THE UNIVERSITY OF

7 WAIKATO Research Commons

gty 16 Whare Winanga o Waikato

http://researchcommons.waikato.ac.nz/

Research Commons at the University of Waikato

Copyright Statement:

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand).

The thesis may be consulted by you, provided you comply with the provisions of the
Act and the following conditions of use:

e Any use you make of these documents or images must be for research or private
study purposes only, and you may not make them available to any other person.

e Authors control the copyright of their thesis. You will recognise the author’s right
to be identified as the author of the thesis, and due acknowledgement will be
made to the author where appropriate.

e You will obtain the author’s permission before publishing any material from the
thesis.


http://researchcommons.waikato.ac.nz/

Investigation into the effects of flow distribution on the photovoltaic

performance of a building integrated photovoltaic/thermal solar collector

A thesis
Submitted in partial fulfilment
Of the requirements for the degree
of
Doctor of Philosophy
at
The University of Waikato
by

FAISAL ABID GHANI

The University of Waikato

2013



ABSTRACT

The conversion of solar energy into usable forms of energy such as electricity and heat is
attractive given the abundance of solar energy and the numerous issues recently raised in
the consumption of fossil fuels. Solar conversion technologies may generally be
categorised as either photovoltaic or solar thermal types capable of converting incidental
sunlight into electricity and heat respectively. The photovoltaic cell is able to transform
incidental sunlight into electricity via the Becquerel effect, however, the single junction
crystalline silicon solar cell, the predominant cell type in today’s photovoltaic market is
only able to utilise a small portion (less than 20%) of incidental sunlight for this purpose.
A majority of the remaining portion is absorbed much like a traditional solar thermal
collector and sunk as heat by the cell, elevating its operating temperature. Given the
negative effect of temperature on photovoltaic cell operation, where a linearly
proportional drop in conversion efficiency with elevated temperature can be expected,
photovoltaic conversion can be reduced significantly particularly in areas of high
irradiance and ambient temperatures. Based on the intrinsic absorption characteristics of
the photovoltaic cell, a third type of solar panel referred to as the hybrid photovoltaic
thermal collector (PVT) collector has been developed where fluid channels running along
the underside of the photovoltaic panel transfer heat away from the cells to minimise this
detrimental effect. Furthermore, heat captured from the cells may then be used for space

heating or domestic hot water improving the overall collector efficiency.

In this study a unique building integrated PVT (BIPVT) collector is investigated
consisting of an aluminium extrusion with structural ribs, fluid channels, and solar
conversion materials. In order to evaluate this design, a mathematical model of the

collector was developed in order to determine both thermal and electrical yield of the



proposed design. The thermal analyses of the building integrated PVT collector in
previous studies have generally adopted the approach applied to traditional solar thermal
collectors where the distribution of coolant fluid flowing through the piping array is
assumed uniform. For a conventional solar thermal collector this simplification may be
reasonable under certain circumstances, however, given the temperature sensitivity of
photovoltaic cells and their electrical connection scheme, this assumption may lead to
significant modelling error. In order to further investigate this issue, a mathematical
model has been developed to determine the photovoltaic yield of a BIPVT collector
operating under non-homogeneous operating temperature as a result of flow mal-
distribution. The model is composed of three steps individually addressing the issues of
1) fluid flow, 2) heat transfer, and 3) the photovoltaic output of a BIPVT array. Fluid
analysis was conducted using the finite element method in order to obtain the individual
fluid channel flow rates. Using these values, a heat transfer analysis was then conducted
for each module forming the BIPVT array to calculate the photovoltaic operating
temperature for the constituent cells forming the array. During this step the finite
difference method was utilised to approximate the fin efficiency of the building integrated
collector, taking into account its irregular geometry. Finally the photovoltaic yield was
calculated using a numerical approach which considered the individual operating
temperature of the PV cells. During this step a new method was identified to determine
the values of series and shunt resistances and also the diode constant required for the
modelling of photovoltaic devices based on the multi-dimensional Newton-Raphson
method and current-voltage equations expressed using the Lambert W-function.

Experimentation was carried out to validate the new modelling methods.

These models were combined to quantify the detrimental impact of flow mal-distribution

on photovoltaic yield for a number of scenarios. In the case where flow uniformity was

il



poorest, only a 2% improvement in photovoltaic yield was obtained in comparison to a
traditional photovoltaic panel operating under the same environmental conditions. For the
case where flow uniformity was optimal however, photovoltaic output was improved by

almost 10%.

This work has shown that the effects of poor flow distribution has the potential to have a
substantial negative impact on the photovoltaic output of a building integrated solar
collector especially given the variability in its physical geometry. The appropriate design
of this technology should therefore consider the effects of this phenomenon. The
methodology presented in this study can be used to approximate PV output for a BIPVT
array with different array geometries and operating characteristics. Furthermore, the
method to calculate solar cell modelling parameters developed in this study is not only
useful for the analysis of hybrid PVT systems, but for the general analysis of photovoltaic

systems based on crystalline silicon solar cells.
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Chapter 1: Introduction

1.1 Problem statement

In a single hour the quantity of energy received on earth from the sun is equivalent to all
the energy consumed by humans in an entire year [1]. This makes solar energy one of the
most exploitable renewable energy resources that we know of today. To make use of this
abundant supply of energy, research into various technologies which are capable of
converting solar energy into usable forms of energy such as electricity and heat is active
worldwide. One such device is the hybrid photovoltaic/thermal collector, henceforth
referred to as a PVT collector. The PVT collector is a single integrated device which can
simultaneously convert incidental solar radiation into both electricity and heat [2]. In the
next chapter, research conducted into the operational characteristics of a silicon solar cell
and how they are temperature sensitive devices is discussed. In summary, their output is
hindered by elevated temperature which is typical in the presence of solar radiation due to
their inherent absorption characteristics [3]. Referring to Figure 1, the PVT collector
incorporates fluid channels which are used to cool the photovoltaic cells. Therefore, by
cooling the photovoltaic cells not only can the photovoltaic yield be improved, but heat
recovered from the cells may be used for some purpose such as space heating or domestic
hot water applications. By converting radiation into both electricity and heat, the energy
yield per square meter of roof used by the building integrated PVT collector is increased
significantly over traditional photovoltaic solar thermal technology. Furthermore research
has indicated that the overall cost and aesthetics may also be improved [4]. Costs are
improved by removing material and labour redundancies as the PVT collector is a single
integrated device and aesthetics are improved by integrating solar conversion materials

into the building envelope [5].



Fluid channels (x3)
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Figure 1 Design of the PVT collector under investigation in this study.

Despite these advantages, the PVT collector is still in its infancy with little penetration
into the current solar market. In order to improve the market share of these collectors,
their economics must prove favourable over existing technologies. To achieve this goal
the development of an accurate model of the PVT collector is required so that its output
can be quantified and optimised for specific site conditions, climate, array size, and

installation requirements etc.

As PV output will be influenced by temperature, the temperature distribution of the PVT
collector must be determined prior to any electrical calculations by conducting a thermal
analysis. Currently, the thermal analysis of the PVT collector is typically performed using
the one dimensional Hottel-Whillier analysis [6], the same approach carried out for the
analysis of standard solar thermal collectors [7]. This method however makes the
assumption that flow through each fluid channel of a header/riser fluid network (see
Figure 2) is uniform resulting in an even distribution of temperature. However, previous
studies have revealed that this is not the case for a traditional solar thermal installation
with fluid channel flow rates varying considerably depending on several factors which
shall be discussed later. As a result of this flow variation, the operating temperature of
each cell being cooled by the fluid will similarly vary leading to electrical losses due to

these mismatched conditions. Little research has been carried out which investigates this



phenomenon of flow mal-distribution and its effect on the photovoltaic yield of a PVT
collector. This represents a fundamental gap in the understanding of the operational

behaviour of the PVT collector.

Discharge manifold
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Figure 2 Flow rates through each fluid channel (red arrows) of a header/riser type fluid

network will not be equal in the field.

1.2 Aim and scope of research

The aim of this study is to determine what effect flow distribution will have on the output
of a building integrated photovoltaic/thermal collector. As previous research has been
conducted which examines the effect of flow distribution on the thermal aspects of a
traditional solar thermal collector, this study will be primarily focused on the photovoltaic
output of the PVT collector. The design of the collector was limited to the aluminium
extruded design shown in Figure 1 with a typical header/riser channel network shown in
Figure 2 to cool the photovoltaic array. The photovoltaic system consisted of the multi-
crystalline silicon (mc-Si) cell type only in this work as it represents the majority of
installed photovoltaic devices [8]. The selection of the design shown in Figure 1 is

discussed in section 1.2.1.



1.2.1  Collector design selection

Prior to this study, research by Anderson [9] was carried out investigating the thermal
aspects of the BIPVT collector. In his work, a standing seam or troughed sheet metal roof
made from coloured steel was used to fabricate the collector (refer to Figure 3). In
addition to the structural ribs which stiffen the collector and provide the necessary
strength, a coolant channel was formed in the profile to provide a pathway for the coolant
fluid as shown by Figure 4. The fluid channel was created by attaching a colour coated
absorber steel sheet onto the sheet metal roof by the use of adhesives. A number of

challenges were encountered with this design however.

1) The coloured steel material used to fabricate the collector was galvanised and dip
coated black (to improve absorption). Although varying the material colour was
not found to be significantly detrimental to thermal performance [10], welding
the absorber sheet to the sheet metal collector was found difficult to achieve

unless coatings were first removed [9].

ii) Experience with adhesives as an alternative to welding proved unreliable being

prone to leakage and raised serious concern with the longevity of the product.

iii) In order to make the necessary fluid connections to the collector, holes were
drilled into the sheet metal collector for the inlet and outlet plumbing fittings (see
Figure 3). Nipples were silver soldered onto the underside of the collector for
manifold connection. The fluid opening remains at the end so the collector had to
be plugged. This process was similarly found unreliable with leaks forming and
raised concern over how the process could be reliably implemented in a high

speed manufacturing environment.



Figure 3 BIPVT Collector design consisting of a standing seam coloured steel roof and an
absorber plate adhered in place with pc-Si cells encapsulated using a poly-vinyl resin

adhered onto the roofing [9].

Top absorber Encapsulated PV Glazing

\\ cell \ /

Sheetlﬂal roof

Figure 4 Cross sectional view of the assembly explosion for the collector investigated by

Coolant “channel”

Anderson [9].



As a result of these issues, an alternative design was investigated in this study. The use of
aluminium extrusions to manufacture the collector which included fluid channels was a
promising alternative. By extruding the ribs and fluid channels into a single part, the
process of drilling holes into the sheet and silver soldering of nipples as required in the
previous design is eliminated removing a significant leakage issue. Fluid channels formed
in the extrusion can be tapped and threaded for the connection of plumbing fittings,
minimising the risk of leaks. Additionally the high thermal conductivity of aluminium

yields an improvement in fin efficiency over a collector fabricated from coloured steel.

Figure 5 Design of the aluminium extruded BIPVT collector with photovoltaic cells.

The aluminium extrusion design shown in Figure 5 is black anodised to address the issue
of corrosion and also to improve the absorption characteristics of the aluminium. The
challenge raised by this design however is the method of PV cell encapsulation. The
encapsulation process is a critical step to ensure the longevity of the PV system by
preventing the ingress of moisture. In this work, vacuum lamination of photovoltaic cells
in a sandwich style assembly consisting of a protective top cover (typically glass in
current PV modules) and multiple layers of ethylene vinyl-acetate (EVA) was adopted
[11]., Figure 6 depicts this assembly type with several layers and their position in the

assembly.



glass -
EVA

CSiFVcels TE— S —
EVA

DACK-SNEOT o —
Figure 6 Schematic representation of the encapsulation of PV cells using EVA [11].
The assembly shown in Figure 6 is placed in a vacuum laminator (Figure 7) where air is

expelled from the assembly and heated to cure the constituent layers of EVA forming the

encapsulated assembly.

flexdbis mambrans
upper chamber ———
+_
... — e m
lowar chambaer : _ PV .
hesting plate

Figure 7 Flatbed laminator used to cure the EVA and encapsulate the sandwich assembly

[11].

As the standard lamination process is typically performed in a flatbed laminator similar to
the one shown in Figure 7, the method of laminating onto the extruded aluminium design
(Figure 5) with its unique geometry containing structural ribs and fluid channels was an
initial concern however research carried out at the University of Waikato in a separate
study was able to build a custom laminator capable of laminating the extruded design

addressing this issue [12].

With the lamination issue addressed, the aluminium extruded design (Figure 5) was

deemed a viable product for manufacture and worthy of further investigation.



1.3 Overview of the thesis

Chapter 2 will review the literature relevant to the PVT collector and the research aim.
The major types and design variations of the PVT will be introduced and discussed.
Studies regarding the effect of flow distribution in the context of the solar thermal
collector will be examined followed by the traditional heat transfer analysis of these
systems. Literature regarding the modelling of photovoltaic devices including the

influence of temperature and the effects of mismatching will be discussed in detail.

A preliminary investigation into the effect of geometry and other factors specific to the
building integrated PVT collector on flow distribution is given in Chapter 3. As the
results from Chapter 3 indicated that a large variation in flow distribution is possible for
the building integrated PVT collector, a photovoltaic model with the ability to capture
heterogeneous array operating temperature was developed. Chapter 4 will describe the
research carried out into the development of a unique numerical method for determining
the series and shunt resistances of a solar cell, two parameters required for modelling a
photovoltaic cell, using the Lambert W-function. The experimental method used to
validate the numerical method presented in Chapter 4 is presented in Chapter 5. Based on
the results presented in Chapter 5, it was found that the numerical method presented in
Chapter 4 could be further enhanced. Chapter 6 presents a modified numerical algorithm
to calculate the values of series and shunt resistances and also the diode ideality factor.
Using the mathematical model of the photovoltaic system developed in chapter’s four to
six, the effect of flow distribution on the photovoltaic output of the PVT collector is
examined in Chapter 7. However, the three step numerical approach presented in Chapter
7 was found to be computationally intensive and time consuming to conduct. To address
this issue, an artificial neural network was successfully trained to approximate

photovoltaic output considering the phenomenon of flow distribution. Details of this



study are provided in Chapter 8. Conclusions and recommendations are finally provided

in Chapter 9.

Chapters 3 to 8 inclusive are presented in their journal article published format. Those
already published and submitted for publication are included in the abstract. Prior to each
journal paper, a short introduction is provided commenting on the motivation behind the

work carried out and its overall contribution to the body of thesis.



Chapter 2: Review of the Literature

2.0 Introduction

Background material relevant to the analysis of the hybrid photovoltaic/thermal (PVT)
collector is presented in this chapter. Considerable research into this technology has
occurred from its original development in the 70’s [13]. Here previous research onto the
development of the hybrid PVT collector is reviewed including the advantages and
motives behind the technology. Examples will be presented for the PVT/air, PVT/water,
and the building integrated (BIPVT) design variants. Despite the technological
advantages associated with the PVT collector, a number of obstacles that remain to be
addressed, such as the detrimental effect of high temperature on the output of a

photovoltaic device, leading to the primary research goal of this study.

2.1 The hybrid photovoltaic/thermal collector

As a result of the OPEC oil embargo in 1973/1974 and the subsequent rise in oil prices,
research into the harnessing of solar energy was escalated during this period. One
outcome of this research activity was the development of the PVT collector concept
originally developed by Martin Wolf in the mid 70’s [13]. In this pioneering study, Wolf
experimented with a PV array mounted within a non-concentrating thermal collector and
a lead acid battery for storage. His work concluded that the concept was both feasible and

cost effective leading to significant research into this area.

The PVT collector is a single integrated device which can simultaneously convert solar
radiation into both electricity and heat [14]. In essence, solar cells are implemented
directly onto a thermal absorber and used for the direct conversion of solar energy into
electricity via the photovoltaic effect. The typical silicon solar cell will convert between
4-17% of incidental radiation into electricity [15]. The remaining portion (greater than

50% after the deduction of reflection losses) is absorbed and converted into heat [16]. As
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a result of their absorption characteristics [16], the operating temperature of a solar cell

can be expected to rise in the presence of radiation. This can lead to two undesirable

outcomes:
@) a drop in conversion efficiency (0.5%/°C rise for silicon cells has been
reported [17]) and
(i1) possible permanent damage to the cell due to thermal stress [18].

These undesirable effects, however, can be mitigated by cooling the cells with a fluid
(typically either water or air) thus improving their photovoltaic output and lifetime. Total
energy yield from the collector can be further improved by capturing and transporting
heat collected from the cells for space heating/hot water applications via an active heat
recovery system. The photovoltaic array is thus a constituent part of the thermal absorber
assembly [19] potentially leading to a substantial increase in the overall efficiency of the
collector. Model calculations performed in the 1990’s gave the range of the total

combined efficiency to be between 60-80% for a hybrid collector [20].

The improved yield of the hybrid collector was experimentally demonstrated in the
Netherlands by Zondag et al. [21]. In their study, solar thermal and photovoltaic
collectors each of 1 m” in area were found to produce 520 kWh and 72 kWh of energy
respectively in annual yield. A PVT collector 2m’ in total area on the other hand was
found to yield 720 kWh of thermal energy and 144 kWh of electrical energy, an
approximate increase of 44%. These results were further supported in follow-up work by
the same group [22]. The advantage of yielding more energy per unit area of roofing in
comparison to traditional solar technologies was stated to be particularly relevant to areas

of dense population such as India, China, and Japan [23]. For example, a simulation study
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demonstrated that the PVT collector can reduce the total roofing area by 60% in

comparison to using traditional technology installed side-by-side [24].

A number of design variations currently exist within the PVT family from which two
main categories may be identified: (i) concentrated and (ii) flat plate [25]. As the former
is beyond the scope of this work this review shall focus only on the flat plate collector.
Within this group, collectors can be further classified according to the type of working
fluid used to transport heat away from the photovoltaic (PV) cells. Air and water are the
most common; however, several studies have investigated the use of refrigerants coupled
with heat pumps [26-31]. Furthermore a special variant of the PVT collector, the building
integrated PVT or BIPVT collector will be discussed in detail given its particular
relevance to this research project. The proceeding sections will review the historical

development of each.

2.1.1 The PVT/air collector

Air that is naturally or forcibly circulated can be used simply and economically to cool
photovoltaic modules. Forced circulation will offer superior cooling over natural
circulation owing to higher rates of convective heat transfer but the additional fan power
will reduce net electricity gain [15]. The low thermal conductivity of air, however, results
in poor heat transfer between the absorber plate and air [32]. Nevertheless several designs
have been proposed to increase the heat transfer coefficient to tackle this issue. These
include multiple pass [33, 34], finned absorber [35, 36], and corrugated-type absorber air

heaters [37].

The effect of multiple-pass air flow for a solar air heater was theoretically investigated by
Garg et al. [33]. The addition of air passes was said to reduce thermal losses from the
collector, thereby increasing total energy collected. Optical losses were reported to

increase with the addition of covers but the thermal gains were found to improve
12



performance overall. This is true for a collector whose sole purpose is to heat air, but for a
hybrid photovoltaic collector, the optical losses may prove a severe detriment to

electricity generation.

A performance comparison between a single and double pass PVT/air collector was
analytically carried out by Sopian et al. [38]. The single pass collector consisted of air
flowing only under the PV panel whereas the double pass collector included fluid flow
over the top and then under the PV panel. For the latter flow arrangement greater heat
removal from the top absorber plate was demonstrated consequently reducing absorber
plate temperature. By reducing the absorber plate temperature, heat loss to the
environment was reduced maximising thermal efficiency. The reduced absorber plate

temperature also meant the photovoltaic cells were cooler, improving electric yield.

Hegazy [34] made an extensive numerical investigation of four popular multiple pass
PVT/air collector designs looking at thermal, electrical, hydraulic and overall
performance. The four designs studied were: Model I - air flowing over absorber, Model
II - air flowing under absorber, Model III - air flowing on both sides of the absorber in a

single pass, and Mode IV - the same as mode III but in a double pass fashion (see Figure

8).
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Figure 8: Schematic of PVT/air collector designs evaluated in the study by Hegazy [34].



It was shown from this study that Mode I offered the lowest performance while the other
three produced comparable results. Mode III followed by Mode IV and II consumed the
least fan power. The suitability of a selective surface absorber plate was also investigated

and deemed inappropriate due to reduced PV generation especially at low flow rates.

Joshi et al. [39] evaluated the performance of two single pass hybrid PVT/air collectors.
The first PVT/air collector was made with a glass-to-Tedlar® construction and the second
was a glass-to-glass type. All experiments were performed outdoors in New Delhi, India.
It was found that the glass-to-glass collector operated with the highest thermal efficiency.
Thermal efficiency was found to decrease with duct length for both collectors and

increase with an increase in duct air velocity.

Another study by Garg et al. [35] showed the effect of introducing rectangular fins and v-
groove corrugation into the absorber of a solar air heater by carrying out an theoretical
analysis. By increasing the heat transfer area of the absorber using fins, the air outlet

temperature was shown to improve.

A Dblack-painted corrugated Aluminium roof was analytically and experimentally
investigated by Choudhury et al. [37] as a low cost air heater for low temperature
applications such as agricultural use. Electrically driven blowers were used to circulate air
in a channel created between the roof and a wooden plate. Collector efficiency
measurements were made for various mass flow rates and channel dimensions. In order to
obtain high temperatures it was found that that a low mass flow rate with long channel
length was necessary. Reducing fin width was found to significantly improve system

performance in their study.

A finned double-pass PVT/air collector was investigated by Yusof Othman et al. [6]
which adopted both the multiple pass and finned approach. In this collector, air entered
through the upper channel formed between the glass cover and a photovoltaic panel

which was directly heated by the sun. The air then entered a lower channel formed
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between the module back and the mono-crystalline photovoltaic panel. Fins on the back
of the PV panel were expected to interrupt air flow, creating turbulence which would in
turn improve heat transfer to the air. The collector was tested at steady state under indoor
conditions using S00W solar lamps. Thermal efficiency was improved by increasing the
air mass flow rate but benchmark collectors were not used to compare the effect of the

multiple pass finned strategy in this experiment.

Glass cover Solar cell

Insulator Fin

Figure 9 Double pass PVT/air collector with underside fins [6].

Outdoor testing in Greece was carried out on both PVT/air and PVT/water collectors of
different configurations by Tripanagnostopoulos et al. [40]. Thermal efficiencies ranged
between 38% to 75% and 55% to 80% for the PVT/air and PVT/water collectors
respectively. The higher efficiency values were obtained by using low-cost diffuse
reflectors between adjacent rows to increase incidental radiation. It was determined that a
PVT/air collector would cost 5% more to manufacture over a conventional photovoltaic

module and around 8% more for a PVT/water collector with polycrystalline cells.

An innovative photovoltaic collector incorporated into building cladding known as
SOLARWALL was reported by Hollick from Conserval Engineering Incorporated [41].
The collector was made from corrugated metal cladding (either galvanized steel or
aluminium) and coated for weather protection and also to match building aesthetics.
Using crystalline silicon solar cells and heat recovery, the roofing system was found to
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make substantial reductions in thermal energy consumption based from indoor testing

results. Energy savings of 500 kWh to 1000 kWh per m” per year were claimed.

So far this survey has only covered roof-mounted collectors but a novel PVT/air collector
in the form of a wallboard has been developed and tested by Nagano et al. [42]. This
novel collector was developed in response to the issue of snow build-up on collectors in
the cold climate of Hokkaido, Japan. A vertical wall board would not accumulate snow
and would function throughout the year. Photovoltaic panels orientated at 80 degrees
(relative to the ground) were arranged with a rear air channel where air was circulated
using fans. Various configurations were investigated including the fabrication of
collectors with amorphous silicon PV and polycrystalline cells and with/without glazing.
Thermal efficiencies varied between 20.2 and 22.3% for unglazed collectors and 29.2%
and 36.9% for glazed ones. Amorphous silicon cells were found to be unsuitable on
account of their low conversion efficiency as the area of the south facing wall of a typical

Japanese house would be insufficient to provide the electricity needed.

The disadvantages of the PVT/air collector, however, are the low heat transfer rates due
to the low heat capacity and thermal conductivity values of air. Tripanagnostopoulos et al.
[40] carried out an extensive comparative study on a combination of PVT collector
designs including the use of glazing and air and water as the working fluid. Their study
showed that thermal output was improved by up to 30% with the introduction of glazing
albeit at the cost of photovoltaic yield. Photovoltaic conversion efficiency was reduced by
16% due to reflection loss introduced by glazing and the elevated working temperature of
the photovoltaic cells. Based on these results the authors recommended that glazing be
used for applications favouring thermal output. However, by installing low cost booster
diffuse reflectors, photovoltaic losses were completely recovered compared with the

glazed PVT collector.

16



Furthermore Kalogirou and Tripanagnostopoulos [43] mentioned that air-type PVT
collectors are not suited for applications in medium and high latitude countries due to the
low ambient temperatures which limit their implementation. Consequently a significant

number of studies have been carried out in the development of the PVT/water collector.

2.1.2 The PVT/water collector

The transport properties of water make it better suited for heat exchange applications
based on its higher thermal capacity [44]. Furthermore, water is convenient due to its
infrared absorption characteristics which could be exploited when coupled with a PV cell
of complimentary spectral response [45]. At present the most popular design resembles
the traditional solar thermal collector which utilises the fin and tube approach; however,

several other approaches have also been investigated.

In one study, a PVT collector was built by simply laminating photovoltaic cells directly
onto the aluminium absorber of a conventional solar thermal collector [46]. The objective
of this analysis was to compare the total energy yield of a thermo-electric generator
(TEG) and a hybrid PVT collector. The PVT collector of 2.1 m” in aperture area was
found to operate with a total efficiency of 73.6% at zero reduced temperature. A similar
value was reported by Tripanagnostopoulos et al. for a flat plate collector built and tested
in Greece [40]. In the study by Tripanagnostopoulos et al., however, the PV panel was
mechanically pressed onto the top of the heat exchanger raising the issue of thermal
contact resistance with air trapped between the PV panel and absorber. A similar method
of coupling the PV panel to the absorber was also reported in another study [47]. A
significant improvement in yield was more recently reported by a German group which
fabricated a glazed PVT collector by directly laminating single crystalline cells onto an
optimised absorber, thus minimising contact resistance [48]. Indoor testing of the

collector revealed a combined thermal/photovoltaic conversion efficiency of nearly 88%.
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An alternative to the sheet and tube design is to use non-circular fluid channels. Although
this may complicate the connection of manifolds, the rectangular cross section channel
has potential to increase the fin efficiency value F (discussed in Section 2.3). A flat box
absorber assembly consisting of aluminium extrusions (Figure 10) was used to construct a
PVT collector operating under thermosyphon flow [49]. Such an absorber was quoted by

the authors to have a fin efficiency approaching unity.

Figure 10 Flat box channels assembled to create an absorber for a PVT collector [49].

In the Netherlands, a comparative analysis based on a numerical investigation was
performed on seven different PVT collector design concepts [22]. The designs
investigated were classified into four groups; a) sheet and tube, b) channel flow, c) free
flow, and d) two-absorber type collectors (see Figure 11). The sheet and tube design, as
already discussed, is the simplest design based on its extensive use in traditional solar
thermal collectors. Here a tube was mechanically attached to the absorber with good
thermal contact for fluid circulation. The channel design involves water being circulated
in a channel between the PV panel and a glass sheet, with care taken to ensure the
spectral absorption of the water compliments the spectral response of the solar cell. A
similar design was investigated in Turkey which reported the economic benefits of such a
design [50]. However it was found by Zondag’s group [22] that a small overlap did exist
between the absorption characteristics resulting in a 4% drop in electrical efficiency from
the PV panel. The free flow design eliminates one of the glass covers used in the channel

design so that water is free to flow over the surface of the PV panel. A major issue with
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this design is the relatively low evaporation temperature of the water, leading to

substantial heat losses.
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Figure 11 PVT configurations investigated by Zondag et al. [22].

Finally the two-absorber design consists of a fluid being circulated within a channel
between a transparent PV panel and a glass sheet. Light transmitted through the PV panel
is then absorbed by a secondary black absorber with fluid circulating underneath it. This
design, also investigated by MIT in earlier work, was found to offer high thermal
performance [51]. The investigation carried out by Zondag et al. [22] supported these
results; however, the point was made that the additional materials including two glass
sheets increases the weight and fragility of the collector [S2]. The sheet and tube with a
single cover design was found to operate with only 2% lower efficiency compared to the

two-absorber design and is significantly less complex to manufacture. Based on these
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results, Zondag et al. made the conclusion that this design is the most promising of the

designs investigated.

Further investigation into the sheet and tube design PVT collector was consequently
carried out by Zondag et al. [53]. A numerical model was developed in order to identify
and quantify the loss mechanisms behind the reduced PV and thermal yield of a PVT
collector in comparison to traditional PV and solar thermal collectors respectively. It was
found that reductions for both PV and thermal losses could be achieved by the application
of anti-reflective coatings and thermal output could be improved by applying a low
emissivity coating to the absorber at the expense of electrical efficiency. Their work

identified the trade-off that exists between the thermal and photovoltaic efficiencies.

The technology discussed so far is similar to conventional solar thermal and photovoltaic
collectors in the sense that they are installed on top of existing building materials (roofs,
walls, etc.). A special branch of PVT collectors known as the building integrated PVT or
BIPVT collector has recently emerged receiving significant attention. Here traditional

building materials are replaced by solar-converting ones.

2.1.3 Building integrated photovoltaic collectors

The energy consumed and the emissions produced by today’s modern buildings are
gaining more attention as a result of growing demand for the implementation of
renewable energy technologies [54]. However one of the challenges facing the
implementation of renewable energy today, particularly solar energy systems, is this issue
of cost. The economics of solar energy systems needs be addressed to see the transfer of
this technology into the market. Studies have been performed which indicate that the PVT
collector is favourable over existing technology based on its improved energy yield [22].

The reduced payback time of a PVT collector in comparison to individual technologies
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(i.e. PV only or solar thermal only) has consequently been demonstrated by a study
conducted in Italy by Frankly et al. [55]. Similarly a study performed in Greece showed
that the payback time of the PVT collector was reduced by 10 and 6 years for mono-
crystalline (c-Si) and amorphous crystalline (a-Si) modules respectively against the

traditional corresponding photovoltaic systems [56].

Further cost reductions, however, are possible by replacing traditional building materials
with solar energy conversion materials and removing installation and material
redundancies [57]. A number of methods currently exist to incorporate solar technology
into the built environment. The first method is to only integrate the photovoltaic panel
onto roofs and facades [58]. This rapidly growing area is known as building integrated
photovoltaics or BIPV. The second method is to include the characteristics of a traditional
solar thermal collector and manufacture what is called a building integrated thermal or
BIT collector. Finally the BIPVT collector includes aspects from both BIPV and BIT
technologies. Driven by its cost saving potential and architectural uniformity, where even
colour can be varied [10, 22, 59], several studies have been carried out exploring this

technology.

Photovoltaic technology can be integrated into sloped roofs, flat roofs, facades, and
shading devices [54]. By replacing conventional building envelope materials with BIPV
technology, the outer surface serves as a climate screen and also a local source of
electrical energy. The improved economics of the BIPV collector over a standalone
photovoltaic system was demonstrated in one modelling study carried out in India [60].
Supporting the results of Benemann et al. [61], this study provided the details of an
economic analysis comparing these two systems showing the improved economics of the
building integrated system. In addition to its technological advantages, the BIPV collector

offers an aesthetic improvement by providing greater architectural uniformity
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One major concern of integrating photovoltaics into rather than onto the building
envelope, however, is temperature. The negative effect of temperature on photovoltaic
yield will be discussed in detail in a later section; however, it is worth noting that there is
a linear drop in conversion efficiency for crystalline silicon solar cells with increased
temperature. By incorporating PV technology into structures, higher than usual operating
temperatures may result due to the reduced cooling. For example, Davis et al. [62]
predicted operating temperatures greater than 20 °C above the normal operating
temperature of a photovoltaic panel. Taking the mean decay of PV conversion efficiency
to be 0.5% per degree Celsius rise [63], this will lead to an approximate drop of 10% in
PV output compared to normal operation. Similar to the concept behind the PVT
collector, by incorporating ventilation or means to actively recover heat from the BIPV
panel, the negative effect of temperature can be reduced. This principle has led to the

development of the BIPVT collector.

Identifying the potential BIPVT collector to improve the output of a PV system in sunny
and warm climates, Chow et al. [64] carried out a comparative analysis of three designs
for a hotel located in Macau. The first design was to have an air gap behind the PV panel
with open ends to allow natural and wind-induced ventilation of the panel. The second
design included means to recover heat from the panels for hotel use via buoyancy induced
flow. Finally the third design was a standard BIPV system with no ventilation or heat
recovery. Interestingly no significant variation in PV output was calculated from this
numerical study between each of the three designs due to the regulated cool indoor
temperature of the hotel which effectively cooled the PV cells. However space heat gain
through the solar wall was minimised by the PV system with active heat recovery.
Additionally between May and October, approximately 70, 000 MJ of warm air was
generated, according to the simulation, which could be used for water pre-heating use in

the kitchen, etc.
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An additional study by Chow et al. [65] experimentally investigated the performance of a
BIPVT system mounted on a vertical wall coupled with a thermosyphon-type water
cooling system. It was found that the thermal efficiency of the system at zero reduced
temperature was 38.9% and the corresponding photovoltaic conversion efficiency was
only 8.56%. Similar to the results obtained in the previous study [64], one significant
advantage of the building integrated system was the reduced heat gain to the indoor
building environment. Consequently space cooling load was reduced by approximately

50%.

2.2 Analysis of PVT collectors

A significant portion of studies in the area of PVT collectors has been largely based on
simulation work [24, 66-68]. Models may be used to approximate the output of a
collector of various designs operating under different operating conditions making them a
valuable tool for economic assessment. Modelling provides a means to investigate areas
of interest and avoid the high cost and time consumed in setting up an experiment. This
section will discuss the techniques used for the analysis of PVT collectors. The thermal

and electrical aspects of the hybrid collector will be individually addressed.

2.2.1 Heat transfer analysis

The thermal analysis of the PVT collector has typically been adapted from the one
dimensional analysis of the traditional solar thermal collector, due their operational
similarities. However, in order to take into account the effects of the photovoltaic
component Florschuetz [69] in the late 1970’s proposed an extension to the original
procedure developed by Hottel and Woertz [70], Whillier [71], and Hottel and Whillier
[72]. The collector analysed by Florschuetz shown in Figure 12 is a typical single glazed

sheet and tube collector with photovoltaic cells adhered to the absorber plate.
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Temperature distribution in the direction of x for a traditional solar thermal collector
operating under steady state conditions is calculated by solving the following second
order ordinary differential equation:

d’T 1

T =5 0T =T)=S] ()

Where £ is the thermal conductivity of the absorber, ¢ is the absorber thickness, U; is the
overall heat loss coefficient (W/m K), T is the local absorber temperature, and 7, is the
ambient temperature. To take into account the electrical efficiency of the solar cell and its
linear drop in conversion efficiency with temperature [73], Florschuetz replaced U, and S

shown in Eq. (1) with modified expressions Eq. (2) and Eq. (3) respectively to give Eq.
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Where 7,.r1s the photovoltaic conversion efficiency of the cell at reference conditions, ..
is the temperature decay coefficient, and #, is the photovoltaic conversion efficiency of
the cell at ambient temperature. The one dimensional thermal analysis of solar collectors
has been used extensively due to its simplicity and low computational burden in order to

investigate a number of design issues.
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Figure 12 Cross section of the PVT collector analysed by Florschuetz [69].

A one dimensional analysis was conducted by Anderson et al. [74] on a building
integrated PVT collector made from coloured steel roofing. Their combined theoretical
and experimental study revealed that the attic air space could effectively be used as an
insulating barrier and therefore insulating materials at the rear of the collector could be
spared, reducing system installation cost. Their analysis makes the assumption that flow
within the collector is uniformly distributed [75, 76] yielding a uniform variation in
absorber temperature; however, several studies that shall be discussed in section 2.2.2,

have demonstrated that fluid flow through a manifold fluid network is not uniform.

2.2.2 Flow distribution within a header riser fluid network

The header/riser fluid network typically used to transport thermal energy away from the
absorber in a traditional solar thermal collector is shown in Figure 13. The network
shown is comprised of a dividing and combining header and a series of fluid risers. This
fluid arrangement is commonly used for applications outside the solar field such as steam
generation units and chemical processing plants [77] and has been investigated in several

studies.

An early investigation into flow distribution within a manifold system was carried out by

Acrivos et al. [78]. The variation in channel flow for a fluid network equivalent to those
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shown in Figure 13 and Figure 14 was described by the authors to be a result of a the

variation in pressure along the manifold.

A mathematical model was developed in the study by Datta and Majumdar [77] in order
to investigate the variation in pressure along the manifolds for a header/riser network
operating under both parallel and reverse flow. Their analysis revealed that flow

distribution was dependent on three parameters;

a) The ratio of total port areas to header area (4 = nd"/D?).
b) The friction parameter (F = 4f LD/nd").

c) The discharge coefficient (Cy) for lateral flows.

Where n is the number of risers or lateral branches, d is the riser diameter, D is the header
diameter, f'is the friction factor, and L is the header length.
Based on a parametric study of the first two parameters Datta and Majumdar made the

following conclusions:

a) The relative variation in lateral flow distribution increases with the ratio of total
port areas to header area.

b) Reverse flow in the manifold resulted in the most uniform flow distribution in
comparison to parallel flow.

c) In parallel and reverse flow manifolds, maximum branch flow occurs through the

last and first ports respectively.
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Figure 14 Diagram of a header/riser array under reverse flow.

Their work, however, did not recommend an optimal ratio of dividing/combining

manifolds pipe diameter and branch pipe diameters.

Several simulation and experimental studies have since been conducted confirming that
flow is not uniformly distributed in a practical installation [79] with flow quality

dependent on several factors.

Investigating the issue of non-uniform flow within a solar thermal collector, Chiou [80]
developed a numerical model to quantify the flow rate through each individual fluid

channel of a solar collector operating under 16 theoretical scenarios. Based on the results
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obtained from his fluid analysis, he then plotted the absorber temperature in two spatial
co-ordinates demonstrating the large variation obtained due to the non-uniform flow.
Consequently a degradation of thermal efficiency between 2-20% was calculated from the
analysis when compared to the calculations performed when assuming uniform flow.
Based on the results of his study, Chiou concluded that the effects of flow distribution

should not be ignored in the analysis of solar thermal collectors.

As opposed to the study of Chiou [76] which was based on numerical simulations, Wang
and Wu [81] carried out a combined numerical and experimental study. Their study
examined the flow and temperature distribution for an array of ten solar thermal
collectors each consisting of 16 risers, giving a total of 160 risers. Additionally, the
direction of flow travelling within the inlet and discharge manifolds was varied between
parallel and reverse flow. The pattern of flow through each of the arrays was found to be
different for parallel and reverse flow directions unlike the results of Datta and Majumdar
[77] who reported similar variations in flow for both configurations. For the case of
parallel flow, central risers received little flow, while outer risers operated under high
flow rates. Consequently a temperature disparity of approximately 30 degrees Celsius
was obtained between the two regions. For the case of reverse flow however, only risers
closest to the inlet/discharge ports registered significant flow with riser flow rates
progressively diminishing. Average thermal efficiencies from each of the arrays were
found to be 58.5% and 44.5% for the parallel and reverse flow arrays respectively. From
these results it was concluded that reverse flow in the manifold should be avoided. Again,
these results contradict the results of Datta and Majumdar [77] which reported that flow

distribution was improved with reverse flow in the manifolds.
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In addition to the direction of flow in the manifolds, Jones and Lior [82] demonstrated
that other factors will similarly influence the quality of flow distribution. By means of a

numerical model, the following geometrical factors were varied;

(1) Ratio of the manifold pipe to fluid riser diameter,
(i1) Number of fluid risers, and

(iii))  The length of fluid risers.

Their results revealed that the ratio of manifold to riser pipe diameter was the most
influential on flow uniformity. Furthermore, by reducing the length of the risers and
increasing the number of risers, flow quality was found to diminish. Their study indicates
that the shape of the array will have an impact on the flow distribution within a solar

array.

Acknowledging the multi-dimensional and transient nature of the solar thermal collector,
a numerical model based on the finite volume approach was developed in Spain [83]. One
of the objectives of their study was to examine the effect of mal-distribution of coolant
flow. Figure 15 displays the results of a computational analysis performed for the
absorber temperature operating under uniform and non-inform flow. For the case of
uniform flow, riser outlet temperatures for each tube did not differ by more than 0.4 °C
while for non-uniform flow a difference of over 20 °C was obtained. Their study
highlighted the difference between the simplified modelling approach and what can

actually be expected from a solar thermal collector.
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Figure 15 Variation in absorber temperature for a collector under uniform flow (left) and

non-uniform flow (right) [83].

Unlike the previous studies which were carried out on conventional solar thermal
collectors, research in Thailand more recently investigated the effect of flow uniformity
within a PVT collector [84]. The investigation was focused on the geometry of the array
which was varied by altering the connection scheme of the PVT modules. Supporting the
results of Jones and Lior [82], it was found that by minimising the number of risers
(achieved by reducing the number of ‘strings’ of modules) flow uniformity was
improved. Furthermore it was found that by reducing the mass flow rate flow distribution
was improved. The limitation of this study, however, was that the net effect on
photovoltaic yield was not quantified. To perform this task a model which captures the

non-linear behaviour of a photovoltaic system would need to be developed.
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2.2.3 Mathematical modelling of photovoltaic cell

The common approach in evaluating the electrical performance of a photovoltaic system
is based upon the ability to describe the current-voltage (/-V) characteristic for the device
under study. The current-voltage characteristics are useful in examining the performance
of the cell under various operating conditions and characteristics. Several techniques are
generally used to achieve this; however, the lumped parameter approach is most
commonly employed [85]. The two most popular variants of this approach are the single

and double diode models.

The single diode model describes the behaviour of a solar cell using the modified
Shockley diode equation which incorporates a diode quality factor (n) to account for the
recombination in the space charge region. The double diode model simulates the space
charge recombination effect by incorporating a separate current component with its own
exponential voltage dependence. It is stated in another study [86] that the double diode
model is able to better approximate the behaviour of a solar cell at lower levels of
illumination. However the double diode model requires the evaluation of seven
parameters which can be difficult to carry out. The single diode model on the other hand
requires the evaluation of only five parameters. It has been stated that it offers a good
balance between simplicity and accuracy [87], has been shown to adequately fit
experimental data at standard test conditions (STC) [88] and has therefore been widely

used [89, 90]. The equivalent circuit diagram for this model is shown in Figure 16.

CD b\ g Ren Vv

Figure 16 Equivalent circuit diagram of the single diode lumped parameter model [17].
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The single diode, five parameter model is represented by Eq. (5) [91].

VAR, ICA )

Where [ is the current (A), V is the voltage (V), R, and R, are the series and shunt
resistances respectively (2), 1, is the photogenerated current (A), [, is the diode
saturation current (A), n is the diode ideality factor, and ¥V is the thermal voltage

calculated by Eq. (2).

Vi = £ (6)

Where kg is the Boltzmann constant (1.38065 x 107 J/K), T is the cell junction
temperature (K), and ¢ is the value of electron charge (1.6022 x 10™° C).

The five parameter model shown by Eq. (5) may be simplified by assuming the shunt
resistance Ry, is infinite, eliminating the second term. This is known as the four parameter
model. As only four parameters are necessary, it can be a fast and simple method to
model a solar cell. This technique has been demonstrated to simulate the behaviour of a
solar cell at conditions similar to STC with high accuracy [92]. A comparative study,
however, revealed that over the full range of operating conditions, the five parameter
model offered superior accuracy over the four parameter model [90]. Several studies have

therefore adopted the five parameter approach [93-95].
Modelling accuracy is, however, not only dependent on the type of model used, but also
in the accurate calculation of the five modelling parameters required by Eq. (5) [91, 96,

97].
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Examination of Eq. (5) shows that current is a nonlinear implicit function of both current
and voltage and must therefore be solved numerically for each voltage point along the I-V
curve (i.e. from 0 to open circuit voltage). This can be computationally burdensome
especially when analysing large systems operating under high voltages. An alternative to
Eq. (5) has therefore been proposed which models the current equation as an explicit

function of voltage using the Lambert W-function [98, 99].

Ry, (R, Iph +R 1y +V)
nVy (Rg+Ry,)

RI,R

sh

LambertW | ————
nV, (R, +R,)

R R +R

s sh s s sh

The Lambert W-function originated from the work of J.H. Lambert [100] and is defined
by the solution of the equation We'™ = x. Although it is not often used in the modelling of
electronic components, its properties have been well documented [101]. By using the
Lambert W-function, the transcendental nature of Eq. (1) is transformed into explicit
equation Eq. (7) which is a more computationally efficient method of calculating current.
This is a particularly useful feature when analysing systems operating under mismatching

and heterogeneous conditions such as partial shading [102, 103].

The current-voltage behaviour of a solar cell is heavily dependent on the parameter values

such as R, Ry, and n found in Eq. (7) [104]. Their effect on the I-V curve and modelling

accuracy is discussed in the proceeding section.
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2.2.3.1 Effect of R, Ry, and n on solar cell behaviour

The performance characteristics of a typical solar cell will deviate from that of an ideal
cell due to a number of factors. Two dominant factors are the series (R;) and shunt
resistances (R,;). These resistances shown in Figure 16 are the electrical representations
of energy losses within the solar cell. Each loss resistance value embodies losses due to

several mechanisms.

The value of series resistance is determined by a number of factors including the bulk
resistance of the semiconductor material, the metallic contacts and interconnections,
carrier transport through the top diffused layer, and contact resistance between the
metallic contacts and semiconductor [105]. One study has demonstrated that daily
thermal cycling of the modules installed outdoors will also result in a gradual rise in
series resistance [106]. This phenomenon is particularly relevant to PVT collectors. By
increasing the series resistance a reduction in the cell’s voltage output was obtained
reducing both the fill factor and power output. The fill factor is a measure of the ‘square-
ness’ of the IV curve (refer to Figure 17), mathematically defined by the quotient
Ly Vinp/Is V. 1deally the fill factor of a solar cell should be equal to one, however in
reality this is difficult to obtain. By increasing the series resistance value from 0.05 to 0.5
ohms, the maximum power output (P,,) was reduced by over 60% highlighting the
detrimental impact of series resistance on the photovoltaic output of a silicon solar cell.
The effect of increasing the series resistance on the I-V relationship is shown in Figure

17.
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Figure 17 The effect of increasing the series resistance (Ry) on the current-voltage curve

of a PV cell [106].

In addition to the losses introduced by the series resistance the shunt resistance, R,
represents losses that are due to parallel high-conductivity paths across the p-n junction or
on the cell edges [106]. These are caused by crystal damage and impurities in and near
the junction. The presence of a shunt path results in a shunt current which reduces the
current flow to the load [106]. By reducing the shunt resistance the current delivered to
the load is reduced as a result of an increase in the shunt current. The overall effect is a
decrease of both fill factor and maximum power yield [107]. The influence of the shunt

resistance on the I-V relationship is shown in Figure 18.
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Figure 18 Effect of varying shunt resistance (Ry;) on the current-voltage curve a PV cell

[106].

Figure 17 and Figure 18 demonstrate the strong influence the resistance values have on
the current-voltage relationship. Therefore for accurate modelling of photovoltaic systems

it is necessary to determine their values for the system under analysis.

A number of methods have been identified to determine the values of series and shunt
resistance. A review of approximately twenty methods by Bashahu and Habyarimana

[108] classified the methods under the following groups:

i) Experimental conditions.

ii) Number of diodes to model the solar cell (single or double).

1ii) Other assumptions (e.g. Constant ideality factor, infinite/finite shunt resistance).
iv) The simultaneous calculation of other parameters via numerical methods
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Experimental work has been carried out previously while the cell is either illuminated or
in the dark. Although simple to carry out, carrying out a test in the dark will not provide

realistic values due to the unrealistic operating conditions [108].

More recently Villalva et al. [91] proposed a method to calculate the resistance values by
using data provided by the manufacturer. The primary advantage of this method is that no
experimental work is needed. Their iterative procedure is based on the premise that a
single combination of R, and R, exists which will allow the mathematical model output
to equal the experimentally obtained data published by the manufacturer. By first setting
R, to zero, an equation was produced for calculating the corresponding value of Ry;,. The
paired values for R and Ry, are then used in an equation to determine the value of P,,,.
This value is compared to the data published by the manufacturer. If a mismatch exists,
the value for R, is incremented and the value for Ry, re-calculated and the process
repeated until this disparity is minimised. An issue with this method, however, is that the
diode ideality constant was arbitrarily chosen and no method was provided for its

calculation.

Similar to the method of Villalva et al., Carrero et al. [96] also justified the calculation of
series and shunt resistance at maximum power point based on the assumption a
photovoltaic system will operate while coupled with a maximum power point tracker
(MPPT). The method proposed by Carrero is simple to implement and fast to carry out
requiring only several iterations. Again however, the authors assumed the diode constant
is uniform and equal to unity. The influence of the diode constant on the resistance

values was not considered.
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In addition to these inherent characteristics of a solar cell, the behaviour of a solar cell is
highly dependent on its environment. Temperature will have an effect on the current-

voltage curves similar to the parameters just discussed.

2.2.3.2 The effect of temperature on PV output

The electrical conversion efficiency of a typical solar cell lies in the range of 5 - 20%
[16]. Theoretically, the remainder of the incidental radiation minus reflection losses is
sunk into the cell as heat [15] increasing the operating temperature of the cell. An
increase in operating temperature of the cell junction has been demonstrated by a number
of studies to result in a reduction of cell performance [109-115]. Several parameters are
affected by temperature [116], but the net effects are the changes which occur to the short

circuit current (/,.), and open circuit voltage (V,.).

The increase in short circuit current is a direct result of the reduction in bandgap, E,. The

bandgap has been shown to be a function of temperature defined by Eq. (8) [116].

dE,
E,(T)= E,(300K)+— (T -300K) (8)

For the case of silicon the decay of bandgap with temperature has been reported to be -2.3

x 10* eV/K [117].

The reduction in bandgap with rising temperature allows the absorption of additional
photons which can penetrate the material, generate charge carriers and subsequently
increase the short circuit current. The change, however, is marginal [4], e.g. for Silicon

solar cells [105],
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The significant effect of temperature rise is the reduction in open circuit voltage (V).
The additional thermally generated electrons in the conductivity band and holes in the
valence band cause an increase in the reverse saturation current thus reducing open circuit

voltage. The decay of open circuit voltage is given by Eq. (10) below [116]:

dv, (B, l)-V.(T,) 3%,
dr Ty q

(10)

Substituting T,.r= 300 K, V,(T,,) = 0.55 V, and E, = 1.12 eV values for a typical silicon
solar cell, the derivative of open circuit voltage with temperature is calculated to be

approximately -2.3 mV/K [116].

The combined effect of a marginal increase in short circuit current and a linear drop in
open circuit voltage is an overall drop in power and conversion efficiency. The traditional

linear drop in conversion efficiency is given by Eq. (11) [73].

no=m [1-B,T.-T,)] (11)

Where 77 and B, are values typically provided by the manufacturer. An extensive
review of power and efficiency correlations is provided in other work [118]. Additionally
methods to approximate the operating temperature of the photovoltaic panel have been

reviewed by the same author [119].
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The negative influence of temperature on the performance of photovoltaic devices has
been a principal cause for research into the development of the hybrid photovoltaic
collector [4, 14, 15, 21, 22, 40, 120, 121]. However as discussed in section 2.3.2, the
distribution of coolant will lead to a non-homogeneous array operating temperature. With
each cell operating at different temperatures, losses in photovoltaic output will arise due

to the issue of mismatching. This area will be discussed in the next section.

2.2.3.3 Photovoltaic mismatch losses

Various studies have revealed that the total yield of an array is less than the summation of
each cell’s individual output [122]. This reduction in power output, often referred to as
mismatch loss (or relative power loss, RPL [123]) occurs due to differences in the
current-voltage characteristics of the constituent cells which form the series/parallel
connected PV array [124]. As it is highly improbable that a module/array with cells
identical in electrical characteristics will be manufactured; some degree of mismatch loss
is to be expected in any practical installation. To minimise mismatch losses, classification
and sorting of PV cells used to assemble a module with cells of similar characteristics is
generally carried out by PV manufacturers. The importance of this manufacturing step
was demonstrated in a study which found that mismatch losses could be reduced from
11.2% to 6.1% through appropriate sorting and matching techniques [125]. Originally
sorting was done based on the short circuit current of the cell; however, the work by Saha
and Bhattacharya [124] argued that the sorting of the photovoltaic cells should be carried
out based on the peak-power current (/,,,) and fill factor (/F). In addition to the variations
in electrical characteristics which arise from the manufacture of PV cells, differences will

also arise from shading and cell damage [126, 127], and even from cell aging [128].

The issue of shading, where cells of a PV array are not equally illuminated has been

researched extensively [129-132]. Despite the current output from a solar cell being
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linearly proportional to the amount of incidental radiation, array losses due to partial
shading have been shown to increase non-linearly [133, 134]. Several methods have been
investigated to decrease the effects of mismatch losses including the integration of bypass
diodes, series/paralleling of cells within modules, and adjusting the shunt resistance of the

solar cell.

Discrete bypass diodes are often connected across cells or cell substrings to become
forward-biased in the event of mismatch to prevent current limiting [135]. By doing so,
power losses due to mismatches are reduced and the maximum power lost in any cell is
limited to the power generated by the bypassed cells, thus avoiding hot spot formation
[136-138]. Ideally a bypass diode should be installed across each cell; however. this is
uneconomical and increases the time and complexity of the module fabrication process.
Research into an integrated bypass diode within the cell structure has thus been carried
out by the University of New South Wales to overcome these limitations [139-141]. By
integrating the diodes, costs can potentially be reduced and module fabrication can be
simplified. Roche et al. [142] performed an investigation to compare the performance of
two arrays with 64 series-connected cells under shading. One array was fitted with
integral bypass diodes (IBDs) and the other was not. The study involved varying the
shading of a single cell, multiple columns and multiple rows of the array. It was found
that IBDs offered the greatest protection in the case of a single cell being shaded. The
disadvantage with the bypass diode however is the additional cost and the marginal
reduction in power output as a result of the diode integration. Green [139] estimates the
additional cost of the IBD to be less than 5% of the total cell cost. The loss of active cell
area with the integration of the diodes results in a power loss of less than 3% but this

figure could be reduced with larger cell structures [139, 141].
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There is potential to reduce the current limiting effects of a low output cell in a series
string by connecting cells in parallel, thereby minimising mismatch losses and
maintaining array power output. Roche et al. [142] reported that by increasing
redundancy within the series/parallel circuit; the array fill factor and short circuit current
can also be improved (see Figure 19). It was stated in this study that the energy benefit of
series-paralleling is dependent on the degree of mismatch and the expected prevalence of
open circuit defects. Implementation of series-paralleling has been shown to compensate
the effects of the small variations in cell output which arise from cell manufacturing by
improving performance between 1-3% [143]. In the same study it was shown that arrays
subject to partial shading reported improvements of greater than 10%, and in some cases

greater than 50%.
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Figure 19 Current voltage curves for a number of PV cell arrangements, showing the
effect of redundancy and how an array I-V curve can be determined from its constituent

components [142].

Increasing parallelism in the array has been shown to reduce the effects of open-circuit
defects, but has also been shown to increase the severity of short-circuit defects. Both
effects must be considered when designing large arrays as the expected rates of both

defects are similar in magnitude [144]. A study by Goss [145] showed that optimum
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levels of series/paralleling exist that minimise both open and short circuit defects.
Generally, however, losses due to open circuit defects are likely to exceed short circuit
defect losses given the predominance of series over parallel connections. Another
disadvantage of this method is the reduction in operating voltage and the high currents
produced by the array as a result of paralleling but power conditioning can be employed

to overcome this problem at additional system cost [142].

As previously mentioned the shunt resistance is an inherent characteristic of a solar cell.
Traditionally, shunt resistances are maximised by cell manufacturers in order to increase
the fill factor and power point. However, current limiting, and hence mismatch loss
problems arise as a result of these high shunt resistances when cells are connected in a
series string [137, 138, 146]. A cell with a low shunt resistance is able to pass a higher
current when in reverse bias in comparison to a cell with a higher shunt resistance. Under
certain conditions, this has the effect of reducing power losses. In the study by Roche
[142] where 36 cells were connected in series, the maximum power was obtained by the
array with high shunt resistance under low shading. For the same array, however, power
output rapidly declined with increasing shading levels. A performance gain due to
shading, however, was partially counteracted by the reduced cell performance as a
consequence of the lower shunt resistance. For a cell with a shunt resistance of 10R,, the

power loss at zero shading was approximately 5%.

The shunt resistance of a solar cell can be varied during manufacture using a technique
known as edge isolation. The outer edge of a doped wafer is a region of high conductivity
and forms the shunt path across the p-n junction which must be removed to maximise
shunt resistance [147]. By controlling the amount of material used, the value of shunt

resistance can be largely varied. Roche [142] suggested that bin sorting of cells based on
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their shunt resistance before encapsulation may be a useful way to produce modules with

low shunt resistance cells.

Picault et al. [103] investigated the effect of three different topologies on mismatch losses
as shown in Figure 20. The traditional series-parallel (SP), total cross tied (TCT), and
bridge linked (BL) topologies were all investigated and compared while operating under
heterogeneous illumination. The combined numerical and experimental study
demonstrated the advantage of connecting the photovoltaic array using the TCT topology.
An analysis of the mismatch losses for each of the three configurations revealed that
under partial shading the TCT connection scheme suffered half the mismatch loss of the
traditional series-parallel (SP) array. These results are also supported by a more recent

study [148] which similarly investigated mismatch losses for several topologies.

Figure 20 Photovoltaic topologies investigated by Picault et al.[103].

BL

For the case of building integration the choice of topologies is, however, more limited.
Examining Figure 1 of the building integrated collector under investigation in this study,
the structural ribs will make it difficult to wire cells according to the TCT and BL
topologies shown in Figure 20. The series/parallel (SP) scheme on the other hand is

possible but will suffer the greatest mismatch loss.
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2.3 Summary

The studies discussed have demonstrated that a photovoltaic cell or a region behaving
differently to the remainder of the array will have some effect on the total array yield.
This has been thoroughly investigated for the case of partial shading as the current output
from a cell is linearly proportional to the incidental radiation. However despite the similar
relationship which exists between temperature and voltage, the effect of heterogeneous
array operating temperature has received limited attention. For a traditional photovoltaic
system it is reasonable to assume a homogeneous operating temperature given the basic
assumption that the array is exposed to uniform sunlight and cooling. But for the case of a
PVT collector a non-homogenous operating temperature is expected due to the non-
uniform distribution of coolant flow discussed earlier. In order to investigate this issue
further a mathematical model which approximates the fluid flow, calculates the resultant
absorber temperature, and finally determines the electrical yield of the array under the
heterogeneous operating temperature would be valuable. Additionally, the method for
calculating the values of solar cell modelling parameters could also be improved, since
the existing methods have limitations, including the fact that the effect of varying the

diode constant has not yet been thoroughly investigated.

Therefore, the objectives of this thesis are to:

* Develop a mathematical method to determine the modelling parameters of a
photovoltaic cell with greater accuracy than current methods and experimentally
validate it.

* Develop a model of a PVT collector which considers the combined effects of
fluid flow, heat transfer, and the electrical characteristics of the photovoltaic

system.
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* Investigate and quantify the effect of flow distribution on photovoltaic output of
a PVT collector using the model developed.
* Identify the parameters which will have greatest influence on the distribution of

flow and collector output.
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Chapter 3: Statistical analysis of factors affecting the flow characteristics and
thermal efficiency of a building integrated thermal (BIT) solar collector

Introduction

The literature reviewed in Chapter 2 revealed that several parameters exist which will
influence the quality of flow distribution through a traditional solar thermal collector. As
a result of non-uniform flow through the fluid network, these studies have demonstrated
that an uneven variation in absorber temperature will arise leading to a degradation in
thermal efficiency due to heat losses. Previous studies however, have been limited to the
case of conventional solar thermal collectors which are generally manufactured to fixed
dimensions. In this study however, the building integrated solar collector is under
investigation which is unique in comparison to traditional solar thermal collectors in the
sense that it can be manufactured to various sizing in order to meet the individual
requirements of the customer. As the dimension of the collector fluid array was identified
as a parameter to significantly influence the quality of fluid flow in the previous section,
this unique characteristic of the building integrated solar collector poses a potential
concern. The consequence of non-uniform temperature across the absorber surface as a
result of flow mal-distribution and its effect on photovoltaic performance has not been
adequately investigated for this specific collector type. This investigation is the focus of

this study.

The aim of this chapter is to explore this issue considering the specific traits of the
building integrated PVT collector by identifying the main and interaction effects of
several parameters identified in previous research to have an effect of flow distribution in
a solar collector, and to rank their influence. To achieve this aim, a method to quantify the
flow rates through the fluid network and calculate the resultant absorber temperature has

been developed. As a large number of variations are possible with respect to the geometry
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and operational characteristics of a BIPVT collector, an experimental approach was not
feasible for both economic reasons and time constraints. A computational approach was
therefore applied to approximate fluid flow through the array using commercial finite
element analysis (FEA) software. This approach permitted the exploration of numerous
design variations in a short time frame. A heat transfer analysis was then conducted
which utilised the individual riser flow rates obtained from the fluid analysis. The method
used to determine the fin efficiency of a BIT collector numerically using the finite
difference approach is presented. This was carried out in order to take into account the
irregular geometry of the BIT collector (i.e. in comparison to the classic fin). For each of
the treatment combinations defined in the experiment design, the thermal efficiency was

then found.

The influence of four factors; (i) array geometry, (ii) the ratio of the manifold to fluid
riser pipe diameters, (iii) direction of flow in the manifolds (i.e. parallel or reverse flow),
and (iv) the mass flow rate on the thermal efficiency of a BIT were examined. A two
level full factorial (2°) experiment was designed to identify all main and secondary

interactions among the factors.

An examination of the results was carried out by means of an analysis of variance
(ANOVA). The results of the analysis demonstrated that the collector geometry does in
fact have the greatest impact of the thermal efficiency of a BIT collector. Additionally
this work identified two secondary interactions which will also have an impact of thermal
efficiency at five per cent significance level. The identification of these secondary

interactions has not been previously reported in the literature
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The final goal of this thesis is to examine the effect of flow distribution on the
photovoltaic output of a BIPVT collector. The work presented in this chapter is an
important step to achieve this by first identifying and ranking the factors identified to
influence flow distribution. To determine the photovoltaic output the fluid flow and
operating temperature of the PV array must first be approximated. A method has been
developed in this chapter to quantify the flow distribution and absorber temperature by
means of a computational analysis. Furthermore the fin efficiency of the BIT collector of
non-classical geometry was approximated using the finite difference method with greater

accuracy over the traditional analytical analysis of a rectangular fin.

This paper is currently under review with the journal of International Journal of Heat and

Fluid Flow.
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Abstract

Previous research has identified four factors (array geometry, manifold to riser channel
ratio, flow direction in manifold, and the mass flow rate) which will influence the
distribution of coolant flow within a solar thermal collector. In this study, a two level full
factorial (2*) experiment was designed in order to statistically rank their impact and also
to identify any significant interactions between these factors. The thermal efficiency of
the array, calculated by means of a fluid and heat transfer analysis was taken to be the
experiment response. During the heat transfer analysis we approximated the fin efficiency
of a BIT collector using the finite difference method which considered the heat losses
through the structural ribs of the collector. A statistical analysis of the results revealed
that all four main effects had a statistical influence on thermal efficiency of the array at 5
per cent significance level. The main effects ranked from highest to lowest in impact
were found to be; geometry, manifold to riser fluid channel diameter, mass flow rate, and
the direction of flow in the manifolds. Additionally, two secondary interactions were
found to have a statistical influence on the experiment response; the array geometry and
the direction of flow in the manifold followed by the array geometry and the ratio of
manifold to fluid channel diameter. As the geometry of the BIT collector will vary from
customer to customer due to its custom nature, these results indicate that the design of a
BIT system should consider the effects of flow distribution. Finally, our numerical
analysis of the fin efficiency revealed an approximate 5% drop due to additional heat

losses through the structural ribs.
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3.0 Introduction

Conversion of solar energy is an attractive alternative to the use of fossil fuels. By
harnessing the essentially inexhaustible supply of energy from the sun, we are able to
reduce our dependence on fossil fuels and consequently the production of harmful carbon
emissions. In addition to growing environmental concerns, seeking alternatives to oil, the
supply of which is forecast to diminish significantly in the near future is also of interest to
national security. Countries such as China, India, UK, and the USA are all net importers
of energy and are heavily dependent on fuel imports [149]. Consequently, global effort is
searching for means to enhance this field from both a technological and economic

perspective.

A number of methods currently exist in order to convert solar radiation into useful forms
of energy such as heat and electricity. In this work, however, we are only concerned with
the conversion of solar energy into thermal energy. Solar thermal technology has an
extensive history where it has been primarily used for hot water and space heating
applications. As hot water heating represents a significant portion of the typical
household’s electricity consumption, the implementation of solar thermal collectors saw
double digit annual growth in Australia and New Zealand over the 2008/2009 period
[150]. Further adoption of this technology can be expected by reducing the cost of the

system.

A low-cost building integrated type solar thermal collector (Figure 1) henceforth referred
to as a BIT collector is currently under development at the University of Waikato. Cost
reductions with this collector type are achieved by replacing standard building
components with solar conversion materials thereby reducing both material and

installation redundancies [57]. The unglazed BIT collector is suitable for various low
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temperature applications such as pool heating which requires a low cost solution or for
pre-heating domestic hot water systems [151]. Although an unglazed collector will suffer
high top heat losses, the absence of a cover and therefore its associated reflection losses
results in a higher thermal offset efficiency (when Tjiq = Tapsorser) making it ideal for low

temperature purposes.

An unglazed building integrated thermal collector fabricated from galvanised and painted
sheet metal was investigated by a group in Slovenia [152]. This combined numerical and
experimental study demonstrated that the unglazed building integrated thermal collector
has substantial economic benefit over conventional glazed solar thermal collectors for
low temperature applications. The numerical analysis carried out however in this work
makes the assumption that flow within each of the fluid risers is uniform. Several studies

have shown this is not the case for practical installations.

Figure 21 Drawing of BIT concept collector under development at the University of
Waikato.

An early numerical study was carried out to investigate the effect of non-uniform flow
within a solar thermal collector [80]. Sixteen artificially assumed models were used to

demonstrate the correlation between the deterioration of thermal performance and flow
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uniformity. It was found in this study that the thermal efficiency deteriorated between 2

and 20 per cent for the flow scenarios investigated.

Another study also showed that the thermal performance of an array of solar thermal
collectors will be influenced by distribution of coolant flow [81]. A combined numerical
and experimental study was performed on the array of 10 series connected solar thermal
collectors operating under parallel and reverse flow in the manifolds. For the case of
parallel flow, fluid channel flow rates were found to be greatest near the inlet and outlet
ports with little flow registered by the central risers. Consequently collectors near the
inlet and outlet ports were substantially cooler than collectors located about the array
centre. The pattern of flow distribution was different for the case of reverse flow in the
manifolds. For this scenario, it was found that flow was greatest for fluid risers near the
inlet/outlet port with a non-linear drop for the proceeding fluid risers. Such a flow pattern
meant that the first few collectors operated substantially cooler than the remaining array.
Similar results were obtained by the authors in an earlier study [153]. As the array
operating under parallel flow was determined to operate with an average thermal
efficiency 15% higher than the array operating under reverse flow, the authors

recommended avoiding this fluid scheme.

In addition to the direction of flow in the manifolds examined in the previous study Jones
and Lior [82] examined other parameters and their effect on flow distribution. In their
numerical study, the ratio of the manifold and fluid riser diameters, the number of risers,
and the length of the risers were identified to have a significant influence on the flow
distribution. Flow distribution was found to worsen if the ratio of the manifold to riser

diameters and the riser length reduced and the number of fluid risers increased.

Research conducted so far into the effect of flow distribution has been largely limited to

traditional solar thermal technology. In this study we investigate this issue further by
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examining the effects of array geometry, the manifold to riser diameter ratio, direction of
flow in the manifold, and the mass flow rate on a BIT collector. A numerical approach is
outlined in the proceeding sections where the fluid channels flow rates are quantified by
carrying out a fluid analysis in a commercial FEA software package Autodesk Simulation
Multi-physics®. In order to rank their severity and also to identify the presence of any

interaction between main effects, a statistical analysis was performed on the results.

3.1 Method

An overview of the experimental method is provided in Figure 22. Details of the full
factorial experiment design shall first be discussed in detail in section 3.2. For each of the
treatment combinations (TC’s) defined in our experiment design, a numerical fluid
analysis was performed using a commercial finite element analysis (FEA) software
package. This step was performed in order to quantify the flow rate for each fluid channel
of the BIT array. With each fluid channel flow rate calculated, the thermal efficiency for
each module of the BIT array was determined via the heat transfer analysis outlined in
section 2.3. In this section we also provide detailed steps in the numerical approximation
of the BIT fin efficiency using the finite difference method which takes into consideration

the unique design of BIT collector.
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Figure 22 Overview of experiment method.

3.2 Experiment design

A two level full factorial (2°) experiment was conducted so that the main and interaction
effects of the four factors discussed in Section 1.0 could be identified. This experimental
design was chosen in order to characterise all the variables under consideration including
higher order interactions [154]. One major limitation of the full factorial experiment is
that the size of the experiment is a function of the number of factors being considered.
However, as we are interested only in four factors (discussed in the previous section), the
total number of experiments is acceptable. Indeed it is stated elsewhere that a 2°

experiment is suitable when the number of factors is less than or equal to four [155].
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Designated labels and levels for each of the factors investigated are summarised in Table

1.

Table 1 Experiment factors and their levels.

Factor Labels | Low level High level
Manifold/Riser ratio A 1 4

Array geometry B 24 6

Direction of flow in manifold | C Reverse Parallel

Mass flow rate D 0.0075kgs' m* | 0.015kgs" m’

For Factor A, the manifold/riser ratio was varied between a low and high level of
Danifoid Priser = 1 and Draniforad/ Priser = 4 respectively. A ratio of 1 was considered the
lowest level by the authors, while a ratio of four was chosen to strike a practical balance

between cost and performance. Characteristics of both low and high levels are given by

Figure 23.
Low Tevd High level
| 10.00—f _
te—— fluid channel
‘ /— Manifold
|
- \_/ - +

@40

Figure 23 Physical comparison between low and high levels for Factor A.

For Factor B, Array geometry was varied while maintaining a constant absorber area of
3.6 m’. The array shape was adjusted by varying the number and length of BIT modules

altering the aspect ratio of the BIT array. For the low level term, the array consisted of 24
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BIT modules of length (L) equal to 1 m. For the high level term, the array consisted of
only six modules of L, =4 m in length. A side-by-side comparison of each of the Arrays

is presented in Figure 24.

Fluid channels<"

Figure 24 Side-by-side comparison of the two array geometries investigated (Factor B).
The low level array consists of 24 BIT modules 1m in length while the high level array is
made up of 6 modules 4m in length. Both arrays are 3.6 m2 in area.

The direction of flow in relation to the inlet/discharge manifolds as discussed in the
previous section will have an effect on the flow distribution within the array. Factor C
therefore is varied between reverse and parallel flow for the low and high levels

respectively.

Finally the mass flow rate, Factor D is varied at the low level of m = 0.0075 kg s m” and

at the high level of m = 0.015 kg s m”.

The 2* factorial experiment carried out was based on four factors (i.e. k = 4), providing a

total of 16 treatment combinations. For each treatment combination, the corresponding
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factor levels are given in Table 2. The proceeding sections will discuss the method

employed to computationally calculate the response of the system (77,,).

Table 2 Coded design matrix of experiment providing details of each of the 16 treatment
combinations investigated.

TC A B c |p
1 1 -1 1|
2 1 -1 1]
3 1 1 I
4 1 1 1]
5 -1 -1 1 -1
6 1 -1 1|1
7 -1 1 1 |-l
8 1 1 1|1
9 -1 -1 11
10 1 -1 11
11 1 1 11
12 1 1 11
13 1 1 1 1
14 1 1 1 1
15 1 1 1 1
16 1 1 1 1

3.3 Fluid Analysis
A 2D planar analysis was performed using Autodesk Simulation Multi-physics to
calculate the fluid velocities through each of the fluid channels of the BIT array. For our

investigation, water was assumed to be the heat exchange fluid being actively circulated

58



through the BIT array. As the water is being pumped through the collector, the effects of

buoyancy were therefore neglected.

Modelling only the fluid network, the mesh was generated automatically using four node
quadrilateral elements operating under the Newtonian viscosity model. Two boundary
conditions were specified for our simulation; a surface prescribed velocity at the inlet port
of the fluid array which dictated the mass flow rate, and a free surface prescribed at the
outlet port face (refer to Error! Reference source not found.). Fluid velocity, V at the

inlet port was calculated using Eq. (12).
m=pAV (12)

Where m is the desired mass flow rate (Factor D), 4 is the manifold area (m?), and p is the

density of water (kg/m’).

The location of the outlet port for the array under study (Figure 25) was dependent on

whether parallel or reverse flow direction was being analysed as directed by Table 2.

Outlet manifold

> -

Riser pipes

i

—> | —

(i) Inlet manifold (ii)
Figure 25 Diagram depicting the difference in flow connections of a header riser flow

network for a parallel flow array (left) and a reverse flow array (right) [153].
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Sixteen fluid simulations were conducted according to the treatment combinations listed
in Table 2. For each simulation the fluid channel flow rates were taken and used for the

heat transfer analysis.

3.4 Heat transfer analysis

Each treatment factor investigated in the previous section will result in a unique variation
in absorber temperature due to the corresponding variation in fluid flow. The aim of our
heat transfer analysis is to determine the thermal efficiency of each module in the BIT
array followed by the calculation of the mean module thermal efficiency for each

treatment factor. The absorber temperature distribution is calculated using Eq. (13) [7].

(T,(»)-T,-S/U,)coshmx
coshm(W —D)/2

T(x,y)= +7, +(S/U,)

(13)

Where T}, is the bond temperature, 7, is the ambient temperature, S is absorbed radiation
(W/m?), x represents an arbitrary distance perpendicular to fluid flow, W is the distance
between tubes (m), D is the riser tube diameter (m), and U, is the overall heat loss
coefficient of the collector (W/m? K). The overall heat loss co-efficient for our unglazed

collector was taken to be a constant value of 22 W/m® K [74] in our study. Variable M is

U
M= |2t
kS (9

Where k is the thermal conductivity of the absorber material, and o is the absorber plate

calculated using Eq. (14).

thickness (m).
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In order to solve Eq. (13), we must first calculate the bond temperature, 7}, using Eq. (15)

[7].

WF'[S—UL(Tf(y)—TaJ+T

P () (15)
Ve

T,(y)=

Where Ty(y) is the temperature of fluid circulating through the collector, F” is the collector
efficiency factor, and 4, is the convective heat transfer coefficient. The fluid temperature
will vary in the direction of flow and is therefore a function of y (m). The collector

efficiency factor is calculated by [7].

1
F'= %]L (16)

1 L]
{UL[D +(W -D)/F] aDh, }

Calculation of the collector efficiency factor requires the fin efficiency value F.
Traditionally this value is determined by carrying out a classical fin analysis on the solar
thermal absorber which is assumed to be a fin of rectangular cross section. Given the
simple geometry of the classic fin, F is calculated by an analytical expression. However
due to the structural ribs required to stiffen the building integrated collector as shown by
Figure 26, such an analysis may lead to non-negligible error. To quantify this variation,
the finite difference method was applied to calculate the temperature distribution and fin

efficiency for a simplified version of the BIT collector under study.

3.4.1 Numerical calculation of fin efficiency

Geometry of the BIT collector for which the temperature distribution is to be calculated is
shown in the bottom of Figure 26. As the collector is made from 2mm thick aluminium, a
one dimensional steady state analysis was deemed sufficient for this investigation (as is

the common practice in assessing fin performance [156]).

61



w2

—Fin tip

¥

T 150

Aat date section
4 l

i Fluid riser
2

r—>Structural rib -

Figure 26 Comparison between the classical fin (top) and the simplified BIT collector
designs.

A finite difference control volume analysis was performed for a nodal network structure
illustrated in Figure 27. The structure modelled contained significantly more nodes than
shown in this figure. As the BIT collector was taken to be symmetrical about a vertical
axis through the fluid channel, only half of the geometry was required for the simulation.
The red arrows shown in Figure 5 indicate the nodes under radiation flux and the node
under convection heat transfer (at the line of symmetry). As incidental radiation is
assumed to be normal to the collector, only horizontal surfaces were exposed to radiation
in this study. Irradiance, G was taken to be 1000 W/m®. All nodes were subject to heat

loss, Gioss-

L

v
.ﬂX " 9
1 L G=1000Wm'
Errrt”lﬂv“utnlrn??lﬂr??l’
v
Uiuia
,;,:777 /77777 Ends assumed adiabatic
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Figure 27 Nodal network of the BIT collector used to determine the temperature
distribution using the finite difference method. Additionally, all nodes were subject to
heat loss, qgloss.

The analysis consists of four nodal types; I) nodes under radiation flux, II) nodes under
no radiation flux, III) node under convection heat transfer (i.e. node at fluid riser), and
IV) adiabatic nodes at structural rib ends. A control volume analysis for each node type is

presented in the following section.

3.4.2 Control volume analysis
Proceeding sections detail the control volume analysis for the nodes shown in Figure 27
operating under each set of boundary conditions. Both overall energy and finite difference

equations are provided.

3.4.2.1 Node under radiation flux
Figure 28 below shows the node (i) and control volume (dotted box) of width Ax exposed

to radiation.

q RAD

Figure 28 control volume for a node under incidental radiation.

A steady state energy balance yields,

Dus t s Hrap —Dioss =0 (17)
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Where ¢, 45 and grys represent conduction heat transfer with neighbouring nodes, gr4p is
radiation heat transfer to control volume, and g, oss represents heat loss to ambient.

Substituting the relevant approximate rate equations (Fourier’s Law) [157],

0 1)+ ST, 1) SA U AT =T, =0 (19)
Where S is the absorbed radiation (W/m?) and Uj is the overall heat loss of the collector
coefficient (W/m® °C). Procedure to calculate the overall heat loss coefficient will be
presented in Section 2.2. As the collector panel length was assumed to be unity in the
direction of fluid flow, the area 4 of the control volume perpendicular to conduction heat
flux was taken to be equal to the value of fin thickness (9). 7; represents the temperature
of the node (and therefore the control volume), 7, is the ambient temperature, while 7;;

and T+, represent the temperature of nodes to the left and right respectively.

3.4.2.2 Node under no radiation flux
Figure 29 represents a control volume of the BIT collector under no radiation loading

interacting with neighbouring nodes via conduction and heat loss to surroundings.

Figure 29 control volume for a node under no incidental radiation.

A steady state energy balance of the control volume shown by Figure 29 yields,
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Guss s —Gross =0 (19)

Mt -ny+2a, -n)-v,ava-1) =0
Ax Ax (20)

3.4.2.3 Node under convection heat transfer

A single node (as indicated on the extreme right in Figure 27) is subject to both radiation
and convective cooling due to fluid flow in the riser pipe in addition to conduction
interaction with neighbouring nodes. Figure 30 represents the energy flow into this

control volume.

Figure 30 control volume for the node under incidental radiation and convective heat
transfer.

An energy balance of the control volume shown by Figure 30 yields,
Guiss +Grap ~Duass ~ e =Y 1)

kA Ax Ax hf.ﬂ'D
M _ el _ _IATT o - 22
(T 1)+ SRS - SN (T~ 1) S (1= T,) = 0 (22)

Where T is the fluid temperature, D is the riser pipe diameter (m), and 4, is the forced

convection heat transfer coefficient(W/m” K) calculated by [156],
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h, = (23)

For a circular tube, the Nusselt number Nu is independent of velocity for laminar flow
conditions but is dependent on the thermal boundary condition [156]. The value can be
taken as either 4.36 and 3.66 for uniform surface heat flux and constant wall temperature
conditions respectively [156]. In this work we assumed a Nusselt number of 4.36. For T
= 20°C, the thermal conductivity value k& was taken to be 0.6 W/m K [7]. For a pipe

0.01m in diameter, the heat transfer coefficient /; was calculated to be 260 W/m* K.

3.4.2.4 Nodes at adiabatic boundary conditions

The ends of the roof ribs were assumed to be adiabatic as indicated in Figure 27. For the
control volume shown in Figure 31, only two energy flows are presented g, us and ¢;oss
representing conduction with its neighbouring node and heat loss to ambient respectively.

The energy balance and finite difference equations were determined to be,

._’ QLOSS

)
Ax/

qLHS _’

Figure 31 control volume for the nodes at rib ends.

Grs —Gross =0 (24)
kA Ax
T —THy_=Z ' = 25
Ax(Tl_l T) 5 U (T,-T,)=0 (25)
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3.4.2.5 Calculation of the overall heat loss coefficient

In the analysis of solar thermal systems, it is useful to represent heat losses from the
collector to its surroundings using an overall heat loss coefficient Uy in order to simplify
the mathematics behind the analysis. The overall heat loss coefficient is the summation of

heat losses experienced from the collector’s top, edges, and bottom surfaces [7].

Given the unique design of the collector under study were it is integrated directly into the
building envelope without a top cover, the procedure for calculating U, will vary
somewhat from that of a traditional solar thermal collector. Anderson et al. [74]
determined the overall heat loss coefficient to be 22 W/m” K for an unglazed building
integrated PVT collector very similar to the one considered in this study. This value was
obtained considering that the building integrated collector is installed above an air-filled,
triangular, enclosed attic in which the trapped air essentially acted as a layer of insulation.

The value calculated for U; obtained Anderson et al. was used for our study.

3.4.3 Calculation of temperature distribution T(x)

For N nodes, an N number of finite difference equations were developed based on the
control volume analysis discussed in previous sections in order to determine N unknown
temperatures. Finite difference equations presented in sections 2.11, 2.12, 2.13, and 2.14

were modified to fit the following matrix equation format [158]:

A X=b (26)

Where 4 is a sparse-type matrix consisting of the unknown temperature coefficients, X is
the vector of unknown temperatures to be found, and b is a vector of the corresponding

constant terms for each control volume.
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Using Matlab® software, matrix 4 and vector b were compiled using the finite difference
equations previously discussed. The linear system of N equations was solved using
Gaussian Elimination to obtain vector X of unknown temperatures. A comparison of the
temperature distribution is made in Figure 32 between the BIT collector and a traditional
flat plate collector. We can see at x = 0, the temperature of the BIT collector is somewhat
lower due to additional heat losses through the ribs. Based on these results we can expect

a reduction in the fin efficiency value of the BIT collector.

=== B|T collector

- F|at plate collector

Temperature (K)
w W W W w
=)
~

302

0 0.02 0.04 0.06 0.08
x (m)

Figure 32 Temperature distribution for the BIT collector along the fin compared with the
temperature distribution of a standard flat plate collector. Both sets of data were
calculated numerically using the finite difference method.

3.4.4 Calculation of fin efficiency F

The fin efficiency for a straight fin with a rectangular profile under uniform radiation is
calculated using Eq. (27). This equation is typically used for the analysis of the traditional
flat plate solar thermal collector.

Fo tanh[m(W — D)/ 2] 27)
m(W -D)/2
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The calculation of the fin efficiency value depends on the boundary condition at the fin
tip and the geometry of the fin. Eq. (27) assumes a straight, rectangular geometry and
hence would not yield an accurate value for the BIT collector fin which must, therefore,
be calculated numerically. The fin efficiency is defined as the ratio of the heat transfer

away from the actual fin to the heat transfer away from an ideal fin [157]).

The energy conducted to the region of the fluid riser can be determined using Fourier’s
law. Using Eq. (28) below, the finite difference method is used to calculate conduction
heat transfer through the fin above the riser. Where T represents the temperature of node

N (at fluid riser) and T).; is the temperature of the adjacent node.

o, .dr T
45, =—k0 | o =ko - (28)

2

The value obtained using Eq. (28) was multiplied by two as the value obtained represents
conduction from one side of the riser tube only. The heat transfer value for the ideal fin
was numerically calculated by setting the thermal conductivity of the fin to infinity.

F _ qﬁn

BIT —

(29)
ideal

Inspecting Figure 32 we can see that the fin edge temperature for the BIT collector is

lower compared to the values obtained using Eq. (1) due to conduction losses through the

structural ribs. For the BIT collector, we numerically determined the fin efficiencies to be

0.88 while the fin efficiency for a traditional flat plate collector of equivalent

characteristics was found to be 0.93, which represents a 5.2% drop in fin efficiency.

3.4.5 Module efficiency calculation

Fluid temperature for each riser, Ty(y) needed for Eq. (15) is calculated by Eq. (30) [7].
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U, WF'y
mC

T,-(y)=(Tﬁ—Ta—S/UL)e[ ! j+Ta+S/UL (30)
The process of calculating the absorber temperature, 7(x, y) begins by initially estimating
a value for the mean fluid temperature (7},) so that fluid properties such as viscosity (uy),
thermal conductivity (k) and Prandtl number (Pr) can be interpolated from tabulated data.
The mean fluid temperature (75,) is calculated by Eq. (31).

B Tfa + Tﬁ

T, = > (31)

Where T}, and T represent the values of outlet and inlet fluid temperature respectively. In
our study, the inlet fluid temperature, 7; was kept constant at 20 °C. The outlet fluid

temperature is found using Eq. (15) with y set to the length of the absorber.

Using the riser mass flow rates determined in our fluid flow analysis, the Reynolds
number (Rep) was calculated using Eq. (17) with the assumption that flow was steady and
incompressible and within a pipe of uniform cross sectional area [7].

Re, = 2 (32)
7D u

Where D is the diameter of riser pipe and u is fluid viscosity. For values of Rep < 2300,
flow was considered laminar and fully developed. Conservative heat transfer coefficient
values was calculated by making the constant wall temperature assumption [7]. Here, the
Nusselt number (Nu) was taken to be 3.66 [159]. The convective heat transfer coefficient

(hz) of fluid circulating in the riser may then be calculated by re-arranging Eq. (33).

(33)
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Once the convective heat transfer coefficient, 4; was found, the fin efficiency factor, F”
and fluid temperature, 74y) were calculated. With the new value of outlet fluid
temperature found, the new value for mean fluid temperature, 75,;+; was calculated using
Eq. (16) and compared to the previous value of 7j,;. The process of calculating " and T,
was repeated until the error in subsequent iterations was within a user specified tolerance.
Final values of F’ and Ty were then used to calculate the bond temperature (7;) and
absorber temperature (7) using Eq. (6) and Eq. (4) respectively. This process was

repeated in Matlab for each of the 16 treatment combinations.

Finally once T}, was found, the useful energy gain, O, was calculated using Eq. (34)
0} :me(Tfo —Q) (34)

Where m is the riser mass flow rate (calculated from our fluid analysis), and C, is the
specific heat of water (kJ/kg K). The thermal efficiency (#,,) can now be calculated using
Eq. (35) for each module. All module efficiency values were then averaged to give the

final array response.

(35)

3.5 Results and Discussion

The thermal efficiency values for each treatment combination are presented in Table 3
along with the levels for each factor. The objective of our analysis was to determine the
ranking of the main effects and identify any significant secondary interactions. To
achieve this aim a statistical analysis was carried out on the data presented in Table 3. An

analysis of variance (ANOVA) study was carried out using Minitab 16 software.

Table 3 Response values (thermal efficiency of array) for each treatment combination
investigated.

TC A B C D Response
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1 -1 -1 -1 -1 0.1007
2 1 -1 -1 -1 0.2016
3 -1 1 -1 -1 0.332

4 1 1 -1 -1 0.3557
5 -1 -1 1 -1 0.1604
6 1 -1 1 -1 0.2861
7 -1 1 1 -1 0.3381
8 1 1 1 -1 0.356

9 -1 -1 -1 1 0.1262
10 1 -1 -1 1 0.2507
11 -1 1 -1 1 0.3756
12 1 1 -1 1 0.3906
13 -1 -1 1 1 0.2757
14 1 -1 1 1 0.3259
15 -1 1 1 1 0.3795
16 1 1 1 1 0.3908

Figure 33 illustrates the Pareto plot [154] of main effects and secondary interactions.
Higher order interactions were found to be insignificant and systematically removed in
our study. The graph shows that all four main effects are significant at the 5 per cent
significance level (i.e. o = 0.05). Geometry of the array was shown to have greatest effect
on the thermal efficiency followed by the manifold to riser ratio, mass flow rate, and the
direction of flow in the manifolds. Interestingly we can see that in addition to the main
effects, there is a strong interaction between the array geometry (Factor B) and the
direction of flow in the manifold (Factor C), and also between the manifold to riser ratio
(Factor A) and array geometry (Factor C). These results identify the need in the
appropriate selection of the manifold to riser channel ratio and the direction of flow in the

manifolds for a BIT collector of specified geometry.
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C Flow direction
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Figure 33 Pareto plot of effects at 5 per cent significance level.

The analysis of a 2" factorial design makes the assumption that the observations are
normal and independently distributed [155]. This assumption was validated by generating
a normal probability plot of residuals shown by Figure 34. Inspecting this graph, we
observe that the residuals fall approximately along the straight line supporting our
assumption that the data has come from a normal distribution. We can also confirm that
there are no obvious data points which stray away from the data group thus no outliers

exist in our data.

8

Percent
y8s8838 8 8

Figure 34 Normal probability plot.
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A final data integrity check is to verify that the residuals are independent by plotting the
Residual vs Order graph. Examining Figure 35, we can see residuals are randomly

scattered about the x-axis and there is no pertinent trend. The residuals are therefore

independent.
0.027
0.011
®
3
: [~
K 0.00 o
-0.011
-0‘02 h T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Observation Order
Figure 35 Residual versus order of the data.
3.6 Conclusion

In our study a two level full factorial experiment was designed to determine what effect
four design factors and their interactions will have on the thermal efficiency of a building
integrated thermal collector. A computational analysis was performed in order to
approximate the fluid flow and corresponding temperature distribution of each of the 16
treatment combinations using a commercial FEA package and Matlab software.
Furthermore, a numerical analysis was conducted to quantify the fin efficiency of a BIT
collector using the finite difference method which revealed the BIT collector will suffer a
5% drop in fin efficiency due to additional fin tip heat losses through the structural ribs of
the collector. From these results the thermal efficiency values were calculated for each

module and averaged for each treatment factor. A statistical analysis revealed that the
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array geometry will have the strongest influence, followed by the manifold to riser
channel ratio, mass flow rate, and lastly the direction of flow in the manifold (i.e. parallel
or reverse flow). Two secondary interactions were also found to be statistically significant
at 5 per cent significance level. The array geometry and direction of flow in the manifold
followed by the array geometry and the manifold to riser channel ratio interactions will

both affect the thermal yield of a BIT collector.

The authors believe the research presented is valuable to those responsible in the design

of BIT systems.
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Chapter 4: Numerical determination of parasitic resistances of a solar cell
using the Lambert W-function

4.0 Introduction

Chapter three demonstrated that several parameters which are expected to vary
considerably for the case of building integrated solar collector, will have a statistically
proven influence over its thermal performance. As this chapter only examined fluid flow
and heat transfer, further work is necessary to understand what effect flow mal-
distribution will have on the photovoltaic output due to the negative impact of
temperature for the building integrated PVT collector. Similar to the methodology applied
in the previous chapter, a number of scenarios must be investigated to examine how
influential this issue will be on photovoltaic output for a building integrated solar
collector. An experimental investigation was therefore not feasible, consequently a
mathematical approach must be employed. A mathematical model of the photovoltaic
system which captured the effect of temperature was therefore developed and added to

the model created in the previous chapter.

Chapter 2 outlined the procedure commonly utilised to simulate the non-linear behaviour
of a crystalline silicon solar cell. It was discussed that the accuracy of a photovoltaic
model is heavily dependent on parameter selection. For the popular single diode five
parameter model which shall implemented in this study, five parameters (R,, Ry, 7, 1y, L)
in total must be found. A number of methods currently exist to achieve this task as
discussed in Chapter 2 ranging in complexity and accuracy. In this chapter a unique

method for calculating two of these parameters is presented.

The method presented here for calculating two parameter values, R; and Ry, is based on
matching the mathematical output of the single diode equation with data provided by the

manufacturer. This is achieved by using a multi-dimensional version of the Newton-
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Raphson method and equations which express the current-voltage characteristics of a

solar cell using the Lambert #-function.

Validation of the method was carried out by comparing the values obtained with this
method against values published in the literature. Additionally two other published
methods were used to calculate the resistance values for comparison. Values were found
to be calculated with much higher accuracy using this method and unlike other methods,
the values for R; and Ry, were found to approach final values in a rapid and convergent
manner. Additionally the method can be employed using only data provided by the
manufacturer, therefore avoiding the need of expensive electrical equipment used for

acquiring the characteristics current-voltage curve of the device under study.

Research carried out in this chapter provided a necessary step into the development of the

mathematical model used to quantify the photovoltaic output of a BIPVT collector. This

model can then be applied for the analysis of non-uniform flow distribution conditions.
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Abstract

Several methods are currently available to determine the valucs of serics and shunt resistance of a solar cell. A new method is pre-
sented here to numerically locate these valucs using the popular Newton-Raphson technique at maximum power point. Equations bascd
on the Lambert W-lunction and their partial derivatives are provided so that all calculations may be performed in a Matlab or similar
environment. The results of this new method are presented and compared with two published methods and the analvtically obtaind for a
blue and grey type solar cell in earlier work {Charles et al., 1981). Additionally, three modules of various type (single, poly. and amor-

phous crystalling) were investigated. Values determined agreed with experimentally

verified results and were oblained with quadratic con-

vergenee in all instances provided initial cstimates of the roots were within vicinity of the actual roots.

@ 2011 Elsevier Lud. All rights reserved.

Keywords: Series resistance: Shunt resistance: Lambert W-lunction; Solar cell modelling: Newion-Raphson: Parameter evalualion

1. Introduction

Modelling and simulation of a photovoltaic systems is
typically performed in order to optimise the performance
of a system prior to installation. Photovoltaic module man-
ufacturers specify the operating characteristics of their mod-
ule at standard test conditions (STC) where irradiance and
temperature are held constant. Generally speaking, the fol-
lowing characteristics of the cell/module are often published
by the manulacturer; open circuit voluage ( V), short eircuit
current (£}, maximum power point (P}, maximum
power voltage (Fup) and current (/,,,). and temperature
coefficients for both short circuit current and open circuit
voltage. In reality however, the photovoltaic system will be
subjeet Lo Jargely varying environmental conditions result-
ing in operation outside these published values. Factors

* Corresponding author, Tel.: 164 220180398,
E-mail andddvess: Tag2i@wuikaloac.ny (F, Ghani),

(38-092X/8 - see Tront matter & 2011 Elsevier Lid. Al rights reserved.
o 1010166 sobener 200 1 07001

including but not limited to irradiance. ambient tempera-
ture, wind speed, ete. will have influence on the output of
any photovoltaic system. To quantify the output of a photo-
voltaic system under such circumstances, the behaviour of a
solar energy system can be approximated with an equivalent
electric circuit. A number of models exist such as the two
diode model (Macabebe et al, 2011) which takes into
account the recombination process influencing the behay-
iour of the current—voltage characteristics. The simpler sin-
gle diode model such as the one shown in Fig. 1 on the
other hand has shown to offer an acceptable compromise
between simplicity and accuracy (Carrero et al., 2007). The
behaviour of such a cell is mathematically defined by,

where £ and P represent the current and voltage of the cell,
1y, is the photogenerated current, [, the reverse saturation
current of the equivalent diode, » is the diode ideality

fuctor of cell or module, R, and R, are the series and shunt
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(),.. Vs 2 Ra v

Fig. 1. Single diode cquivalent circuit model of a solar cell.

resistances of the cell respectively, and V,, is the thermal
voltage of the cell (k,Tlg). Here, ky is the Boltzmuann con-
stant (1.3806 x 10 ** J/K), T is the absolute temperature
(K}, and g is the electron charge (1.6022 x 107" C).

Parameters necessary for Eq. (1) which have not been
explicitly provided such as R, and R, must be extracted
from the supplicd manufacturer datasheet or determined
experimentally. Only the former shall be discussed in this
paper.

Evaluation of serics and shunt resistance values is by no
meauns @ triviul task, consequently o number of methods
have been proposed and reviewed by authors (Bashahu
and Habyarimana, 1995; Chegaar ct al., 2004; dc Blas
et al., 2002; Jia et al., 1988; Psych et al., 2007). One tech-
nique, is to extract parameters, including series resistance
from u single diode lumped circuit model using current-
voltage data experimentally obtained (Bouzidi et al,
2007). In this method. numerical least squares technigues
are employed to find the values of *C fuctors’ to describe
voltage explicitly in terms of current. Another author (Xiao
et al., 2004) suggested to determine series resistunce itera-
tively knowing the derivative of power with respect to volt-
age is equal to zero. This method however did not take into
account the effect of shunt resistance.

Some authors {Carrero et al., 2010: Villalva et al., 2009)
have proposed to find the values of loss resistances al max-
imum power point (MPP) considering photovoltaic sys-
tems are generally implemented with maximum power
point tracking (MPPT) hardware. The method ol Villalva
et al. is based on finding values of R, and R,; using an iter-
ative process given that a unique pair of values for R, and
Ry, will match the value of Py, provided by the manufac-
turer. This approach involves setting the series resistance to
zero initially and caleulating the value of R, using a given
relationship. The value for power is calculated and com-
pared with that of the manufacturer. If there is a mismartch
within a specified range, the valuc of R, is incremented.
This process is repeated until the error falls below a thresh-
old value.

The method of Carrero et al. takes a similar approach to
the one just discussed. Using several equations, values of
parasitic resistance are determined at maximum power
point. This method makes the assumption of a high value
for shunt resistance initially. Based on this assumption, an
expression for R, is provided which is primarily a lunction
of manufacturer specified data, an initial estimate for R,
and the diode ideality factor, » {assumed to be equal to 1

in their study}. As an estimate for R, is required at the begin-
ning, the process is repeared several times until the value for
R, has converged. This method is simple and can be
performed without aid of a computer. Both the methods of
Villalva ¢t al. and Carrero ¢t al. have the benefit that they
chiefly only require data specified by the manufacturer,
This paper describes the methodology to determine the
values ol Ry and Ry, at maximum power point using a mul-
tivariable version of the Newton—-Raphson method. The
MNewton-Raphson method offers the advantage of rapid
convergence but this method can only be implemented il
the first order derivative can be derived. The transcendental
nature of Eq. (1) where current is an implicit function of
both current and voltage makes this task difficult. An alter-
native to Eq. (1) has been proposed which describes the
behaviour of the PV system using the Lambert W-lunction

(Jain and Kapoor, 2004).
(r.a'_w.’_,.m_!\-, n:)
RolyRye RO

LambertW | = T e n¥g
e
R +R, R,
Rallo — 1)
e ot 2
R | Ry @

Eq. (2) is now un explicil function ol vollage only, and can
therefore be determined analytically avoiding the numeric
approximations necessary to solve Eq. (1). The approach
of modelling with the Lambert W-function is attractive
based on the simplification made to the numerical analysis
of large photovoltaic systems, particularly [or systems
under the effects of mismatch losses such us shading and
temperature {Petrone et al., 2007; Picault et al., 2010). An
additional advantage of modelling with the Lambert
W-function is its easy differentiability (Barry et al., 1995;
Corless et al.. 1996) permitting the use of open methods
to locate the roots of these non-lincar equations numeri-
cally. This paper will provide the methodology and the nec-
essary equations to find values of R, and R, at maximum
power point using the Newton-Ruphson method. Results
obtained from this method are compared with published
values for a blue and grey type solar cell (Charles et &l
1981) und for three modules of different type (Tkegami
et al., 2001). Values obtained vsing the methods published
by Villalva et al. and Carrero et al. were also determined
for comparison.

2. Theory

Similar to methods discussed in the previous section, the
values of R, and Ry, arc to be determined at the maximum
power point (MPP). Fig. 2 plots the power-voltage
characteristics of a typical solar cell for various values of
series resistunce (R, constant) using Fy. (2). Increasing
series resistance has the overall effect of reducing the max-
imum power output {P,.). At this point, values for cur-
rent und  voltage  are  typically  specificd by the
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Fig. 2. Power Voltage curve for u typical solar cell with varying values of
R, (R, constant).

manufacturer ([, and V,, respectively). The proposed
method begins by first examining the current-voltage rela-
tionship of a solar cell. By substituting values /., and V,,
obtained from the manufacturers datasheets for i and V
respectively into Eq. (2) and re-arranging to equate to zero,
we define expression z at maximum power point.

) ¥V,
= M _—— ulam{:eﬂ‘ﬁ’(ﬂ.] —Typ

(R, +Rs)  (R—Ru) R,
_o &)
where 8, is given by,
R 1oR Ayl Role | Vo)
h = TR Tl 4
T ValRe + Ra) @

Studying Eq. (3), we can see that all values with the excep-
tons of R,, Ry. and n can be obtained cither from data-
sheets provided by the manufacturer, or approximated by
expressions published in earlier work. If the diode ideality
[actor, n is known we have two unknowns (R, and Ry)
which must be found. A second expression is therefore
needed to solve for R, and Ry,

O LR (nVaR, | Y Rs) — nV o(RdoRa) RidoRy,

R, (nVul, + "V,QRd]l

VAV a(R, — Ra)

ative of P with respect to current to define expression w at
MPP by substituting values for i and ¥ with 1,,, and ¥,
respectively giving us our second expression.

w= R;*fp(. + Rodo — umpﬁx . Hmpﬁaﬂ — nV gLambertW(f)

Lambert (1))
B B e ]
=~ ‘“{u +mmbmw[r;3)} o ©
where b is given by,
e Y
0y = LR forace m
al g

If the diode ideality factor n is arbitrarily selected (typically
a value between 1 and 2) (Faulkner and Buckingham,
1968), R, and R,; can be numerically located by solving
non-linear expressions = and w. A multidimensional version
of the Newton—Raphson method shown below was used to
iteratively solve for R, and Ry, (Chapra and Canale, 2002;
Press e al., 2002).

Ry =R— )
ik e,
\I'ja’&‘: ~ Zigw,

Roo =Rii =520~ 4 ©)

DR, TRy WRe R,

Beginning with initial estimates R,,; and R, ,;, new values
Ry i+ and Ry, 4 converging towards the root are found
by applying equations Egs. (8) and (9}, The partial deriva-
tives necessary to perform these calculations are given
below.

dz V.,

o _ (Ruls =Rl yw)
R (R, = Ry)

(R, + Ry’

ni, nk,
+ ?:“Lmbmww,} - -Ei

LambertW (0,) At

(Rad o + Rdo) VR, + 0V uRy) — nV iy (RuRod + RuRJo + Ry V ) Bt Blal fowt

b4

[V (R + Ry

Examining the power-voltage data set of Fig. 2, it is evi-
dent that a global maximum exists at MPP. Thus the par-
tial derivative of power (P) with respect to voltage (and
current) is equal to zero.

ar ar
g et QY
Equations for the partial derivative of power with respect

to i and ¥ have been published in carlier work (Jain and
Kapoor, 2004). Similar o Ey. (3) we use the partial deriv-

=0, ,, (5)

" L+ Lamberti#(8,) 6, 9R, (10)
R (1)
& Ve
R (R, + Rl
RUREMILN Ra) = (Rado | R )
(R + Ra)Y
B ﬁ LanibertW () it (12)

R, [1+ LambertoW {0,)]0; 8R4,
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D0 _ RA(nVuls + V) = nV(RoRa)  timtte

Rl

A (13)

and (3) y-uxis co-ordinate of interseetion is the approxi-

IRy, [V (R, + R aV (R, + Ry)
o (Rl = Ro + Vi) (Y uR, + 0V uRys) :pVM(R,,R Ty + R Ty + Ry V) il o
(aVuR, — nV R
iw
ok, = " Hm (14)

_ﬁ = 1’[,* -+ fq - 21.‘,,
sk
Lambert (i) iy
{[1 I Lamberti¥ (6,)]0, ,)R,,,}
LambertW(#,)
+ I’"’{ [U+ Lambert W (6;) ]u;}
LambertW{(0,) & }

+ F R § ————— 15
- J'{[1——.i'a.qm@‘)ertMr’{q’!z)] 3, IRy 3)

%; =ieu-_;%»_~v{1 _Rd‘{—f..p—fpn—‘ru]} (16)
IRy nly, Wy

The popular Newton-Raphson method is known to offer
an elegant method of locating the roots of non-linear equa-
tions with quadratic convergence provided the initial esti-
mates (R, and Ry, ) are located within the vicinity of the
actual roots (Press et al., 2002). Equally well known is its
failure to converge should the initial estimate lic far from
the actual root and/or the presence of a local maximum
or minimum lying between an initial estimate and the root.
To avoid this scenario. a contour plot of expressions = and
w (with R, and R, the independent variables) based on the
properties of the cell under study can be created. Such plots
can be readily gencrated in Matlab using the standard
meshgrid and contour functions. Generating the contour
map will confirm the existence of the root (interscetion of
zero contours) und also reveal its upproximate location
which can be used to start the analysis. The contour plots
of the blue and grey cells (Tor propertics see Table 1) used
to evaluate the proposed method are shown in Figs. Jand 4
respectively.

The contour plots of Figs. 3 and 4 can be interpreted in
the following manner: (1) locate intersection of zero con-
tours for functions = and w, {2) x-axis co-ordinate of
intersection is the upproximate value for series resistance,

Table 1
Characteristics of the blue and grey cells used for
our unalysis (Charles el ul,, 1981),

P Blue solar cell Grey solar cell
n 1.51 +0.07 1.72 =008
Vg (V) 0.433 0.387
Ly (A) 00934 0483
P (W) 00404 (LIS8

0.737 0.638
TIK) 300 307

mate value for shunt resistance. Using values in the vicinity
of this arca will result in rapid convergence. This step how-
ever may be avoided if an approximate value for series and
shunt resistance is known.

Contour plot of l\.miions zhw
1100 - -
1050 65 g § ‘}@ § -~ §
w g f =y ! p :"I :
5 1000 [ ‘_I ngil .I.' : ) f
§ = g7 £ %
£ 7 & F P
g 0 / o
i | Lo [ 48
850 -3 /
§ 5
/ 2 / A
oos 0055 0.06 0.065 o007 0.075 008
Senes Resistance (Ohms)

F|g_ A ( ‘ontour maps of functions 2 and w Tor the Mue cell based on data

pplied by I ol vero reveuls approx-
imate vilues for R, and £, which can be wsed to begin the numerical
analysis,

urer, T

3 Contour plot of functions z & w
. /
F
£
S
o
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g uf
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“n
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Fig. 4. Contour maps of functions = and w for the grey cell based on dara
supplied by manufacturer. Intersection of zero contours reveals approx-
imate values for B, and Ry, which can be wsed (o begin the numerical
analysis.
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3. Calculations

The proposed method shall be used to determine the val-
ues for series and shunt resistance at maximum power
point for two cells (a blue and grey type) and three modules
{¢-Si, pe-5i, and a-Si types). For the analysis of the blue
and grey cells, the results published in earlier work (Charles
ct al, 1981) which were confirmed o be within 1% of
experimental values, will be used as the analysis bench-
mark. The second part of our study will invelve the analy-
sis of three modules with the results obtained compared
against published work (lkegami et al., 2001). For compar-
ison, the methods of Villulva et al. and Carrero et al. shall
also be used to determine the values of loss resistances for
the blue and grey cells.

Additional to the values obtained Irom the manulactur-
ers datasheet, we must calculate the photogenerated cur-
rent (fs) and the diode saturation current (). The
photogencrated current of the solar cell (1) is ussumed
to be equal to short circuit current ([,.) (Chenni et al.,
2007). The diode saturation current can be determined by
(De Soto ct al., 2006),

To=Tis ("T) ‘g[“:"i{ﬁ*)] an

where T and T, are the actual and nominal cell tempera-
tures respeclively in Kelvin, E, is the bandgap cnergy ol
the semiconductor (E, = 1.12 ¢V for silicon at 25 °C) and
Iy, 1s the saturation current at nomimal condition given
by (De Soto et al., 2006),

. (18)
(-'(;T"’i') -1

The algorithm of the method proposed 1o determine the
values of R, and R, is summarised by Fig. 5.

Egs. (3), (4) and (6)-(16) were coded into Martlab to
determine values of z and w and their partial derivatives.
Matlab is able to determine values of the Lambert function
using the lmbertw( x) function. A while loop structure was
used to stop iterations once the error was below an arbi-
trarily selected value. As the aim is to determine the values
of R, and R,;, which make expressions - and w zero, error is
defined as the maximum absolute value obtained from
these two expressions. That is,

&= max[|z], [w]] (19)
For our investigation we will initially set z to 1 x 107", The
influence of this value on the analysis will be discussed in
Section 4. The proceeding sections will detail the parame-
ters of the devices studied.

3.1, Blue and grey cell analysis parameters

The properties of the blue and grey type cells whose loss
resistances are to be calculated are given in Table 1.

Obtain Ve, fse, fmge Vimp from
manufaciurers data sheet

]

Determine /s Eq. (17) and
Eq. (18), 50t fon = Juc

]
Estimate initial values of
loss resistances Ry, R
and diode factor, n

¥
Calculate z and w and their
partial derivatives using Eq.
(3) - Eq. (7) and Eq. (10} -
Eq. (16)

(oo -
no
Delermine updated values
for Ry and R using Eq. (8)
and Eq. (9)
L]

Find updated values of z
and w using Eq. (3) and Eq.
(6) with updales loss
resistance values

L

Fig. 5. Algorithm of proposed method (o determine values ol series and
shunt resistance values at maxinum power point.

Contour plots shown (Figs. 3 und 4) conlirm for both cells
that a unique solution exists for R, and R,;, which permit the
maodel output of the cell to equal the experimentally obtained
maximum power point. We know this as there exists only
one intersection of zero contours for each cell. Additionally
the contour plots reveal the approximate location of the
roots and therefore the initial pair set (R, Ry to be
(0.065, 950) and (0.08, 25) for the blue cell and grey cell
respectively. These values will be used to initiate the analysis.

3.2, Single, polyerystalline, and amorphous modules analysis
parameiers

In addition to the analysis of the blue and grey cells, the
loss resistances of three modules (single. poly, and
Tahle 2

Charucteristis ol three modules whose loss resistunces are 10 be Tound
{lkecgami ct al., 2001),

Parameter Single-crystalline Polyerystalline Amorphous
n 49.53 46.6 104.95

Vg (V) 14.7 14.8 15.1

T (A) RN 2188 1.53

FF (%) 68.6 70.6 579

T(K) 3213 3231 3095
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amorphous) with operating characteristics given in Table 2
shall be found.

4. Results and discussion

An approach to determine the parasitic resistance values
R, and R, using a multidimensional version ol the New-
ton-Raphson method has been made for devices of varying
type using the method outlined in the previous section. Pre-
dominantly using dala available from the manulacturer
(Lo, and V,p,,); values for R, and R, were found which per-
mil the model output 1o equal the experimentally obtained
value of maximum power [Py, ). Results and discussion
for the blue and grey cells will first be presented followed
by the analysis of the single-crystalling, poly-crystalline,
and amorphous modules.

4.1. Analvsis of blue and grey cells

The caleulated results of Charles el al. were used as Lhe
analysis benchmark as these results have been experimen-
tally verified and found to be on average within 1% accu-
racy. Tables 3 and 4 summarise results obtained for the
analysis of a blue and grey type solar cell respectively using
the proposed, Villalva et al., and Carrero et al. methods.

From the results presented in Tables 3 and 4, we cun see
thar all values obtained using the proposed method
matched (within specificd tolerance) the resulls of Charles
et al. The results of the alternative methods however varied
significantly. Examining cach method individually, the out-
come of the Villalva et al. method was that all values were
well outside tolerance in all cases. For the grey cell, the
methed of Carrero et al. was cllective to determine the
value of series resistance but marginally outside tolerunce
for the value of shunt resistance. Despite the large variation
in charactenistics of the blue and grey cells, the proposed
MNewton—Raphson method consistently produced accurate
results. Additional to its accuracy, the proposed method
demonstrated its ability to find values in a stable and con-
vergent manner. This is made clear from Figs. 6 and 7
which plot values for R, and R, with each iteration respec-
tively for the blue cell as an exumple,

All methods studied here are based on finding values of
R, and R, which permit the model output at Py, to equal
the experimentally acquired value of maximum power.

Table 3
Comparison between analytical results of Charles et al. and the proposed
method for the blue cell,

Parameter  Benchmark® Method 1 Method *  Method 3
R, (1) 0.07 + 0.8 00671 0.002 00207
Run () 1000 _ 50 977 253.65 256.41

* (Charles et al., 1981).
" Proposed method.

£ (Villalva ct al., 2009).
4 (Carrero et al., 2000).

Table 4

2391

Comparison between analytical resulls of Charles el al. and the proposed
method for the grey cell.

Parameter  Benchmark®  Method 1 Method ¥ Method 3
RQ 0.08 1L 0.01 0.0784 0.0559 0.0841
Ry 02 2%6=1 26.08 14,109 24.303
® {Charles el al., 1981).
" Method proposed.
* {Villalva et al.. 2009),
4 (Carrero et al.. 2010).
0068
0067 o
— P
g‘ 0067 /
E 0066
0066
0065
1 & " % a = »n 3% @ 65
Iteration

Fig. 6. Values for &, for each iteration for the blue cell using the proposed
Newton Raphson method.

Ry, (Ohms)
g PEg 33933

1 [ " 16 n ko n £ 41 45
Iteration

Fig. 7. Valoes for R, for cach iteration for the blee ecll using the
proposed Newton-Raphson method.

Using Eq. (2), current was caleulated based on the loss
resistances determined from cach of the four methods for
the blue and grey cells. The power output of the cell was
then found simply by,
P=iV (20)
For the method of Charles et al. values for R, = (.07 Q and
Ry = 1000 2 for the blue cell and R, =0.08 Q and Ry, =
26 Q for the grey cell were used. To understand the signif-
icance of the large variation in values obtained for R, and
R, from each of the methods studied, Fyg. (20) was used to
determine the maximum power output for varying levels of
irradiance (). This was carried out as the value of loss
resistances has been shown o have an clleet on the module
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Table 3

Values caleulated Tor maximum power oulput using Fy. {2} based on loss resistance values oblained Irom each of the methods studied lor the blue cell.

Relative error to values for Charles et al. are also given.

G{W/m')  Benchmark (Charles et al, 1981 Method 1 proposed Method 2 (Villalva et al., 2008) Method 3 {Carrero et al., 2010)
Prax (W) Proan (W) Error (%) Pr (W) Error (%) Lo (W) Error (%)

1000 NS 0.0404 000 0405 025 L0403 0.25

E] 00318 0.0318 0040 00316 0.63 00315 054

00 0.0232 00232 0.00 0.0229 1.29 0.0229 1.29

400 00149 0.0149 0.00 0.0145 2,68 0.0145 268

2K (10069 00069 0040 000635 5.80 000635 580
Table 6

Values caleulared for maxinum power outpur using Eq. {2) based on loss resistance values obtained from cach of the methods studicd for the grey cell.

Relative ervor to values for Charles et al. arc also given.

G{W/m’)  Benchmark (Charles et al.. 1981)  Method 1 proposed Method 2 (Villalva et al., 2009) Method 3 (Carrero et al., 2010y
Pous (W) Paax (W) Error (%) Py (W) Lrror (%) Praax (W) Lrror (%e)
1000 0.1877 0.1877 .00 0.1879 ol 0.1859 0.96
800 01482 0.1482 04 01467 1.01 0147 081
6K} L1085 01085 0.0 01056 2.67 01076 083
400 0.0688 00688 000 0.0652 513 0.0682 0.87
200 0.0302 0.0302 0.00 0.0267 11.59 0.0208 1.2
70 Moo
P 200 -m
WooE
S0
(1023
a A0 E
B o R0
o
200
200%
10 e e e e — —1
L1023
Qe 0 W M0 Xo 0 W0 S0 TO 60 %0 D®

o w 200 W0 40 0 00 ™o a0 00 WO
kradiance (Wim®)

Fig. 8. Error plot for varying levels of irrudiance Gor the blue cell modelled
with values obtained from the methods of Villalva et al. and Carrero et al.

Table 7

“The effect of changing the error threshold on the final values of &, and R,
and number of ilerations necessary for the blue cell obtained using the
proposed Newton-Raphson method.

Irradiance (Wim®)

Fig. 9. Error plot for varying levels ol irradiance for the grey cell modelled
with values obtained from the methods of Villalva et al. and Carrero et al.
The method of Carrero et al. in this case produced values similar to those
of Charles el al, and therelore resulled in higher accuracy.

Table 8
The ellect of changing the error (hreshold on the linal values of R, and R,
and number of ilerations necessary for the grey cell oblained using the

Lrror threshold, « R, R Number of itcrations proposed Newton Raphson method,
1LOOF-07 0.0671 977.002 48 Error threshold, ¢ R, Ry Number of iterations
1LO0LE -6 0.0672 977343 Kl :
LOOLE-07 00784 26.08% 19
LODE-05 00676 YR1.064 E] 1LODE—06 0.0784 26,089 15
e s . 1.00E—~05 00784 26092 10
LMY 00615 933.389 2 1LOULE-04 00785 26125 5
1LBOE 03 LTS 26.252 2

output (Swaleh and Green, 1982). Results for the blue and
grey cells are shown in Tables 5 and 6 respectively.
Interestingly values of maximum power output for all
methods at conditions similar to STC (G = 1000 W/m?)
were within 1% of the values of Charles et al. despite the
large vanution in loss resistunce values, However, as irradi-

ance is varied the consequence of modelling with different
vitlues of loss resistances becomes elear, As values obtained
from the proposed Newton Raphson technique were
within rolerance of the values obtained by Charles et al.,
all values for maximum power at all variations of irradi-
ance were approximately equal to the values of Charles
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Table ¢
Summary ol loss resislance values lor (hree dules, Values oblained using the proposed Newlon-Raph
obtained by Carrero ¢t al. and those published by Ikegami et al.

methed are L with the values

Module type Method | proposed Newton-Raphson Method 2 (Carrcro et al., 2010) Method 3 (Ikegami et al., 2001)
R (€ Ko (£2) R Q) R 19} R 1) R 1)
Single-crystalline 0.219 129.24 250 125.40 0346 193,70
0.214 184.66 0.239 179.80 0.360 97260
Amorphous 0.328 164.99 0.550 176.88 0.420 138.40
Table 10
Values for maximum power ouipul determined using the Tamberl W-lunction model and values for loss resistances determined by each method.
Module type Exp. results Methed 1 proposed Methed 2 Method 3
(Thegami et al., 2000) Newion-Raphson {Currero el al, 20010) [ Thegumi et al., 2001)
Py (W) P \W) Lrror (%) Py (W) Lrror (%) Py (W) Error (%)
Single-crystalline 46,75 46.75 .00 46.38 0.78 4599 .62
Poly-crystalline 42.62 42.62 0.00 42,38 0.56 4233 0.68
Amorphous 230 2300 .00 2268 1.85 2263 207

et al. However, because of the large variation in loss resis-
tances found by the alternative methods, errors in model
output increased with a reduction in irradiance. Looking
ut Tuble 6, the method of Villalva et al. for example, under-
estimated the value of power by over 11% at G =200 W/
m>. As u photovoltaic array will be subject w a large var-
iation n irradiance over its uscful life, we can infer that
modelling with inaccurate valucs of loss resistances will
similarly result in a variation in model accuracy. Figs. 8
and 9 plot the trend in error versus irradiance when mod-
elling with loss resistances values obtained (rom the meth-
ods of Villalva et al. and Carrero et al. for the blue and grey
cells respectively.

4.4.1. Seleerion of error threshold value, &

For the proposed method, an error threshold value must
be specified to end the Newton Raphson iterative process.
For the study carried out in the previous section, a signif-
icantly small value of ¢ = 1 x 1077 was arbitrarily chosen.
Vaurying this value will have the effect of changing linal val-
ues for R, and Ry, and also the number of iterations
needed for the analysis. Tables 7 and 8 summarise the effect
of changing ¢ on these values for the blue and grey cells
respectively. From these results, it is recommended that a
value of at least s =1 x 107" be used 0 ensure a sullicient
number of iterations are carried out to confirm values huve
converged to their final values.

4.2. Analysis of single, poly, and amorphous silicon modules

Having looked at two cells in the previous section., we
now look te determine values of loss resistance for three
modules of different type in order 1o assess the scalability
of the proposed method. Characteristics of cach of the
maodules studied is given in Table 2. Values of R, and R,

obtained for the three modules using the proposed method,
the method of Carrero et al. and the values published by
Tkegami et al. are presented in Table 9.

Examining Table 9 we can see that all values obtained
from the three methods varied, however generally speaking
the values obtained using the method ol Carrero et al, were
closer matched to those ebtained by the proposed Newton-
Raphson method. Similar to the procedure carried out in
the previous section, the muximum power output of the
model using Eqs. (2) and (20} were found based on the
module characteristics given in Table 2 and the loss resis-
tance values of Table 9. Diode saturation currents were
again found using Eqs. (17) and (18). Model calculations
lor Ppay were compared Lo the experimentally obtained
values for [, and V,,, which was used to calculate P«
published by lkegami et al. Results of this analysis is pre-
sented in Table 10,

Values obtained from the proposed method equalled the
experimentally obtained values published by Ikegami et al.
for all modules. When modelled with values obtained from
methods 2 and 3, error in output varied from module to
module. Poly-crystalline modules sulfered the least loss in
accuracy followed by the single-crystalline and amorphous
modules. No such variation in accuracy was found with the
proposed method.

5. Conclusion

This puper presents a new method o determine serics
and shunt resistance at maximum power point modelled
with Lambert W-function equations using a multivariable
version of the Newton-Raphson formula. Values obtained
using this method were found to be in better agreement
with the results of Charles et al. compared to the methods
of Villulva et al. and Carrcro et al. Although both
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alternative methods proved to match experimental values
of Py at conditions similar to STC. our study of the blue
and grey cells revealed that errors would arise when subject
to varying levels in irradiance. Additionally, values for ser-
ics and shunt resistance were determined with fast conver-
gence stabilising towards their final values. The second part
of our study which looked at three modules, demonstrated
that the proposed Newton-Raphson method is more
capable to determine loss resistance values for modules of
dilferent type. Limitations with this method however
include the initial soltware coding of the partial derivative
equations and the computational burden associated with
the evaluation of the Lambert function. This method is
therefore limited Lo use on a personal compulter.
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Chapter 5: Numerical calculation of series and shunt resistance of a
photovoltaic cell using the Lambert W-function: Experimental evaluation

5.0 Introduction

The method presented in Chapter 4 to determine the values of series and shunt resistances
was validated by comparing the calculated values of two cells against data published in
previous studies. These values are mandatory inputs for modelling the electrical
behaviour of a solar cell. This chapter describes the experimental investigation performed
to further validate the numerical method. Current-voltage curves for a single multi-
crystalline cell were obtained while under varying levels of outdoor illumination in
Hamilton, New Zealand. From these current-voltage curves, data typically provided by
the manufacturer of a solar cell/module were extracted; (i) the short circuit current (/;.),
(11) the open circuit voltage (V,.), (ii1) current at MPP (Z,,,), and (iv) voltage at MPP (V,,,).
This data was obtained by using a precise National Instrument source measuring unit
which is (model NI-SMU-4130) able to measure the current response from the cell under

varying loads.

Using the experimentally acquired data, the method described in Chapter 4 along with
two other published methods was used to determine the values of series and shunt
resistances. These values were then applied to the explicit current-voltage equation to
obtain simulated current-voltage curves and compared to the original experimental

curves.

A root mean square error analysis was conducted to compare the accuracy of each of the
three methods investigated. The analysis revealed that the method described in Chapter 4
provided the closest match with the experimental P,,,, value and also that error between
simulated and experimental data over the entire current-voltage curves was minimised

over two existing methods.
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Based on the results obtained from this research work, the method developed to calculate
the values of series and shunt resistances could be confidently applied to further work
investigating the effect of flow distribution and its effect on photovoltaic performance

within a BIPVT collector.
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Abstract

The valucs of serics and shunt resistances play an important role in the modelling behaviour of a photovoltaic cell. The authors pro-
posed in earlier work a new method to determine these values numerically at maximum power point using the Newlon Raphson method
and equations bascd on the Lambert W-function. Here, an experimental investigation has been carried out to further validate this
method and observe its behaviour over the entire current voltage curve. Current voltage curves from a single multi-crystalline cell were
obtained under outdoor testing in Hamilton, New Zealand under three levels of illumination (800, 900, and 1000 W/m?). In addition 1o
the method of Ghani and Duke (2011), two other methods were also used to caleulate series and shunt resistances based on the param-
elers extructed rom the experimental data. A comparative study of each methods outpul current vector using a ool mean square error

analysis revealed that greatest accuracy was achieved with the proposcd approach.

© 2012 Elsevier Ltd. All rights reserved.

: Solar delli

Keywords: Serics resistance; Shunt resistance; Numerical ca

lation: Lambert #-function; Photovoltaic [

1. Introduction

Ttis typical to utilise the five lumped parameter model in
order to simulate the behaviour of a photovoltaic system. It
has been shown (de Blas ct al., 2002; De Soto ct al., 2006)
to vield results consistent with experimental values while
avoiding excessive complexity. However, the accuracy of
a maodel is not only dependent on the structure and func-
tionality used to represent the physical system, but also
by the parameters employed which govern the characteris-
tics of the specific system under study (Carrero et al., 2010),
Values such as the series ( R,) and shunt resistances (R.,) for
example are generally unpublished by solar cell and module
manufacturers and must be obtained independently.

* Corresponding author, Tel: 164 61426599305,
E-mail ancdelvess: Taisul ghani@rmitedwau (F. Ghani),

38-092X/8 - see Tront matter © 2012 Elsevier Lid. Al rights reserved.
hupdids.dod org/ 10,1016/ solener. 201 2.1 1 002

The series resistance is a lumped parameter value which
represents the summation of several loss mechanisms in a
solur cell. For example, losses due to resistance introduced
in cell solder bonds. emitter and base regions, cell metallisa-
tion. und cell-interconnect busbars all contribute to the value
of R, {Green, 1998). Similarly the shunt resistance value rep-
resents any parallel high-conductivity paths across the solar
cell p—n junction. An increasc in series resistance resulls in a
drop in voltage output while a decrease in shunt resistance
will reduce current output {(van Dyk and Meyer, 2004). Work
by van Dyk and Meyer demonstrated that by increasing R,
from 0.36 to 1.80 ohms, both the maximum power { Pi,.)
and fill factor (#F) were reduced by 25% making it clear that
maodel yield is strongly infl ed by loss 1 e values.

By neglecting or failing to determine the correct resis-
tanee values ol a cell or system under study, the modelling
results obtained may be misleading. For instance, when
modelling over a wide range of conditions as typically
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experienced by a photovoltaic system, the predicted output
of a maximum power point tracked system may be ofl from
5% to 8% by neglecting the serics resistunce term (Chenni
et al.. 2007). The influence of shunt resistance on modelling
accuracy has a similar effeel, An investigation on a 120 Wp
mono-crystalline photoveltaic module which was carried
out in another study (Celik and Acikgoz, 2007) in order
o compare the modelling accuracy of the four and five
parameter models against experimental data. Results from
the four parameter model (which neglects the ellects of
shunl resistance) was found Lo produce greatest error with
maximum error reported to be near 11% for the calculation
of daily encrgy output. This is over double the maximum
error obtained by the five parameter model (4.4%) which
includes the effect of shunt resistance. The more complex
wo diode model 15 also encountered in the literature
(Ishaque et al., 2011) which is composed of seven parame-
ters. The additional complexity introduced by the two new
madelling parameters however favours the implementation
of the single diode five parameter model which is well
known Lo vield accurate resulis (Villalva et al., 2009).

Given the importance of determining these parasitic val-
ues, a number of methods currently exist to determine the
series and shunt resistances of a photovoltaic cellfmodule.
Methods include analytical, experimental, and numerical
types. One analytical five point model was proposed to
determine the values of photogenerated current (£,), diode
quality factor (n) saturation current (1), and R, and R,
{Chan and Phang. 1987: Chan ct al., 1986). This method
however requires the experimentally obtained values of
open cireunit voltage ( V). short circuit current (1), voltage
4l maximum power point (¥,,), current at maximum
power point, and slopes R,, and R, of the / V¥ curve at
short circuit and open circuit respectively. An analytical
approach was also adopted more recently in an another
study (de Blas et al., 2002). The analytical approach has
the advantage that it is fast to calculate by avoiding the
iterative process required by a numerical approach. How-
ever, the approach used by these studies required the values
of Ry, and Ry, which must be found experimentally by
cxamining the slopes at open circuit and short circuit
points respectively as these values are generally unpub-
lished by the munulacturer, Other methods such as particle
swarm optimisation (PSO) which employs an algorithm to
extract parameters including R, and R, similarly requires
experimentally acquired / ¥ curves (Macabebe et al.,
2011). Two methods (Carrero et al., 2010; Villalva er al.,
2009) currently exist which look to oblain the values of
these resistance values numerically at maximum power
point. As photovoltaic systems are generally coupled with
maximum power point trackers (MPPTs). this approuch
seems justified and has the advantage that it can be carried
out using only data provided by the manufacturer.

A method proposed previously by the authors (Ghani and
Duke, 2011) numerically determines the values of series and
shunt resistance at maximum power point | MPP) based pri-
marily on values obtained by the duta sheets supplicd by the

manufacturer (i.e. [, Ve dup, and V). This way, experi-
mentation is not required unlike the methods discussed pre-
viously. This numerical method solves a system of non-linear
equations derived by examining the J Vand P V character-
istic cquations using a multi-variable version ol the Newton—
Raphson algorithm. Equations modelled with the Lambert
W-function were used to model the current equation explic-
itly in terms of voltage and permit caleulation of the neces-
sary partial derivatives for the Jacobian matrix. Although
mathematically rigorous, the method published by the
authors was shown o determine the values of R, and Ry,
with quadratic convergence. This work however was only
supported by comparing to previously published data and
at maximum power point only. Here we present experimen-
tal work carried out to validate this method in comparison to
the methods of Villalva et al. (2009} and Carrero ctal, (2010)
for the experimentally acquired / V' curve of a single multi-
crystalline cell exposed to varying levels outdoor illumina-
tion. The aim is o compare the modelling accuracy ofa pho-
tovoltaic cell for each of the three approaches.

2. Research methods
2.1. Overview

The current-voltage curves of a single multi-crystalline
silicon (me-Si) cell with the basic electrical characteristics
provided in Table 1 was obtained cxperimentally under
various levels of cutdoor illumination in Hamilton, New
Zealand from which the values of [,.. Vi, fp. and V,,
were extracted.

Extracting the values for £, V.. and P, from these
experimental curves, the values for R, and R, were calcu-
lated using the method of Ghani and Duke (2011) for cuch
level of illumination. Additionally two other methods (Car-
rero et al., 2010; Villalva et al., 2009) were used to deter-
mine the resistance values for comparative  purposc.
Throughout this study the diode constant (1) was assumed
to be constant with the value ol one.

These values were then used in Eq. (1) (Jain and
Kapoor, 2004) to obtain the current vector based on the
cquivalent voltage vector used to sweep the solar cell and
obtain the experimental /- ¥ curve. Curves obtained from
the mathematical model were then compared to the origi-
nal experimental /- curve and statistically compared
using a root mean square error analysis. Details for each
step are provided in the proceeding sections.

v
"Rt Ry
(R-k[RJﬂ | Bdo | W)
RAaR WV Re+ Ron)
1. ] sk IV Ry + Raa) [y
ambert | R R e
R!
Ralfo+1u)
PR AR

(1)
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Table 1
Curreni—vollage properties of the me-5i cell used
for this study at standard test conditions (STC).

e (mAfem®) 3236
Vo (V) 0.596
Jop (MASem®) 28.04
Vi (V) 0.424

2.2, Experimental acquisition of I-V curves

The wiring diagram of the equipment used to collect the
current-voltage data of the me-Si cell is shown in Fig. 1.
The current voltage curve of the photovoltaic cell (for
properties see Table 1) manufactured by Silicon Solar
was obtained using a high speed programmable source
measuring unit (SMU) manufactured by National Instru-
ments (model NT-PXT-4130). The SMU was connected to
the cell using a four wire or remote sensing scheme to elim-
inate measurement error introduced by the lead resistance
as used in other work (Chan et al., 1986). With the four
wire approach, a voltage is sourced across the cell using
one pair of leads (Force HI and Foree LO, Fig. 1), and
the voltage drop across the eell using another pair of leads
(Sense H1 and Sense LO, Fig. 1}. This way any lead resis-
tance could be compensated during measurement. The cur-
rent-voltage charucterisution was performed on a cell
illuminated outdoors in Hamilton, New Zealand (37°47'S,
175°19°E). We chose o perform an outdoor forward bius
test over a dark reverse bias test as it has been acknowl-
edged Lo yield more accurate values given the realistic oper-
ating conditions (Bushuhu and Habyarimana, 1995).
Radiation was measured using a Middleton Solar EQ-08
pyranomeler and logged during measurement. Current—
voltage wmeasurements were taken at 800, 900 and
1000 W/m? of irradiance.

Tn total, the DC voltage sweep consisted off 75 points
from 0V to V,. (approximately 0.6 V at STC see Table
1). For the current range measured. the NI-PX1 130
SM1J is stated by the manulacturer to have a current mea-
surement resolution of 100 pA. The cell under test was
mounted with good thermal contact using a thin layer (less
than 1 mm thick) of thermal adhesive to a high efficiency

Source Measuring Unit (SMU)

aluminium heat sink which was mechanically coupled to
two 12VDC fans. Convection cooling of the heat sink fins
was implemented in order to reduce the rise in operating
temperature of the cell during the measurement period
which was <5s. A k-type thermocouple was thermally
adhered to the rear side of the cell using a curing heat
transfer compound to provide an approximate value of
the cell operating temperature (Te). It was found that
temperature rise of the cell was <1 °C for the / V measure-
ment period at 1000 W/m®. The entire measurement pro-
cess was controlled using National Tnstruments LubView
software and the Narional Instruments PX1-1033 hardware
platform. This included all hardware control, parameter
extraction, and data logging.

2.3, Numerical calendation of Ry and Ry, using the Lambert
W-funciion

Theory behind the method of numerically calculating
the series and shunt resistance using the Lambert W-func-
tion is provided clsewhere (Ghani and Duke. 2011): how-
ever, the essentiul equations are reproduced here for
completeness. A multi-variable version of the Newton-
Raphson method (Chapra and Canale, 2002) was used to
solve a system of non-linear equations for R, and R, at
maximum power point. Values for R, and R, were calcu-
lated iteratively using Eqs. (2) and (3) starting with initial
values R, and R, .

I iy
Zigw, — Withg
Ry =Ri= 5 oo e i 2
—a L - L U
UR, PRy T DR iR,
ey oy
i Dy
R =R. — _Midw, " Ztow, (3)
Tl T O owy Oy Dwy
AR, R AR R,

where expression = was derived by substituting the values
of Ly and V,,, for fand Vrespectively into Eq. (1) yielding
Eq. (4).
Rallo | 1) Vg ¥y
z= ———— ——— Lambert W(# )=l —0
(R~Ras)  (RARs) R W) =T
4

ooy Force HI
 amp- ) orce
\meter /T I o
g Remote—  —on———J
R Sense HI
Voltage Sense output "'V oltage "\ _
il ] V.
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\ y
A . | Sense LO
| Remote— | ™ 1.
Local D o
Force LO
Iig. 1. Wire ion di for & ¥ of cell with SMUL
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where 8, is given by,
Ru(Rd s — Rl + V)
ReloRse 1V (R, + Ras)

O = ——= 0Tk
' V(R 1 Ra) ®)

Similarly expression 1w was obtained by examining the

P—V curve and knowledge that a global maximum cxists
at maximum power point. Therefore,
P
av
Equations for the partial derivative of power with respect
to i und ¥ have been published previously (Jain and Ka-
poor, 2004), Similar to Eq. (4) we use the partial derivative
of P with respect to current to define expression w at MPP
by substituting values for i and V' with /., and V,,
respectively,

W= Rl | Rado — 2 R — 2R — nV g Lambert W(6),)

=0 (6)

PV

tot s B 071} = @
where i is given by,
z R —lwp — I — 1)
8, _T;.V_:'e nVa (8)

where the partial derivatives needed for Egs. (2) and (3) are
provided in Appendix A.

Ghani and Duke (2011) demonstruted that the proposed
numerical method to determine the values of R, and R,
was fast and also accurate in comparison o iwo recently
published methods (Carrero et al., 2010; Villalva cu al,,
2009) at maximum power point. The current vector was
then generated using parameters caleulated Trom cach off
the three methods using Fg. (1) and compared against
the experimental data.

3. Results and discussion

A single 78 « 24 mm multi-crystalline cell (sce Table 1)
was tested outdoors at 800, 900, and 1000 W/m’ of illumi-
nation. From the data collected, values for I, V..., I, and
Ve were obtained and used o approximate the lumped
parameter values of R, and R, using three methods:

(@) By the method of Ghani and Duke (2011).
{b) By the method of Carrero et al. (2010).
{c) By the method of Villalva et al. (2009}
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The values obtained [or R, and R, by cach method at
each level of illumination is presented in Table 2.

Examining Table 1. we make the following general
observations;

1. The walues for R, are similar between the author's
method and the methed of Carrero et al. (2010). How-
ever, the values for R, are approximately 15 200
higher.

2. Comparing the author’s method to the method of Villu-
lva et al. {2009}, both R, and R, values differ signifi-
cuntly, with vilues obtwined with the latter method
always less for both resistances.

. The values obtained by Ghani and Duke (2011) for R,
decrease with irradiance supporting the results of
another study {Benda and Machacek, 2010).

(]

It was assumed for our modelling study that the photo-
generated current (£} was equal to the short circuit cur-
rent (I} (Chenni et al, 2007). The diode saturation
current (fp) was determined by Egs. (9) and (10) (De Soto
et al., 2006).

fhasdipd (;) je[gf"* """] 9)

where,
Ton

. B
" ¢'(+%) -1

T and T, represent the actual and nominal cell tempera-
tures respectively in Kelvin, £, is the band gap energy of
the semi-conductor, kg is the Boltzmann constant
(1.38 x 107 J/K), und g is the value of clectron charge
(1.6 x 10 ).

Substituting the values listed in Table 2 into Eq. (1), the
current vector for cach method and illumination was caleu-
lated. Tables 3 5 summarises the six parameters ([, V.~
Toips Vs Prvan, and FF) extracted from the current-voltage
array calculated by euch method for each illumination level
along with the corresponding experimental values.

Comparing the data presented in Tables 3-5 we can see
that the proposed method for calculating R, and R,
results in the most accurate model output for P, with
negligible variation from the experimental value. The
method of Carrero et al. (2010) however marginally yields
the closest correct value of fill factor (FF).

(10)

Table 2

Values of R, and R, obtained from cach of the three methods investigated.
£00 W/m’ 900 W/m’ 1000 W/m’
Ghani and Carrcro Villalva Ghani and Carrcro Villalva Ghani and Carrcro Villalva
Duke (2011} elal (2000} el ul, (2009} Duke (20011) el ul (2000)  etal (2009}  Duke (2001) el al. {2000) et al, (2009)

R 02171 0.2170 01727 02160 L2178 1878 02023 0.2024 0.1742

Ra 25338 22056 15.734 18190 15.404 13913 19.295 16276 13.417

1£2)
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I V curve, the mean square error (MSE) and root mean
square error (RMSE) values were caleulated for the current
vectors as calculated by Eqgs. (11) and (12) respectively.
Results are listed in Table 6.

1 &
MSE (icxps o) 32 S lixp = o)’ (11)
i 1

where A is the number of samples, i and fpogq are the
experimental and model values for current respectively.
The root mean square error is found by taking the square
rool of the MSE.

Table 3
FExperimentul and model parameters extracied from the J=17 curves at S00 W/m?,
L 1A) Vao V) Loy |A) Foup (V) Loz (W) ¥
Experimental data 0.4574 0.5792 40659 14212 01714 06468
Ghani and Duke (2011) 0.4535 0.5758 0.4050 0.4232 01714 06562
Carrero et al. (2010) method 0.4529 0.5758 04027 4232 0.1704 0.6533
Villalva et al. (2009 method 0.4524 0.5758 0.3996 04362 0.1743 06681
Table 4
Experimenta] and model parameters extracted from the J-F curve at 900 W/m®
LoAA) V.. (V) T UAY P (V) Proas (W) FF
Faperimentul duta 0.5122 0.5879 04495 14213 0.1854 0.6288
Ghani and Duke (2011) 0.5062 0.5846 0.44735 0.4232 0.1893 0639
Carrero et al. (201) method 0.5051 [h.5846 4426 4232 0.1873 L6344
Villalvu et al. {2009) method 0.5054 0.5846 0.4447 04319 0.1921 0.6501
Tahle §
Fxperimental und model parameters extracted lrom the F-F curve atl 1000 W/m®,
5o(A) Ve (V) [T Vi (V) P (W) FF
Fxperimentul data 0.5768 0.5%63 05100 14244 0.2164 L6290
Ghani and Duke (2011) 0.5708 0.5933 0.5115 0.4232 0.2164 0.6391
Carrero et al. (2010) method 0.5697 0.5933 00,5076 4232 0.2148 06354
Villalvie et al. (2009) method 0. 5694 0.593% 05035 1.4362 0.2197 0.6502
Tablc 6
Menn square and rool meun syuare error analysis lor each method and ilumination,
SO0 W/m* Yo W/m® 1000 W/m*
Ghani and Carrero Villalva Ghani and Carrero Villalva Gihani and Carrero Villalva
Duke (2011) ctal (20100 ctal (2009) Duke (2011) ctal (2010) ctal (2009) Duke (2011) ctal. (2000) et al. (2009)
MSE 00001 LAEEH L0003 0.0001 (L2 0.00m 000K 0.0002 0.INK02
RMSE D.0105 00115 00161 00113 0.0135 0.0122 0.0101 0.0124 00141
Table 7
Relative efficiency values determined using Lq. (13) for each level of illumination.
500 W/m® 900 W/m* 1000 W/m®
Carrero et al. Villalva et al. Carrero et al. Villalva et al. Carrero et al. Villahva et al.
{2000 {2009) (2000 (2008} (2000) {2008
Relative elliciency 0.8276 01,4223 07038 0.8574 06632 0.5177
To compure the accuracy of cach method over the entire RMSE = VMSE (12)

From Table 6 the root mean square error (RMSE) value
of the model current vector is minimised by obtaining val-
ues of R, and R, using the proposed method in all cases.
The relative efliciency caleulation defined by Eq. (13)
(Montogomery ¢t ul., 2011) [urther demonstrates the
improved model efficiency of the proposed method to the
allernative methods studied. Relative elliciency values are
given in Table 7.

MSE(Pyroposca)

MSE( @ crntive) 51

Relative efficiency =
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Fig. 2. P=F curves al MPP lor experimental and model data al 800 W/m2.
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0.350 0370 0.390 0.410

0430 0450 0470 0.490
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Fig. 3. P=F curves ai MPP (or experimental und model daty al 900 W/m2.

Relative efficiency values in all cases were found to be
less than unily indicating superiority ol the proposed
method with respect to a mean square error analysis,

The influence of varying the values of R, and R,, on the
power-voltage curves is demonstrated by Figs. 2-4 which
examines the P V' curve near MPP at 800, 900, and
1000 W/m? of illumination respectively. From cach ligure
we make the generul comment that the model output when
characterised with values obtained from the proposed
methed is most aceurate at MPP. The method of Villalva
et ul. (2009) over estimates this value, while the method
of Carrero et al. (2010) slightly undercstimates it

Tnspecting Figs. 2-4 we can see that the model output
matches the experimental data at MPP only. Away from
this point, the model ourput deviates from the experimental
data. The wuthors found that by adjusting the diode quality

factor n, this disparity is minimised. Consequently research
in this arca is currently being undertaken by the authors.

4. Conclusions

The proposed method to calculate the lumped parame-
ter values of series and shunt resistance using the New-
ton-Ruphson method and  equations  based on  the
Lambert W-function has been experimentally shown to
accurately describe the behaviour of a4 multi-crystalline
solur cell. Bused on a RMSE analysis of the entire current
vector, this method has demonstrated improved accuracy
over two existing methods at various levels of illumination,
The proposed method like the alternatives studied in this
paper requires only values typically provided by the
manufacturer and the diode guality Tactor. The obvious
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0225 =+ Experimental
=@~ Ghanl and Duke (2011)
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= Carrero method
0215 = Villabia method
-
2 o210
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z 0205
0.200
0195
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Fig. 4. P V curves at MPP for experimental und model data ar 1000 W/m2.

limitation however is the initial programming ol the neces- w

oo '
sary equations in a Matlab or similar environment, AR, 2mp (Aa3)
w
Appendix A. Partial differential equations R, T | o= 2y

Partial differential equations required for the method of

y { Lambert W(6:) 303}
ih
Ghani and Duke (2011).

T+ Lambert W(02)]0; 3R,

: Lambert W{ih)
B2 Ve (Ralo | Ralw) nVa | {—}
= ¥ — +— —— Lambert W (@ - -
R R Ra (R Ra) & am (81) |1+ Lambert I¥(6,)]6,
ol Lambert W(0)) 80, IR, Lambert W(0) 80, -
R, [1 | Lambert ()6, OR, 2 NN Lambert #(6,)] 6, 0Re *8

. Ru(Rd+RIn+ Vo)
06y _ ToR4(nV R+ nV yRos) = nV u(RoloRis ) 1V (R, + R
IR, (VR + 1V 4Ry)

Res(Rf s | Rl | Vi)
RaloRa, « (Rad i+ Rado) (¥ aR + 0V aRa) —nV o (Ra Rl + RanRido + Raa Vi) V(R + R}

- A2
nV (R + Roy) [V alR | Ra)F A2
oz - Vip (Io + I )(R: + Ry) = (R + Rondp) [ fo  Iolfo Im il Ral—Lup + 1w+ 1)
= - - R S e | bl el ST
OR% (R, + R)’ (R, +Ry) ORy nVy nVy

¥y Lambert W(lh) 80,

TR, (U1 Lambert #(6,)]6, Ry (A3)

R (R + RAo+ Vo)
DBy Rdo(nVuR 4 nVuRs) =V u(RIRs) = apy (R + R)

Ry (¥ alR — Ra)F

RalRuT + Rdo + Vieg)
R.AuR. " (R | Rdo | Vi)V R, | 0VaRa)  nVa(RaR1s 1 RaRdy | R‘}’.._,,]r AV 4R, — R7)
aVa(R, + Ra) (¥R, ——uVmR.nJ:

(A4)
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Chapter 6: Numerical calculation of series and shunt resistances and diode
quality factor of a photovoltaic cell using the Lambert W-function

6.0 Introduction

Previous research work has been focused on the development of a novel method to
determine the series and shunt resistance values of a crystalline silicon cell. These two
parameter values are necessary to accurately model the electrical behaviour of a
photovoltaic cell and are therefore needed for the final goal of creating a model of a
building integrated solar collector which examines the effect of flow mal-distribution on
photovoltaic performance. The novel method outlined in Chapter 4 however was initially
validated by calculating resistance values for two cells (blue and grey types) and
comparing calculated values with published values. It was shown that the method
produced values matching those published, additionally it was demonstrated that it
offered greater accuracy over two other recently published methods. Chapter 5 discussed
the work carried out to further validate this method by experimental means. Complete
current-voltage data for a crystalline silicon cell (the predominant cell type today) were
measured while exposed to varying levels of irradiance in Hamilton, New Zealand.
Extracting the data that is typically provided by the manufacturer from this data (i.e. /,,,
Vips I, and V), the values for R, and R, were calculated and used to generate current-
voltage data using the single diode, five parameter equation. The simulated current-

voltage data was then compared to the original experimental data.

Examination of the combined experimental and simulated data revealed that a growing
disparity between the method described in Chapter 4 and experimental data would occur
moving away from the maximum power point. By means of a sensitivity analysis, it was
found that by adjusting the diode constant value #, this disparity could be reduced thereby

improving modelling accuracy. A modification to the original algorithm presented in
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Chapter 5 was therefore made so that the diode constant could also be evaluated from

data provided by the manufacturer.

Initially the algorithm assumes the diode constant is equal to one. Based on this value, the
values for R; and R, are then calculated using the method described in Chapter 4. The
current-voltage curve is then generated for a voltage vector between 0 V and V,. from
which the fill factor (FF) is calculated. The modelled FF is compared to the fill factor
provided by the manufacturer. If an error is present, the diode constant value is

incremented and the process is repeated until the error falls below a specified threshold.

To validate this new method, the experimental procedure outlined in Chapter 5 was again
applied to compare the simulated data against experimental data. For comparative
purpose, the proposed algorithm was again compared against the method described in
Chapter 4 and another published method. It was found that the modified algorithm was
able to substantially improve modelling accuracy calculated based on a root mean square

error analysis.

This method permits the calculation of three parameters: R;, Ry, and n, all of which are
needed for the final mathematical model used to calculate the total yield of a PV system
operating under heterogeneous operating temperature which shall be discussed. The
improved performance obtained in the calculation of the third parameter (n) will
consequently improve the performance of the final model which is to be developed in this

study.
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Abstract

A number of methods currently exist to determine the modeling parameters of 4 selar cell. The authors presented in carlier a work a
method to numerically determine the valucs of serics and shunt resistance using the Lambert W -function at maximum power point pri-
marily using dita provided by the munufacturer, This method however assumes the diode constant value is known. An experimental
investigation reveuled that by setting the diode constant to unity as suggested in other work, a growing disparity between model output
and experimental values would arise away from the maximum power point. To address this issue, a modification is proposed 1o the
method of Ghani and Duke (2011) which permits the caleulation of the diode constant and the corresponding vilues of series and shumt
resistances. The method was experi lly validated by collecting the currcnt—voltage characteristics of & multi-crystalline cell exposed
1o 800, 900, and 1000 W/m? of outdoor illumination in Hamilton, New Zealand. A comparative analysis of the model generated data
using parameters found by the proposed method and two additional methods against experimental data revealed a significant reduction
in the root mean square crror over the entire current vector was obtained using the proposed method. The method is simple to apply and
can he carried oul using data provided the manulucturer,

@ 2002 Blsevier Lid. All rights reserved.

Keywords: Serics resistance: Shunt resistance: Diode constant: Lambert function: Cell modeling: Solar parameters

1. Introduction Ve = keT
q
The su.J,g]e dmdle‘. fvep arnmetermlodel represented by Eq. And the diode saturation current (f) was determined by
(1) is typically utilised 1o mathematically model the behay- Egs. (3) and (4) (De Soto et al., 2006)
iour of a photovoltaic cell or device (Villalva et al.. 2009). . - L ;

(2)

ik

/ ; T 2 [gﬂ—.—!}] (3}
V1 IR, (_,2;) o=foul =1} e
I=lu- —L-[e w1 ) T
Ry
where,
where Tis the current, Fis the voliage, R, and Ry arc the g, — # 4)
serics and shunt resistances respectively, £, is the photo- (.“';_'
generated current, n is the diode quality factor, and 1, is -1
the thermal voltage caleulated by, T and T, represent the actual and nominal cell tempera-

tures respectively in Kelvin, £, is the band gap energy of
the semi-conductor (eV), kpy is the Boltzmann constant
+ Corresponding author, Tel: 164 7 838 4522, (1.38065 = 107" J/K), and ¢ is the value of clectron charge

19
E-matil ancdedvess: Tag2i@wuikaloac.ny (F, Ghani), (1.6022 x 10 C).

H3E-092X/% - see Trom matter © 2012 Elsevier Lid. All rights reserved.
hupdids.dod org/ 10,1016/ solener. 201 2,080 008
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The five parameter model has been shown to offer
improved accuracy over the more basic four parameter
madel which neglects the effects of shunt resistance (Celik
and Acikgoz, 2007) while avoiding the additional complex-
ity of the double diode model (Chan and Phang, 1987).

The implicit nature of Eq. (1) and its computationally
burdensome evaluation has however resulted in the grow-
ing use of an alternative expression based on the Lambert
W-function (Jain and Kapoor, 2004; Jain et al., 2006; Pet-
rone et al., 2007; Picault et al., 2010). By using the Lambert
W-lunction the current can be expressed as an explicit
function of voltage as shown by Eq. (5). The result is a
maore convenient and computationally efficient caleulation
of current,

) ¥
=" R.+ Ru
R, — Rl

(m.‘m,, iyt :\)
LambertW (»F:Jrnr e A B )Pﬂ",*

R,

Rallo + 1) -
bl ! oL
+ R+ Ry, )

To obtain the current—voltage characteristic of a cell
using Eq. (5) however. a number of parameters such as
the series (R} and shunt (Ry,) resistances and the diode
quality factor (#) must first be found for the particular
device under study. The series resistance is a lumped
parameter value which represents the summation of several
loss mechanisms in a solar cell. For example. losses due to
resistance introduced in cell solder bonds. emitter and base
regions, cell metallisation, and cell-interconnect busbars all
contribute to the value of R, (Green. 1998). Similarly the
shunt resistance value represents any parallel high-conduc-
tivity paths across the solar cell p—n junction. An increase
in series resistance results in a drop in voltage ourput while
4 decrease in shunt resistunce will reduce current output
(van Dyk and Meyer, 2004}, Work by van Dyk and Meyer
demonstrated that by increasing R, from 036 1o 1.80 8,
both the muximum power (£,,,,) and fll factor (#F) were
reduced by 25% making it clear that the behaviour of a
photovollaic device is strongly inflluenced by loss resistunce
values,

In earlier work (Ghani and Duke, 2011), the authors
provided a method to numerically calculate the values of
series and shunt resistances using the Newton Raphson
algorithm based on using the Lumbert W-function. The
purpose of this method was to calculate the values of R,
and R, so that the maximum power output (P,,,.) of the
maodel would egual the value provided by the manulac-
turer. Equations based on the Lambert W-function were
utilised so that the current could be expressed explicitly
in terms of voltage and also for its relatively straightfor-
ward differentiation. The primary advantages of this
method were its high level of accuracy and need for only
input values oflen provided by the manulacturer such as

the short circuit current ([..), open circuit voltage (V).
and the values of current and voltage at maximum power
point (1, and ¥, respectively). The value of the diode
quality factor was assumed to be known or otherwise set
o onc as suggested clsewhere (Carrero et al., 2010) for this
method. Tt was found, however, that making the latter
assumption resulted in significant error when examining
the model performance over the entire /= curve in com-
parison to experimental data as shown by Fig. 1. By adjust-
ing the value of ». and re-calculating the values of R, and
Ry, the authors observed a reduction in this dispurity
berween model output and experimental values yielding
an improved fit overall.

A sensitivity analysis was carried out by the authors to
examine the effect of changing the diode constant (1) on
the serics and shunt resistance values. Fig. 2 plots the var-
iation obtained in resistance values as the diode constant is
incremented in steps of 0.05 starting from a value of one.

From Fig. 2 we can sce thal by increasing the diode con-
stant, a drop in R, and a rise in R, are obtained. The ideal
combination ol R,, Ry, and n will minimise some error ¢n-
terion, Tn this study, the root mean square error (RMSE)
analysis was performed in order to compare results of the
simulated current vector against experimental values (see
Sections 3 and 4 for detailed method). The simulated cur-
rent vector was calculated using Eq. (5) utilising values
for R, and R, found by applying the method of Ghani
and Duke (2011) for each value of # conducted in the sen-
silivily analysis. This simulated current veclor was then
compared to experimental values. Fig. 3 plots the RMSE
value against the diode constant value. From Fig. 3 we
can sce that RMSE is gradually reduced as we increment
the diode constant from one however a local minimum
exists at approximately n=1.55. From this point on,
RMSE begins to rise.

The results of this sensitivity analysis have demonstrated
that the simulated results of a photovoltaic system analysis
can be improved with the appropriate selection of values
R, Ry. and n. Consequently we propose here a modifica-

0.2200
02150
2 oneo
-
z 0.20%0
——  Experimental data
02000 = Ghaniand Duke {2011}
ou

950
03500 03700 03900 04100 04300 04500 04700 04500
Voltage (V)

Fig. 1. A comparison of the power-voltage curve pencrated using the
method of Ghuni and Duke (201 1) against experimental data for a muli-
crystalline cell exposed to 1000 W/m” of illumination.
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Fig. 2. Values for R, and Ry, for dilferent values ol n using the method of Ghani and Duke (2011).

tion to the method of Ghani and Duke (2011) so that the
value of the diode constant may also be determined. The
method is simple o apply and was lound o signilicantly
reduce error bused on a root meun square analysis of the
model and experimental current vectors.

2, Theory of method

An overview of the proposed method is shown by Fig. 4.
The proposed method is a modification to the method of
Ghani and Duke (2011) however the part of the method
devoled o caleulating the values of R, and Ry, is unchanged.
In this work, the values of R, and R, are numerically calcu-
lated at maximum power point (MPP) using data provided
by the manulacturer (ie. Lo Voo . and V) and a value
for the diode quality fuctor. Here we provide a modification
to the original algorithm so that », the diode constant may
also be culeulated with coupled values R, and R, without
introducing further experimentation.

The values of R, and R, are calculated by solving a sys-
tem of non-linear equations which describe the behaviour of
a solar cell at maximum power point. This system is solved
for R, and R, by using a multi-variable version of the New-
ton-Raphson equation. By starting with two initial esti-
mates for scrics (R,;) and shunt resistance (R ). the
updated values (R,; | and R, respectively) cun be found
using Eqs. (5) and (6) (Chapra and Canale, 2002). Conver-
genee is rapidly achicved provided initial estimates for R,
and Ry, are chosen within vicinity of the actual roots. If
these values are not local, an error may result. To avoid this
scenario, the approximate location ol the roots can be
obtained by generating contour plots as recommended by
Ghani and Duke (2011} for a diode constant value of one.

P . i
ik~ MR

Rt = Rei = o ©)
IRy DRy ORs DRy

0.0095

0.0085

0.0075

0.0065

0.0055

0.0045

0.0035
1 11 12 13 14 15 16 1.7 18

Diode constant, n

Lig. 3. Root mean squarc error valucs as a result of varving the diode
constant . Values Tor series and shunt resistunce used for Eq. (5) were
found using Gham and Duke (2001). Simulated values were compared
against experimental value collected for a single multi-crystalline cell
exposed 1o 1000 W/m® of illumination.

, ihay
R Wi gk, ~ 2 i, .
it = Ry — )

R e e R
where expression z was derived by substituting the values
of I, and V,,, for I and V respectively into Eq. (5) vielding
Eq. (7).

Rallo+14) Veap
(R, +Ry)

nFa .
— i =0 {
T+R) K LambertW(h) — Lup i8)

where 8, is given by.
B pl8d g Aalp | Vgl

ﬂ"‘_c_‘:uk—h.‘— (9)
n¥u(Re | Rup)

Similarly expression w was obtained by examining the
P—i curve and knowledge that a global maximum exists
ul MPP. Thercelore,
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STEP1
Obtain values for I Voo lmp and
Vi, from the manufacturer.

!

STEP 2
Initially set n =1,

STEP3
Estimate values of R, and Ry, to
begin the numerical analysis,
Ghani and Duke (2011).

STEP4
Calculate R, and Ry, using method
of Ghani and Duke (2011).

!

STEPS
Determine current vector for WO,
Voc) using Eg. (5) and power
vector (P=iV).
¥
STEP 6
Extract values of Iy, Ve lng, and
Vo from the model.

!

STEP 7
Calculate e using Eq. (14)

STEP 8
e < tolerance?

Increment n

by fyeep

Ry R 11

Fig. 4. Algorithm of proposed method 1o determine the values of R,. Ra,
and .

4

i 0., {10)
Equations for the partial derivative of power with respect

to i und V¥ have been published previously (Jain and

Kapoor, 2004). Similar to Eq. (7) we use the partial deriva-

tive of P with respect to current to define expression w at

MPP by substituting valucs for i with [, appropriately.

W= Rados + Rado — 2upRe — 2 Res
— nV g LambertW{0)

i -’-\pkd{l] LambertW (1)

Lambert (6, }]} ? ()

where (1 s given by,
fnR;a em. J:_-.."‘.I" '

0 =—=

»
=, (12)

The partial derivatives needed for Eqs. (6) and (7) are
provided in Appendix A.

It was assumed for our modelling study that the photo-
generated current (/) was equal to the short circuit cur-
rent (1,,) (Chenni el al., 2007).

The method of Ghani and Duke (2011) assumes that the
value of the diode constant, i is known. However, by intro-
ducing an iterative modification to this method, the value
of n can be found to better match the values provided by
the manufacturer. Iff we initially assume a value of unity
for the diode constant as recommended elsewhere (Carrero
et al., 2010), the corresponding values for R, and R, can be
found using the method of Ghani and Duke (2011). Apply-
ing these calculated values for R, and R, and the value
for » into Eq. (5) we can then obtain the current-voltage
as well as the power-voltage array (P = IV) from which
the values of short circuit current (..}, open circuit voltage
(V,.c), current at MPP (£,,,,), and voltage at MPP (V,,,,) may
be extracted rom the model. These values can be applicd
to find the value of the model output fill factor (FF,,q)
using Eq. (13) (Green, 1998).

T ot ¥ mpsmiodet

(13)

FFmodet =
"h'.l‘“l“rf)’ V ocmodel

The experimental values provided by the manufacturer's
data sheets can similarly be used Lo determine the actual Gl
factor (FF, ..} by substituting the corresponding pub-
lished values into Eq. (13). Using these two values we intro-
duce the il fuctor error term defined by Eq. (14).

(14)

The work by Ghani and Duke (2011) demonstrated that
high model accuracy al maximum power poinl was
obtained, By introducing an error criterion based on the fill
factor, the values of short circuit current and open circuit
voltage provided by the manufacturer are now also taken
into consideration by the model. By incrementing the value
ol 1 by a value which we term ny,,, and calculating the new
coupled values of R, and R, &g can be incrementally
reduced resulting in an improved fit of model data 1o exper-
imental values. The iterations arc stopped onece a criterion
(Epaterance) 18 satisfied. For our study we selected values of
0.0015 and 0.0005 for &apmmee a0k Ay, respectively. These
values were chosen to balance an accurate fit with compu-
tational burden and simulation time.

The proposed method was cvaluated cxperimentally
using u multi-crystalline cell rated at 500 mA exposed 1o

&5 = |FF weunt — FF modet|
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Source Measuring Unit (SMU)

Voltage source

' ForcelO

Fig. 5. Wirne ion diag

for [-F

of cell with SMU.

outdoor illumination at $00, 900, and 1000 W/m® in Ham-
ilton, New Zealand,

3. Experimental method

The experimental apparatus is shown in Fig. 3. The cur-
rent-voltage characteristics of a 500 mA multi-crystalline
photovoltaic cell manufactured by Silicon Solur was
obtained using a high speed programmable source measur-
ing unit {(SMU) manufactured by National Instruments
(model NI-PX1-4130}. The source measuring unit was used
over a Lraditional power supply because ol its precision
with respect to both sensitivity and accuracy. For the cur-
rent range measured in this work, the NI-PX1 130 SMU is
stated by the manufacturer to have a current measurement
resolution of 10 pA and a measurement accuracy of 0.12%,
The SMU was connected to the cell using a four wire or
remote sensing scheme to eliminate measurement error
introduced by the lead resistance as used in other work
(Chan ct al., 1986). With the four wirc approach, a voltage
is sourced across the cell using one pair of leads (Force HI
and Force LO, Fig. 5), and the voltage drop across the cell
using another pair of leads (Sense HI and Sense LO,
Fig. 5). This way any lead resistance could be compensated
during measurement. The current voltage characterisation
was performed on a cell illuminated outdoors in Hamilon,
New Zealand (37°47'S. 175°19°E). An outdoor forward
bias test was performed in preference over a dark reverse
bias test as it has been acknowledged to yield more accu-
rate values given the realistic operating conditions
(Bashabu and Habyarimana, 1995). Radiation was mea-
sured using u Middleton Solur EQ-08 pyranometer and
logged during measurement. Current voltage measure-
ments were taken at $00, 900, and 1000 W/m®,

In total, the DC voltage sweep consisted of 75 points
from 0 V to V. (approximately 0.6 V). For cach measure-
ment point, 100 saumples were taken from which the aver-
age value was taken to reduce noise and measurement
uncertainty. The cell under test was mounted with good
thermal contact using a thin layer (less than 1 mm thick)

of thermal adhesive to a high efficiency aluminium heat
sink which was mechanically coupled w0 two 12VDC lans.
Convection cooling of the heat sink fins was implemented
in order to reduce the rise in operating temperature of
the cell during the measurement period which was <5 s,
A k-type thermocouple was thermally adhered to the rear
side of the cell using a curing heat transfer compound to
provide an approximate value of the cell operating lemper-
ature (T,.y). 1t was found that temperature rise of the cell
was <1 °C for the /-F measurement period at 1000 W/
m’. The entire measurement process was controlled using
National Instruments LabView software and the National
Instruments PXI-1033 hardware platform. This included
all hardware control, parameter extraction, and data
logging.

Values for £, Voo, Ly, und V,, were extracted directly
from the measured current-voltage data in LabView. These
values were then used for the method outlined in the previ-
ous section and also by the method of Carrero et al. (2010)
to determine the values of R, R, and n.

4. Results and discussion

A single multi-crystalline photovoltaic cell of dimen-
sions 78 x 24 mm was exposed to three levels (800, 900,
and 1000 W/m?) of outdoor illumination in Hamilion,
New Zealand. From these current-voltage measurements,
the values provided by the manufacturer (L. V.. L.
and V) were obtained and used by three methods to
determine certain model characteristics of the cell. These
methods were:

{a) The proposed method.
(b) The method of Ghani and Duke (2011},
(¢) The method of Carrero et al. (2010).

Results provided in this section indicate that the pro-
posed model offered an improved fit to experimental data
over the alternative methods investigated. Values for R,
R, and 1 obtained by cach of the three methods and levels
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Table 1
Values [or R,, Ra, and n calculated by each method at RH, $00, and 1000 W/m® of illumination.
800 W/m® 900 W/m’ 1000 W/m®
Proposed Ghani and Carrcro Proposed Ghani and Carrero Proposed CGihani and Carrero
method Duke (2011) et al (2010)  method Duke (2011) el al (20100 method Duke (2011) et al. (2010}
R, 01667 02171 G217 01541 0.216 02178 L1576 03.2023 0.2024
Ry 714699 253377 22.0857 63.957] 151902 154044 651712 19.2953 162764
n 14845 1 1 1.699 1 1 1.5675 I 1

of illumination calculated using Matlab are summarised in
Table 1.

The high values for n calculated by the proposed method
resulted in significantly higher values of Ry, and reduced
values for R, in comparison to the values obtained by
Ghani and Duke (2011) and Carrero cr al. (2010). A value
of n=1.5675 is obtained when illuminated at 1000 W/m’
which coincides with the global maximum of Fig. 3.

Parameter values summarised in Table 1 were then used
s inputs into Eg. (5) 1o determine the model current—volt-
age characteristics. Values of L, V. Lupe Vipe Pissse and
FF summarised in Tables 2—4 were extracted (rom this sim-
ulated data and compured to the experimental data for
each level of illumination studied.

Examining the data in Tables 2-4 we make the following
observations:

(a) Values for L. P, and P, using the proposed
method and the method of Ghani and Duke (2011)
remain essentially unchanged and match their corre-
sponding experimental values with negligible error.

(b) Values obtained using the proposed method for I, is
a better match o experimental values over the
method of Ghani and Duke (2011) resulting in a
more accurate value of the fill factor.

In order to assess the accuracy of each method over the
entire J-F curve. a mean square crror (MSE) and root
mean square error (RMSE) analysis was carried out. The
mean square error and root mean square error values were
caleulated using Egs. (15) and (16) respectively.

N 1 & )
MSE (icup, fmoser) - A—.g(sﬂp- modet)’ {15)
RMSE — VMSE {16)
Table 2

Lxperimental and model parameters extracted from the /- curves at
K00 W/m®

L. Ve dup Vup  Poure  FF

Experimental 04574 05792 04069 04212 0714 06468

Proposed method NA563 05797 04065 04216 0TI4 06478

Ghani and Duke 04535 05797 04065 04216 00714 06519
(2001}

Carrero el al. 0.4529 0.5797 04042 04216 00704 0.6490
(2010)

“Table 3
Fxperimental and model parameters extracted lrom the 117 curves al
900 W/m®,

1. .. T Vg  Puue FF
Experimental 05122 0.5879 04495 04213 01894 0.6288
Proposed method G3110 05885 04491 04216 01894 06297
Grhani und Duke 05062 (L5885 04491 04216 (L1894 06357
(2011}
Carrero ot al. 0.5051 05885 04443 04216 01873 0.6303
(2000}
Table 4
Experimental and model parameters extracted from the [ ¥ curves at
1000 W/m®.
[ Voo dup Vup P FF
Experimental BAT6E 0595 05100 (4244 02164 06290
Proposed method 05754 05969 05098 04245 02164 06301
Ghani and Duke 0.5708 05969 0.5099 04245 02165 0.6352
2011}
Carrero el al. 0.5697 0.59%G9 05060 04245 02148 06316
(2010}

where N is the number of samples, i, and igeq. are the
experimental and model values for current respectively. Ta-
ble 5 summarises the results ol our statistical analysis.

The results presented in Table 5. demonstrate greatest
accuracy is observed in all cases using the proposed
method. For instance, looking at the data for 1000 W/m®
the proposed method yields over 60% and 70% improve-
ment over the methods of Ghani and Duke (2011) and Car-
rero et al. (2010) respectively based on a root mean square
error analysis.The relative efficiency calculation defined by
Eq. (17) (Montogomery et al., 2011) further validates the
improved model elliciency of the proposed method to the
alternative methods studied. Relative efficiency values are
given in Tuble 6,

MSE(@ )
MSE(@apermance

Values of relative efficiencies presented in Tuble 6 arc
less than one in all cases indicating a better model match
with experimental data with the proposed method.

Current-voltage curves for each level of illumination
using the proposed method and the method of Ghani
and Duke (2011) are plotted against experimental data in
Fig. 6. An accurate it is obtained by both models at

Efficiency =

(17
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Table 3
Mean syquare and rool meun syuare error analysis for each method and illumination.
300 W/m" 0 W/m® 1000 W/m’
Proposed CGhani and Carrero Proposed Glhani and Carrero Proposed CGihani and Carrero
method Duke (2011) et al. (2010)  method Duke (2011) et al. (20100  method Duke (2011) et al. (2010)
MSL (OO0 LA 00013 000002 GO0013 0000 8 LXLTVL 000010 LXETES
RMSE L0080 (Lo105 nans 00045 (A R} 00135 0AN3T 0010 nize
Table &
Relative ellicency values defermined using Fy. (17) for each level of 060
illumination,
BOOW/m* 900 Wim® 1000 W/m® 2.
Ghiani and Duke (2011) 0.576 0.161 0.137 T 040| *+ Epatsow/mz
Carrero et al, (2010) 0.477 0113 091 ¥ ——— Proposed method (§00 W/ma]
& gup| * EpasOwm
5 —— Proposed methad (300 W/m2)
020| * Ewat1000w/m
Table 7 —— Proposed method {1000 WYmZ)
RMSE crror values against experimental data at varving levels of ShasiandDika (30L1) 400 Wjend)
illumination. Valucs for R,, Ry, and n were detormined at 1000 W/m* _ M:mm:“ mw.rm::
only using the method of Ghani and Duke (2011) and the praposed Stand RURINN IR
method. 010 020 020 040 050 050
Method n RMSE Voltage (V)
800 W/m” 900 W/m® 1000 W/m® Average Fig. 6. Model and experimenti] current-Voltage curves at 800, 900, and
CGhani and Duke | 00108 1.0092 n.010] 0100 1000 W/m" of radiation. Solid cirles represent experimental data while
20110 solid and dashed lines data ok i using the p 1 method
Proposed method  1.5675 0.0091  0.U065 00037 0.0064 and the method of Ghani and Duke (2011) respectively.

MPP but the proposed method demonstrates an improved
fit over the entire voltage array.

Fig. 7 plots the experimental power-voltage data along
with data generated by each of the methods investigated
in this study in the vicinity of maximum power point at
1000 W/m® of illumination. The methods of Ghani and
Duke (2011) and Carrero et al, (2010) with a diode con-
stant of one both deviate from experimental data particu-
larly away Irom MPP. The proposed method however
closely matches experimental data over a greater range of
voltage values.

The accuracy of the proposed method is dependent on
the criterion value &g and the value for n,,, chosen.
By choosing selecting small values for both however, the
simulation time is increased. A compromise must therefore
be made to balance accuracy and computational burden.

Inspecting Table 1, we can see that parameter values are
a function of the irradiance intensity. Simulation results
presented so far have been carried out using par val-

0.22
022
2 01
=
=
o
§ 021 —e— Experimental
— Proposed method
0.20 = Ghani and Duke [2011)
= Carrero et al (2010)
0.20
0.35 037 039 041 0.43 0.45 047 049
Voltage (V)

Fig. 7. Experimental and model P-F curves at MPP for 1000 W/m? of
illumination.

analysis as well as significant computational effort in

ucs Ry, Ry, and o that have been caleulated at cach level of
irradiance. The question arises, which values should be
used for simulating photovoltaic systems? A dynamic
model would be ideal, where parameters values [R,, R,
and n] are calculated for a given irradiance value. Such a
model will reduce error however this would reguire exten-
sive experimental work Tor the specific device under

evaluation. The advantage of the method pro-
posed in this work is that it can be performed using data
provided by the manufacturer. The manufacturer of a pho-
tovoltaic device typically publishes the values for 7., V.
Loy and ¥, at standard test conditions (1000 W/m?,
25 °C). Using these published values, the proposed method
can be used to determine R,, Ry, and » and implemented to
simulaie the behaviour ol the device operating under vary-

par
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Table Bl
Experimentul and simulated datu for each method investigated at G = 1000 W/m®.

G = 1000 W/m®
Cxperimental data Proposed Ghani and Duke (2011) Carrero et al. {2010)

Voltage (V) (A} W) 11A) (W) IiA) W) 11A) (W)
[ERCTEH 0.5768 L0000 0.5754 LEXLLYL 05708 [EEUEH 0.5697 LIRLHEY
0.0133 0.5768 0.0077 0.5752 0.0070 0.5701 0.0076 0.5689 0.0075
0.0265 0.5772 0.0153 0.5750 0.0153 10,5695 0.0151 0.5681 0.0151
0.0398 0.5763 0.0229 0.5748 0.0229 10,5688 0.0226 0.5673 0.0226
0.0531 0.5757 0.0305 0.5746 0.0305 0.5681 0.0301 0.5665 0.0301
0.0663 05760 0.0382 0.5744 00381 0.5674 0.0376 0.5657 0.0375
0.079%6 053753 0.0458 05742 00457 13667 0451 10.564% U.450
0.0929 0.5754 0.0534 0.5740 00533 0.5661 0.0526 0.5641 0.0524
01061 05750 0.0610 0.5738 (L0609 0.5654 0.0600 0.5633 0.0598
01194 05748 .06RG 0.5735 0685 05647 D674 0.5623 0.0672
0.1327 0.5747 0.0762 0.5733 0.0761 05640 0.0748 0.5617 0.0745
0.1459 0.5745 0.0838 0.5731 0.0830 0.5633 0.0822 0.5609 0.0818
0.1592 0.5742 LN B 0.5729 LEXVET bed 113626 0.0896 05601 100892
01724 0.5735 0.098% 05726 DO9RT 03620 00969 0.5592 1.0R64
0.1857 0.5730 0.1064 0.5724 01063 05613 0.1042 0.5584 0.1037
01990 0.5725 0.1139 0.5721 0.1138 10,5606 01115 0.5576 0.1110
02122 0.5715 01213 05718 01214 10,5599 01188 0.556% 01182
0.2255 0.5707 0.1287 0.5714 0.1289 0.5592 0.1261 05560 01254
0.2388 0.5704 0.1362 0.5710 0.1363 0.1334 0.5552 0.1326
0.2520 (13696 0.1436 05705 0.1438 01406 0.5544 0.1397
0.2653 05691 01510 05699 w512 01478 0.5535 11468
0.2786 0.5082 0.1583 0.5692 0.15%0 0.1550 0.5526 0.1539
0.2918 10,5669 0.1655 0.5682 0.1638 1621 0.5517 0.1610
03051 0.5653 01725 0,566 0.1730 0.1692 0.5507 10,1680
03184 0.5634 0.1794 0.5653 0.1800 0.1762 0.54935 01750
0.3316 05613 0.1861 0.5631 0.1867 0.1832 0.5482 0.1818
03449 05581 0.1925 0.5602 01932 01899 1.5464 01885
0.3582 0.5544 0.1986 0.5363 01992 01964 05441 0.1949
03714 01.5497 0.2042 05511 02047 0.2025 0.5408 012009
03847 05435 0.2091 0.5444 0.20M4 0.2079 0.5362 12063
0.3980 0.5353 0.2130 0.5355 0.2131 0.2124 0.5293 0.2107
04112 0.5242 0.2156 0.5242 0.2156 0.2154 0.5196 0.2137
0.4245 03100 0.2165 05008 02164 0.2165 0. 5060 0.2148
04378 01.4929 0.2158 04921 02154 0.2152 048R0 0.2136
04510 04718 0.2128 04T 0.2122 0.2113 04651 0.2098
04643 14466 0.2074 0.4451] 02067 0.20M5 04373 0.2031
04776 0.4172 0.1992 04155 01954 01948 0.4053 0.1936
0.4908 0.3837 0.1883 0.3820 0.1875 0.3716 0.1824 0.3692 0.1812
05041 0.3465 01747 0.3445 0.1736 0.3318 0.1672 0.3296 0.1662
05173 01.3055 0.1581 0.3033 0. 1569 02881 0.1495 0.2871 11485
0.5306 0.2612 0.1386 0.2538 01373 0.2439 01294 0.2422 0.1285
05439 02140 01164 0.2112 01148 01966 01070 01951 01061
03571 L1642 00915 01607 LEXVE 0.1477 00823 01462 (L0815
0.5704 01122 0.0640 0.1078 0.0615 0.0972 0.0554 0.0959 0.0547
0.5837 0.0579 0.0338 0.0525 0.0307 0.0454 0.0265 0.0443 0.0258
0.5969 0.0024 0.0014 00047 0.0028 0. 74 00044 0.0085 0.0051

ing levels of illumination as wypically carried oul. Table 7
summirises the results of a root mean square error analysis
conducted against experimental data and simulated data at
three level of illumination. Parameter values were found
using the method of Ghani and Duke (2011) and the
proposed method at 1000 W/m® of irradiance only. Based
on these results we can see that the average RMSE error
is over 30% less using the proposed method as a result of
calculating the diode constant. The proposed method
therefore can be used o determine purameters values [R,,

Ry and 1] al STC using data provided by the manulac-
turer. These values can then be applied for simulating PV
output at varying levels of irradiance with improved accu-
racy over alternative methods which assumes a diode
constant of unity.

5. Conclusion

A new method has been proposed to determine the
values of series and shunt resistances and diode constant
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of a solar cell by modifying the method of Ghani and Duke
(2011). An experimental assessment has revealed that the
proposed method offers an improvement in modelling aceu-
racy over two alternative methods. By altering the value of
the diode constant, the coupled values ol R, and Ry, were
shown to change significantly. The principal advantage of
this method is that it only requires data often provided by
the manulacturer. A disadvantage however is the computa-
tional burden and time needed to carry out the additional
calculations over the original method of Ghani and Duke
(2011} and the need w0 evaluate the Lambert W-lunction.
1t was found that although parameter values will vary with
irradiance, values caleulated with the proposed method at
1000 W/m? yield more accurate results over parameter val-
ues found assuming a diode constant of unity.

Appendix A, Partial diffcrential cquations

Partial differential equations required for Egs. (6) and
(7) (Ghani and Duke, 2011).

dz Vap  (Rulo+ Ruf)
IR (Rt Ral (R Ra)

v
+ %;Lamberfﬂ’(ﬁl}

_nVa  LambertW(lh) 90,
R, |1 = LambertW(8)|8, OR,

(A1)

Dy _ ToRa(nV R, + 0V uRa) = 0V p(RIoRo) Ziidpince row)

« (Rad o + Ratdo)(nV Ry + 0V iRot) — 0V i (RuRoT o + RoiRodo — RisVip) Rt(RT e + Rodo + Vi)

e —

i

LT 5
TR Uy (A.5)
i
B =l + o= 2oy
_y LambertW(ily) M
PV + Lambert )]0 OR.,
“r Lanibert W05}
"N+ Lambert0) 0
Lambert Wi} s
+ apRipy ————— —= A6
”: *{[1-:.ambmuw:)_‘u: dff,»} A)
o fo 24l low fp bl R =ty + Lt + 1)
" || = £ %)
DRy vt { Ve (A7)

Appendix B. Experimental data

Table Bl provides experimental and simulated data for
ca::h of the three methods investigated at G = 1000 W/
m”, Data is provided up to approximately V..
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Chapter 7: Effect of flow distribution on the photovoltaic performance of a
building integrated photovoltaic/thermal (BIPVT) collector

7.0 Introduction

Combining the results from Chapters 3 to 6, a numerical investigation was performed to
analyse the effect of flow distribution on the photovoltaic yield of a BIPVT collector. The
four factors examined in Chapter 3 were again varied as the results indicated that
influences of all four factors were statistically significant to flow distribution. A three-
step analysis consisting of a fluid analysis, a heat transfer analysis, and a photovoltaic
system analysis was executed. The finite element method was again used to quantify the
flow rates through each riser; however for this investigation, nine array geometries were

investigated (as opposed to only two) given its significant impact on flow distribution.

The significant addition to this investigation in comparison to the study presented in
Chapter 3 is the photovoltaic system model. The model generated incorporates the
research conducted into the photovoltaic system parameter calculation discussed in
Chapters 4 through to 6. By applying Kirchhoff’s current and voltage laws, the system of
non-linear equations was solved using numerical methods such that the individual
operating temperature of each cell in the array was taken into consideration. All

programming was performed using Matlab software.

Results indicated that flow distribution will have a strong influence on the photovoltaic
output of a BIPVT collector. For the case where flow distribution was poorest,
photovoltaic output was improved by only 2% over a traditional photovoltaic system with
no cooling. However for the case where flow distribution was optimal, photovoltaic
output was improved by over 9%. If the issue of flow distribution is not appropriately

addressed, the theoretical improvement in electric output from the photovoltaic system as
110



a result of cooling may be minimal. Such a scenario would not justify the additional costs

and complexity associated with the implementation of the active heat recovery system.
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Abstract

The phenomenon of non-uniform Aow distribution and its influence on thermal performance within a traditional solar thermal col-
lector is well known. Its effect on the photovoltaic conversion of a hybrid photovoltaic/thermal (PV/T) collector however has received
little attention. In this study an investigation has been carried out to determine what effect flow distribution will have on the photovoltaic
yield of a BIPV/T collector of various size. A three step numerical analysis was conducted to model flow distribution. temperature var-
iation, and photovoltaic yield for a PV/T collector of various design {(manifold sizes), geometric shape (aspect ratio), and operating char-
acteristics (mass flow rate and flow direction in manifolds) in order to vary flow uniformity within the collector. The results revealed that
flow distribution within the collector will have a significant influence on the photovoltaic performance of a hybrid PV/T collector. For
the scenario where flow distribution was most uniform, photovoltaic performance was improved by over 9% in comparison 1o a tradi-
tional photovoltaic (PV) collector operating under the same conditions. For poor flow however, performance was only improved by
approximately 2%. Parameters found to influence flow distribution include the manifold to riser pipe ratio where a ratio of 4:1 was found
to be ideal and that increasing to a 6:1 ratio offered negligible improvement. Additionally it was found that array geometry (characterised
by its aspect ratio in this study) plays an important role on both flow distribution and photovoltaic yicld. This study has identified that
the optimal mass flow rate is dependent on the shape or aspect ratio of the array.
© 2012 Elsevier Ltd. All rights reserved.

Keywords: Building integrated; Flow distribution; Photovoltaic: Hybrid collector; PV/T

1. Introduction ing radiation into electricity (Santbergen et al., 2010). The

remaining portion (a value >50% aller deducting the

A photovoltaic/thermal hybrid collector (henceforth
referred to as a PV/T collector) is a device capable ol the
simultancous conversion of radiant solar energy into both
electricity and thermal energy. These collectors consist of a
photovoltaic (PV) panel responsible for the conversion of
solar energy into cleetricily due to the Beeguerel/photovol-
taic effect, and thermal energy via an absorption process
(Santbergen and van Zolingen, 2006). Depending on the
type. a common PV module will convert 5-200 of incom-

* Corresponding author. Tel.: | 64 220180398,
Lmail address: fagX@waikato.ac.nz (F. Ghani).

(O3R-092XS - see front matter © 2002 Ebevier Lud. Al rights resorved.
htpi/idadoi.org/10.101 6/ solener.2012.02.013

reflected portion) is absorbed and converted to heat
(Chow, 2010). Consequently the operating temperature of
the cell will increase with temperatures 50 °C above ambi-
ent obtainable under certain conditions.

The performance decay of photovoltaic systems due to
temperature is well documented and reviewed elsewhere
(Skoplaki and Palyvos, 2009). In summary, it has a nega-
live elfect on the open circuit vollage and the fill lactor of
the cell while marginally increasing the short circuit current
due to a reduction in bandgap energy. For detail regarding
parameters of a solar cell sensitive 1o temperature, the
reader is referred to the following literature (Bludau
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et al, 1974; Emery et al, 1996; Radziemska and
Klugmann, 1999, 2002; Wysocki and Rappaport, 1959).
The overall cffect however is an approximate drop of
0.5%/°C conversion efficiency for silicon based cells
(Green, 1998).

To reduce the impact of temperature on the perfor-
mance of a solar system, cooling of cells may be performed
by ecither passive ventilation or active heat recovery. The
latter method however has the prospect of increasing the
total energy yield of the collector. For example, an experi-
mental study showed that the combined efficiency of a pho-
tovoltaic thermal collector can reach as high as 70%
(Athienitis et al.. 2005).

Additional advantages of PVT collectors include:

. Improved energy payback. Caleulations performed in
another study showed that a PV/T type collector would
have an energy payback period of 2 years under an
Italian climate whereas individual solar thermal and
photovoltaic collectors would be 4.3 and 3.4 years
respectively (van Helden et al., 2004).

. Building integrated PV/T collectors provide architec-
tural uniformity and therefore an aesthetic advantage
over conventional photovoltaic and solar thermal tech-
nology (Zondag ¢t al., 2002).

. Fast economic payback. By increasing energy vield per
square metre ol collector, and reducing material redun-
dancy and installation costs, an economic payback per-
iod of less than 2 years has been reported (Erdil et al..
2008).

=g

s

The potential of such a collector is clear considering that
by end-use in Australia for example, the residential build-
ing sector comprised of 38% space heating, 30% electricity,
27% waler heating, and 4% cooling (Bazilian and Prasad,
2002). Substantial reduction in carbon emissions may be
possible for a country such as Australia which is primarily
fossil tuel powered and considered one of the sunniest cli-
mates in the world.

Active heat recovery collectors to date have predomi-
nantly used either air or water as media for thermal trans-
portation. An carlicr study looked into the performance of
several design variations of a PV/T collector (Zondag et al.,
2003). This investigation examined the shect-and-tube,
channel PVT, free flow PVT, and two absorber designs.
Their results showed that the channel flow design 1o offer
the highest eficiency. Despite this result. the sheet and tube
design commonly used in conventional solar thermal col-
lectors was recommended as a good alternative based on
its simpler manufacture and comparable performance. In
Greece, a number of PV/T collector designs were investi-
gated with collectors varying in working fluid (air and
water), cell type (pe-Si. a-Si). insulation characteristics
(glazed and unglazed), and the use of diffuse reflectors to
improve radiation distribution  (Tripanagnostopoulos
et al., 2002). Their results showed that heat extraction by
water circulation through a sheet and tube type absorber
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to be more efficient than air circulation. As such, a building
integrated type PV/T collector is currently under develop-
ment at the University of Waikato based on the sheet
and tube design with water circulation. The collector under
development is to be manufactured to meet the customers
specific roofing requirements. The size and dimensions of
the collector will therefore vary case by case. As traditional
photovollaic and solar thermal collectors are manulactured
with fixed sizing, a collector manufactured to varying
dimensions may behave differently.

The issue of flow distribution and its affect on photovol-
taic performance of a BIPV/T collector has been identified
as one potential issue and is the topic of this paper. Flow
through the PV/T absorber will influence the operating tem-
perature of each photovoltaic cell. Flow uniformity will
therelore dictale the variation ol temperature over the entire
array. It is assumed when carrying out a Hottel Whillier
analysis that flow is evenly distributed and therefore the
operating temperature ol the cells is homogeneous. However
uniform flow is rarely achieved in practice with the quality of
flow distribution heavily dependent on a number of param-
clers. Research into the cause and effects of low mal-distri-
bution on the performance of traditional solar thermal
collectors has been performed in earlier work.

In one study (Chiou, 1982), 16 mathematical models
were used to examine the effects of artificially assumed flow
distribution on a header/riser type solar thermal array. It
was found that flow non-uniformity resulted in a 2-20%
deterioration of collector efliciency. The authors recom-
mended in a concluding remark that the effects of flow
mal-distribution be considered in the analysis and design
of solar (thermal) collectors.

A combined numerical and experimental analysis ol a 16
collector array connected in series was investigated in a
later study (Wang and Wu, 1990). Their study examined
Now distribution and temperature variation over the absor-
ber surface for both parallel and reverse flow in the mani-
fold. For the case of parallel flow in the manifold. central
risers registered negligible flow while the risers closest to
the inlet and outlet ports of the manifold each received
approximately half the total flow. Flow distribution for
the case of reverse flow was deseribed on the other hand
as a bypass flow pattern were mass flow rate was highest
Tor risers closest 1o the inlet port with riser llow rate quickly
diminishing. Both flow distribution scenarios resulted in
large temperature variation over the absorber. Thermal
efliciency values reported from their study were 58.5%
and 44.5% for the parallel and reverse flow arrays respec-
tively while the theoretical (H W B model) efficiency value
was determined o be 73.2%,

Another numerical study (Tones and Lior, 1994) identi-
fied three parameters which have a major influence on flow
distribution; ratio of riser to manilold diameter (d,/d,,,). the
number of risers, and the length of the risers. Tt was found
that by changing the ratio d,/d,, from 0.25 t0 0.75, a change
in peak riser flow excess above the average flow to increase
by 100 fold. The second most influential factor identified in
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this study was that the number of risers with mal-distribu-
tion was proportional to #° where # is the number of risers.
Studies regarding flow distribution so far have been lim-
ited solely to solar thermal applications. In more recent
work (Naewngerndee et al., 2011), an invesligation was
performed to examine the influence of array peometry
and mass flow rate on flow characteristics of various PV/
T arrays. Their study which consisted of both finite clement
analysis and experimental work demonstrated that flow
distribution was influenced by both factors with lower mass
flow rates and fewer risers improving flow distribution.
This investigation however did not examine the effect of
flow distribution on the temperature and performance of
the photovoltaic system which is the focus of this paper.

2. Methods
2.1. Overview of method

An overview ol the investigation methodology carried
out is given in Fig. 1. Each step shall be discussed individ-
ually in the proceeding sections.

2.2. Fluid flow analvsis

Water will be actively circulated through an Aluminium
extruded collector, cooling the cells and collecting thermal
energy via a single Muid riser with a circular cross section.
The effects of buoyancy was therefore considered negligible
in our study. The internal diameter of the fluid riser (®,,,,)
was set at 10mm for all simulations performed. The
header/riser fluid network consists of an inlet header sup-
plying water to each riser and an outlet header collecting

Array geomelry

Step 1
FEA Analysis

Riser llclm rales
¥

Step 2
Heat transfer
analysis

|
PV cell temperature
¥

Step 3
PV modelling

PV yield

Fig. 1. Overview of method to caleulate the photovoltaic vield of a PV/T
collector,

water discharged at the riser outlet. Both inlet and outlet
header manifolds are assumed circular in cross section.

To reduce computational burden and time, a 2D planar
steady flow analysis as performed in other studies (Chiou,
1982; Wang and Wu, 1990) was assumed adequate for
our study. All simulations were conducted using Autodesk
Simulation Multi-physics 2012 software. Modelling only
the Muid network, the mesh was generated automatically
using four node quadrilateral elements operating under
the Newlonian viscosily model. Two boundary conditions
were specified for our simulation; a surface prescribed
velocity at the inlet port of the fluid array dictating the
mass flow rate, and a surface prescribed inlet/outlet port
al the outlet port face. The former boundary condition dic-
tated the mass flow rate of the fluid circulating through the
collector, caleulated by Eq. (1) below.

i pAV (1)

where p is the density of Nuid (kg m™). A is the cross see-
tional area of the port face (m’) and ¥ is the mean fluid
velocity (ms™').

To determine the appropriate size of the elements and
balance accuracy and computational effort, a simple con-
vergence analysis was performed. Here we examined the
riser mass flow rates ol the sixteen riser array (array 4,
Table 1) with the element size varying from 0.004 m to
0.00145 m. The inlet mass Mlow rate was st o 3.555 kg/
min. Fig. 2 plots the total riser mass flow rate for each ele-
ment size,

Based on the results provided by Fig. 2, we can see that
values for total riser mass flow rate begin to converge at the
desired valve of 3.555 kg/min from an element size of
0.002 m. Based on its improved accuracy however, we used
an clement size of 0.0015 m for all simulations in our study.

In total, three sets of fluid analysis were conducted in
order 1o investigate the influence ol Now distribution on
photovoltaic performance. Factors identified to influence
Now distribution, discussed in the previous seclion were
varied so that its impact on PV output may be understood.
These factors are listed below:

1. Array geometry.
2. Area ratio of manifold to riser pipes (Analysis 1).

Table 1
List of array configurations investigated. All arrays are made up ol 144
cells.

Array N, Np Aspect ratio
| 4 36 0.1
2 6 24 0.25
3 8 18 0.44
4 9 16 0.56
5 12 12 1.00
i [ 9 1.78
7 18 8 225
8 24 L] 4.00
9 36 4 9.00
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Fig. 2. Results of the mesh convergence analysis. Total riser mass flow
rate is plotted against various mesh sizes.

3. Dircction of flow in manifold (Analysis 2).
4. Circulation mass flow rate (Analysis 3).

Array geometry in our study specifically refers to the
number and length of risers which make the PV/T array.
Mine array designs were studied with variation in the num-
ber of cells conneeted in series (V) and in parallel (V). The
total number of interconnected cells for each array was
kept at 144 keeping the maximum power point equal for
all arrays. Each ol the configurations investigated are listed
in Table 1 below.

The absorber area for each array was equal to 3.95 m” in
our study. The shape of the array is indicated by the aspect
ratio (AR) value given in the right hand column of Table 1.
An array with an aspect ratio of | represents a square
shaped array, values of 4R <1 describes an array which
is wide (many risers) and short in the direction of flow,
and a value greater than one represents a narrow and long
array. The value for AR is determined by Eq. (2) below.

N,
AR w 2)

The length of the PV/T absorber is a function of the
total number of cells connected in series (V) as given by

Eq. (3).
L = (N, % 0.165) 1 0.015 (3)

The number of fluid risers is equal to the number of cells
connected in parallel strings. That is,

Nren = N, (@)

Therefore, referring to Table 1 we can sce that Array |
consists of an array of 36 parallel strings and risers whereas
Array 9 is made up of only lour strings and risers,

Additional to geometry, flow distribution is heavily
influenced by the ratio of manilold and riser pipe arca
(Apanigotd and Ay, respectively) as discussed in Section 1.
Our study therefore examined three manifold to riser ratios
(Apsamigotal Arieer): 1, 4, and 6. These values were used in our
study to cover the worsl case (ratio = 1) to a upper limit
(ratio — 6). Only three manifold sizes were studied due to
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the computational burden of the CFD analysis, however
the authors feel this range was adequate. This investigation
was performed under Analysis 1 of our study with cach of
the nine arrays listed in Table 1 simulated with each man-
ifold size, giving a total of 27 simulations. All simulations
were conducted with parallel flow in the manifold and a
total fluid fiow rate of 0.015kgs™' m~2

For the second part of our study, the effeet of low diree-
tion within the manifold was investigated. Two directions,
parallel and reverse flow were investigated (also referred to
as reverse return and direct return respectively). Fig. 3
below shows the location of the inlet and outlet ports
and direction of flow in manifolds for each configuration.

Each of the nine arrays (Table 1) with an Anw,gﬂ,df
Aiser — 4 were investigated with both flow directions giving
a total of 18 simulations. The mass Mlow rate (#1) of water
circulating through the collector was held constant at
0,015 kg/s m” for both Analyses 1 and 2. Tt was mentioned
earlier in Section | that the mass flow rate will inlluence
flow distribution. Tts influence on flow distribution will
therelore be investigated in Analysis 3.

Eight mass flow rates were investigated in total for Anal-
vsis 3: m =0.005.0.01,0.015,0.02,0.025,0.03,0.035, and
0.04 kg s~* m™. Here again each of the nine arrays with
an Apanigotal A rieer Talio of Tour and parallel low in the man-
ifold was examined. In total, 63 flow simulations were
conducted.

2.3. Heat transfer analysis

Variation of fluid flow rate in each riser of a PV/T col-
lector will lead to a temperature variation over the absor-
ber surface. Here we discuss the method used to estimate
the temperature of each cell of the array using a modificd
approach to the classical fin approach (Whillier, 1953,
1977). The overall method is summarised by the Nlow chart
in Fig. 4.

The aim of our analysis is to determine the absorber
temperature found by solving Eq. (5) (Dullie and Beckman,
2006).

8§/Up) cosh mx
D)2

_(m) -1

T(x.y) cosh m({ W

+T.+(S/UY (5)

where T} is the bond temperature. T, is the ambient tem-
perature, § is absorbed radiation (W/m?), x represents an
arbitrary distance perpendicular to fluid flow, W is the dis-
tance between tubes (m), £ is the riser tube diameter (m).
and Uy 1s the overall heat loss coellicient of the collector
(W/m* K). The overall heat loss co-efficient for our un-
glazed collector was laken to be a constant value of
22 W/m? K (Anderson et al., 2009} in our study. Absorbed
solar radiation (§) contributing to thermal vield was calcu-
lated using Eq. (6) which takes into account the photovol-
taic clectrical cfficiency (Zondag et al., 2002).

Tagff = Ta = Ty (6)
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where 1, s the effective transmission-absorption factor,
is the transmissivity ol glass. and #,, is the electrical efli-
ciency of the photovoltaic cell.

In order to solve Eq. {5), we must first calculate the bond
temperature, T, using Eq. (7) (Duflic and Beckman, 2006).

WS — U2 (v) — 7]
hanD),

where T/y) is the temperature of fluid circulating through
the collector, F' is the collector efficiency lactor. and fi; is
the convective heat transfer coeflicient. The Auid tempera-
ture will vary in the direction of flow and is therefore a
function of y (m). The collector cfliciency lactor is caleu-
lated by (Duffie and Beckman, 2006).

LUy

Toly) = +T;() (7

I : - (8)
.

W L |D (W=D 57 =lihg

where Fis the standard fin efliciency lactor is determined

by Eq. (9).

. tanh[m(W  D)/2]
T m( - D)2
The cocllicient m of Eq. {(9) is a term which takes into

account both the thermal conductivity of the absorber
and the PV cell caleulated by (Zondag et al., 2002),

(9)

—_—

[ Y
\ Katsdats + Kpudie

m

(10)

Temperature distribution in the direction of flow for
each riser, Ty(y) needed for Eq. (7) is calculated by Eg.
(11) (Duffic and Beckman, 2006).

L'y

Ty)=(Tsp—T. —5}’6:.}1‘( _ﬁ-’_) +T.+SfU, (11)

The process of calculating the absorber temperature,

T{x,y) begins by initially cstimating a value for the mean
fluid temperature (7, so that fluid properties such as vis-
cosily (py), thermal conductivity (k) and Prandtl number
(Pr) can be interpolated from tabulated data. The mean
fluid temperature (7j,) is calculated by Eq. (12).
Lol T 2
=== (12)
where Ty, and Tj; represent the values of outlet and inlet
fluid temperature respectively. In our study, the inlet fluid
temperature, T, was keptl constant at 20 °C. The outlet
fluid temperature is found using Eq. (11) with y set to the
length of the absorber.

Using the riser mass flow rates determined in our fluid
flow analysis, the Reynolds number (Rep) was calculated
using Eq. (13) below with the assumption that flow was
steady and incompressible and within a pipe of uniform
cross scctional arca (Duflic and Beckman, 2006).

T

Rep=— (13)

[ =(0.79InRe, — 1.64) *
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where [ is the pipe diameter of riser pipe and g is fluid vis-
cosity. For values of Rep < 2300, flow was considered lam-
inar and fully developed. Conservative heat transfer
coefficient values was calculated by making the constant
wall temperature  assumption (Duflic and  Beckman,
2006). Here, the Nusselt number (Nu) was taken to be
3.66 (Kays and Crawford, 1993).For the case where flow
was nol laminar, but developed turbulent flow (ie.
3000 < Rep < 5 % 10° 0.5< Pr < 2000), the Nusselt num-
ber was calculated with Eq. (14) (Gniclinski, 1976) below,
(f/8)(Rep  1000)Pr
14+ 127/ /8(Pr* — 1)

where fis the Darcy friction factor (Incropera et al., 2006)
for smooth pipes is given by Eq. (15).

(15)

the convective heat transfer coefficient (fi;) of fluid circulat-
ing in the riser may then be calculated by re-arranging Eq.
(16).

D

Nu
W

(16)

Referring to Fig. 4, once the convective heat transfer
coeflicient, /i; has been found, the fin efficiency factor, M
and fluid temperature, Ty(v) may be calculated. With the
new value of outlet fluid temperature found, the new value
for mean fluid temperature, T, ;- is caleulated using Eq.
(12) and compared 1o the previous value of Ty, .. The pro-
cess of calculating # and Ty, is repeated until the error in
subsequent iterations is within the tolerance (g). As shown
by Table 2, the value lor error threshold, & has small elfect
on the number of iteration performed due to the fast con-
vergence. In our study. a threshold e-value of 0.01 °C was
used.

Final values of I and Ty were then used Lo calculate the
bond temperature (T;) and absorber temperature (T) using
Eqgs. (7) and (5) respectively.

2.4. Photoveltaic system modelling

Similar to previous studies (Petrone et al., 2007; Picault
et al., 2010) where modelling of photovoltaic systems was
performed using equations based on the Lambert lunction,
we approximated the yield of a PV array operating under
heterogeneous temperature, Current as an explicit function

Table 2
MNumber of ierations required when varying the error threshold = o
calculate the mean fluid temperature.

€ No. of iterations
1 0.1 3
2 001 3
3 o001 4
4 0.0001 4
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of voltage modelled with the Lambert function is given by
Eq. (17) (Jain and Kapoor. 2004).

V
R: t Rd
(a,.;n,q-k.f‘,n')
Lamberty | Bstacy 2222 2y,
R,

' Rallo + 1)

7
R | Ry, Ly,

where i and V are the terminal current and voltage in am-
peres and volts respectively, n is the diode ideality factor,
Iy, 1s the photogenerated current {A), Iy is the diode satu-
ration current (A), R, and R, are the series and shunt resis-
tances of the cell respectively (), and ¥, is the thermal
voltage given by Eq. (18).
L
L]

where kg is the Boltzmann constant (1.38 x 1077 JJ/K), T
is temperature of the PV cell (K), and g is the charge of
an electron (1.602 x 1077 C),

The photogenerated current (1) and diode saluration
current (fy) are calculated by Egs. (19) and (20) respectively
(Chenni et al., 2007).

(18)

Ip = (zi_;) Upprer + Ml Te = Teper) (19)
Io=1lons (TL.,,) ") (=) (20)

With & and G, the values of irradiance at actual and rel-
erence conditions [W,’mzi, Tand T, values of temperature
at actual and relerence states (K). py. is the temperature
decay co-eflicient of short circuit current supplied by the
manufacturer (A/K), and &g is the bandgap energy of the
semiconductor (¢V). For our analysis consisting of poly-
crystalline Si cells, the value for bandgap at 25 °C was ta-
ken to be 1.12eV (De Soto et al., 2006). Like Z,;, and 7,
the bandgap is also a lunclion of lemperature decreasing
in an approximately lincar lashion as shown by Eq. (21)
(Radziemska and Klug 2002).

e — #6(300K) 4 %(T 300K7) (21)
where for the case of silicon, deg/dT = 2.3 x 10~ eV/K
(Whillier, 1953).

A number of parameters must be evaluated in order to
solve the equations mentioned so far. In the next section
we will examine the evaluation procedure carried out.

2.4.1. Parameter evaluation

The unique parameters which dictate the behaviour of a
solar cell were estimated based on data provided by the
manufacturer as performed in earlier studies (Villalva

et al., 2009). Typically, a cell manufacturer will publish
experimentally obtained values ol open circuil voltage
(Vo rer)s short circuit current (£, ), and values for current
and voltage at maximum power point (L and Vg ror
respectively) at standard test conditions (STC). To solve
Eqs. (19) and (20), we need to find values for [, and
Iser. In our study, we assumed that the value for .-
was approximately equal to I, (Chenni et al., 2007).
That is,

Tores 75 Foerer (22)
The diode saturation current at reference conditions,
Iy oy was approximated by Eq. (23) (Chenni et al., 2007).

et

Lores _;,m,e('-'_“-:?) (23)

Both Egs. (22) and (23) may be solved by entering values
from manufacturer data sheets with the exception of the
diode ideality factor, n. The value ol n will affect the shape
of the "knee’ in vicinity of the maximum power point on the
current voltage curve. Similar to an earlier study (Carrero
ct al., 2010), we assumed a value of unity for n.

Finally, two parameters remain unknown; series (R,)
and shunt (R,;) resistances. Considering most photovoltaic
syslems are coupled with maximum power point tracking
(MPPT) and will therefore generally operate at this point,
resistance values have been specilically calculaled at this
point in other studies (Carrero et al.,, 2010; Villalva et al,,
2009). A method proposed by the authors in earlier work
(Ghani and Duke, 2011) seeks values of R, and R,; numer-
ically at maximum power point using the Newton—
Raphson method based on values supplied by the
manufacturer. This method was used 1o determinge the val-
ues of a 156 = 156 mm polycrystalline solar cell (Solar Fun
model SF156P221-B1). Properties of the cell provided by
the manulacturer and values calculated for R, and R,
are given in Table 3.

Onge all the parameters of the cell under investigation
were caleulated, we determined the total yield of the array,
accounting for cach cell’s performance variation due to
temperature variation over the collector.

2.4.2. Calewlation of total array output

The series-parallel connected topology shown in Fig. 5
represents the PV system whose output must be found.
Kirchholl’s laws were applied to provide an algebraic sys-
tem of non-lincar equations relating all current and volt-
ages in the network similar to earlier work (Quashning
and Hanitsch, 1996).

It is assumed the terminal voltage of the array, V' is
known. Using numerical methods, our aim is to calculate

Table 3

Propertics of the polyerystalline cell used in our study.

fiorg (M) Vacrg (V) Juprgg IN) Ve (V) R R ()
#.41 0.613 7.92 0.495 0.0054 1273
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O

Fig. 5. The general connection scheme of a series parallel connected PV
array. The number of cells connected in series and parallel is denoted v
and v respectively.

the unknown voltage values of each cell and the total cur-
rent / of the PV/T array based on this value. As there are y

number ol cells connected in serics, and x number ol

strings (see Fig. 5) we must find xy sub-voltages and the
total current value making a total of (x - 3 + 1) unknowns.
The vector of unknowns in transposed form, a’ is
therefore,

24)

Using Kirchhoff's current and voltage laws, we begin
formulating vector r of non-linear equations in the pro-
ceeding steps.

Siep 1@ The sum of sub-voltages in any siring ol the array
must be equal to the terminal voltage, V. i.e.,

rifu) z Vaig ¥V 0 (25)

Step 2: Apply Kirchhoff's second law (Quashning and
Hanitsch, 1996) for cach mesh, M ol the array
which states that the sum of voltages in a mesh
must equal zero,

¥ r
PENRT (0 ) Y P ATE (26)
i=1 =]
Forj=2..x
Step 3: The total current [ yiclds the equation:
x
i) =3 La;~1=0 (27)

=1

Step 4: Apply Kirchhoff's first law (Quashning and
Hanitsch, 1996). For the case of a series-—parallel
connected array, the current flowing through
two consecutive modules in the same string is
identical, that is

1525

T F...wlnrl(") _f(l"“r) f([’”u) 0 (28)

Fori=1...y-landj=1...x

For the (x -y = 1) unknowns represented by vector w.
we have an equal number of independent equations repre-
sented by vector r{w). Our objective is to calculate the val-
ues ol vector & which satisly rfw) = 0. To do this we used
the numerical Newton-Raphson root finding method given
by Eq. (29) (Quashning and Hanitsch, 1996).

() () (29)

where (Jfu;)) ™" is the inverse Jacobian matrix which must
be caleulated for cach iteration. To create the Jacobian ma-
trix, we need to differentiate Eq. (16) with respect to V. The
Lambert function may be easily differentiated using Eq.
130) (Corless et al., 1996):

W W

1
i (11 Lamberti ) glambariv.f
Applying Eq. (30) to derive the first order derivate of
Eq. (16) with respect to voltage gives,

d ;
ﬁhmibe'r-'l! ({ (30}

d 1 Ry ,
y m—} R___-.(R,a T Rx)hmberm () (31)
where
BBl mity )
Rioks _ (2are) 2)
nV (R, + Ra)

The Newton Raphson process was initiated by desig-
nating cach cell voltage to be equal to Fly. Starting with
a vector uy, Eq. (28) was repeated until a criterion such
as Eq. (32) was satislicd.

[lu, (33)

The final vector my which satislies Eq. (32) represents the
solution vector.

The total characteristic curve of the array may be gener-
ated by incrementing the terminal voltage ¥ and caleulat-
ing the associated current value, I. Once the current
voltage ([ V) characteristic curve was determined, the
power—voltage (P-F) curve was then ercated (P=1T1) in
order to obtain the value of the maximum power point.

| <=z

3. Results and discussion

Approximately 100 simulations were completed using
the method outlined in the previous section Lo determine
the photovoltaic vield of arrays of various geometry (aspect
ratio), design (manifold sizes), and operating conditions
(mass flow rate). For each analysis, the fiow rate of each
riser was approximaied in step 1 ol our study to establish
the flow distribution characteristics. Given the large num-
ber of simulations that were conducted. a statistical sum-
mary of the flow analysis is only provided to give an
overview of the results. Specific flow distribution data will
be provided in a follow up paper containing experimental
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data. Section 3.2 will briefly provide the results of photo-
voltaic cell temperature scatter to demonstrate the varia-
tion in temperature found due to variation of flow.
Finally. photovoltaic vield for each analysis will be pre-
sented in section 3.3,

3.1, Flow distribution

Figs. 6-8 each present the results ol a statistical analysis
for Analyses 1, 2, and 3 respectively with respect to flow
distribution. The standard deviation of riser flow rates is
calculated to indicate low uniformity for cach array. High
values of standard deviation is representative ol poor flow
distribution. From these graphs we can make the general
observation that Mlow homogencity in riser flow rate is
improved as we increase the aspect ratio of the array from
Array 1 (AR=0.11) to Array 9 (AR=1Y) as this is the
trend lor each ol the three analyses carried oul.

Referring to Fig. 6, we can see that an array with a man-
ifold to riser ratio of 1:1 will vield high values of riser flow
rate standard deviation and poor flow distribution. A large
reduction in riser flow rate variation is found by increasing
manifold size to 40 mm followed by only & small improve-
ment by further increasing the manifold size to 60 mm.
Based on these results, & manifold diameter of 40 mm or a
manilold to riser ratio of 4:] is recommended as the addi-
tional cost of a 60 mm manifold results in negligible
improvement in flow uniformity. Section 3.3 will later show
this will lead to a negligible improvement in photovoltaic
yield.

From Fig. 7. improved flow uniformity is achieved when
parallel Mow in the manifold is employed over reverse Now
for all array geometries. However the values converge as
the array geometry is varied from Array 1 to Array 9. From
these results parallel flow within the fluid array is generally
recommended as proposed elsewhere (Wang and Wu, 1990).

Reducing the circulation flow rate will reduce variation
in riser flow rate values as shown by Fig. 8. These resulls

0.3000

0.2500

§

0.1000

Standard deviation of riser flow
o

:

0.0000

are supported by the combined experiment and numerical
analysis reported in an earlier study (Naewngerndee
et al,, 2011) who reported improved flow uniformity with
lower mass flow rates. From this graph we can see that val-
ues for standard deviation in riser flow rate converge with
an increase in arvay aspect ratio. A high flow rate therefore
may be employed for an array of large aspect ratio (ie.
AR > 9) without suflering severe low mal-distribution.

As a consequence of riser flow imbalance shown so far,
each scenario investigated will result in a unique variation
in PV cell temperature. The proceeding section will present
temperature plots of selected arrays/scenarios.

3.2. Temperature distribution

As fluid flows from the inlet to discharge manifold, we
can expect a linear rise in fuid (and therefore cell) temper-
ature. This rise in temperature however will vary from
string to string due to variation in riser flow rates. Using
the method outlined in Section 2.2, the temperature of
the PV/T absorber was approximated based on the resulls
of the fluid analysis. Due to the large number of simula-
tions carried oul in this study, cach temperature plot can-
not be presented here. Extensive plots of temperature
variation will be provided in a follow-up paper with exper-
imental results,

Fig. 9 demonstrates the effect of poor flow uniformity on
the operating temperature of the PV/T absorber surlace.
This plot is for a 16 riser array (Array 4) operating with
cach of the three manifold sizes (10, 40, and 60 mm) with
parallel flow in the manifolds. We can see a sharp increase
in absorber temperature located in the middle strings for an
array with a 10 mm manifold as a direct result of poor flow
cooling these strings. Cells being cooled by end risers how-
ever operate at lower temperatures due to the compara-
tively higher flow rate values. A similar temperature
variation was reported by Wang and Wu in their experi-
mental study consisting of 10 series connected modules

Fig. 6. Standard deviation of nser flow rawes when simulwted with three mwanifold sizes (10, 40, and 60 mm) with o riser dinmeter of 10 nun,
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Fig. 7. Standard deviation of riser low vate for cach array when opevating under both parallel and reverse flow in the manifolds,
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Fig. 8. Standard deviation of riser flow rate for each array simulated with various mass flow rates.

(160 risers). By increasing the manifold size to 40 mm, we
see a substantial improvement in temperature distribution
as a result of the flow distribution with the middle strings
almost 10 °C cooler than the 10 mm manifold array. Due
to the minor improvement in flow distribution with the
60 mm manilold, we similarly sce a minor improvement
in temperature distribution.

As discussed carlier, the performance ol silicon type pho-
tovoltaic cellis a strong function of temperature. The overall
array output will theretore be influenced by temperature var-
iation. The next section will present the results of photovol-
laic system modelling based on this temperature variation,

3.3, Photovoltaic yield

Photovoltaic yield of cach array simulated under Analy-
ses 1, 2, and 3 are presented in Figs. 10-12 respectively.
Here, we make the assumption that the photovoltaic cells
operate at the same temperature as the PV/T absorber sur-
face discussed in the previous section. We make this assump-
tion as we intend to directly vacuum laminate the cells onto

the PV/T absorber and therefore introduce little thermal
resistance between the absorber and cell. In a previous
experimental study, rescarchers who bonded photovoltaic
cells to a Aluminium absorber using a silicon based adhesive
measured only a 1 °C disparity between absorber and cell
temperatures ( Lalovie, 1986) supportling our assumplion.

The influence of manifold sizing on photovoltaic output
is shown by Fig. 10. An array with a 10 mm manifold
resulted in reduced yield particularly for arrays one
through to five due to poor flow distribution within the
array resulting in a large variation in cell operating temper-
atures. However as the aspect ratio of the array increases
from array one to nine. the improved flow distribution
leads to an improvement in PV yicld. Values converge from
array six (i.e. an aspect ratio, AR > 1.78) onwards for an
array with a 10 mm manilold.

A 40 mm manifold was able to significantly improve
photovoltaic output over a 10 mm manifold array although
poor flow distribution for Arrays 1 and 2 did affect the
total array yield. Photovoltaic yield was found to converge
from array three (i.e. AR > 0.44) onwards.
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Fig. 10. Results of Analysi
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Fig. 9. Mean PV/T absorber temperature along fluid path for array 4 for manifold sizes = 10, 40, and 60 mm.
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Fig. 11. Results of Analysis 2. Photovoltaic vield of arrays one to nine with a 40 mm manifold and operated with both parallel and reverse flow in the

manifold.
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Fig. 12. Results of Analysis 3. Values of ph Jiai

As flow distribution was only marginally improved with
a 60 mm manilold, it resulted in minor improvement in
photovoltaic yield for Arrays 1 and 2 only. From Array
3 onwards (i.e. 4R > 0.44), no improvement was obtained
over the 40 mm manifold with values of both data sets con-
verging to the same value,

Referring to Fig. 11, the photovoltaic output for Arrays
1-9 operating under both parallel and reverse flow is pre-
sented. Arrays 1-4 operating under parallel Mlow demon-
strated improved performance over reverse manifold
flow. Values lor both arrays however begin Lo converge
from Array 5 (i.e. AR > 1) onwards,

Results of Analysis 3 are presented in Fig. 12. Eight
mass flow rates in total were simulated in order to deter-
mine the optimum value for each of the nine arrays. Unlike
Figs. 10 and 11 which plots the photovoltaic vield as the
dependent variable, Fig. 12 plots the net yield (P,.,) of
the array to include power consumed by the pump. Pump
power | Pp,,p) was calculated using Eq. (33).

qpgh
Frm =36 x10 34
wherc ¢ is the llow capacity (m* h™"), pis the density (kg m ™),
gis gravily (m s7°), and # is the head (m), For all caleulations
head height was assumed to be 10 m. The net yield was then
calculated by Eq. (35).

(35)

Examining Fig. 12. the ideal mass flow rate was found to
be dependent on the geometry of the array. For Arrays 1-5
(i.e. 0,11 < AR < 1), the ideal mass flow rate was identified
tobe 0.015 kg s~ m™2. Although a lower value of mass flow
rate will improve Mow distribution, low riser flow rates for
arrays with an AR > 2.25 will result in high temperature gra-
dients in the direction of Mow, reducing PV vield. However
as the aspect ratio increases and flow distribution is
improved, higher mass flow rates can be employed to
improve heat transfer and therefore photovoltaic conver-
sion cfficiency. The sharp rise in net yield values for
m—0.025, 003, 0035, and 0.04kgs™' m™ datasets is

Puee = Pry — Pong

Array

yield for cach array simulated with varying mass Jow rates.

attributed to the change from laminar to turbulent flow.
By switching to turbulent flow, the Nussclt number lor cach
riser is increased consequently increasing the heat transfer
coefficient. These higher flow rates, however, produce poor
power vield values as a result of poor flow distribution and
higher pump power consumption for arrays of AR < 1.

From the results of analysis three (Fig. 12), the net electric
yicld (P,,) [rom a PV/T array was caleulated to be 550.4 W
in the best case scenario (Array 9, m=0.03kgs™ ' m™,
manifold to riser ratio — 4). Comparatively, the yield of a
traditional photoveltaic collector operating under the same
test conditions was 502.9 W due to its high operating temper-
ature. This value was obtained using the outlined procedure
with riser flow rates set to zero. By actively cooling the cells,
the net electric vield of the PV/T system was increased by
approximately 9.4%.

I the issue of Now distribution was disregarded in the
design of a PV/T collector, negligible improvement in PV
vield may be obtained. For example, if'a 144 cell PV/T array
was installed with 36 strings (i.e. Array 1 configuration), a
manifold to riser ratio of 1:1 with a fluid flow rate of
0.015kg s~  m™2 the net vield (P,,,) of the array would be
508.4 W due to the poor flow uniformity within the array.
This is only a 1.1% improvement over a traditional PV
module.

4. Conclusions

Our investigation has revealed that flow distribution
within the header/riser Muid network of a PV/T collector
will influence the photovoltaic performance of a series/par-
allel connected array. Approximately 100 simulations were
completed to estimate the effect of flow distribution on
photovollaic yicld. Based on the resulls of this study we
have shown that parameters including the manifold to riser
pipe ratio, array geometry, manifold flow direction, and
mass flow rate to have an influence on fow distribution
and therefore photovoltaic conversion. A number of design
recommendations are listed below,
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1. A manifold to riser pipe ratio of 4:1 is recommended to
improve flow distribution. A higher ratio of 6:1 was not
found to improve PV yield with the exception of arrays
with an aspect ratio less than 0.11. Refer to Fig. 10.

. The aspect ratio of the array should be greater than 0.44
to improve flow distribution and optimise PV generation.

. Parallel flow in manifold is generally recommended
however reverse low may be employed for arrays with
an aspect ratio greater than one. Refer to Fig. 11.

4. Generally speaking a mass flow rate of 0.015 kg/s m” is

recommended except for arrays with an aspect ratio
greater than 1.78. For values greater than 1.78. higher

=]

[

mass flow rates will increase the pet electric vield of

the array. Refer to Fig. 12,
. Work is currently underway to experimentally validate
these numerical results at the University of Waikato.

w
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Chapter 8: Estimation of photovoltaic conversion efficiency of a building
integrated photovoltaic/thermal (BIPVT) collector array using an artificial

neural network

8.0 Introduction

The research goal of this thesis was to develop a model of a BIPVT collector which could
be utilised to assess the effect of flow distribution on photovoltaic yield. This objective
was met in the Chapter 7; however it could not be used by non-technical personnel.
Research presented here has shown that a simpler method can be implemented to ensure
the effect of flow distribution can be practically considered by the manufacturer of

building integrated solar technology.

The feed forward multi-layer perceptron neural network was trained in this work using
the back propagation learning algorithm in Matlab. Training data was obtained using the
method presented in Chapter 7. It was found in this work that a neural network can be
adequately trained to learn the relationship between the specified inputs and desired
outputs. Once trained the neural network is fast and simple to use and has the ability to
interpolate values within the original training set. This permits the effects of flow
distribution to be factored into the calculation of photovoltaic output for a BIPVT

installation with minimal complexity.
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Abstract

Earlier studies have shown that the thermal efliciency of a solar thermal collector is influenced by the quality of coolant flow distri-
bution within the array. The quality of flow distribution within a header/riser type fluid network is infl 1bya of par
including the coolant mass flow rate, the direction of flow in the manifolds. and most importantly the gecometry of the array. As a build-
ing integrated photovoltaic thermal (BIPVT) collector will be a made to product, meaning its di ions will be di d by the
specific roofing and energy requirements of the customer. the issue of flow distribution and its effect on both thermal and photovoltaic
performanee raises some concern. [n order to quantify the detrimental effect flow distribution may have on the photovoltaic output of a
BIPVT array, a numerical approach was presented by authors in earlier work where factors known to influence flow distribution were
varied. The authors d ated that ph Itaic output may be severely hindered if the issue of flow distribution is not adequately
addressed. In this new study we use this numerical method to additionally show that photovoltaic output is not always improved by
reducing the fin width W (by increasing the number of risers for each module) despite the theoretical rise in fin efficiency & as a conse-
quence of flow distribution. Under certain scenarios it was shown that a single riser will in fact improve PV output and also reduce sys-
tem installation cost and complexity. The combination of these new finding and results previously obtained by the authors highlights the
need in selecting the optimal design parameters to meet the specific requi of each install The numerical approach carried out
to calculate PV output however was time consuming and e ionally int and therefore not feasible to perform for each and
every customer. To address this issue, the authors have proposed in this paper to train an artificial neural network which can be used to
approximate the photovoltaic yield of an array of specified shape operating under parallel'reverse flow in the manifolds and also with
one or two Muid channels cooling each string of cells. By approximating the yield for each scenario. the optimal configuration can then he
chosen. It was found that the neural network can be successfully trained for this specific application offering a fast alternative to the
original numerical approach.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

As a result of growing concern for the environment
regarding the effect of greenhouse gas emissions, human
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Lmail address: fagd@waikato.ac.nz (F. Ghani).

(H3RA92XSS - s front matter © 2002 Ebsevier Lid. Al rights reserved.
hutpo/fdx.doi.org/10.1016.solener.2012.09.001

kind is actively secking an alternative to fossil fuel based
energy generation. Of all the renewable energy technologies
which exist today. solar energy has greatest potential in
meeting our growing energy needs sinee it is an abundant
and essentially inexhaustible supply of energy. Tt has been
stated elsewhere that in a single hour, the total irradiation
received on earth from the sun is sufficient in meeting the

126



F. Ghani et al. { Solar Energy 86 (2012; 3378 3387

global energy needs for an entire year {Lewis and Nocera,
2006).

Al present, solar energy is harnessed by the conversion
of incidental radiation into thermal and electrical energy
via solar thermal and photovoltaie collector technologics
respectively. The former technique is concerned with the
conversion of solar energy into heat via an absorption pro-
cess Lypically within an absorber made rom a material ol
high thermal conductivity such as aluminium or copper.
Fluid is circulated through channels bonded to the absor-
ber in order to transport heat away from the absorber to
a storage vessel were it is then typically used for domestic
hot water and space heating purposes. The photovoltaic
collector on the other hand is a solid state device which
can convert solar radiation into electricity directly (Green,
1998). In one study it was stated that the residential build-
ing sector comprises of 38% space heating, 30% electricity,
and 27% water heating by end use in Australia (Bazilian
et al., 2002) making clear that both collector types would
be useful in assisting our energy needs.

Despite the technological and environmental advantages
attached to the use of solar collectors, their widespread
adoption is hindered by economic factors. The high manu-
facturing and installation costs attached to these technolo-
gies make their purchase generally feasible only where
government assistance is offered. In order to reduce the
overall cost of these systems, the integration of photovolta-
ics directly onto buildings has been adopted where tradi-
tional building materials are replaced with solar energy
conversion materials. By removing material, manufactur-
ing, and installation redundancies, the cost of implementa-
tion can be reduced. However, the integration of
photovoltaics into a building can lead to reduced ventila-
tion of the photovoltaic cells and therefore elevated operat-
ing temperatures. For example cell temperatures 20 °C
above the normal operating temperature were predicled
in one study as a result of the integration of photovoltaics
directly onto the building (Davis et al.. 2001).

The detrimental ¢ffect of temperature on the perfor-
mance of a photovoltaic cell, particularly those which are
silicon based is well documented (Arora and Hauser,
1982; Emery ¢t al,, 1996; Green, 2003; Radsemska and
Klugmann, 2002; Skoplaki and Palyvos, 2009). In sum-
mary. a reduction in bandgap with rising temperature ( Blu-
dau et al., 1974) yields a marginal increase in the short
circuit current due to the additional photons which can
penetrate the material and generate charge carriers, How-
ever the rise in reverse saturation current with temperature
results in a linear drop in open circuit voltage. The net
cffeet is a drop in photovoltaic conversion efliciency pro-
portional to the temperature rise typically calculated using
Eq. (1) (Evans, 1981).

e = g, (1= Breg(Te = Tl 1

where yz and f are values typically provided by the
manufacturer, T, the actual cell temperature, and T, is
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the reference temperature of that cell. An extensive review
of power and efliciency correlations is provided in other
work (Skoplaki and Palyvas, 2009),

The operating temperature of the photovoltaic panel
and its negative effeets can be reduced by circulating Muid
(for example air or water) in such a way that it provides
a cooling effect. In addition to the electrical performance
improvement of the PV pancl, thermal energy transported
from the cells can be captured and utilised for space heat-
ing and water heating by implementing an active heat
recovery system. Such a system can dramatically improve
the energy vield of the collector. An experimental study
conducted by Athienitis et al. (2005) demonstrated that
the combined eflicicney (photovoltaic and thermal) can
be as high as 70%. The combination of low modification
cost and improved encrgy yield of the hybrid collector
together has significant economic potential. For instance,
the payback period for the hybrid modification was shown
to be less than 2 vears in one study (Erdil et al., 2008). In
another study TRNSYS simulations were carried out
which demonstrated the reduced payback period of the
hybrid collector over traditional collector technology (Kal-
ogirou and Tripanagnostopoulos, 2006).

But despite these advantages, a number of technical issues
remain to be addressed Lo ensure the adoption and market
penetration of this technology. In one study, three parame-
ters were investigated; the packing lactor, the water flow
rate, and the pipe size of fluid channels on system perfor-
mance (Jiet al., 2006). However the modified Hottel Whil-
lier analysis carried out for the heat transfer analysis in
this study assumed that coolant flowed uniformly within
the absorber. Several studies (to be discussed in the next sec-
tion) have led that this plion is not valid for most
practical installations. The authors are currently investigat-
ing the influence of Nlow mal-distribution within the PV/T
absorber and its influence on photovoltaic performance.

1.1, Flow distribution within a solar collector

The typical flat plate solar thermal collector utilises a
fluid network system similar to the one shown in Fig. 1.
Commonly referred to as a header/riser or manilold/riser
array, this network consists of an inlet manifold which sup-
plies the network with coolant Nuid, a series ol Nuid risers
which branch from the inlet manifold to collect heat from
the absorber, and a discharge manifold which collects the
heated fluid, The heat transfer analysis of a traditional
solar thermal collector as stated by Duffic and Beckman
(Duffie and Beckman, 2006) assumes that the fluid flow
within such a network Lo be uniform such that,

=g =y = My, )

where /m is the riser mass Now rate (kgs™") and N, is the
number of fluid risers of the header/riser network. However
several studies have revealed that this assumption is not valid
for most practical installations and that thermal efficiency
decreases as flow uniformity within the array diminishes.
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Déscharge manioid

Inlet port ——{

Fig. 1. The header/viser Muid network and photovoltaie conneetion scheme. Cells are connected in series along the Muid risers and connected in paralicl

with the next string of cells.

A two dimensional numerical analysis was conducted in
one early study in order to investigate the issue of low dis-
tribution within a flal plate solar collector (Chiou, 1982).
Examining a total of 16 artificially assumed models, ther-
mal efficiency of the collector was found to deteriorate
between 2% and 20% due to the clevated absorber temper-
ature in areas of poor flow,

Wang and Wu (1990) carried out a combined numerical
and experimental study to investigate the effect of flow uni-
formity within a large 16 collector array. Their experiment
looked into what effect the direction of flow in the mani-
folds will have on the flow distribution and thermal perfor-
mance on the solar thermal array, Two levels were
investigated: (i) parallel fow or Z-type array and (ii)
reverse flow or U-type array (see Fig. 1). Their numerical
results which were experimentally confirmed revealed a
large change in the flow distribution pattern was oblained
by changing the flow direction in the manifolds. For the
case ol parallel flow, flow was measured to be the greatest
at the ends of the array with a sharp drop for central risers.
Thermal efficiency for the first and last collectors of the
array under these conditions was approximately 80% how-
ever the mean thermal efliciency lor the total array was
only 58.5%. The temperature of the riser or branch pipes
varied between approximately 20 °C near the ends Lo over
50 °C at the array centre. For reverse manifold flow, the
pattern of flow within the risers was found to vary signifi-
cantly from the previous scenario with flow progressively
dropping from the riser closest to the inlet port to the fur-
thest location. In this case, thermal efficiency was found to
drop Irom over 80% near the inlet port, to an average ol
only 44.5%. Based on these results, the authors suggest
avoiding reverse flow in the manilolds.

Another numerical study investigated the effect ol sev-
eral parameters and their effect on flow distribution on
the performance of a solar thermal collector (Jones and
Lior, 1994), Tn this study 54 treatment combinations were
looked at varying the following parameters: (i) the ratio

of riser to manifold diameters, (ii) the number of risers,
(iii) the distance between risers, (iv) the ratio of the riser
length to riser diameter, and (v) the direction of flow in
the manifold. The ratio of the riser to manifold pipe diam-
eters was identified to be the most influential parameter on
Now mal-distribution lollowed by the number of risers (N,
ser) With flow uniformity deteriorating in proportion to
N7 Additionally it was lound that by reducing the length
of the fluid risers low uniformity was worsened. This study
revealed that the shape of the fluid network (i.e. the num-
ber and length of risers) will have a strong influence on
the thermal performance of a solar thermal collector,

Research into the effects of fiow uniformity within a
header/riser type array have until recently been primarily
focused on traditional solar thermal technology only.
These studies discussed so lar have all revealed that a large
varialion in absorber temperature is possible due 1o the
flow distribution phenomenon and that the performance
of photovoltaic devices is strongly dependent on tempera-
ture. Only recently has this eficet on a PVT collector been
looked at.

An investigation was made which looked at what effect
the distribution of flow it will have on a PVT collector
(Naewngerndee et al., 2011). This study came to the con-
clusion that by decreasing mass llow rate, llow unilormity
can be improved. Furthermore the shape of the array
was found to also have an impact. However this work
did not report on what effect this will have on the photovol-
taic yicld.

1.2, The effect of flow distribution on photoveltaic yield in a
PVT collector

In previous work (Ghani et al., 2012) the authors inves-
tigated the influence of flow distribution on the photovol-
taic yield of a PVT collector using a numerical approach.
The authors found that the parameters which influence
flow distribution and therefore the thermal performance

128



F. Ghani et al. | Solar Encrgy 86 (2042 3378 3387

of a solar thermal collector will similarly affect the photo-
voltaic vield ol a PVT collector. Interestingly. this study
revealed that a correlation exists between the quality of
flow distribution and the geometry of the array. We find
this result interesting as the building integrated PYT collec-
tor will be built to suit the unique requirements of the cus-
tomer and therefore its dimensions will be highly variable
as opposed to the solar thermal collector which is tradition-
ally manufactured to fixed dimensions, (i.e. its length and
width remains constant). This will make it dillicult 1o pre-
dict the flow distribution characteristics and photovoltaic
output for a BIPVT collector.

An example of what a BIPVT array may look like is
shown in Fig. 2. The length and number of modules placed
alongside each other will depend on the requirements of the
customer. For our investigation we make the assumption
that the array shown in Fig. 2 is electrically connected in
such a way that each cell of a BIPVT collector module is
connected in series. Each adjacent module is then con-
nected in parallel to form the array. The size of the fluid
array is therefore proportional to the size of the PV array
such that,

Noeor % N, 3)
Lyjers X N, 4)

where N, is the number of parallel strings. N, the number
of series connected cells and L., is the length of the
BIPVT collector module.

In order to investigate the issue of array geometry, nine
arrays were examined by Ghani et al. cach of which con-
sisted of a total of 144 cells. The characteristics of each
of the nine arrays are given in Table 1. The arrays were cre-
ated by altering the number of cells connected in series and
in parallel thus adjusting the shape of the array as per our
assumption while maintaining a total of 144 cells. Refer-
ring to Table 1, the aspect ratio or A R value for each array
is used to quantify the array shape. It is calculated by divid-
ing the number of cells connected in series (V) with the
number of cells connected in parallel (V). Therefore an
array with an AR value of less than 1 (such as Arrays 1
through 10 4) is greater in width than in length (in the direc-
tion of fluid flow) and vice-versa.

connected in paraliel %
BIPVT collector module —

Fig. 2. Example installation o a BIPVT array. The lkengih and number of
modules may be vavied 1o suit the requirements of the customer. The
number of cells connected in series for each module dictated the length of
the module. Each modulke was connected in parallel to form the array.

3381

Table 1

Array geometnes investigated in previous work
(Ghani et al., 2012), An AKX value <1 represents
an array which is short (in direction of fluid flow)
and wide in width, while an AR value =1
represents and array which is long (in dircetion
of fuid flow) and namrow in width.

Array N, N, AR
1 4 36 011
2 L] 24 023
kK 8 18 044
4 9 16 0.56
5 12 12 1.00
[} 16 9 1.78
7 18 § 225
8 pi} 6 4.00
9 36 4 9.00

In addition to the effects of array geometry other param-
eters were also investigated by Ghani et al. including the
effect of mass flow rate and the direction of flow within
the manifolds of the array (see Fig. 1). Naewngerndee
¢t al. showed that llow unilormity would in fact improve
by reducing the mass flow rate. However, by reducing the
mass flow rate, we can expect a larger temperature rise in
the working fluid and therefore a higher photovoltaic array
operating temperature and reduced electric output. These
effects must be balanced. Fig. 3 presents the effect of mass
flow ratc on the net yield (P, = Pprr Ppuwp) of the
BIPVT collector for each of the arrays listed in Table 1.
From a quick inspection we can sce that the mass llow rale
and the array geometries will have an effect on the net yield
ol an array. Taking a closer look at Fig. 3. the array oper-
ating with a mass flow rate of m = 0,005 kg s™' m” offers a
slight improvement in net yield over an array operating at
= 0.035 kg s™' m” for Arrays 2 6 which we can attribute
to the improvement in flow distribution. However as the
aspect ratio increases going from Arrays 6 to 9, flow distri-
bution is improved making the higher mass flow rate ben-
eficial due 1o the improved heat transfer. The large jumps
we see for m — 0.025 kg s~ m? and 0.035 kg s~ m” is due
to a swilch from laminar heat transfer 1o turbulent heat
transfer (see Ghani et al. for details). This figure demon-

»a ——m = 0.005 kgfs m2
550 —f—m = 0.015 kgfs m2
545 i = 0025 ks m2

——m = 0.035 kg/s m2

Netvield (W)
w
3

L] 1 2 3 4 5 6 7 8 7 W

Fig. 3, Effect of mass flow rate on the net vield of BIPVT array (Ghani
et al. 2012).
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PV Output (W)
w
g
-1

Fig. 4. Effect of flow direction in the manifolds on the photovoltaic yield
of a BIPVT array (Ghani et al., 2012).

strates that the ideal mass flow rate is dependent on the
aspect ratio of the array.

As identified by Wang and Wu, the direction of flow
through the manifolds will have an impact on the Now dis-
tribution and thermal performance of a traditional solar
thermal collector. Fig. 4 plots the photovoltaic output for
cach ol the nine arrays operating under both parallel and
reverse flow in the manifolds. We observe that a reduced
photovoltaic vield is obtained for Arrays 1-5 operating
under reverse flow, However for Array 6 onwards. the
improved fAlow characteristics associated with the high
aspect ratio results in convergence of the two data sets.
This result may be beneficial as during the installation of
a BIPVT array, it may be more convenient for the installer
Lo install the array operating with reverse manilolds Now.
However under certain circumstance as indicated by
Fig. 4 this should be avoided.

L2.1. Effect of fin width W

The concept design ol an unglazed BIPVT collector
under investigation in this work is shown in Fig. 5. Photo-
voltaic cells are vacuum laminated directly onto the alu-
minium extruded absorber using multiple ethylene-vinyl-
acctate (EVA) sheets and a single top cover sheet. An
exploded assembly drawing is shown in Fig. 5 which pro-
vides the location of the constituent layers of the sandwich
asscmbly. The irreversible lamination process occurs al
150°C in a vacuum laminator whereby the copolymer
EVA “cures” sealing the photovoliaic cells in order 1o pre-
vent the ingress of moisture (Krauter, 2006). The process is
performed in a vacuum chamber so that air is expelled
from the assembly. This is not only important from an aes-
thetic perspective (i.c. to remove bubbles) but also for heat
transfer. Thermal resistance between the PV cells and the
aluminium absorber underncath it is minimised by the
evacuation of air from the assembly.

The absorber shown in Fig. 5 1s an aluminium extrusion
which consists ol three fluid risers to cool the absorber
however during installation not all fluid risers need to be
utilised raising the question of how many fluid risers should
be used. Theoretically, by increasing the number of fluid
channels of diameter D, we reduce the fin width (W)

Fig. 5. Design of BIPV/T coll

Ph s
F

cells

under i
are vacuum laminated directly onto the aluminium extrusion using EVA
and a top sheet. For the single riser setup. only the ‘central riser” is used
while for two risers the two ‘outer riser’ channels are only used,

thereby improving the fin efficiency F (and heat transfer)
as calculated using Eq. (5) (Duflie and Beckman. 2006).

_lan hlm(W —d)/2]
= m(W —D)/2 )

However as discussed in the previous section, the issue
of Mow distribution should be considered for any practical
installation. By increasing the number of fluid risers for
certain array geometries, the flow distribution may be so
poor that the photovoltaic yicld may actually be reduced.
Moreover the cost of the system, in terms of both material
and labour, is increased by plumbing the extra risers. One
of the objectives of this study is to identify the case were the
two riser design will in fact reduce the PV output over the
single riser design,

To answer this question the method outlined previously
by the authors (Ghani et al., 2012) was implemented for the
nine arrays listed in Table 1. This time however, both one
and two risers were additionally investigated. Several mass
Mow rates (see Table 2) were investigated as we have shown
this will have some impact on the flow distribution within
the array. Parameters used for the analysis are given in
Table 2 and characteristics of the solar cell used for the
photovoltaic calculation is listed in Table 3. Series and
shunt resistance values listed in Table 2 were calculated
for the cell using the method of Ghani and Duke (2011).

Although any solar collector is expected o operate
under a wide variety of irradiance levels, our investigation
was carried out at only 1000 W/m® as this value corre-
sponds to standard test conditions (STCs) typically used
for photovoltaic rating. We therefore also made the
assumption that the ambient temperature was 25 °C consis-
tent with these test conditions.

Figs. 6 and 7 present the results of the photovoltaic
analysis performed on a BIPVT collector. Fig. 6 plots the
results for Arrays 1 9 operating with both one and two
Muid channels, parallel and reverse flow in the manifolds
at a coolant mass flow rate of 0.015 kg s™' m* From these
results we can see that for Arrays 1 and 2 (the low aspect
ratio arrays) the use of two fluid channels is detrimental
to the photovoltaic yield. From Array 3 onwards however,
the improved fin efficiency and flow distribution results in

130



F. Ghani ef al. | Solar Energy 8 (2012; 3378 3387

Table 2
Input parameters for analysis,
Symbol  Value Units
Manilold diameter B it M mm
Fluid riser diameter [ - 0 iy
Number of covers 0
Fin width W 160. 80 mm
Overall heat loss coefficient. U 2 Wim® K
{Anderson, 2009)
System How rate m 0.005, 0.015, 002, kgs 'm ?
0.025, 0,35, 0.4
Absorber thickness & 2 i
Absorber thermal conductivity £, 190 Wimk
PV cell theymal conductivity,  kpy 130 W/mk
(Krauter, 2006)
Absorption coefficient, (De Apy 0.74
Vrics, 1998)
Ambicnt temperature Teaivk 35 b, %
Fluid inlet temperature Tpadmir 20 ac
Irradiance G 1000 W/
Number of cells in series N, Refer to Tuble 1 -
Number of cells in parallel Ny Refer o Table 1 -
Table 3
Characteristics of solar cells used for the PV analyss,
Short circuit current L 841 A
Open circuit vollage Vaz 0.613 v
Current at MPP g 792 A
Voltage at MPP Vo 0.495 v
Diode constant (Carrero et al.,, 2010) " 1
Series resistance (Ghani and Duke, 2011) . 0.0054 4]
Shunt resistance (Ghani and Duke, 2011) Ra 1273 0
570
560
T 0
= ——
§ o
- 1 riner, paraliel
& s —— 1 riser, reverse
e 7 i, paraliel
520 =1 riser, revense
!lU‘ 2 3 4 5 L] 7 [} 9
Array
Fig. 6. Photovoltaic  yield for Arrays 19 operating  under

m—0015kgs™" m® of flow.

an improvement in PV output from the array. With respect
Lo parallel and reverse Now in the manifolds, we can see
that the PV output eventually converges for both directions
from Array 6 onwards regardless ol how many fluid chan-
nels are used. For Arrays 1-3 however, parallel flow in the
manifold is preferred based on the improvement in PV
yield.

Fig. 7 presents the results of our analysis at
m—0.04kgs™" m’. The pattern in comparison to Fig. 6
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570

under

operating

Fig. 7. Photovoltaic  yield for Arrays  1-9
m=0.Mkgs™' m* of flow,

is quile diffierent due to the variation in flow distribution
quality and the switch made from laminar to turbulent heat
transler lor the array geometries of high aspect ratio. Here
we can see that two fluid channels optimises PV yield for
Arrays 2 5. For Array 1. a single fluid channel operating
under parallel flow is preferred. Interestingly. from Array
6 onwards, the single fluid riser optimises PV output due
to the switch from laminar to fully developed turbulent
heat transfer. This occurs as the llow rate (and thercfore
velocity) for each fluid channel is higher with less fluid
channels increasing the Reynolds number Rep > 3000 into
the lully developed Turbulent fow region. These resulis
demonstrate that the photovoltaic output will be a function
of array geometry, manifold fow direction. mass flow rate
and finally the number of fluid channels used to cool the
PVT module.

Based on the results so far, we begin to understand the
unique requirements of the building integrated PVT collec-
tor and how flow distribution will affect its photovoltaic
outpul. The custom nature ol this technology whereby
the collector is sized to meet the specific requirements of
the customers roofing and energy needs means that a
method to determine the optimal combination of mass flow
rate, number of Muid channels, and the Mlow direction in the
manifolds would be beneficial. The method used for the
waork so far however was time consuming and compula-
tionally intensive and therefore cannot be practically imple-
mented lor commercial purposes. In an attempt to address
this issue. the authors have investigated the use of an arti-
ficial neural network to develop a tool which may be easily
and quickly used to assist the installer in selecting the opti-
mal design.

2. The artificial neural network

In this section we discuss the development of an artificial
neural network trained using the numerical data acquired
in the previous section. The aim is to develop a simple
and fast tool which will assist the installer of a BIPVT sys-
tem in selecting the optimal mass flow rate, the number of
fluid channels to utilise, and the direction of flow in the

131



3384 F. Ghani et al. | Solar Energy 8 (202 3378 3387

manifolds in order to maximise the photovoltaic output.
The next section will give a briel introduction into the the-
ory of the artificial neural network.

2.1. Background in the wrtificial newral nerwork

Artificial neural networks (ANNs) are computational
models which replicate the function ol a biological net-
work, composed of neurons and are used to solve complex
functions in various applications such as control, data
compression, lorecasting, oplimisation, patlern recogni-
tion, classification, speech, and vision (Sézen et al.. 2008).
More recently, however, is the application off ANNs 1o
cnergy systems (Kalogirou, 1999, 2000; Kalogirou and
Panteliou, 2000).

The commonly used feed-forward, multi-layer percep-
tron (MLP) ANN architecture has been successfully
applied to a number of solar thermal (Farkas and Geczy-
Vig, 2003; Kalogirou and Panteliou, 2000; Kalogirou
et al., 1999) and photovoltaic applications (Ashhab, 2008;
Izgi et al., 2012; Karatepe et al., 2006; Mellit and Kalogi-
rou, 2008). This architecture typically consisis of three Jay-
ers; an input layer, the hidden layer, and the output layer.
Inputs are presented to the neural network via the input
layer were they are then processed in the hidden layer.
The neural network output is caleulated in the final output
layer. Neurons located in both the hidden and output lay-
crs possess an aclivation function. The sigmoid non-lincar
activation function is commonly used and produces an out-
pul between 0 and 1.

A critical step in applying an artilicial neural network to
an application is the training stage. Here training data
which consists of input vectors and the corresponding out-
put vectors are presented to the network. The initial
weights and bias values originally selected at random are
then adjusted according to a training algorithm so the out-
put of the ANN maitches the output of the training data.
Once a satisfactory level of performance is achieved by
the network, training is stopped and the final weights and
bias values are used permanently by the network.

The back-propagation algorithm is commonly employed
for the training of the multi-layer perceptron neural net-
work. The objective of this algorithm is to minimise the
global error such as the mean’ error. mean square error
(MSE), and R (Sézen et al., 2008). The mean square crror
caleulated using Eq. (6) was used in our study.

. 1 1=1 5
MSE = FZ:U' @) (6)

where ¢ 15 the target output and a; is the actual output from
the network.

The error is calculated by comparing the output from
the network with the output value from the training data.
Weights are then adjusted by propagating the error from
the output laver back to the input layer. This iterative

process is repeated until the network has learnt the pattern
of the training data.

2.2, Design of an ANN for BIPVIT application

An artificial neural network was developed to approxi-
mite the photovoltaic output of a BIPV/T array using
the Matlab™ Neural Network toolbox. The purpose ol
the network was to approximate PV yield of a BIPV/T
array operaling under various modes ol operation for a
specified array shape (aspect ratio) and mass flow rate.
The feed forward MLP architecture chosen for this prob-
lem is shown by Fig, 8.

Two input neurons, nine hidden layer neurons and four
output layer neurons were used in total for our artificial
neural network, The inputs in the network are the arrays
aspect ratio and mass flow rate. The outputs of the network
are the approximate PV yield (in Watts) with the BIPV/T
array operating under lour fuid flow configurations: (a)
single riser, parallel flow, (b) single riser, reverse flow (c)
double riser, parallel flow. and (d) double riser, reverse
Now.

Although the reverse flow in manifolds generally vields
reduced PV output due to the poor flow characteristics
(Ghani et al., 2012), there may be instances where the
installation of the array may be simplified and/or cost effec-
tive by this type ol installation. Output from this scheme is
therefore included. Data for training the network was
obtained by conducting 288 numerical simulations using
the method outlined by Ghani et al. Examining the archi-
tecture of the neural network, we can sec that for cach
aspect ratio and mass flow rate input pair, we obtain four
outputs.

The network shown in Fig. 8 was trained using the
using the Levenberg-Marquardt back-propagation algo-
rithm (Beale et al., 2012). Network training data is usually
split three ways for the training process. For our study
the data collected from the 288 simulations was split 70/
15/15 into three subsets; training, validation, and testing
respectively, The majority of data is allocated to training
the network in order to adjust synaptic weights and
biases. The validation data set is used to overcome over-
training of the network, when the network loses its ability
1o generalise due to over fitting. During the training pro-
cess validation error is calculated with training error after
each training epoch. Overtraining is identified when train-
ing error is reduced but validation error rises. If the val-
idation error continues 1o rise for a specified number of
epochs, the training is stopped (Caner et al., 2011). The
final portion of training data is then used to test the
trained network. Input vectors which have not been previ-
ously encountered during the training phase are presented
to the network. The network output is compared with the
desired output. If the error is acceptable, the training is
stopped, otherwise the training process is repeated and
the weights readjusted.
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Input neurons  Hidden layer neurons  Output layer neurons

Fig. 8. Feed forward, multi-layer perceptron neural network

3. Training results and discussion

Results of training the ANN are shown in Fig. 9. In this
figure, regression values are plotted for the training, valida-
tion, and testing stages and additionally the total training
response. The regression plots show the relationship
between the outputs of the network and the target values.
The dashed line represents the ideal result where the net-
work output equals the target or desired value. The solid
coloured line represents the best fit lincar regression line
between the output and the target. Ideally the coloured line
will superimpose the dashed line.

Training: R=0.98767

PV Output (1 riser, parallel flow)
PV Output (1 riser, reverse flow)

PV Output (2 riser, parallel flow)
PV Oulpul (2 riser, reverse flow)

used in our i

As the minimum R value obtained from training the net-
work was 0.979 and 0.984 for total training, a close rela-
tionship between the network and target oulputs was
achieved. The best it regression lines for all three stages
(training, validation, and testing) shown by the coloured
lines closely match the dotted lines indicating a strong cor-
relation between network outputs and targets had been
achieved.

The results obtained indicate that an artificial neural
network can be successfully trained for approximating
the photovoltaic output from a BIPV/T array of various
shape and mass llow rate operating under several Nuid Now
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Fig. 9. Results from ANN truining using the Levenberg Marquardt back-propagation training algorithun,
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configurations. Once trained, the artificial neural network
can be used 1o answer the lollowing questions for an array
of specified aspect ratio:

(1) How many fluid risers should be used?

(2) What is the optimal mass flow rate?

(3) Should parallel or reverse flow in the manifolds be
used?

Once trained, the output of the neural network is
quickly calculated which is the primary advantage over
performing the three step numerical process proposed by
the authors in earlier work (Ghani et al.. 2012). The pro-
cess of caleulating array yield for the four connection
schemes is reduced from several hours to less than a sec-
ond. Although training of the neural network is a time
consuming process, the neural network has the additional
advantage that it can be used to interpolate values within
the original training set. For example, during training the
following mass flow rate values were used; 0.005, 0.01,
0.015. 0.02. 0.025. 0.03. 0.035. 0.04kgs™ m’. Once
trained the network could be used to determine the array
output for m — 0.018 for kgs™' ' m® example. This could
similarly be applied for the aspect ratio value. Therefore
a neural network that has been trained from a discrete
number of training sets can be applied to solve for inputs
over a continuous domain provided it is within the
boundaries of the training data.

4. Conclusions

In this work, the effect of flow distribution on the pho-
tovoltaic yicld ol an unglased BIPV/T collector has been
discussed. Results of a numerical investigation have been
presented which displays the variation in photovoltaic out-
pul due 1o the changes in the manilold 1o riser ratio. the
mass flow rate, the direction of flow in the manifolds,
and by the shape of the array as a consequence ol coolant
flow distribution. As the size of a BIPV/T array (and there-
fore fluid network) will inevitably vary from customer to
customer, the behaviour of the fluid cooling the photovol-
taic system will similarly vary making photovoliaic yield
difficult to predict. Additionally in this study we have dem-
onstrated that by reducing the fin widih we do not always
improve the photovoltaic output. Cases have been identi-
fied were the single riser will in fact improve PV vield
due to the more favourable flow distribution conditions.
A three step numerical process proposed by the authors
in earlier work was used to approximate this value for dif-
ferent geometrics but it was computationally intensive and
time consuming to carry out. In this study, an artificial neu-
ral network was successlully trained so that it can be used
Lo approximate the PV yield for a BIPV/T array of specilic
aspect ratio and mass flow rate operating under several
flow connection schemes. Similar to the standard test
conditions typically used for the rating of photovoltaic
systems, our investigation was carried out under fixed

conditions. Therefore the effects of wind, varying irradi-
ance. and temperature were not considered. Results of
the training process indicate that a neural network is able
to learn the underlying relationship between the inputs
and the outputs for this specific application. The trained
network can be used as a useful tool for the installer of
BIPVT arrays in selecting the optimal array parameters.

The primary disadvantage ol this method however is the
initial collection of data used for network training which
was oblained by running numerous numerical simulations
which was time consuming and computationally intensive.
Once trained however, the network is fast and can be used
to interpolate values over a continuous domain within the
limits of the training data set. The application discussed in
this work is however only concerned with the photovoltaic
yield of the BIPV/T collector.
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Chapter 9: Summary and Conclusions

9.1 Introduction

It is generally assumed during the analysis of a traditional solar thermal collector that the
heat exchange fluid is uniformly distributed. This simplification to the model
consequently assumes a homogeneous temperature distribution over the absorber surface.
Several studies discussed in Chapter 2, however, have demonstrated that this assumption
is not entirely accurate and that the quality of flow distribution is dependent on several
factors. The consequence of non-uniform flow through a solar thermal collector is that the
warmer regions of the absorber (i.e. areas under reduced flow) are subject to greater heat
losses to the ambient and therefore operate under reduced thermal efficiency. For a flat
plate solar thermal collector used in domestic hot water application, the net impact of
non-uniform flow is not severe. Therefore for the analysis of these collectors this
assumption and the significant simplification it brings to the modelling process is

commonly applied.

The hybrid PVT collector on the other hand, which incorporates photovoltaic cells has
been shown to be temperature sensitive. Given the manner in which photovoltaic cells
must be electrically connected so that their electrical output can be combined, the effect
of non-uniform temperature has been demonstrated to have a much greater impact on the
output of the collector. As the development of the PVT collector is still in its infancy
relative to traditional solar thermal technology, this issue has not been sufficiently

examined.

In order to investigate this issue further, a numerical model was developed to calculate

the electrical output of the photovoltaic array which considered the variation in fluid flow
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through a header/riser type fluid network and the resultant temperature of absorber. Using
this model, a number of factors were investigated which considered the unique aspects of
the building integrated PVT collector, such as the shape of the array and the direction of
flow in the manifolds. This analysis provided several key findings. By examining the
effect of a number of parameters such as the array geometry, mass flow rate, the ratio of
the manifold to fluid channel diameters, and the direction of flow relative to the
manifolds on the output of a PVT collector, it was possible to rank their statistical

significance and identify two secondary interactions.

First, array geometry and two secondary interactions were shown to have statistically
significant effects on the flow distribution and thermal performance of a building
integrated collector. By using the finite difference method it was also shown that the fin
efficiency was reduced by 5 per cent due to additional losses through the structural ribs of
the collector in comparison to the value obtained using the classical fin approach. The
second key finding was the development of a new method to determine the modelling
parameters of a solar cell based on data provided by the manufacturer. Finally by
integrating the fluid, heat transfer, and photovoltaic system analyses, a model was
developed to quantify the photovoltaic yield of a BIPVT array of various designs which
considered the detrimental impact of flow distribution. Each finding will be discussed in

the proceeding sections.

9.2 Analysis of factors affecting flow distribution

Results from Chapter 3 indicated that the geometry of a solar collector will have the
greatest impact on flow distribution based on a statistical analysis which examined a total
of four factors (array shape, manifold to fluid channel pipe ratio, flow direction in

manifolds and mass flow rate). Furthermore as a result of a two level full factorial
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analysis, two secondary interactions were additionally identified which influence flow
distribution and thermal output of a building integrated thermal collector. The interactions
between array geometry and the direction of flow in the manifolds, and the array
geometry and the ratio of manifold to fluid channel ratio were shown to impact thermal
output. Although the numerical approach used by Jones and Lior [82] identified that the
number and length of the risers will have an influence on flow distribution, the issue of
geometry was not emphasised due to the minor variation in conventional solar thermal
collector geometry. Furthermore previous studies did not identify any secondary

interactions among factors investigated.

As the building integrated solar collector will be a made-to-measure product its geometry
will be highly variable so that the individual customer’s needs are met. Research
conducted in this study has shown that geometry and its interaction with two other
parameters will influence the quality of flow throughout the fluid network consequently
the issue of flow distribution is of greater concern in comparison to conventional solar

thermal technology.

9.3 Calculation of solar cell modelling parameters

Presently, several methods are available to determine the modelling parameters of a solar
cell required for photovoltaic system modelling. A unique method has been developed in
this research based on the multi-dimensional Newton-Raphson method which was

experimentally shown to reduce modelling error over existing methods.

Originally a method was developed to determine the values of series (R;) and shunt
resistance (R,;) based on data provided by the manufacturer at maximum power point.
Initially this method was compared against values published by Charles et al. and
compared against two alternative methods. It was shown that the method proposed in

Chapter 4 matched the previously published values with the greatest accuracy. In order to
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further validate this method, a precise source measuring unit was used to experimentally
acquire the current-voltage data of a single multi-crystalline cell exposed to varying
levels of natural sunlight in Chapter 5. Simulated current-voltage data was then generated
using resistance values calculated using three methods and the method proposed in
Chapter 4. This analysis demonstrated that at maximum power point (MPP), greatest
accuracy was obtained using the proposed method. Using a root mean square error
analysis, it was shown that the method offers greatest accuracy over the entire voltage

vector (i..0 < V< V,,).

Closely examining the combined experimental and simulated current-voltage data, a
growing disparity was identified moving away from MPP. Investigating this issue further,
it was found that by adjusting the diode constant value this disparity could be reduced
thereby improving modelling accuracy. A modification to the original algorithm used to
calculate R; and Ry, was made in Chapter 6 so that it could also calculate the diode
constant value, n. This method was experimentally shown to further reduce modelling
error over existing techniques. At 1000 W/m?® of illumination for example, root mean

square error was reduced from 0.0101 to 0.0038.

The method to determine modelling parameters in this thesis has the advantages that it
offers improved modelling accuracy when compared against two other recently published
methods. By employing numerical methods which limit the number of assumptions and
simplifications in the analysis, improved accuracy is obtained over the analytical
approach. Furthermore, it also only requires data provided by the manufacturer at

standard test conditions.
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9.4 The effect of flow distribution on the photovoltaic output

By combining the fluid and heat transfer analysis conducted in Chapter 3 with the
photovoltaic system modelling method outlined in Chapters 4 to 6, a complete model was
developed to calculate photovoltaic output for a BIPVT collector operating under
heterogeneous temperature as a result of flow mal-distribution. Using this model, a
number of scenarios were investigated examining the effect of flow distribution on the
photovoltaic output of a BIPVT array. Changes were made to the manifold to fluid
channel pipe ratio, array geometry, flow direction in manifolds, and the mass flow rate.
For the case where flow uniformity was poorest, it was found that only a 2 %
improvement in PV output is made over a traditional photovoltaic panel with no cooling.
However a 10 % improvement was obtained where flow uniformity was optimal.
Therefore by appropriately addressing the issue of flow distribution, the photovoltaic

yield can be improved.

Current methods typically adopt the approach used by conventional solar thermal
technology which makes the assumption that flow throughout the collector is uniform.
Such an assumption could lead to misleading results and an over estimation of the
photovoltaic output of a system. Current literature in this field of BIPVT collector
technology has not adequately addressed this issue. The model presented in this thesis
may be used to approximate the photovoltaic yield of a BIPVT array with greater
accuracy by considering the effects of flow mal-distribution. Results presented in Chapter
7 revealed that if the issue of flow distribution is not appropriately addressed,
photovoltaic yield may be reduced by up to 10%. If flow distribution is assumed uniform
as typically carried out at present, this disparity between model and actual outputs would
lead to reduced power generation and inaccurate economic forecasts. Implementing the

steps carried out in this study can reduce this error.
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9.5 Conclusions

Harnessing energy from the sun is an active area of research and development driven
primarily by the science of climate change science and the desire for energy
independence. The successful implementation of solar technologies, such as the building
integrated PVT collector however must address a number of technical and economic
issues. This particular collector offers a number of advantages over conventional solar

technologies such as;

1. Improved electrical output as a result of cooling.
2. Greater energy yield per unit area of roofing.

3. Improved architectural uniformity.

Despite these advantages, the market penetration of this collector type is minimal to date.
Economic justification is mandatory for any capital expenditure, therefore a detailed
model is necessary to forecast the approximate energy yield from an array of specified
size. The PVT collector is unique in comparison to traditional solar thermal and
photovoltaic collectors in the sense that the thermal and photovoltaic outputs are linked.
This link however has not been explored in sufficient detail which runs the risk of

possible overestimation in energy yield.

In this study a model has been developed which couples fluid flow, heat transfer, and
photovoltaic conversion in order to quantify the photovoltaic output of a BIPVT collector
which considers the effects of flow distribution. During the development of this model, it

was shown that:
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* Four factors have a statistical impact on flow distribution; Array shape, the manifold to
fluid channel pipe ratio, the direction of flow in the manifold and the mass flow rate.
Array geometry was to have the greatest statistical effect on flow distribution and thermal

output of a building integrated solar collector.

» Two secondary interactions were identified to influence the quality of flow distribution;
(i) array geometry and the ratio of the manifold to fluid channel, and (ii) array geometry

and the flow direction in the manifolds.

* By conducting a numerical analysis of the building integrated collector using the finite
difference method, fin efficiency was shown to be 5% less than a traditional rectangular

fin and tube absorber design.

* Photovoltaic cell modelling parameters R;, Ry, and n can be modelled using the multi-
dimensional version of the Newton-Raphson method and current-voltage equations
expressed using Lambert W-function in comparison to other current methods. It was
demonstrated both theoretically and experimentally that the proposed method offers an
improvement to modelling accuracy and can be implemented using data provided by the

manufacturer.

The model was then used to demonstrate the reduction in photovoltaic yield as a result of
the flow distribution phenomenon. As the geometry of the building integrated collector
will vary considerably, the assumption of uniform flow throughout the fluid network as
currently employed may lead to a significant overestimation of the photovoltaic output.
The model presented here can be used to address this issue to assist in the successful

implementation of this promising technology.
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9.6 Scope of research and future work

The analysis conducted here was limited to the header riser fluid type network only.
Other fluid networks were beyond the scope of this work. Additionally this study was
concerned only with the working fluid water and the operational characteristics of
crystalline silicon solar cells which the authors believe to be the most commonly applied,

however other working fluids and PV technologies may also be implemented.

For future work, it is recommended that other fluid networks also be investigated as a
large number of absorber types many of which were presented in Chapter 2, have been
proposed. Furthermore, the use of air as the heat exchanger working fluid was not
investigated in this work. As air is a commonly used medium for this collector type, it is

recommended that a fluid analysis be similarly conducted.
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