

</Jm 
Edomestic heating 

Etapwater 

'TJcell, STC 

30 
10.76 
10.64 
12.85 

electrical yield, it also important how much electrical energy Ehp the heat pump has used and how 
much auxiliary energy Eaux is necessary to he ahle to cover the whole thermal energy demand of 
the reference dwelling. To compare the different simulations it is useful to define the thermal and 
electrical solar fraction respectively SF th and SF elec,hp which are defined as: 

and 

SF, _ 
1 

E aux 
th- --

Etotal 

SF, _ Ye~ec 
elec .hp- -E 

hp 

(5.5) 

(5.6) 

where Etatal is the total thermal energy demand of the reference dwelling. To evaluate whether 
the system could cover the whole thermal energy demand the parameter Esurplus is defined as the 
electrical energy that is produced hy the collectors and not used hy the heat pump: 

(5.7) 

When Esurplus is larger than Eaux it is possihle to cover the whole energy demand as the surplus 
energy can he used for electrical heating in the auxiliary heaters. In fi.gure 5. 7 (h) the normalized 
daily amount of electricity used hy the heat pump Ehp,norm, thermal energy extracted from the 
storage vessel Eextracted,norm and auxiliary heat that is needed to cover the total energy demand 
of the dwelling Eaux,norm are shown. Ehp,norm, Eextracted,norm and E aux,norm are normalized with 
respect to the daily amount of heat that is needed to cover the total energy demand of the cl welling. 
The The sum of these fractions is 1 according totheir definition. In figure 5.7 (a) the temperature 
of the top segment of the storage tank is shown as a function of time in the TRY. From figure 
5. 7 it can he seen that in the first 100 hours the temper at ure in the storage tank is close to zero 
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Table 5.6: Results of simulations of a dornestic heating and hot water system with a heat pump 
and covered PVT collectors for different storage tank sizes yt, collector array area Ac. Also a 
simulation with an uncovered collector is given. 

System performance covered yt=2·104 l covered Ac=15 m2 uncovered yt=2·104 

parameters unit Ac m2 yt ·104 l Ac m2 

15 20 25 1.0 1.5 2.0 15 

Yfh 
GJ 14.3 15.4 16.2 12.9 13.6 14.3 11.4 year 

Y~lec GJ 5.26 6.82 8.36 5.17 5.21 5.26 6.18 year 

Ehp 
GJ 2.55 2.54 2.47 2.33 2.46 2.55 3.40 year 

EAux 
GJ 4.55 3.44 2.79 8.33 5.32 4.55 6.65 year 

System charaderistics 

SFth % 79 84 87 61 75 79 69 

SFelec ,hp % 206 269 338 222 212 206 182 

E surplus 
GJ 2.71 4.28 5.89 2.84 2.75 2.71 2.78 year 

implying that the heat pump can not be used. That the heat pump hardly operates during the 
first 100 hours can be seen in the large amount of auxiliary energy that is needed. The next point 
of interest is when the temperature of the storage tank rises above 35 oe at about 2500 hours. 
The heat pump is shut down and the water of the storage tank is used to preheat the water needed 
for room heating or tap water. This system can especially be improved in the first 1000 hours 
because the system as discussed here is not able to cover the energy demand for these hours. lee 
storage could be one of the options to operate this system for the first 1000 hours of the TRY. 
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Figure 5.7: Dornestic hot water and dornestic heating system with PVT collectors and a heat 
pump. Top {a): Temperature of the top segment of the storage vessel. Bottom {b} : Ehp,norm, 

E extracted,norm and Eaux ,norm as function of time in the TRY. 
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5.4 Discussion 

In this chapter it is shown that stratification in the starage tank results in a 17 % higher solar 
fraction than what would he expected with a fully-mixed tank model at commonly used specific 
mass flow rates (50 kg· m-2 · h- 1 ). For low specific mass flow rates (10 kg· m-2 · h- 1 ) the dif
ferences increases to even 23 %. For a specific mass flow rate of 50 kg· m-2 · h- 1 the improved 
solar fraction is mainly caused by water extraction by the load at times of low irradiance when the 
collector mass flow is zero. The water extracted by the load occurs at a low flow rate resulting in 
a highly stratified storage tank. Furthermore the water extracted for tap water will he at a higher 
temperature during tap water withdrawal compared to a fully-mixed tank model. For a specific 
mass flow rate of 10 kg· m-2 · h- 1 next to the effect of tap water withdrawal the solar fraction is 
improved by a higher degree of stratification because of lower collector flow rates. 

From these findings it can he concluded firstly that stratification in the starage tank improves 
the solar fraction that can he obtained with the SDHW system significantly, also for commonly 
used specific mass flow rates, so rnadeling the SDHW system with a fully-mixed tank model will 
underestimate the thermal and electrical performance. Secondly, when stratification in the storage 
tank is present, the starage tank can operate at lower specific mass flow rates than commonly used 
without a reduction of the solar fraction that can he obtained with the SDHW system. This will 
reduce costs for the plumbing of the system and the energy needed for pumping during operation. 

The dornestic heating and hot water system with a heat pump as presented in this chapter is 
used in combination with a large water starage tank. For this system it is only possible to cover 
the whole thermal energy demand with a system with covered collectors with a collector area 
size of 15 and 20 m2 in combination with a 2·104 l water storage tank. Forthese systems there 
is a surplus of electrical energy which can he used for the auxiliary heaters. When ice storage 
is allowed, systems with a much smaller starage tank size can he used to cover the total energy 
demand. A new model is necessary to describe freezing of the water and therefore the minimum 
temperature allowed in the starage tank is set at 0.5 °C. 

The PVT systems presented in this thesis are not optimized yet. For the SDHW system op
timization can mainly he achieved by investigating the interaction between adaptions on device 
level on the system yield of the PVT. For the dornestic heating and hot tap water system with 
a heat pump the focus of optimization should he on system level. The system as presented here 
is not optimal and can he improved by a better control strategy, different heat starage devices 
and a different system setup. For both systems heat exchangers are not taken into account yet. 
For future workit is recommended to evaluate the influence of a heat exchanger on the system yield. 

Results of simulations of both systems as presented in this chapter show that optimizing a PVT 
system on system level can improve the system thermal and electrical yield significantly. It is 
worth the effort to further explore the possibilities of system optimization with the models as 
developed in this thesis. 



Chapter 6 

Concluding remarks and 
recommendations 

6.1 Concluding remarks 

The model for the electrical yield of a PV system as presented in chapter 2 covers the most impor
tant losses occurring during the conversion from solar irradiation to electricity at grid voltage. It 
is applicable for different PV systems and it will give realistic outcomes when the model is applied 
for PV systems situated in a different elimate than the Dutch climate. The thermal model of a 
free-standing grid-connected PV system that is developed to evaluate the model for the electrical 
yield is an extension of existing simple models. Unfortunately correlations for the heat transfer 
coefficient of the leeward facing surface of the PV module are not completely known, as theo
retica! and experimental evidence for devices with the dimensions of a PV module are lacking. 
Roof-integrated PVT collectors are only influenced by the meteorological conditions at the front 
surface so the problem occurring at the leeward facing surface of a free-standing PV system is not 
present for PVT collectors. However the influence of the built environment could have a significant 
influence on the heat transfer coefficient of the front surface of PVT collectors. 

The models of the different PVT collector concepts as presented in chapter 3 are adjusted to 
reduce computing time of year simulations by reducing the number of segments and using new 
starting values for the iterative procedures. It is possible to reduce the number of segments of the 
PVT collector model to one segment without significantly loosing accuracy. For low collector flow 
rates two segments are needed to secure accuracy. A lineair relationship between the reduced tem
perature and the thermal and electrical efficiency of the PVT collector, as used in some simulation 
studies (Zondag et al. [9]), can not he used for PVT collector energy yield simulations because 
the electrical efficiency is a function of the absolute PV cell temperature and can therefore not he 
expressed as a function of the reduced temperature. 

It is necessary to have an adequate model of a water starage tank to describe the behavior of 
a PVT system for any flow rate to come to an optimum system concept. For PVT system op
timization studies it has to he possible to change the collector flow rate and tap water flow rate 
independently. De Vries developed a model of a stratified starage tank where the time step is cou
pled to the collector flow rate and tap water flow rate and is therefore not suitable for PVT system 
optimization studies. The fully-mixed model of a starage tank is only valid for PVT systems with 
high specific mass flow rates (</Jm > 50 kg· m-2 • h-1 ) in combination with high laad flow rates 
and can therefore not he used for PVT system optimization studies. The multinode model of a 
stratified starage tank is able to describe the thermal behavior of a starage tank independently of 
the collector or tap flow rate and is therefore adequate to use in PVT system optimization studies. 

51 



52 CHAPTER 6. CONCLUDING REMARKS AND RECOMMENDATIONS 

The influence of stratification in the storage tank, and with this the influence of the storage 
tank model, becomes very obvious when the solar fraction of a Solar Dornestic Hot Water system 
(SDHW) is calculated for different specific mass flow rates. When this system is modeled with a 
fully-mixed storage tank model, the solar fraction is underestimated with respect to the results 
obtained with the multinode model for every specific mass flow rate. With the stratified multinode 
model it becomes clear that it is very attractive to operate SDH\V systems at lower specific flow 
rates than commonly used. This is because the solar fraction is constant for a decreasing specific 
flow ra te until a cri ti cal flow rate but operating expenses can go down because of reduced plumbing 
costs and less pumping energy is needed. 

The models as developed in this thesis contribute to optimization of PVT systems covering the 
energy demand of dornestic dwellings with renewable energy. With SDHW PVT systems with an 
array size of 6 m2 it is possible to cover about 50 % of the yearly energy needed for hot tap water 
of the reference dwelling with renewable energy. Also about 40 % of the electricity needed for 
the reference dwelling can be supplied with renewable energy with a SDHW PVT system. It was 
found that even 100 % of the heat demand of the reference dwelling can be covered with renewable 
energy by using a PVT system with an array size of 15 m2 in combination with a heat pump. 

6.2 Recommendations 

The model of the electrical yield of a system containing solar cells as presented in this thesis is 
complete and does not has to be changed anymore for the applications of yearly PV system yield 
simulations. Also the thermal model of the storage tank is adequate to be used for PVT system 
optimization studies." With the models developed in this thesis system optimization studies can 
be executed now easily with the use of Simulink. The influence of PVT collector parameters on 
the system yield can be investigated. Some of the parameters to investigate are: 

• The absorption and the emission factor of the PV laminate 

• The use of anti-reflection coatings on the top cover glass 

• The use of covered or uncovered collectors 

On system level the effect of heat exchangers on the system performance needs to be investigated. 
The study of Hollands and Brunger [17] shows that an optimum collector flow rate is present for 
collector systems with a heat exchanger in the primary circuit. The PVT system with a heat 
pump as presented in this thesis can be improved. Some examples of improvements of a PVT 
system with a heat pump are: 

• Storage tank with the possibility of ice storage 

• A ground coupled heat pump 

• Uncovered PVT collectors directly used as the souree of a heat pump 

• A two-stage heat pump that upgrades heat from a souree to two different temperature levels 
more efficiently by using suitable refrigerants 

Another traject to investigate are the air PVT collectors. An interesting study of Badescu [18] 
shows the application of a thermal collector directly coupled to an air heat pump. Furthermore 
the application of air PVT collector as a souree for drying of materials (mainly in development 
countries) needs to be investigated. Another interesting area of investigation is the use of amor
phous PV laminates for the air PVT collectors resulting in a higher thermal yield but a decreased 
electrical yield per unit area. 
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Appendix A 

Specifications of PV systern 
cornponents 

A.l PV cells 

In table A.1 the specifications of solar cells for four different cell technologies are given. These 
data are provided by Van Zolingen [19]. 

Table A.1: Cell efficiency as a function of solar irradiance and temperature coefficient (3 for different 
PV cell technologies. 

Shell solar RSM 75 Siemens SM 110 BP 585 Solarex MST 43 
(multi Si) (mono Si) (mono Si, laser groove) (amorf Si, tandem) 

irradiance 1Jcell [%] 
[W/m2

] 

50 7.71 10.0 10.71 3.10 
100 10.75 11.05 13.16 4.00 
200 11.45 11.80 14.14 4.90 
300 12.15 12.20 14.99 
400 12.50 12.40 15.18 5.27 
500 12.75 12.60 15.24 
600 12.90 12.70 15.35 5.27 
700 13.00 12.85 15.80 
800 13.00 12.75 15.35 5.27 
900 12.90 12.65 15.33 

1000 (STC) 12.85 12.60 15.30 5.18 

(3 [~] -0.45 -0.45 -0.45 -0.18 
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A.2 lnverter 

In table A.2 the specifications of a Mastervolt Sunmaster 1800 inverter are given. These data are 
provided by Van Zolingen [19]. This inverter converts power produced by the PV modules into 
AC current at grid voltage (230 VAC). TheMastervolt Sunmaster 1800 has a nominal DC input 
power Pnom,inv of 1500 W. 

Table A.2: Efficiency of inverter as a function of the DC input power normalized at the nominal 
DC input power Pnom,inv· 

Pnorm efficiency [%] 
0.1 91 
0.2 92.4 
0.3 92.6 
0.5 91.5 
0.75 89.9 
1.0 87.5 

A.3 Parameters for PV system simulation 

Properties of the parameters used for simulations of the PV system and not given in the main 
text are given in table A.3. 

Table A.3: Material properties used for simulations of a PV system. 

Heat conductivity of air kair 0.026 W·m 1 .oe 
Kinematic viscosity of air Vair 1.5 . w-5 m2· s-1 
Thermal diffusivity Cl! air 0.22. w-4 m2· s-1 
Emissivity front surface PV module f.J 0.9 
Emissivity back surface PV module f.b 1.0 



Appendix B 

TRY of De Bilt 

The TRY used in this report is from the KNMI and gives the climatical data of De Bilt, the 
Netherlands. Data for this TRY were collected over a period of 20 years. The TRY gives the 
ambient temperature, sky temperature, wind speed and solar global solar irradiation. The global 
solar irradiation given by the TRY is the solar irradiation on a plane that is orientated to the 
south with a tilt angle of 45° to the horizon. The most important statistica! data for the purposes 
used in this thesis are given in table B.l. 

Table B.1: Statistica! data of the TRY of De Bilt. 

Absolute minimum temperature Tmin -10.0 oe 
Absolute maximum temperature Tmax 31.6 oe 
Yearly average temperature Tav e 9.5 oe 
Maximum hourly solar irradiation Hmax 1067 Wh· m-2 

Yearly sum of solar irradiation HY 1096 kWh· m- 2 · year- 1 

Absolute maximum wind speed Vma x 15.0 m· s- 1 

Yearly average wind speed Vave 3.1 m· s-1 

In tigure B.1 the frequency and total irradiation per class are given for different irradiation classes 
of the TRY. The wind direction is not a parameter of the TRY available and therefore a wind 
direction chart of De Bilt, as sown in tigure B.2, is used for wind direction dependant simulations. 
The data shown in tigure B.2 are obtained from Klimaatatlas [20] . 
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Figure B.l: Irradiation distribution of the TRY. Left: frequency of the hourly solar irradiation 
per class (zero irradiation is excluded). right: sum of the hourly solar irradiation per class. 
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Figure B.2: Average yearly wind direction chart of De Bilt 



Appendix C 

Convective heat transfer 
coefficient used for thermal model 
2.2 

The convective heat transfer coefficient hconv of the module to the ambient air is a result of 
natural and forced convection. This implies that Nu is a function of the Nusselt number for 
natural convection N Unatural and for forced convection Nu 1 orced. The N usselt number can then 
he approximated by (Churchill [21]): 

- ( p p )1/p 
Nu- Nuforced + Nunatural (C.1) 

According to Churchill the exponent p should he 3 for laminar flow. However Kakac [28] reeom
mencis a value of pis 4 in case of turbulent flow. Natural convection from the array of modules 
is always turbulent for the configuration considered here, as will he shown in the next paragraph. 
However, forced convection from the array changes from laminar to turbulent depending on wind 
speed and array length as will he shown in the next paragraphs. The difference in heat transfer 
coefficient determined with a p of 3 or 4 is less than 1% according to calculations. Here it is chosen 
to use a value of p = 4. 

Natura! convection 

Natura! convection can he described by the Rayleigh number Ra. laminar-turbulent transition 
occurs at a critica! Rayleigh number roughly given by the Vliet Equation (Janna p. 420 [22]): 

Racr = 3 · 105exp[0.1368 COS (90° - B)] (C.2) 

The Rayleigh number for the module configuration can he expressed as ( J anna p. 420 [22]): 

where 

gcos8(3(Tarray- Tamb)L~rray Ra = Gr Pr = ~--:__.::._ __ ...:..._.:::.:...:..::::.!!.. 

va 

0 < Pr = ~ < oo 

o o < e < 60 o 

f3 = 1/Tamb 

material properties at T = (Tarray+Tamb)/2 
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Here Gris the Grashof number, Pr is the Prandtl number, v is the kinematic viscosity of air, a 
the thermal diffusivity of air, (3 the coefficient of thermal expansion and g the gravity acceleration. 
Given the module configuration and the meteorological data it can be concluded that the Rayleigh 
number given by equation C.3 is rarely lower than Racr = 3.3 ·105 and therefore the flow induced 
by natura! convection can be considered as turbulent. This implies that the Rayleigh number can 
be calculated as the Rayleigh number of a vertical plate and the therm cos B can be neglected 
(Janna p. 421 [22]) : 

Ra= g (3 (Tarray - Tamb)L~rray 
va 

(C.4) 

The Churchill-Chu Equation [21] for the Nusselt number of an inclined plate with turbulent natura! 
convection is: 

{ 
0.387Ra116 

}
2 

N Unatural = 0.825 + [ 1 + ( o~;2) 9/16] 8/27 
(C.5) 

This relation holds for 0 o < B < 60 ° and can be used for both, front and back surfaces, 
Gryzagoridis [23] . 

Forced convection 

For the calculation of the forced convection coefficient three different situations have to be distin
guished: 

• A windward facing surface 

• A leeward facing surface 

• Wind parallel to a surface 

The windward facing surface is the surface normal to the the flow incident on the plate; the leeward 
facing surface is the surface subjected to the flow in the wake region of a flat plate as can be seen 
in figure C.l. 

Flow direction _______.. 

Leeward facing 
surface 

Figure C.l: Flow pattem of an inclined flat plate for laminar flow conditions. 

Forced convection is correlated to the Prandtl number and the Reynolds number, where ReL is 
defined as: 

R V wind Larray 
eL= 

IJ 
(C.6) 

The critica! Reynolds number ReL,cr is defined as the Reynolds number where laminar-turbulent 
transition starts. For a flow over a flat plate ReL,cr = 5 · 105 • The flow over a flat plate is in 
transition until a Reynolds number of about 1 ·107 where the flow becomes fully turbulent. With 
v = 1.5 · 10-5 m2 · s-1 and Larray = 1 m laminar-turbulent transition starts at a wind speed of 
7.5 m· s-1 . This implies that for this module configuration and the conditions given by the TRY 
the flow will be mainly laminar or in transition from laminar to turbulent , fully turbulent flow 



over the modules will hardly ever occur. 

Windward facing surface 

Several researchers came up with Nusselt correlations for the convective heat transfer for flow 
over an inclined flat plate. The most used Nusselt correlation for laminar flow over a windward 
facing surface is from Sparrow and Ramsey [24] (1979): 

N 1 _ R 112 p 1/3 
Uforced,windward - 0.931 eL r (C.7) 

where the superscript l denotes that this relation is valid for laminar flow. No constraints about 
the Pr number are mentioned by Sparrow and Ramsey. This correlation results in heat trans
fer coefficients half of the ones obtained from the relation of Watmuff (see equation 2.24). For 
Reynolds number above the critica! Reynolds number it is assumed that the Nusselt number can 
be approximated by: 

N !-tb - 0 036R 4/5 P 1/3 - 647 p 1/3 
Uforced,windward- · eL r r (C.8) 

where the superscript l - tb denotes that this relation is valid for a flow in the transition from 
laminar to turbulent. This correlation is valid for 5·105 < ReL < 1·107 and 0.6 < Pr < 60 and 
results in a smooth transition from a flow with ReL < ReL,cr toa flow with ReL > R eL,cr· Above 
equation is a modification of the correlation of a flow over a flat plate, given by Janna p. 373 [22]. 
Equation C.8 is modified in the way that here an other correlation (equation C.7) is used for the 
laminar flow than used in Janna. To secure a smooth transition from a flow with ReL < ReL ,cr 

toa flow with ReL > ReL ,cr the term 647 Pr113 is different than the original correlation. 

Leeward facing surface 

Literature about the Nusselt number of the leeward facing surface is very diverse and a vari
ety of correlations are presented in literature resulting in very different values of the Nusselt 
number. The first study of the Nusselt number of a leeward facing surface was done by Sogin [25]. 
In this study a flat plate with a chord length of 0.17 m is tested in a wind tunnel for Reynolds 
number ranging from 1 ·104 to 4 ·105 . This study shows that the Nusselt number of the leeward 
facing surface is higher that the Nusselt number of a windward facing surface. A larger convective 
heat transfer coefficient for the leeward facing surface is not what is trivially expected. A recent 
experimental study of Ramirez et al. [26] also shows a larger N usselt number for the leeward 
facing surface of a flat plate under an angle. This study was performed for a plate with a chord 
length of 18 mm and Reynolds numbers varying from 5600 - 38500. 
A similar effect can be seen in the wake region of a cylinder. The Nusselt number of the wake 
region of a cylinder for a Reynolds number of 2.2 ·105 is larger than the Nusselt number at the 
front of the cylinder, as can be seen in figure C.2. The Nusselt number in the wake region of a 
cylinder is not always larger than the Nusselt number at the front of the cylinder. For Reynolds 
numbers lower than 1.7 ·105 the Nusselt number of the wake region is not larger than the Nusselt 
number of the front. 

All results of a larger Nusselt number at the leeward facing surface, or the wake region, are 
obtained for dimensions much smaller than common for an array of PV modules. No experimental 
or theoretica! evidence is found that the Nusselt number of the leeward facing surface would be 
larger than the windward facing surface for plates under an angle with the dimensions of an array 
of PV modules (commonly Larray > 1 m). It is very likely that at the edges of the PV module the 
local Nusselt number is larger than the Nusselt number of the windward facing surface, however 
this effect is assumed to be small compared to the overall Nusselt number of the leeward facing 
surface. Because of a lack of information the Nusselt number of forced convection of the leeward 
facing surface is neglected and only the Nusselt number of natura! convection is taken into ac
count (equation C.5). The sensitivity of the heat transfer coefficient of the leeward facing surface 

61 



62APPENDIX C. CONVECTIVE HEAT TRANSFER COEFFICIENT USED FOR THERMAL MODEL 2.2 

800 

I 
..._.CD 700 
::1 z 
.... 
~ 
~ 600 E 
::1 z 
ö 500 "' "' ::1 
r:: 

";3 
400 g 

-l 

3000 50 100 150 
e [degrees] 

Figure e.2: Local Nusselt number as a function of the angle from the stagnation point for an air 
flow past an isothermal circular cylinder (adapted from Janna [22]). 

is discussed in the last part of this appendix. 

Wind parallel to a surface 

If the array of modules is subjected to wind parallel to the array, the following expressions for flow 
over a flat plate can be used (Janna p. 373 [22]) : 

N l - 0 664R 1/2 p 1/3 
U for ced,parallel - · eL r 

N l-tb - 0 036R 4/ 5 p 1/3 - 830P 1/3 
Uforced,parallel - · eL r r 

0 < ReL < 5 · 105 

5 · 105 < ReL < 1 · 107 
(e.9) 

Both expressions are valid for 0.6 < Pr < 60. 

In figure e.3 the convective heat transfer coefficient as a function of the wind speed Vwind with 
Tamb=20 oe and T array=40 oe, is shown. The convective heat transfer coefficient is given for 
the Watmuff relation (equation 2.24) and the relations for windward, leeward and parallel flow 
as discussed above. From figure e.3 it can be seen that for the conditions considered here, the 
heat transfer coefficients of the windward and leeward facing surface as discussed above are almost 
equal to the Watmuff equation for wind speeds up to 1 m· s- 1

. For larger wind speeds there is 
a significant difference between the heat transfer coefficient of thermal model 2.1 and 2.2. The 
Watmuff relation overestimates the heat transfer coefficient for the conditions simulated here. 

Sensitivity of the leeward heat transfer coefficient 

As discussed before the Nusselt number of the leeward facing surface of a PV module is not 
exactly known. To illustrate the uncertainty of this parameter the heat transfer coefficient of the 
leeward facing surface is here expressed as: 

( 
p p ) 1/ p 

( ) 
Nuleeward(x)kair xNuforced,leeward + Nunatural ,leeward kair 

hconv ,leeward X = L = L (e.10) 
array array 

where Nuforced ,leeward is taken equal to Nuforced,windward· The module temperature rise (with 
respect to Tamb) and the temperature loss factor LF are shown as function of the convective heat 
transfer coefficient of a leeward facing surface in figure e.4. From figure e.4 it can be seen that 
the temperature loss factor LF is between 8-5 % for the range of 0 < x < 1. In this thesis this 
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• 

accuracy loss is accepted because the main focus is on the electrical rnadeling of a PV system and 
not the thermal rnadeling of a PV module. However for exact rnadeling of the thermal behavior 
of a free-standing PV module the heat transfer coefficient of the leeward facing facing should not 
be underestimated. 
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Appendix D 

PVT collector thermal and optical 
model 

D.l Optical model 

In order to calculate the electrical yield, the irradiance ql ,transmitted, just in front of the PV 
laminate needs to be known, because of the definition of the PV efficiency. q1,transmitted is given 
by: 

ql ,transmitted = Tpv G (D.1) 

where rpv is a combined (or effective) transmission factor , representing both the transmission 
of layer 1 (top cover in figure D.1) and the effect of multiple reflections between layer 1 (top 
cover) and layer 2 (PV laminate). In order to calculate the thermal yield one needs to know 

q 
4 l,reflected 

I 

layer I .,.. ql,absorbed top cover glass 

q l,transmitted 

\ . I q2,reflected 

insulation air layer 

2 \~' .. q 
2,absorbed PV laminate 

q 2,transmined 

\ , / q3.reflected 
air channel 

3 \/ 
- -+ q3,absorbed back absorber 

Figure D.1: A simplified representation of the radiation fluxes as a result of solar irradiance 
incident on a covered air PVT collector. 

the irradiance absorbed in the PV laminate (absorber 1, q2 ,absorbed) and in the back absorber 
(absorber 2, q3,absorbed), q2 ,absorbed and q3,absorbed are given by: 

q2,absorbed = Ta, PV G 

q3,absorbed =Ta, PV G 
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where 7o:, PV describes the fraction of the incoming irradiance that is absorbed in the PV laminate. 
This fraction is determined by the transmission of layers 1 (top cover), multiple reflections be
tween layer 1 (top cover) and layer 2 (PV laminate) and the absorption factor of the PV laminate. 
Therefore this factor is denoted as 7 o:, PV. 

7o:, ba describes the fraction of the incoming irradiance that is absorbed in the back absorber. 
This factor is determined by the transmission of layer 1 (top cover), the effect of multiple reilee
tions between layer 1 (top cover) and layer 2 (PV laminate) , the transmission of the PV laminate, 
the effect of multiple reflections between layer 2 (PV laminate) and layer 3 (back absorber). 

7pv, 7o: , PV and 7o:,ba can he calculated by an optical model, see Santbergen [27) (pp. 16-19), 
which will not he discussed here in detail. 

Two different types of PV laminates are used: an opaque PV laminate for the sheet-and-tube 
collector and a semi-transparent PV laminate for the air PVT collector. The opaque PV lam
inate is a standard Shell Solar multi-crystalline silicon laminate consisting of a sandwich of 
glass/EVA/Ti02 /Si/EVA/PE-Al-tedlar. The semi-transparent crystalline silicon laminate is es
sentially the samebut the PE-Al-tedlar layer at the back has been replaced for a glass plate. For 
each of the different concepts the calculated values of 7o: and 7pv for an AM 1.5 spectrum are 
given in table D.l. The values of table D.1 are obtained from Zondag [1) . 

Table D.1: Optical parameters for the different PVT collector concepts. 

PVT collector concept 7pv 7o: ,PV 7 o:,ba 

Uncovered sheet-and-tube PVT collector 1 0.78 
Covered sheet-and-tube PVT collector 0.92 0.74 
Uncovered air PVT collector 1 0.71 0.11 
Covered air PVT collector 0.92 0.67 0.10 

D.2 Thermal model 

The thermal models presented in this section are two-dimensional steady-state models. These 
models can also he used for yearly energy yield calculations if a quasi-steady-state assumption is 
made. 

D.2.1 Sheet-and-tube PVT collector 

The model of the sheet-and-tube collector as presented here was developed by De Vries [2) and 
Zondag [1). First the heat balances are constructed from the heat fluxes as shown in figure D.2 
foliowed by the constitutive equations. With the heat balances and the constitutive equations a 
set of equations is obtained which can he solved numerically. 

Heat balances 

The heat fluxes in the covered sheet-and-tube PVT collector are shown in figure D.2. The heat 
balances of for the insulation layer can he represented by the following equation: 

(D.4) 

where Qwater is the increase of enthalpy of the water per unit collector area, Qca the heat flux from 
the PV cells to the absorber and Qba the heat flux from the backabsorber to the ambient. The 
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Figure D.2: Schematic representation of the covered sheet-and-tube PVT with conesponding heat 
fluxes. 

heat balance for the PV cells layer can be represented by the following equation: 

Qca = (Ta,PV- TpvTJelec,lam)G- QPVglass (D.5) 

where qpv glass is the heat flux in the PV glass. The electrical efficiency of the PV laminate 
TJelec, lam can be expressed as: 

T/elec, lam = TJcell(G){l + {J(T cell- 25°C)} (D.6) 

The heat balance for the insulation air layer can be represented by the following equation: 

QPV glass = Qtopglass = Qinslayer,conv + Qinslayer,rad (D.7) 

where Qtopglass is the heat flux in the top cover glass, Qinslayer,conv the convective heat flux from 
the PV glass to the top cover glass and Qins layer,rad the heat flux from radiation from the PV glass 
to the top cover glass. The last heat balance is for the top cover glass and can be represented by 
the following equation: 

Qtopgl ass = Qsky ,conv + Qsky ,rad (D.8) 

where Qsky,conv is the heat flux from convection from the top cover glass to the ambient and Qsky,rad 

the heat flux from radiation from the top cover glass to the sky. 

The equations D.4-D.8 represent the covered sheet-and-tube collector. The heat balances for 
the uncovered concept are obtained when equation D.7 is left out, while in equation D.8 Qtopglass 

is changed into QPV glass. 

Constitutive equations 

In order to solve the equations D.4-D.8 constitutive equations are needed. The constitutive equa
tions are discussed in the order of the different heat transfer mechanism. 

Convection equations 

From figure D.2 it can be seen that there are two heat fluxes as a result of convective heat 
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transport: Qsky,conv and Qinslayer,conv· The heat flux from convection from the PV glass to the 
the cover glass Qinslayer,conv can be expressed as: 

Qinslayer,conv = hinslayer(TPVglass - Ttopglas s.j.) (D.9) 

with 

N Uinslayer kair ( ) 
hinslayer,conv = Ö Tpv glass - Ttopgl ass.j. (D.lO) 

and 

N . = 1 144 [1_1708(sin1.8B)
1

·
6

] x [1 - 1708]+ [(RacosB)
0

.

333 

_ 1] + (D.ll) 
Umslayer + · Ra COS(} Ra COS(} + 5830 

With Ra obtained from equation D.18 but then Ttopglasst is changed into Tpvglass and Tamb is 
changed into Ttopglass+· The "+" sign means that these terms are only used when they are positive, 
they are zero when they are negative. Correlation D.ll is obtained from Duftie and Beckmann [6]. 

The convective heat flux from the top cover glass to the ambient Qsky ,conv can be expressed as: 

Qsky ,conv = hsky ,conv (Ttopglasst - Ta mb) 

with 

Nukair 
hsky ,conv = L c 

(D.12) 

(D.13) 

Where kair is the thermal conductivity of air and Lc the lengthof the collector. The convective heat 
transfer coefficient hconv of the collector top glass to the ambient air is aresult of natural and forced 
convection. This implies that Nu is a function of the Nusselt number from natural convection 
Nunatural and forced convection Nuforced· The Nusselt number can then be approximated by 
(Churchill [21]): 

- ( p p ) 1 / p 
Nu- Nuforced + Nunatural (D.14) 

According to Churchill the exponent p, should be 3 for laminar flow. However Kakac [28] recom
mends a value of 4 for p in case of turbulent flow. Natural convection is for the PVT collector 
contiguration considered here always turbulent as will be shown in the next paragraph. However, 
forced convection for the given contiguration changes from laminar to turbulent depending on 
wind speed and module length as will be shown in the next paragraphs. The difference in heat 
transfer coefficient determined with a p of 3 or 4 is less than 1%. Because de Vries [2] used a value 
of p = 4 we will continue here with this value. 

Natural convection 

laminar-turbulent transition occurs at a critica! Rayleigh number roughly given by the Vliet Equa
tion (Janna [22] p. 420): 

Rac = 3 ·105exp[0.1368cos (90° - B)] (D.15) 

with (} the angle of inclination between the horizontal and the collector surface. The Rayleigh 
number for the module contiguration can be expressed as: 

Ra= GrPr = gcosB(3(Ttopglasst - Tamb)L~ 
va 

(D.16) 
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Wh ere 

Gr = 9 COS B(3(Ttopglasst - Tamb)L~ 
v2 

0 < Pr = ~ < oo 
Oa.ir 

(3 = 1/Tamb 

material properties at T = (Ttopglasst+Tamb)/2 

(D.17) 

HereGris the Grashof number, Pr is the Prandtl number, vis the kinematic viscosity of air, aair 

the thermal diffusivity of air, (3 the coefficient of thermal expansion and g the gravity acceleration. 
Given the collector configuration and the meteorological data it can be concluded that the Rayleigh 
number given by equation D.16 is rarely lower than Rac = 3.3 · 105 , the critica! Rayleigh number 
calculated with equation D.15 and therefore the flow can be considered as turbulent. This implies 
that the Rayleigh number can be calculated as the Rayleigh number of a vertical plate and the 
therm cos() can be neglected (Janna [22] pp. 421): 

Ra = g(3(Ttopglasst - Tamb)L~ 
va 

(D.18) 

The Churchill-Chu Equation [21] for the Nusselt number of an inclined plate with turbulent natural 
convection is: 

{ 
- __ 0_.3_8_7 R---=-a 

1
-;-::1-=-

6 
--::-:-= } 

2 

Nunatural = 0.825 + 1 1 
[ 1 + ( ot~2 r 16r 27 

(D.19) 

This relation holds for 0 o < () < 60 °. 

Forced convection 

Nuforced can be described as a function of the Reynolds number ReL. This relation is differ
ent for laminar and turbulent flow. ReL is defined as: 

R VwindLc eL=--
v 

(D.20) 

If ReL is calculated from equation D.20 with representative values for v = 1.5·10-5 m2 · s-I, V wind 

= 1 m· s-1 and Lc = 2 m it follows that ReL = 1.33 ·105 . The critical Reynolds number for flow 
over a flat plateis ReL,cr = 5 ·105 • However in the case of a roof-integrated collector the roughness 
of the tiles will induce turbulence and therefore we will assume that the flow is turbulent for all 
conditions. For a flow that is in the transition to or already turbulent the Nusselt number by 
forced convection over a plate can be described as: 

NUforced = 0.036Rei,f5 Pr113 (D.21) 

With equations D.14-D.21 the heat transfer coefficient hsky,conv can now be calculated. 

Radiation equations 

From Figure D.2 it can beseen that there are two heat fluxes as aresult of radiative heat transport. 
The flux from radiation from the top cover glass to the sky qsky,rad can be expressed as: 

(D.22) 
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Where Fsky is the view factor from the PVT collector to the sky, Fearth the view factor from the 
PVT collector to the earth, Eg the emissivity of glass and a the Stefan-Boltzmann constant. The 
temperatures in equation D.22 are in degrees K. Fearth and Fsky can be expressed as: 

Fsky = 0.5(1 +cos B) 
Fearth = 0.5(1 - cos B) 

(D.23) 

The heat flux from radiation from the PV glass to the top cover glass qins layer,rad can be expressed 
as: 

EgEPV (T4 T4 ) 
qinslayer,rad = a PV l - t l .!. Eg + Epy - EgEPV g ass opg ass 

(D.24) 

Here Epv the emissivity of the PV panel. 

Conduction equations 

From figure D.2 it can be seen that there are four heat fluxes as a result of conduction. The 
heat flux from the PV cells to the absorber qca can be expressed as: 

(D.25) 

here hca is the heat transfer coefficient of the adhesive layer, as shown in figure D.2, Teel! the 
temperature of the PV cells and Tabs the average temper at ure of the absorber as defined in 
equation D.31. The heat flux from the absorber to the ambient qba can be expressed as: 

(D.26) 

here hba is the combined heat transfer coefficient of the thermal resistance of the insulation material 
and the convective heat transfer to the ambient at the back of the collector. The heat flux in the 
PV glass qpv glass can be expressed as: 

kglass (T T ) 
qpv glass = > cell - PV glass 

VPVglass 
(D.27) 

where kgtass is the heat conductivity of glass and 8 PV glass the thickness of the PV glass. The heat 
flux in the top cover glass qtopglass can be expressed as: 

kglass (,." ,." ) 
qtopglass = > .L topglass.!. - .L topglas st 

Vtopglass 
(D.28) 

with Dtopglass the thickness of the topglass, Ttopglass.!. the temperature of the lower surface of the 
topglass and Ttopglasst the temperature of the top surface of the topglass. 

Other equations 

The increase of enthalpy of the water per unit collector area qwater can be expressed by the 
thermodynamical relation: 

(D.29) 

here rhc is the collector water mass flow, Cp the heat capacity of water, Tout the outlet water 
temperature and Tin the inlet water temperature. 

The heat in the absorber plate is carried off by the water in the tubes. Because of the distri
bution of the tubes the temperature distribution in the absorber plate is not homogeneaus as 
shown in figure D.2. To keep the modeliD the absorber temperature Tabs is integrated numeri
cally over the width of the collector in order to obtain an average absorber temperature Tabs· An 
expression for Tabs is given by the Hottel-Whiller equations (Duffi.e pp. 252-283 [6]): 
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for x f (O,(W-D)/2] 

T ( ) _ T +(Ta- Tpv'T}elec )G + h( ) (Tbond- Tamb- (Ta- Tpv'T}elec)G /Uloss) (D.30a) 
abs x - amb Utos s cos mx cosh[m(W- D)/2] 

for x f ((W-D)/2,W /2] 

Tabs (X) = Tbond (D .30b) 

with 

(D.30c) 

U 
_ qsky,rad + qsky,conv + qba 

loss- T 
PV glass - Ta mb 

(D.30d) 

T T /h T qwaterDo 
bond = water + qwater tube = water + N k 

Utube water 
(D.30e) 

for the Nusselt number of the water flowing in the tube Nutube holds: 
ReD < 2300 =} NUtube = 4.364 

R eD > 2300 =} Nutube = 0.023Ré]} Pr0
.4 

hereReD is basedon the inner diameter of the tube D i, kis the heat conductivity, 8 the thickness 
of a layer, W the space between the tubes and D o the outer tube diameter. The average absorber 
temperature Tabs can now be defined as: 

- 2 
Tabs= W 

x=W/2 J T abs(x)dx 

x=O 

(D.31) 

With equations D.4-D.31 a closed set of equations is obtained and can be solved numerically. The 
values of coefficients used in the simulations are shown in table D.2. Values of coefficients that 
are only used for the sheet-and-tube PVT collector model are given in table D.3. 

Table D.2 : General values of coefficients used in simulations. 

Emissivity of glass fg 0.9 
Emissivity of PV fpv 0.9 
Heat capacity of water Cp 4200 J. kg-1 . oc-1 

Heat conduction through air kair 0.025 W· m-1. oc-1 

Heat conduction through glass kglass 0.9 W· m-1. oc-1 

Heat conduction through water kwater 0.6 W· m-1. oc-1 

Thickness of cover glass Ótopglass 3.2 mm 
Thickness of PV glass Ópvfllass 3.0 mm 
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Table D.3: Values of coefficients used in simulations for sheet-and-tube collector. 

Heat transfer through back of the collector hba 1.0 W· m 2. oe 1 

Heat transfer from PV cells to absorber h e a 500 W· m-2 . oc-1 
Inner tube diameter Di 8 mm 
Outer tube diameter Do 10 mm 
Tube spacing w 95 mm 
Height of insulation air layer H 20 mm 

D.2.2 Air PVT collector 

The model of the covered air PVT collector as presented here was developed by Lyimo [8] and 
the uncovered version was developed by Zondag [1] . The heat balances are constructed from fig
ure D.3 followed by the constitutive equations. Most of the constitutive equations used for the 
sheet-and-tube collector can be used here as well. With the heat balances and the constitutive 
equations a set of equations is obtained that can be solved numerically. 

Cover glass 

PV glass 

PV cells 

G 

Insulation air layer 

Figure D.3: Schematic representation of the channel-below-transparent PV PVT (air PVT) with 
conesponding heat ftuxes. 

Heat balances 

The heat ftuxes in the covered air PVT collector are shown in figure D .3. The energy balance of 
the PV cells layer can be expressed as: 

(Ta ,PV - TpvTJelec ,lam)G = qpvglassl + qpvglass2 (D.32) 

where the electrical efficiency of the PV laminate 'f/elec,lam can be expressed as: 

'f/elec ,lam = TJcell(G){l + f3(Tcell- 25°C)} (D.33) 

here the left term expresses the heat souree as a result of the absorption of solar irradiance in the 
PV materiaL The other heat souree in the air collector is at the back absorber where the solar 
irradiance, that is transmitted by the semi-transparent PV laminate, is absorbed: 

Ta ,baG = qba ,conv + qba- qpvglass2 ,rad (D .34) 

Further the heat balances for the insulation air layer can be expressed as: 

qtopglass = qinslayer,conv + qinslayer,rad (D.35) 
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QPV glassl = Qinslayer,conv + Qinslayer,rad 

The heat balance for the top cover glass can he expressed as: 

Qtopglass = Qsky,conv + Qsky,rad 

Finally the heat balances of the air channel can he expressed as: 

QPV glass2 = QPV glass2,conv + QPV glass2,rad 

Qair = QPV glass2,conv + Qba,conv 

(D.36) 

(D.37) 

(D.38) 

(D.39) 

The equations D.32-D.39 represent the covered air PVT collector. The heat balances for the un
covered concept are obtained when equations D.35 and D.36 are left out, while in equation D.37 
Qtopglass is changed into QPV glassl· 

Constitutive equations 

In order to solve the equations D.32-D.39 constitutive equations are needed. All constitutive 
equations that are needed to determine the heat fluxes in the energy balances above are similar 
to the constitutive equations for the sheet-and-tube collector except that one expression for the 
convective heat transfer in the air channel has to he added. 

The convective heat transport from the lower PV glass qpv glass2,conv to the air channel can 
he expressed similar as the convective heat transport from the top cover glass to the ambient but 
here Nuforced has to he defined as the Nusselt number for channel flow which can he expressed 
by the Dittus-and-Boelter equation (Bejan pp. 325 [22]): 

NUforced = 0.023Re~~ Pr113 (D.40) 

where Revh is the Reynolds number of the air channel flowbasedon the hydraulic diameter 
(Dh=2 Óchannel)· The same relations as described above are used to calculate Qba,conv· Natural 
convection is neglected for the air channel. The values of coefficients that are used for the air PVT 
collector model are given in table D.4. 

Table D.4: Values of coefficients used in simulations for channel collector. 

Heat transfer through back of the collector 
Heat transfer from PV cells to bottorn of PV glass 2 
Height of insulation air layer 
Air channel height 

he a 
UcelltoPV glass2 

H 
Óchannel 

0.1 W· m 2 ·oe 
150 W· m-2 · oc-1 

40 mm 
10 mm 
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Appendix E 

Rednetion of computing time 

There are three measures investigated to reduce computing time: 

• Starting values for iterative procedure 

• Linear model of the thermal and electrical efficiency 

• Number of segments over the length of the collector 

In the next paragraphs each of these measures are discussed. 

E.l Starting values for iterative procedures 

To solve the set of equations presented in appendix D an iterative procedure is used. The choice 
of a starting salution for this iterative procedure can have a large influence on the convergence 
rate. From an analysis of the solutions calculated by the model for a variety of meteorological 
conditions a new starting salution was found. With this impravement the computing time of the 
sheet-and-tube model is decreased by 10% compared to calculations with the starting solutions of 
the original model. 

E.2 Linear model for the thermal and electrical efficiency 

As can be seen from figure 3.2 the thermal efficiency is an approximate linear function of the 
reduced temperature for the given ambient conditions. If the thermal efficiencies are calculated 
for a TRY, which has changing ambient conditions, this linear approximation could give large 
errors compared to the thermal efficiencies calculated with the model discussed in section 3.3. 

Two parameters Vwind and Tsky that have an influence on the thermal efficiency are not in taken 
into account if the thermal efficiency is expressed as a function of the reduced temperature. The 
influence of the sky temperature on the thermal efficiency is small according to Duffie and Beek
man [6]. However the wind speed can have a significant influence on the thermal efficiency. 

The average wind speed Vwind of the Dutch elimate is 3.1 m· s-1 but large fluctuations are 
present. It is common to define the thermal efficiency of a PVT collector at a wind speed of 1 
m· s-1 . Figure E.1 shows the influence of an increase of Vwind from 1 to 5 m· s-1 on the ther
mal efficiency curves for the different PVT concepts. Figure E.1 shows a few interesting things. 
Firstly it is obvious that the influence for the covered designs is small at values around Tred =0 
m2 • oe· w- 1 . For highervalues of Tred, which are very common for real systems, a larger effect 
is seen. For the uncovered designs the effect of an increased wind speed is large and can abso
lutely not be neglected. At a reduced temperature of 0.02 m2 • oe · w- 1 the difference inthermal 
efficiency for the uncovered sheet-and-tube concept is even 20 % absolutely. Another interesting 
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Figure E.l: Left: thermal efficiency of the sheet-and-tube PVT for different wind speeds, right: 
thermal efficiency of the air PVT for different wind speeds. 

effect occurs with the covered sheet-and-tube PVT collector. From figure E.l it can beseen that 
the intersection of the efficiency curve of a Vwind of 1 and 5 m s-1 is at a value of Tr ed just above 
0 m2 · oe· w- 1 . This implies that the thermal efficiency of the covered sheet-and-tube collector 
at a T red just above 0 m 2 K w- 1 is higher for higher wind speeds. In another way, the cover glass 
temperature at these reduced temperatures is lower than Ta mb even if the temperature of the inlet 
fluid is higher than Tamb· This effect can be explained by the fact that the cover glass losses heat 
by radiation to the sky which is at a lower temperature than Tamb · This effect is however very 
small and will hardly have any effect on the yearly yield of this design. 

From above discussion it is concluded that the thermal efficiency for the uncovered designscan not 
be approximated by one linear relationship for changing wind conditions as in the TRY so more 
relationships for different wind speeds are necessary. The influence of the wind on the thermal 
efficiency of the covered designs is smaller. 

Another difficulty while using a linear relationship for the thermal efficiency, next to the influence 
of the wind speed, is how to determine the electrical efficiency of the PVT collector. In some stud
ies (Zondag et al. (9]) the electrical efficiency is also expressed as a linear function of the reduced 
temperature. However expressing the electrical efficiency as a function of the reduced temperature 
is not justified because the electrical efficiency can only be expressed as a function of the absolute 
cell temperature. The reduced temperature does not give a unique absolute cell temperature. For 
example, for T c,in = 20 oe, Tamb= 10 oe the same reduced temperature is obtained when T c,in = 
40 oe and Tamb= 30 oe, however the absolute temperature of the PV cells is not equal for bath 
situations. Therefore the electrical efficiency can not be expressed as a function of the reduced 
temperature. 

E.3 Number of segments 

The numerical model the PVT collector is divided into N segments over the collector length. The 
number of segments is important for the accuracy of the resulting thermal efficiency but a large 
number of segments increases the calculation time dramatically. An optimum has to be found. 
When the collector is modeled with only one segment it implies that the temperature along the 
collector is linearized. A higher number of segments means that the temperature profile along 
the collector is approximated at 5 positions along the collector and therefore a more accurate 
temperature profile is obtained. For two different flow rates the temperature profile along the 
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PVT collector for 1, 2 and 5 segments are shown in figure E.2(a) and (b). Here it can beseen that 
for the higher collector flow rate the outflow temperatures of the 1, 2 and 5 segment model are 
almast the same. This implies that the influence of the number of segments on thermal efficiency 
is very small. A lower flow rate especially results in a larger difference in outflow temperatures 
between the 1 and 5 segment model. So for lower flow rates more than one segment is needed to 
calculate the thermal efficiency accurately. The aim is to use an as small as possible number of 
segments to reduce computing time but with an acceptable accuracy. The limit of accuracy loss 
due to a smaller number of segments is set at an absolute thermal efficiency loss of 0.5 %. In 
figure E.2(c) and (d) the absolute thermal efficiency loss due totheuse of a 1 or 2 segment model 
are shown as a function of the specific mass flow rate. For the set accuracy limit the temperature 
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Figure E.2: Upper figures: temperature profile of an uncovered sheet-and-tube PVT collector for 
1 and 5 segments, upper left (a): <Pm=50 kg· m-2 · h- 1 , upper right {b): cfJm=10 kg· m-2 · h- 1 . 

Lower figures : absolute thermal efficiency loss due to the use of 1 or 2 segments instead of 5 as a 
function of the specific mass flow rate, Bottom left (c): covered sheet-and-tube collector, Bottom 
right (d): uncovered sheet-and-tube collector. The black line corresponds with the set limit for 
absolute thermal efficiency loss. 

profile along the collector can be linearized (1 segment) for a specific mass flow rate larger than 
40 kg· m-2 · h- 1 for an uncovered sheet-and-tube collector and larger than 15 fora covered sheet
and-tube collector. However to secure accuracy for all conditions it is advised to use 2 segments 
for both covered and uncovered sheet-and-tube collectors. For air PVT collectors it is expected 
that 2 segments is also sufficient to secure accuracy of the thermal efficiency. The computing time 
is decreased by 40% by using 2 segments instead of 3 segments as used in the original model. 
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Appendix F 

Starage tank with internal 
stratification appliances 

Stratification in water starage tankscan be improved by internal stratification appliances. Internal 
appliances allow self-acting build up of thermal layers inside the tank. The German company 
SOLVIS developed a starage tank "Stratos" with internal stratification appliances, see figure F.l. 
The internal stratification appliances of the "Sratos" tank consist of plastic tubes with a number 
of vertically spread membrane flaps. The incoming water is guided trough these tubes and the 
membrane where the incoming water temperature equals the temperature of the water stared in 
the tank is opened. The reason why only this membrane opens is because as long as there is 
a temperature difference between the water in the tubes and the tank, a density difference is 
present resulting in a pressure difference Pt-Pc, o· As long as this pressure difference is positive, 
the membranes can not open. With this concept water is released directly into the appropriate 
thermal layer which greatly assists in the build up of good stratification. 

To load .., 

..,.. to collector 

from collector.., ====:::;::_, 

Figure F.l : Sratos water starage tank with internal stratification appliances. 
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Appendix G 

Governing equations of the heat 
pump system 

T . 
C.l 

To grid 

v 
I 

j T 

Floor heating 

rilload 

Theating 

Figure G.l: Schematic overview of a thermal collector system with seasonal heat storage and a 
heat pump, supplying the energy demand for dornestic heating and tap water. 

The dornestic heating and hot water system with a heat pump is shown in tigure G.l. Depending 
on the energy that is needed for the load, the temperature of the water supplied by the souree 
and the heat pump specifications, this system can operate in four different operation modes: 

1. Tsource ~ Theat ing 

2. Tmax,hp ~ Tsource < Theating 

3. T min,system < Tsource < T max ,hp 

4. Tsource = T min,system 

When there is no load the heat pump system is shut down. 
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The power that is consumed by the heat pump for tap water heating can be expresse as: 

p _ rhtapcp(Ttap - T rnains) 
hp,tap- COPtap (G.l) 

where COPtap is given by equation 5.3. The power that is consumed by the heat pump for tap 
heating can be expressed as: Dornestic heating 

p q~ating 
hp ,heating = COn . 

Fheahng 
(G.2) 

where COPheating is given by equation 5.4. 

operation mode 1 

When the souree temper at ure exceeds the temperature Theatin g , water from the souree will directly 
flow to HE2 and/or HE3. For tap water two situations have to be considered. If the t emperature 
of the water coming from the souree is below Ttap it is assumed that the water coming from the 
souree exchanges an amount of heat so that the water from the rnains is heated to T souree (ideal 
heat exchange) . If the temperature of the water coming from the souree is equal or above Ttap 

it is assumed that the water coming from the souree exchanges such an amount of heat with the 
water coming from the rnains that the water from the rnains is heated to Ttap- The mass flow rate 
of the water coming from the souree is constant at rhtoad however the temperature of the water 
returning from HE2 Tr ,t ap is not constant and can be expressed as: 

Tr,tap = T souree - :::~~aapd (Tsouree - T rnain s ) f or Th eating ::; T souree < Ttap 

Tr ,t ap = Ts ouree - :::~·:aPd (Ttap - T rnains) f or T souree 2: T tap 
(G.3) 

If Theating ::; Ts ouree < Tt ap Auxl heats the tap water to Ttap· The energy needed can be expressed 
as: 

qA ux l = rhtapCp(Tt ap - Tsouree ) 

For dornestic heating a similar expression can be used: 

T T 
qheat 

r ,heating = souree - . 
ffiloadCP 

(GA) 

(G.5) 

When both tap water and dornestic heating are needed at the same moment, the amount of 
water extracted from the storage tank is rhsouree = 2xrhzoad because it is assumed that the water 
flowing to HEl and HE2 are fixed at in1oad· This situation will however hardly ever occur. The 
temperature of the water returning to the tank in this case will be: 

operation m ode 2 

Treturn = .inload (Tr,tap + Tr,heatin g) 
ffisouree 

(G.6) 

When the souree temperature exceeds the maximum souree temperature that is allowed for the 
heat pump T m ax,hp but is lower than Theating , water coming from the souree is mixed with chilled 
water from the heat pump to T m ax,hp· The amount of heat that is exchanged is: 

qex ehan ged = qheatin g + rhtapCp(Ttap - T m a ins ) - Php,heating - Php ,t ap ( G. 7) 

With equation G. 7 the temper at ure of the water returning to the starage vessel can be expressed 
as: 

T _ T qexehanged 
return - souree - . 

ffis ouree CP 
(G.8) 



operation mode 3 

When the souree temperature exeeeds the minimum temperature that is allowed in the system 
T min,system but is lower than the maximum temperature that is allowed for the heat pump T max,hp, 

no mixing is neeessary. For this mode equations G. 7 and G .8 ean he used only here the souree 
temperature of the heat pump ia equal to Tsource· In this operation mode it is possible that the 
water ehilled by the heat pump ean he at Tmin,system, if this happens the heat pump is shut down 
and the energy needed for the load is delivered by the auxiliary heaters Auxl and Aux2. 

operation mode 4 

When the temperature at the bottorn of the storage tank is equal or less than Tmin,system or 
when the temper at ure of the water returning to the tank is equal or less than T min,system the heat 
pump shuts down. The energy that is needed for the load is supplied by the auxiliary heaters 
Auxl and Aux2. The auxiliary energy that is needed for the tap water ean he expressed as: 

QAuxl = Tntapcp(Ttap- Tmains) (G.9) 

The auxiliary energy that is needed for dornestic heating ean be expressed as: 

QAux2 = Qheating (G.lO) 
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