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Abstract 

The aim of this work was to examine some of the main factors influencing the 

performance of a Building Integrated Photovoltaic (BIPV) system. BIPV systems are 

becoming increasingly common and it is anticipated that they will be installed in large 

numbers in the future, as a result of various political, environmental and economic 

factors. It is therefore important that their system performance is optimised during 

their demonstration phase. 

Three parallel BIPV projects have been coordinated for this research, with the primary 

objective of conducting comparative studies to assist in the analysis of the 

Northumberland Building BIPV system. The other projects include the installation 

and operation of a BIPV monitoring station, and the design, manufacture and testing 

of two alternative PV cladding prototypes. 

The performance of a BIPV system is dependent on a number of interrelated 

parameters. These include: system orientation, in-plane insolation and shading, 

temperature, array soiling, the type of PV installed, and the mismatch losses of the 

installation. This thesis presents an investigation of each of these parameters and 

assesses how they affect the performance of the Northumberland Building BIPV 

system as a whole. 

The approach used differs from that of other researchers, in that it assesses the 

performance of the whole system, rather than studying one or two issues in isolation. 

In , addition, this work extrapolates the results to predict the performance of various 

alternative BIPV system designs. Finally an economic analysis of each alternative 

system is presented and a comparison of system performance and costs is made. 
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1 Introduction 

At the turn of the millennium, the application of photovoltaic (PV) technology - using 

`solar' cells to generate electricity from sunlight - is gaining interest world wide for its 

potential as a major source of clean and renewable energy. This technology has 

already demonstrated its technical and economic viability for remote power supply in 

`stand-alone' PV systems. Such systems are used for off-grid energy provision in 

developing countries, telecommunications and environmental monitoring in the 

developed world, as well as consumer goods and niche market applications such as 

power supplies for calculators, parking meters and bus-shelter lighting. 

However, over the past ten years, the application of PV installed on buildings as a 

form of embedded generation has attracted widespread interest in countries with a 

well established utility grid system, such as the UK [1]. At such latitudes it is 

technically feasible to mount the solar cells on the vertical facades of commercial and 

industrial buildings, and to integrate the solar cells into the building cladding material. 

This method of installation reduces the installation costs considerably. The past ten 

years have seen a number of these systems installed in Europe, Japan, North and 

South America and Australia. Of course, PV modules may also be installed on - and 

integrated into - the roofs of both commercial and domestic properties. This thesis 

investigates the performance of a building integrated photovoltaic (BIPV) system in 

the UK, using system data from the PV facade installed on the-south face of the 

Northumberland Building in Newcastle upon Tyne. 
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1.1 A brief history of PV and the emergence of BIPV systems 

Solar cells are semiconductor devices which convert sunlight directly into electricity. 

When light is absorbed by a semiconductor, excess electron-hole pairs are generated 

in the material. If these electron-hole pairs are separated by an electric field, they can 

be used to drive an external load. The incident light is thus converted into electricity. 

The phenomenon which makes this possible is known as the ̀ photovoltaic' effect. 

The photovoltaic effect was first observed in 1839 by Edmond Becquerel, who 

developed a series of experiments with electricity, a topic of considerable interest in 

those days. His work focused on the behaviour of solids in electrolytes; he observed 

that a current could be generated by illuminating silver or platinum plates which were 

immersed in a suitable solution [2]. 

The photovoltaic effect in a solid substance was first observed in 1877, by two 

Cambridge scientists, Adams and Day, who reported on the electrical properties of 

selenium when exposed to light in a paper to the Royal Society [3]. Following this 

work, Charles Fritts, a US electrician, made the first selenium solar cells in 1883 and 

forecast their use as large-scale, low-cost generators of electricity [4]. These cells 

consisted of thin wafers of selenium covered with a grid of thin, semitransparent gold 

wires and a protective sheet of glass, similar in principle to cell manufacture today, 

but with less than 1% efficiency. At that time, little was known about how and why 

the cells operated; it was not until the advent of quantum mechanics in the early 

twentieth century that the scientists involved could begin to explain the phenomenon 

and explore ways of improving cell efficiency. 
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In May 1954, over a century after the first discovery and shortly after the transistor 

was invented, scientists researching semiconductors at the Bell Telephone 

Laboratories in New Jersey, USA, were able to fabricate silicon solar cells with a 

conversion efficiency of 6% - high enough to power a rural telephone amplifier [5]. 

The impetus for further research arrived with the space age in the late 1950s, when a 

lightweight, inexhaustible source of energy was required to power satellites in orbit. 

Since the successful launch in 1958 of the first solar-powered satellite, Vanguard I, 

the use of PV as a power source for spacecraft has become almost universal. 

At first, the relatively high costs involved had discouraged terrestrial applications of 

PV as a large-scale power source [6]. The applications were restricted instead to 

telecommunications, navigational lighting and electricity for remote houses, where 

connection to the national grid would be too expensive, and the option of diesel 

generators would be unreliable. However, the 1973 oil crisis provoked a world wide 

search for new, renewable sources of energy which could supplement the earth's fossil 

fuel reserves. This encouraged almost all industrialised countries to initiate 

photovoltaic R&D programmes and many new companies evolved to develop 

tertestrial PV systems [7]. 

In spite of little UK government support for PV, research continued both at home and 

abroad. For example, during the early 1980s, BP Solar installed and monitored a 

30 kWp grid-connected PV plant at Marchwood, near Southampton, as part of the EC 

programme to demonstrate PV systems [8]. Meanwhile, other European governments, 

particularly Italy, Germany and Switzerland, were becoming increasingly active in 

their support of PV, not least because of the environmental benefits associated with 

the technology, and the desire to move away from the application of nuclear power 
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following the catastrophe at Chernobyl, Ukraine in 1986. These efforts have included 

a 3.3 MW plant installed south of Naples, Italy, the 1 MW Swiss PV programme, and 

the German Government support and subsidies for the installation of 1000 PV roofs, 

which was extended to around 2050 roofs by the end of the programme in 1995 due to 

high customer demand. Since that date, the German 100,000 roof programme and the 

Italian 10,000 roof programme have been launched. More recently, President Clinton 

announced a one million solar roof programme for the USA in 1997 [9] and, at around 

the same time, the Japanese Ministry of Trade and Industry (MITI) made subsidies 

available for 70,000 PV systems on private houses [10]. As demand has risen, module 

prices have fallen to around $2.50 per peak watt (for amorphous silicon) if purchased 

in large quantities [11]. By comparison, in 1959 the cost of PV cells for spacecraft was 

reported to be some $200,000 per peak watt [12]. In the year 2000,278 MW of 

photovoltaic modules were sold world wide, at a growth rate of around 43 % over 

1999 [13]. This compares with growth rates of around 15 % in the mid-1990s, and the 

trend is expected to continue to accelerate, with module manufacturers bringing on 

new production capacity in 2001. For example, First Solar has recently completed 

construction of a 100 MW cadmium telluride coating line, with plans to ship 10 MW 

of'modules in 2001. United Solar is currently constructing a new 25 MW triple 

junction amorphous silicon plant, due for completion in 2001. In late 1999, Shell 

Solar started production at a 10 MW multi-crystalline silicon plant in Germany, and 

Sharp have plans to double their Japanese production capacity of multi-crystalline 

silicon modules to 44 MW [14]. 

In 1992, growing world wide concern about environmental problems associated with 

fossil fuel combustion culminated in the UN Climate Change Conference in Rio de 

Janeiro, Brazil, where governments were persuaded to make a commitment to the 
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stabilisation of greenhouse gas (GHG) emissions by the turn of the millennium. This 

was followed in 1998 by a second Climate Change Conference in Kyoto, Japan, at 

which targets for GHG reduction were set. The Kyoto Protocol calls for an 8% 

decrease in GHG emissions by 2010, as compared to their 1990 levels. In recognition 

of this, in 1998 the European Commission put forward a White Paper which 

highlighted the importance of renewable energy in achieving the Kyoto targets [15]. 

This was adopted by the Council of Europe, which proposed an overall target of 

doubling the share of renewable energy generation in Europe from 6% in 1995 to 

12 % by 2010. Member states were encouraged to define their own strategies to reach 

this goal. In addition, the European Commission was advised to implement the 

`Campaign for Take-off', which includes targets of 500,000 PV roofs and facades for 

the domestic market, and a further 500,000 PV systems for the developing world [16]. 

As early as 1990, the UK Government's Energy Technology Support Unit (ETSU) had 

carried out a review of PV technology in the UK, which indicated that grid-connected 

PV systems integrated into the structure of a building could become cost-effective 

within the first ten years of the new millennium [17]. This method of mounting PV 

modules was gathering considerable interest in the PV industry, as it would make use 

of existing surfaces in town and city centres, thereby eliminating expensive land 

requirements whilst reducing costs associated with conventional support structures. 

A UK R&D programme was therefore initiated in 1992 to investigate the opportunity 

for Building Integrated Photovoltaics (BIPV). As part of this programme, an 

assessment of the potential generating capacity of PV clad buildings in the UK was 

conducted by Northumbria PV Applications Centre (NPAC) [18,19]. This study 

generated considerable interest in the UK and was complemented by two parallel 
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investigations: a feasibility study of incorporating PV laminates into building cladding 

components [20] as well as an examination of the technical requirements for PV plant 

connection to the utility grid system [21]. 

The research revealed that the total energy resource that could be provided by 

cladding the roofs and walls of all suitable buildings in major towns and cities would 

be considerable, around 200 TWh/yr using currently available technology, as 

compared with a 1993 national electricity consumption of around 270 TWh. 

Moreover, the availability of this resource would be consistent with the daytime load 

increase of the UK electricity demand, which peaks at around 12 GW daily. The area 

of cladding required to meet this load in summer would be around 10 % of UK 

building surfaces, and this would also contribute an average of 2 GW in winter. It 

was calculated that the cost per unit of electricity from PV clad buildings could be 

competitive with conventional sources by 2010. This cost projection assumed an 

avoided cost of f 100/m2 for the replacement of single-glazed curtain walling or 

aluminium cladding, a discount factor of 8 %, an annual insolation of 700 kWh/m2 

and a price for distributed electricity of f0.08/kWh. 

The advantage to the utilities of deploying PV in the urban environment is also 

considerable; this means of embedded generation can be used for `peak load shaving', 

which is an important tool in Demand Side Management. This avoids the need to 

build additional central power plants and distribution capacity which will be required 

in the future to meet the predicted increase in urban demand. It also avoids the 

inefficiencies associated with the distribution and transmission of electricity, which 

can be as much as 12 % depending on the size of the network [22]. 
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In addition, the electricity is generated at point of use, and as such is worth more to 

the consumer than the price which would normally be paid by the Regional Electricity 

Companies to private generators of electricity. Furthermore, with the liberalisation of 

the electricity generating industry in 1998, individual consumers are free to choose 

where they buy their electricity from, and it is expected that many customers will use 

their purchasing power for energy from `green' sources, thereby persuading utilities to 

invest in renewable energy plant. 

As a result of the study into the potential urban generating capacity of the UK, it was 

concluded that there was a need for more accurate data records of the insolation 

falling on vertical and roof surfaces in city centres, with a view to designing a BIPV 

system in a UK location. At that time, most of the existing data collection was carried 

out in remote, rural locations for meteorological purposes, and in any case, most 

solarimeters were set up to record insolation data on the horizontal plane - not easily 

convertible to a vertical orientation. The UK Department of Trade and Industry (DTI) 

therefore granted funding to the Northumbria PV Applications Centre for a BIPV 

monitoring station to be erected on the roof of Pandon Building, part of the University 

of Northumbria in Newcastle upon Tyne. The aim of this project was to establish data 

records for PV arrays mounted in typical building orientations. In addition it would 

provide data for the design of a PV facade in Newcastle upon Tyne. 

The data gathered from the BIPV monitoring station supported the case for the first 

UK demonstration of PV integrated into the building cladding structure of an office 

building - the Northumberland Building. This was installed to demonstrate the 

application of PV as a building material, even in a northern climate such as Newcastle 

upon Tyne. The erection of the facade was partially funded by the European 
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Commission and the UK DTI. Additional private sponsorship was obtained from a 

number of bodies, with the notable contribution of the local utility, Northern Electric. 

The investigation into the performance of the Northumberland Building PV facade 

was complemented by another project, also funded by the European Commission and 

the UK DTI. The aim of this project was to design prototype PV building cladding 

elements, as opposed to integrating standard PV laminates into a modified cladding 

structure. It was intended that the prototypes would be based on much larger PV 

modules, to fit into the standard 1.2 m building grid. One of the main research areas 

of the project focused on the thermal performance of the prototypes. 

Elsewhere in Europe BIPV systems had also been installed in Switzerland and 

Germany at around this time [23,24]. One of the main differences about the 

Northumberland Building, however, was that the facade was known to experience 

partial shading for some of the day all year round. 

In the five year period since the PV facade on the Northumberland Building was 

erected, other BIPV systems have been installed on the facades and roofs of buildings 

of several other countries, including Spain, USA, Holland, Brazil, Italy and Japan. To 

date most of these systems have been intended as demonstration systems with the aim 

of providing essential R&D data, as well as raising the profile of the technology in 

general. To this end, the systems are all somewhat different in their design and 

performance. For example, the ELSA Facade in Italy and the LABSOLAR Building 

(Universidade Federal de Santa Catarina) in Brazil both use amorphous silicon rather 

than crystalline silicon modules [25,26]. Two other demonstrations, the Matar6 

Public Library, in Spain, and De Kleine Aarde, in Holland, make use of the interesting 

daylighting possibilities provided by semitransparent glass - glass module 
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construction [27,28]. In the UK, the implementation of the Northumberland Building 

led on to the commissioning of a number of other BIPV installations, including the 

Ford factory at Bridgend [29], which incorporates 96.2 kWp of PV skylights, and the 

Doxford Solar Office in Sunderland, which has a 73 kWp facade. 

The prime objective of this thesis is to investigate the main factors which affect the 

performance of a BIPV system in the UK in order to provide some guidance for the 

design of future systems. For example, the relative impacts of orientation, 

temperature, shading, mismatch and soiling of the facade will be studied, and the 

merits of alternative PV materials for use in BIPV systems will be considered. 

In order to predict the performance of a BIPV system, it is useful to have information 

about the insolation falling on typical building orientations. There has been a vast 

amount of work undertaken in the field of solar radiation modeling [30,31,32], and 

there are a number of tools which can be used to simulate the incident radiation on 

inclined surfaces from average meteorological data records [33]. However, none of 

these studies was conducted for the UK climate and it was therefore considered useful 

to analyse real UK data to assess typical BIPV system performance. 

In addition, the accuracy of the diffuse models used in PV simulation tools is 

extremely important in a climate such as the UK, which has a high percentage of 

diffuse radiation. For this reason the data analysis has included investigations of the 

diffuse radiation available and compared this with published modeling studies. 

To date, detailed studies on BIPV system losses have tended to focus on individual 

aspects in isolation, for example temperature [34], shading [35,36,37] and mismatch. 

However, this research project has considered the impact of such losses within the 

context of the system as a whole. 
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The study focuses on the d. c. performance of the system, and refers to the inverter 

operation only where this is relevant to the d. c. system design. In order to carry out 

the investigation, data from the BIPV monitoring system, the Northumberland 

Building, and two other prototype BIPV cladding designs are used. 

Finally, the work uses the results of the data analysis to make some predictions of the 

performance of a number of simulated BIPV system designs, with variations in the 

BIPV cladding design and the PV material used. The systems simulated have also 

been assessed with respect to their lifetime energy costs. 

It is considered that such an investigation has not been conducted before. The only 

other relevant study relating to comparative losses in BIPV systems does not extend to 

performance predictions for alternative cladding designs and PV materials [38]. 

It should be noted here that each of the PV systems examined for this thesis generated 

a substantial amount of data for a number of other projects. Indeed the potential for 

research on the data is considerable, and clearly not all of the results are relevant for 

inclusion in this thesis. However, for further information on these complementary 

projects, the reader should consult the references [39,40,41,42,43]. 

1.2 Structure of the thesis 

The thesis begins with the design and installation of the BIPV monitoring station, 

followed by a description of the Northumberland Building system and the BIPV 

cladding prototypes. These three `experiments' were then investigated in turn to 

assess various aspects of BIPV system performance. 

The data from the BIPV monitoring station was used to make the case for BIPV in 

Newcastle upon Tyne, in order for projects such as the Northumberland Building to 
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proceed. The analysis focused on the quantity and quality of radiation received by 

different building surfaces. In addition, this work assessed the performance of 

alternative PV technologies in the urban UK climate and examined the effects of 

ambient temperature and irradiance on module operating temperature. 

The results from the BIPV monitoring station were then built upon by analysis of the 

data from a real BIPV system - the PV facade on the Northumberland Building. The 

Northumberland Building was used to study the main issues concerning the design of 

BIPV systems - shading, temperature, soiling and mismatch. As such, the work on 

irradiance and temperature from the BIPV monitoring station was consolidated and 

augmented by operating data from a real system. This analysis of actual BIPV system 

data is important to understand the interaction and complexity of the various aspects 

studied. 

The investigation of the Northumberland Building facade performance included a 

study of the shading on the incident insolation, for which the irradiance modelling 

experience gained from the BIPV monitoring station was implemented. A method 

for assessing the reduction in power output due to shading of a BIPV system was 

subsequently derived from this work. 

Further analysis examines typical operating temperatures of PV facades, and uses the 

model defined from the BIPV monitoring station data to predict these temperatures. 

The temperature study includes analysis of the monitored data from two 1 kWp BIPV 

prototype systems, which were installed in Newcastle upon Tyne and Glasgow at 

around the same time as the Northumberland Building PV system. These prototype 

systems were used to compare the thermal performance of alternative cladding 

designs, as well as providing data on aspects which could not easily be studied on the 
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larger, more complex Northumberland Building system, for example, the effects of 

temperature on open circuit voltage. 

In addition, the effects of PV module mismatch and resistive losses due to long cable 

runs are assessed using the Northumberland Building system data, and alternative 

solutions are considered. Lastly, the impact of soiling of the PV facade in an urban 

climate is studied. 

The thesis then draws together the results from the individual studies to examine how 

the BIPV system on the Northumberland Building would behave if changes were 

made in the design which would affect the parameters discussed. For example, the 

BIPV monitoring station studies of the effect of facade orientation on annual energy 

output were used to assess how the Northumberland Building system would have 

performed if it had been clad with PV on all four (hypothetical) sides. Similarly, the 

temperature studies from the BIPV cladding prototypes were used to simulate the 

thermal performance of alternative cladding systems on the Northumberland Building. 

Finally, an economic analysis is carried out to assess the comparative performance of 

a number of hypothetical BIPV systems, based on the Northumberland Building 

geometry, location and orientation. This analysis uses results from the BIPV 

monitoring station to simulate the performance of six alternative module technologies 

with respect to the installed capital cost as well as the lifetime energy costs. 

12 



2 Solar radiation and PV system theory 

2.1 Solar energy 

This chapter of the thesis gives an overview of solar radiation theory as relevant 

to the subject of PV. It explains solar time and geometrical calculations, which 

have been used in the thesis for the evaluation of monitored data and the 

modeling of the radiation incident on a PV generator. 

The techniques for measurement of solar radiation are also described, as these 

have been used in the monitoring of each PV system. Lastly, some of the more 

widely used radiation models are presented, as some preliminary radiation 

modeling studies were undertaken by the researcher, with the aim of finding a 

simple method of determining diffuse and direct irradiance from on-site records 

of global radiation on two planes. This information is required for the calculation 

of shading effects on a PV generator. 

2.1.1 Solar radiation 

f 

The basis for photovoltaic energy conversion is the absorption of photons of light 

by a PV cell. Light energy travels in waves, in which the wavelength, X is 

inversely proportional to the photon energy E. 

hc 
E (1) 

where c is the velocity of light in a vacuum (3 x 10' m/s) and h is Planck's 

constant (6.6 x 10-" Js). The longer wavelengths in the red part of the visible 
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spectrum therefore have less energy than the shorter wavelengths at the blue end. 

Only photons of a certain energy can be absorbed by the semiconductor materials 

used in the PV cell. 

The light energy for PV systems is normally provided by the sun. For the purpose 

of the studies reported within this thesis, where fine spectral resolution is not 

necessary, the sun can be regarded as a near perfect emitter of radiation (or a 

`black body') with a surface temperature- of 5762 K. The sun acts as a fusion 

reactor which creates radiation with a power of 3.86 x 1020 MW. This radiation 

travels some 150 million km at the speed of light and reaches the surface of the 

earth in about 8 minutes. The power density of the incident solar radiation outside 

the earth's atmosphere, on a plane perpendicular to the solar energy wave at the 

mean earth to sun distance, has been measured at 1.367 kW/m2, with an 

uncertainty of around 1% [44,45]. This value is termed the solar constant. 

Radiation from the sun is the largest source of energy input into the earth's 

atmosphere. The sun provides most of the energy resources consumed by 

humankind: all fossil fuels are derived from thousands of years of solar energy 

' stored within the carbonated residues of plants and animals. In combination with 

energy from the earth's rotational inertia, the sun causes all climatic changes due 

to the movement of oceans and air, and is thereby the source of most forms of 

renewable energy, barring tidal and geothermal. 

On an annual basis the sun provides around 5,000 times as much energy as that 

presently consumed globally [46]. The rate at which radiation falls onto a surface 

is termed the irradiance (measured in W/m2) and the integral of this over time is 

the irradiation or insolation (measured in J/m2 or, more frequently in the PV 
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electricity industry, Wh/m2). The amount of irradiance received depends upon 

geographical location. Figure 1 shows the variation in total annual irradiance 

across the world; it can be seen that the UK receives around half that of some of 

the sunniest equatorial regions. 

Figure 1: Annual mean global irradiance at the surface of the earth (in W/m2 

averaged over 24 hours) [47] 

The atmosphere absorbs and reflects different wavelengths of light energy in 

various amounts, such that the solar spectrum on the earth's surface is different to 

that actually emitted by the sun. For example, ultraviolet radiation is absorbed by 

oxygen, nitrogen and ozone in the upper atmosphere, whilst water vapour and 

carbon dioxide are responsible for absorption of much of the infra-red radiation. 

The spectrum outside the earth's atmosphere is termed Air Mass 0 or AM 0. The 

spectrum is attenuated by the atmosphere to varying extents depending on the 

length of the light path taken to reach the earth's surface at sea level. The light 

path is shortest when the sun is at its zenith, i. e. when the radiation is normal to 

the earth's surface; this is termed AM 1. The Air Mass is measured with respect 
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to sea level and is calculated as the ratio of the path length travelled to that when 

the sun is at its zenith. The Air Mass, m, is given by: 

1 

cos 6z 
(2) 

where O is the angle subtended by the sun's path and the zenith [48]. AM 1.5 

denotes the `standard' solar spectrum used to calibrate reference solar cells (see 

Chapter 2.1.4) and to rate the performance of PV arrays. It corresponds to an 

angle of 48.2° between the light wave and the zenith. The intensity of the 

radiation reaching the earth is weakened considerably as the solar altitude angle 

nears the horizon; the atmosphere is a strong absorber of solar radiation and can 

reduce the incident energy by 50% or more. The spectra of a perfect black body 

radiator, AM 0 and AM 1 are shown in Figure 2. It can be seen that around 50% 

of the incident energy lies between 400 and 700 nm, which is the range of the 

human eye response. 

The scattering of the radiation in the atmosphere results in a diffuse component, 

whilst the waves which travel straight from the sun are described as the direct 

component, sometimes termed beam radiation. Together with the reflected 

component, or albedo, they comprise global radiation. Most of the scattering of 

S 

wavelengths occurs in the blue part of the spectrum (which is the cause of sky 

colour) and this diffuse radiation accounts for up to 20% of global radiation even 

on the clearest of days. The proportions of each of these components vary 

depending upon location on the earth. In climates such as the UK, some 60% of 

the solar energy received annually is diffuse [49]. 
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Figure 2: Spectral irradiance curves for AM 0, AM 1 and a black body [50] 

2.1.2 Solar time 

Solar time is the time used in all solar geometrical relationships. It differs from 

standard time in that it is based strictly on the apparent angular motion of the sun 

across the sky, with solar noon being the exact time at which the sun crosses the 

local meridian of the observer. Two corrections must be made to standard time to 

convert it to solar time. 

Local standard time at any place on the earth is dependent only on the time zone 

in which the observer is located. The 24 time zones are defined hourly with 

respect to the Greenwich Meridian. There is therefore a time difference between 

the local civil time of the observer's precise meridian, or longitude, and that upon 

which local standard time is based. As each hourly zone subtends 15° of 

longitude, it follows that the sun takes 4 minutes to cross 1° of longitude. 
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An adjustment must also be made to account for the equation of time. The 

equation of time has been calculated to convert local civil time to local solar time 

by accounting for the elliptical path of the earth's orbit about the sun. 

Astronomers have calculated the equation of time, which is listed as a number of 

minutes and seconds by month [for example, 51]. Local solar time is then equal 

to local civil time plus the equation of time. 

2.1.3 Solar geometry 

The geometric relationships between a given plane (e. g. a PV module) relative to 

the earth and the sun can be described in terms of several angles as defined in the 

references [52]. These angles are described below and depicted in Figure 3. 

0 Latitude the angular location north or south of the equator, 

-90°s 4s 90°; north positive. 

6 Declination the angular position of the sun at solar noon with 

respect to the plane of the equator, 

-23.45°s 6: 5 23.45°; north positive. 

/3 Angle of inclination the angle between the plane of the surface and the 
S 

horizontal, 0°s ßs 180°; ß> 90° indicates a 

downward facing surface. 

y Surface azimuth the deviation of the normal to the surface from 

the local meridian, projected onto the horizontal 

plane, -1800s ys 180°; south is 0°, west is 

positive. 

w Hour angle angular displacement of the sun east or west of 
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the local meridian due to rotation of the earth at 

15° per hour; afternoon is positive. 

9 Angle of incidence the angle between the beam irradiation of a 

surface and the normal to the surface. 

Oz Zenith angle the angle between the beam irradiation of a 

surface and the vertical (or zenith), equal to the 

angle of incidence for a horizontal surface. 

as Solar altitude angle the angle between the beam irradiance of a 

surface and the horizontal, i. e. the complement of 

the zenith angle. 

Ys Solar azimuth the deviation of the beam irradiance of the 

surface from the local meridian, projected onto 

the horizontal plane, -180°s ys 180°; south is 0°, 

west is positive. 

Normal to 
horizontal surface 

/W- 
_i 

Ys 

`+ s_ 

Figure 3: Angles describing geometrical relationships of a plane with respect 

to sun and earth 
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The declination of the sun is a continuous function of time. It alters as the angle 

of the earth's tilt with respect to the sun changes over the course of the earth's 

orbit. The declination is zero at the equinoxes, i. e. when the plane of tilt is 

perpendicular to the beam irradiance. The declination can be calculated 

according to: 

ba 23.45sin3601284 +n} (3ý 
365 

where n is the day of the year, 1 to 365. 

There is a useful equation which defines the relationship of the above angles to 

each other, and which enables the calculation of the angle of incidence, 0: 

cosO = sin b sinn cosß - sin b coso sin ß cosy 
+ cos b cos o cos ß cos cw + cos S sin o sin ß cosy cos co (4) 

+ cos 6 sin ,6 sin y sin co 

2.1.4 Measurement of solar energy 

There are two instruments commonly used to measure global irradiance: the 
I 

pyranometer and the silicon reference cell. These are pictured in Figure 4. Direct 

irradiance is measured using a normal incidence pyrheliometer. Diffuse irradiance 

can either be calculated from direct and global irradiance or measured using, for 

example, a shadow ring pyranometer. 
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Figure 4: Photographs of a silicon reference device and a pyranometer [53] 

A conventional pyranometer comprises a thermopile mounted beneath a black 

metal surface placed horizontally under a single or double glass hemisphere. The 

hot junctions of the thermopile are attached to the metal plate, whilst the cold 

junctions are attached to either a white surface adjacent to the black surface, or to 

an electronic cold junction inside the instrument. The basic concept is that the 

black surface absorbs most of the incident sunlight and will reach an equilibrium 

temperature higher than the white surface or cold junction reference. This 

temperature elevation can then be related to the rate of energy gain from the sun, 

and the pyranometer is calibrated according to this. The hemisphere of glass 

enables the instrument to measure the global irradiance, including the diffuse 

light which has been scattered by the atmosphere, clouds etc. Experiments have 

shown the absence of spectral selectivity with such devices, as the glass transmits 

virtually all radiation between 350 and 20,000 nm. The response of such a device 

is such that 98 % of the maximum output is reached in 20 - 30 seconds. The 

principal factors affecting the calibration are temperature, tilt of the pyranometer 

and errors due to the angle of incidence, 0, (often termed the cosine correction). 
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There is evidence that the calibration of the instrument alters when the instrument 

is not mounted in the horizontal plane, an orientation commonly required in 

performance analysis of PV arrays. This error is considered to be due to changes 

in the convection patterns inside the glass dome, which influences the heat 

transfer of the hot junctions of the thermopile. 

Secondary standard pyranometers are calibrated against standard pyranometers, 

which are maintained at a high level of accuracy in strictly controlled 

environments. The secondary standard pyranometers are then used in the 

calibration of field pyranometers. More detailed descriptions of these instruments 

and their uses are to be found in the references [54,55]. 

The silicon reference cell is basically a photovoltaic device connected to a shunt 

resistor for measuring the short circuit current. Its response is also calibrated 

according to the incident irradiance, for example by using a secondary standard 

pyranometer. Some of the more advanced silicon reference cells are designed to 

allow measurement of both the short circuit current and the open circuit voltage. 

This is because the short circuit current increases with ambient temperature, 

which can create errors for a simple measurement of irradiance. The open circuit 

voltage can be used to correct for changes in ambient temperature, thus obtaining 

a more accurate result. Silicon reference cells are a much more cost effective 

means of solar irradiation measurement than pyranometers, and are very good for 

monitoring radiation with respect to a silicon photovoltaic array. Indeed, it has 

been argued that they are the preferred method for testing such an array, as they 

do not create as much scatter in the array performance measurements, as occurs 

when the irradiance is measured using a thermopile device [56]. These devices 
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also have a faster response time than thermopile devices [57]. However, care is 

required if the measurements are made with regard to an array which is not 

silicon, as different photovoltaic materials do not have the same spectral response. 

In such a case, it is necessary to use an appropriate filter with the measurement 

cell, and such devices have been under development for some time [58]. 

The normal incidence pyrheliometer is used to measure the beam irradiance. The 

principle of operation is the same as for the global pyranometer, i. e. using a 

thermopile, except in this case the black surface is mounted at the back of a 

collimating tube, in order to achieve the directional sensitivity. The instrument is 

typically designed to receive light with an acceptance cone of 5.8°. The 

pyrheliometer is usually mounted on an equatorial mount which tracks the sun 

across the sky. This must therefore be adjusted every other day according to the 

angle of declination. 

A third instrument is available to measure the diffuse irradiance. This is basically 

a pyranometer with a shading ring mounted to obstruct the sun's beam irradiance. 

A number of other adaptive devices are also available for use in conjunction with 

. "' a global pyranometer designed, for example, to measure albedo. Further 

information about these instruments can be sourced in the literature [59]. 

2.1.5 Modeling of solar energy 

2.1.5.1 Beam and diffuse components of solar radiation 

The proportions of diffuse and direct radiation available in global radiation are of 

interest for a number of reasons, two of which are relevant to this thesis. Firstly, 
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they are required for the calculation of radiation on non-horizontal surfaces, and 

secondly, they give an indication of the spectrum of light incident on a PV array. 

The present methods for estimating the distribution of radiation are all based on 

studies of measured diffuse and direct radiation. These studies have been carried 

out for hourly, daily and monthly distributions, each of which follows the same 

general approach. The approach is to correlate the fraction of diffuse global 

radiation with the clearness index. So, for an hourly radiation distribution, Id" 

must be correlated with kr, the hourly clearness index: 

k,. = I/I0 where: (5) 

10 is the hourly extraterrestrial radiation, defined as: 

( 
Io = Gsc I1+0.033 cos 

360(n - 4)1 
365 J cos 6s , where: (6) 

Gsr is the solar constant, 1367 W/m2, and n is the day number. 

Also: 

Id is the measured hourly diffuse radiation; 

I is the measured hourly global radiation. 

In order to obtain a representative correlation, data from many different locations 

are divided into `bins', or ranges for kT, and the data in each bin are averaged to 

give a point on the final plot. Within each bin there is a representative 

distribution of points. This is because a clearness index of 0.5 may be produced 

for skies with either thin cloud cover for the entire hour, or clear skies for part of 

the hour followed by heavy cloud for the rest of the hour. As a result of this 
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averaging, the correlation may not represent a particular hour very closely, but 

over a large number of hours it gives adequate results. 

The above method has been used by Orgill and Hollands using data from 

Canadian meteorological stations [60], Erbs et al using data from the US and 

Australia [61], and Reindl et al using data from the US and Europe [62]. The 

three correlations are shown in Figure 5. They are very similar, in spite of being 

derived from three different data bases. 

1.0 

0.8 ýý, 

0.6 

0.4 

0.2 

0.0L- 0.0 0.2 0.4 0.6 0.8 1.0 
kT 

Figure 5: Three correlations of the ratio Id/I as a function of hourly clearness 
index, kT [63] 
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--- Erbs, et al. 
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2.1.5.2 Radiation on inclined surfaces 

In order to calculate the irradiance received by an inclined surface from the 

radiation on a horizontal plane, a number of parameters must be measured or 

derived. In addition to the quantities of direct and diffuse irradiance, the 

direction from which the radiation originates must also be known. The direction 

of direct radiation can be defined in terms of the angle of incidence, 6, as shown 

in Chapter 2.1.3. However, the direction of diffuse radiation is less easy to 

define, as its distribution is a function of cloud and atmospheric conditions. 

Diffuse radiation is most commonly described in terms of three components: the 

isotropic part, which is received uniformly from all areas of the sky dome, the 

circumsolar diffuse, which results from forward scattering and is concentrated in 

the area of sky around the sun, and lastly the horizon brightening, which is 

concentrated near the horizon and most pronounced for clear sky conditions. 

Figure 6 shows these three parts schematically. In addition to these components, 

there is the albedo, pR, which is the reflectance of the ground and depends upon 

the type of surface. 
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Figure 6: Schematic of the distribution of diffuse radiation over the sky 
dome [64]. 

A number of sky models have been defined as mathematical representations of 

diffuse radiation. With the addition of direct and reflected radiation, they can be 

used to calculate the radiation on the tilted surface from measured radiation on 

the horizontal. Many such models have been derived, some of which are termed 

`isotropic' and some `anisotropic'. The former assumes that all diffuse radiation 

is isotropic and neglects both circumsolar diffuse and horizon brightening. 

Perhaps the most widely known isotropic diffuse model was derived by Liu and 
e 

Jordan in 1963 [65]. For this model, the radiation on the tilted surface was 

considered to consist of beam, isotropic diffuse and reflected radiation (or 

albedo). The total radiation on the tilted surface was defined by this model as: 

Ir -Ibcose+Id(1+ ßsßl +Ipg(1- 
ßsßl (7) 

1 
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where 
1+ sß1 is the view factor to the sky of a surface tilted at angle ß to the 

2 

horizontal, and 
(1_ sßl is the view factor to the ground of a surface tilted at 

angle ß to the horizontal. 

The Liu and Jordan isotropic model was used to calculate the shading on building 

surfaces for the computer simulation of the potential PV generating capacity of 

BIPV in the UK. In the thesis; a more accurate method of calculating the 

proportions of diffuse and direct irradiance on an inclined plane has been 

investigated, which uses many of the principles described in this chapter. 

2.2 Physical and electrical properties of the photovoltaic module 

This chapter looks at the basic operation of a PV cell and describes the main 

parameters used to describe the performance of a PV module. In addition, the 

effects of irradiance and temperature are described and a summary of the limits to 

PV module efficiency is given. 

2.2.1 The photovoltaic cell 

A photovoltaic cell consists essentially of two thin layers of dissimilar 

semiconductor material, termed n-type and p-type. The n-type material has 

electrons which are loosely bound and so only require a little energy to allow 

them to move around the material. The p-type material has loosely bound holes 

which are also easily released. The result of placing these two layers together is 

to create an electric field. When photons of sufficient energy are absorbed by the 

material, some of the electrons are promoted from the valence into the 
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conduction band. This results in excess electrons in the negative layer and excess 

holes in the positive layer, and a charge imbalance is caused. If an external circuit 

is then connected across the solar cell, the electrons will flow around this circuit 

before returning to the p-type layer where they are able to recombine with holes. 

In this way, a load can be driven. This is a brief treatment of the physics of solar 

cells; more detailed discussion can be found in the references [66,67,68,69]. 

2.2.2 The photovoltaic generator 

The electrical operation of a silicon PV cell can be described in terms of a 

large-area silicon diode (Figure 7). In the dark state, its characteristic curve 

corresponds to that of a normal diode. In forward bias (quadrant I), practically no 

current flows at very low voltages, but once the voltage has increased to about 

0.4 - 0.6 V, the current increases exponentially. In reverse bias (quadrant III), the 

current flow is completely blocked (up to a few tens of volts for solar cells) until 

the `breakdown' voltage is reached, at which the diode conducts, but this usually 

results in the destruction of the component. In contrast, the junction can tolerate 

an externally induced current many times larger than the rated current in the 

forward direction without problems. 

ID 

breakdown voltage II I 

0.4V 
x8 

Figure 7: Current-voltage characteristic of a silicon diode [70] 
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Under illumination, free charge carriers are released which creates the 

photocurrent, proportional to the illumination. The equivalent circuit shown in 

Figure 8 can therefore be used to represent a solar cell. 

I=I load 

IPh ID 

VU- V' Vload 

solar cell load 

Rload 

Figure 8: Simplified equivalent circuit diagram for a solar cell and load [71] 

The equivalent circuit consists of a diode, created by the p-n junction, and a 

current source, whose magnitude depends on radiation intensity. Figure 9 can be 

used in order to describe the resultant characteristic curve of a solar cell. Under 

short circuit conditions, the output voltage, and hence the voltage across the 

internal diode, is zero. According to the diode characteristic, there can be no 
S 

current through the diode at zero voltage (point 1 on Figure 9), and thus the short 

circuit current (I,, ) is equal to the photocurrent (Iph). 
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Figure 9: Construction of the solar generator characteristic curve from the 

diode curve [72] 

As the load resistance is increased, the solar cell voltage also increases until the 

diode threshold voltage is reached (point 2 on Figure 9), when the diode begins 

to conduct. As the sum of the load current and the diode current must be equal to 

the photocurrent, which is constant, the output current decreases as the diode 

current increases (point 3). The proportion of photocurrent through the diode 

.. gradually increases until open circuit conditions are met, when the output current 

falls to zero and the entire photocurrent flows through the diode (point 4). The 

open circuit voltage (Vo, ) is therefore dependent upon the diode characteristic 

curve. 

The shape of the characteristic curve indicates that, between the short circuit 

current and threshold voltage conditions, a solar cell behaves like a constant 

current source, and near the open circuit condition, it approximates a constant 

voltage source. 
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It can be shown that the load current of a photovoltaic generator is related to the 

voltage by the following equation: 

I-IIo q(V + Rsl) 1_1 V+ Rsl (8) ph -0P 
AkT R sh 

where: 

Iph [A] is the photocurrent; 

10[A] is the diode saturation current; 

A is the ideality factor (a constant between 1 and 2); 

q[C] is the electronic charge; 

k[JK"'] is Boltzman's gas constant (1.38 * 10"23 JK"'); 

T[K] is the junction temperature; 

RS[Q] is the series resistance; 

Rsh[SZ] is the shunt resistance. 

In the short circuit condition, IL can be considered equal to Ip,,. The above 

equation can be rearranged to form an equation for the open circuit voltage, 

putting I. equal to zero: 

V 
Aff 

In 
I 
ph +1 

q Io 
(9) 

The current-voltage (I-V) characteristic curve of a PV cell is normally measured 

at the internationally recognised Standard Test Conditions (STC), when the 

irradiance, G, is 1000 W/m2 and cell temperature is 25°C, at a solar spectrum 

equivalent to Air Mass 1.5. The nominal maximum power of the cell or module 

is cited under these conditions. The maximum power point (MPP) of the solar 
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generator is the working point at which the solar generator can deliver the 

maximum power. This can be represented graphically as the largest rectangle 

which fits under the I"V characteristic curve (Figure 10). The corresponding 

values of Vmpp and Impf are measured according to this working point. 
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Figure 10: Solar cell characteristic curve and maximum power point (MPP) 

[73] 

The ratio of the output electrical power to the input solar irradiance is defined as 

the cell or module efficiency. This varies according to the cell technology, as 

described in the following. Chapter. The more closely the I-V curve resembles a 

rectangle, the higher the maximum power and thereby the conversion efficiency. 

A measure of this rectilinearity is the fill factor, which is defined as: 

FillFactor(FF) - 
P""` 

a 
V'"PPI'"pp 

(10) 
I. V. Iscvoc 

Most crystalline silicon cells have fill factors of between 0.7 to 0.8. Thin film and 

polycrystalline technologies tend to have lower fill factors than this. 
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Changes in irradiance and ambient temperature have a strong influence on the 

I-V characteristic. This is shown in Figure 11, where it can be seen that changes 

in irradiance affect the short circuit current proportionately, but have only a small 

influence on voltage, due to the logarithmic relationship (Equation 9). Crystalline 

silicon cells respond very rapidly to changes in irradiance, having a time constant 

of around 20 µs. The spectral response of a solar cell varies depending upon the 

cell technology. These differences are discussed in the following Chapter. 
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Figure 11: Effects of irradiance and temperature on IN characteristic [74] 

2.2.2.1 Limits to cell efficiency 

Phenomena which limit cell efficiency can be grouped under the following 

headings: 
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1. Reflection from the cell surface 

Anti-reflective coatings (titanium oxide or tantalum pentoxide) and surface 

texturing are used to reduce the reflectance of the material. For example, silicon 

has a 36% reflectance, which can be reduced to around 5% using such 

techniques. 

2. Photons of too short / long a wavelength which cannot free an electron. 

Light entering a solar cell can: 

a) go straight through the cell; 

b) be absorbed and generate heat by atomic vibration; 

c) separate an electron from its atomic bond to create an electron-hole pair; 

d) produce an electron hole pair and have excess energy which is manifested as 

heat. 

Each solar cell material has a characteristic energy, known as the bandgap 

energy. This energy is the amount required to raise an electron from the valence 

to the conduction band. For silicon this is 1.1 eV, whereas for gallium arsenide it 

is 1.4 eV. Other solar cell materials have bandgap energies ranging from 1 to 

2.6 eV, coincident with the energy of the solar spectrum. 

Around 55% of the incident energy is lost due to photons which have energy 

below the bandgap energy (where all the energy is lost as heat) or photons with 

energy above the bandgap (where the excess energy is lost as heat). The key is 

therefore to match the characteristic bandgap energy of a material to the solar 
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spectrum so that the maximum available energy in the spectrum lies just above 

that required to free an electron, and cases c) and d) above occur. An energy gap 

of around 1.5 eV gives maximum absorption of the terrestrial solar spectrum, 

making use of around 46 % of the incident energy. Cadmium telluride has an 

optimum energy gap. By comparison, crystalline silicon utilises about 44 % of 

incident energy and so is not far from the optimum. 

3. Light-generated electrons and holes -that recombine before crossing the 

junction, or which recombine due to material cell defects, e. g. dangling bonds. 

Direct and indirect recombination is related to the internal resistance of a cell, as 

high resistance reduces carrier mobility. Indirect recombination, due to empty or 

dangling bonds, is 100 times more likely than direct recombination. 

Recombination can also be caused by carrier collision, which reduces the energy 

of a carrier and thereby increases the chances of it being captured. In most good 

commercial solar cells, these losses amount to less than 5 %. 

4. Series resistance 

This resistance is caused by the bulk of the base material and the narrow top 

surface layer, and also the. cell and the electric contacts on the front and back of 

the cell. 

5. Front contact shading 

Good front contact design is a matter of striking a balance between low series 

resistance and high light transmittance. Various methods have been devised to 

achieve this (for example the Laser Grooved Buried Grid, described later), but 

typically, the losses from front contact shading are 8- 10 %. 
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2.2.2.2 Cell temperature 

An increase in temperature causes a slight increase in short circuit current, but a 

sharp drop in open circuit voltage and hence maximum power. This is because 

the thermal energy increases the lattice vibrations which interferes with the free 

passage of charge carriers. At very high temperatures, the junction loses its 

power to separate charge carriers, as more electrons are freed due to thermal 

excitement and these begin to outnumber the donated electrons, such that the 

n-type silicon loses its n-type character; and vice versa in the p-type material. 

Typical temperature coefficients over a normal operating range (-10 to 80 °C) for 

a silicon solar cell are: 

" Is,: 0.07 %/°C or 0.1 A/m2°C; 

" Vom: -0.4 %/°C or -2.2 mV/°C; 

" pmpp: -0.4 to -0.5 
%/"C. 

By contrast, the typical power loss temperature coefficients for thin-film cells 

such as amorphous silicon and cadmium telluride cells are lower than this. Both 

amorphous silicon and cadmium telluride cells lose only -0.2 % of P, �pp 
for each 

degree of temperature increase. 

One of the causes of efficiency reduction in building integrated PV systems is the 

higher module operating temperatures compared to a free-standing array. The 

integration of PV modules into typical building cladding elements tends to 

reduce the air flow around the module. This allows the heat produced to build up 
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on the back surface of the module and, unless adequate ventilation is provided, 

this causes a drop in power generation. 

The temperature dependent characteristic of the PV cell can be described by the 

following general equation (empirically derived): 

Pr = Po(1 + aATm) (11) 

where: T. is the cell temperature; 

Po is the cell power at Tm = T0; 

P. is the cell power at T. = T; 

a is the temperature coefficient, dependent on cell type; 

OT. =T-To. 

To is usually defined as 25°C when Po is the rated cell power at Standard Test 

Conditions (STC). 

As stated previously, the current generated by a photovoltaic cell increases at 

higher temperatures, whilst cell voltage decreases. This behaviour causes the 

overall power output of a PV array to decrease with temperature by around 

0.2-0.5 %/°C. 

In order to give an indication of the typical operating temperatures reached, many 

manufacturers specify the Nominal Operating Cell Temperature (NOCT) for their 

modules. NOCT is defined under the following conditions: 

Irradiance at normal incidence: 800 W/m2 
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Spectrum: AM 1.5 

Ambient temperature: 20 °C 

Wind speed: 1 m/s 

This concludes the chapter on PV module theory, which is used in the thesis to 

describe and investigate the behaviour of the BIPV systems with respect to 

irradiance'and temperature. 

23 Photovoltaic systems 

The other aspects which should be investigated for a BIPV system are the type of 

cell technology used and the electrical configuration of the PV system. This 

chapter describes the main types of PV module technology and summarises their 

advantages. In addition, it looks at the effects of shading and mismatch on series 

and parallel connected PV modules, and briefly describes equipment required to 

convert the d. c. electricity into a. c. electricity, suitable for connection to the 

utility grid. 

2.3.1 Cell technology 

Photovoltaic cells can be made using a variety of processes from a number of 

different materials, the most prevalent today being silicon. The most efficient 

solar cells are currently made from crystalline silicon, although amorphous 

silicon is also widely used. Other material combinations which have been 

commercialised in recent years include copper indium diselenide and cadmium 

telluride. 
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The most important criteria to evaluate the different cell technologies can be 

summarised as follows: 

" good potential for high achievable efficiency 

" availability of the composite materials 

" price of the materials 

9 potential for large-scale and inexpensive production 

" stability of the cell properties 

" environmentally sound materials and manufacturing processes 

To date, only crystalline and amorphous silicon modules have been used in BIPV 

systems. However, both cadmium telluride and CIS modules show promise with 

respect to such applications, having a uniform appearance and the potential to be 

deposited cheaply on large-area substrates. 

Silicon cell technology continues to dominate the world PV market, and is 

available in a number of forms: monocrystalline, multicrystalline and amorphous. 

Of these materials, monocrystalline modules are the most efficient, at around 

14 %, followed closely by multicrystalline, at about 11 %. Amorphous silicon 

cells have the lowest efficiency, of around 4-6% for single junction and 

8- 10 % for triple junction, but with long term potential for cost reduction. 

Crystalline silicon cell technology is a well proven, mature product, with 

modules being deployed on land since the early 1970s. The development of the 

technology began in the 1950s, alongside transistors, and was given a huge 
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impetus as a means of electricity generation for space satellites. Early problems 

associated with terrestrial deployment, for example ̀hot spots' caused by shading 

without bypass diodes, and browning of the module encapsulant, have now been 

resolved, and today's product is expected to have a 30 year lifetime of stable 

efficiency. 

There are two main types of crystalline cell technology: monocrystalline and 

multicrystalline. Monocrystalline modules have historically been the most widely 

used, but multicrystalline technology is gaining in popularity - particularly in 

Europe and the USA, where it is frequently used in architectural applications. 

The manufacturing process for monocrystalline modules is more energy intensive 

than that for multicrystalline modules. The individual silicon wafers are sliced 

from an ingot of single-crystal silicon, which takes considerable time to grow - it 

is drawn at less than 10 cm/hour. 

Until the mid-1980s, there had been a wide gap between the theoretical efficiency 

for monocrystalline silicon cells and that actually achieved in the laboratory. 

However, at around this time, the use of better quality silicon and increased 

activities in cell modeling and design led to the attainment of efficiencies in 

excess of 20 %. Today, large area laboratory cell efficiencies of over 24 % [75] 

have been confirmed and module efficiencies of over 22 % have been 

demonstrated [76]. 

The evolution of high-efficiency monocrystalline PV modules has relied heavily 

on improvements in device engineering. The design of the relatively simple p-n 

junction, shown in Figure 12, has been considerably enhanced to produce the 
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complicated structure represented by the laser grooved, buried grid (LGBG) cell 

structure in Figure 13. 
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Figure 12: Typical design of standard screen printed monocrystalline silicon 
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Figure 13: Laser grooved, buried grid solar cell [78] 

The LGBG cell is an evolution of the passivated emitter solar cell (PESC) 

designed by Green et al [79]. The LGBG cell has front and back surface 

texturing, a back-surface field, and minimal contact area to maximise cell 

performance. BP Solar has developed a cost effective production technology for 

the manufacture of these cells (so-called ̀ Saturn' cells) and this process delivers 

between 16 - 18 % conversion efficiency [80]. 
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As described in Chapter 2.2.2, the standard screen printed cell results in 

approximately 8- 10 % of the cell surface being obscured by the front contact 

grid. The LGBG cell reduces this surface shading by burying the contact grid in 

laser scribed grooves in the silicon. The series resistance of the cell is also 

improved by the use of these grooves, which are heavily diffused and plated with 

copper. Copper has lower resistivity than the metals used in conventional screen 

printed cells. As a result of the heavily diffused grooves and the use of copper 

the LGBG cell has a fill factor of 0.77 compared with a typical value of 0.74 for a 

standard screen printed cell. 

In addition, the LGBG cell had an improved blue response compared to the 

conventional cell. This is attained by using two diffusion steps instead of just 

I 

one, which is normally the case for monocrystalline cells. The two diffusion 

steps can better meet the combined requirements of a low series resistance and a 

lightly doped surface junction. The latter minimises the loss of generated carriers 

in the diffusion layer, which enhances the blue response of the cell as well as 

increasing open-circuit voltage. The surface passivation of the cell also results in 

a higher open-circuit voltage. Finally, the LGBG uses a silicon nitride surface 

layer, which acts as an anti-reflective coating to couple more light into the cell. 

Multicrystalline silicon is made up of many grains of single-crystal silicon, and is 

therefore easier and cheaper to make than monocrystalline cells. It is generally 

formed by casting or ribbon growth and does not involve the expensive growing 

of the crystal ingot. 

Amorphous silicon modules have been developed as a technology with good 

potential for cost reduction, since the active material is deposited as a thin film 
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onto the substrate, a process which lends itself more easily to mass production 

than crystalline modules. However, these modules have less than half the 

efficiency of single-crystal modules, and so require at least twice the area to 

generate the same amount of electricity, which can be a drawback where space is 

at a premium. 

There are a variety of ways in which a thin film of material can be deposited onto 

a substrate. Some of these techniques produce films which are perfectly 

crystalline, with electrical properties which surpass those of single crystal slices. 

Other techniques produce amorphous films, in which the atoms have no regular 

order. Amorphous silicon has been widely applied as a solar cell material since 

very early on in the development of solar cells. Today, this material accounts for 

around 15 % of the world market for PV [81]. 

Since the early 1970s, amorphous silicon modules have been produced by silane 

discharge, as the hydrogenated film formed using this method was found to have 

fewer dangling bonds than the evaporated or sputtered films [82]. At first, a-Si: H 

appeared to be the ideal solar cell material, whose bandgap of 1.7 eV could be 

varied by changing the hydrogen content. Its absorption characteristic meant that 

only 1/100 of the material- thickness was required to absorb the same amount of 

sunlight as a single-crystal silicon cell. In addition, it was known that the film 

could be deposited on inexpensive substrates that greatly increased the diversity 

of applications. In the mid-1970s, however, a major impediment to these 

advances was noted, when the material's instability upon exposure to light was 

investigated. This is now termed the Staebler-Wronski effect after its discoverers 

[83]. 
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Since first reports of cell efficiency in around 1975, the performance of 

amorphous silicon research cells has improved steadily, from about 2.5 % to over 

10 % [84]. However, many of these efficiencies were reported as `initial', i. e. 

before exposure to light, and thus many of the long-term efficiencies are lower. 

The Staebler-Wronski effect is known to occur most rapidly within the first 48 

hours of operation, and then steadily for around six months. As much as 50 % of 

the cell efficiency can be lost in this way. Annealing in high temperatures 

restores the original conductivity [85]. 

The introduction of an `intrinsic' region, creating a p-i-n junction was first 

reported in 1978, and most cells today are based on this design, which was found 

to improve reproducibility, efficiency and cell stability, amongst other 

advantages. In recent years, further advances have been made with the 

introduction of stacked amorphous cells. This structure can be used to increase 

output voltage as well as improve the absorption of light by engineering the 

bandgaps through variation in the composition of the different layers. This also 

has the effect of reducing the degradation in efficiency. 

" Other thin film materials which have been introduced onto the market in recent 

years include cadmium telluride (10.7 % efficiency record for a small module 

area [86]) and copper indium diselenide (CIS or CIGSS, 12.1 % efficiency record 

for a small module area [87]). Both of these technologies have the benefits of 

cost reduction in the future due to ease of mass production. There are currently 

four manufacturers of cadmium telluride modules and two manufacturers of CIS 

modules. To date only a limited capacity of such modules has been produced at 

relatively small plants and high cost. However, a manufacturer of cadmium 
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telluride modules has recently set up a major new plate coating plant in the USA 

(100 MW capacity) and this is expected to bring the price down substantially 

[88]. 

Two further cell technologies should also be mentioned to complete the picture: 

gallium arsenide and the associated range of III-V semiconductor materials, and 

concentrator cells. The expense of gallium arsenide and other III-V cells means 

that they are still suited only for space applications or concentrator applications 

[89]. The efficiency and radiation tolerance of gallium arsenide makes it a 

particularly suitable material for use in space. Concentrator technology is 

designed for use in direct irradiance and is therefore not generally suitable for a 

predominantly diffuse climate such as the UK. In addition, the requirement of 

tracking devices greatly restricts its applications for BIPV. 

Table 1 shows confirmed module efficiencies achieved to date for crystalline and 

multicrystalline silicon, amorphous silicon, copper indium diselenide and 

cadmium telluride. It should be noted that these efficiencies are quoted for 

smaller modules than those sold commercially, and that commercial module 

" efficiency is generally a few percent lower than laboratory module efficiency due 

to reductions caused by the scale-up to commercial production. Measurements 

are performed at 25 °C, 1000 W/m2, under the global AM 1.5 spectrum. 
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2.3.2 Photovoltaic modules and arrays 

To obtain higher power values, solar cells are connected together in series and 

parallel arrangements to make modules, which are in turn connected together to 

form PV arrays. In this manner, solar generators can be created with power 

ratings starting from µW in calculators, for example, up to MW power stations. 

In general, between 30 and 40 cells are series connected to make up a standard 

PV module, giving an open circuit voltage of around 15 - 20 V and a maximum 

power rating of 50 - 80 Wp, depending upon cell efficiency. The reason for using 

this number of cells was that, initially, PV modules were primarily designed for 

off-grid applications and were therefore used to charge 12 V lead-acid batteries. 

These modules are usually around 1m long and 0.5 m wide. The PV cells are 

encapsulated with EVA between two materials, usually glass on the front and 

tedlar on the back surface of the module. The unframed PV laminates are then 

framed, most often with aluminium extrusions, and the cell `tabs' (electrical 

connection points) are connected to electrical terminals inside a junction box 

attached to the rear of the module. This junction box frequently includes one or 

two bypass diodes to reduce the occurrence of hot spots (cf the following 

chapter). 

Although appropriate for off-grid applications, the size and construction of the 

standard PV module does not easily lend itself to BIPV applications. For 

example, the conventional building grid is 1.2 m2, and so most building 

components are designed to fit within or to this sizing specification. For this 

reason, much larger PV modules have started to be manufactured, mainly for use 
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in BIPV systems. However, most of the BIPV systems to date have had to use 

custom designed and manufactured PV modules and cladding elements, as 

off-the-shelf modules are still predominantly of the type described above. 

A further consideration for BIPV systems is the construction of the PV module. 

As stated previously, the conventional module is sandwiched between glass and 

tedlar. However, in order to comply with building regulations, the thickness of 

the front glass sheet must usually be increased in BIPV applications for structural 

rigidity. Alternatively, the cells may instead be encapsulated between two layers 

of glass, and such modules might be used to provide interesting daylighting 

effects in atria and stairwells, for example. Lastly, there has been a considerable 

amount of work done on the development of `PV hybrid' modules, where the 

BIPV cladding is designed so as to extract heat from the back surface of the 

module [91,92,93]. 

2.3.2.1 Shading and mismatch in PV arrays 

A PV system operates most efficiently under uniform conditions. However, it is 

virtually impossible to achieve this for a PV system installed in the field. It is 

therefore important to understand the effects of non-uniform operating conditions. 

In series connection, the same current must flow through each of the cells or 

modules, whereas the voltages across them are summed at the generator output. A 

number of modules connected in series are said to make up a string. Furthermore, 

higher currents can be attained by connecting strings together in parallel, whereby 

the voltage across each cell, module or string must be equal, and the total current 
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is the sum of all these partial currents. The problems associated with series and 

parallel connection of PV generators will be discussed here. 

Series connection of PV cells can cause a phenomena known as hot spots, which 

occurs when individual cells are partially shaded. Hot spots can also be caused by 

soiling, damaged or badly matched cells (mismatch). 

This can be explained if a string of series-connected cells is considered, where 

one of the cells is shaded such that its current is significantly lower than that of 

the other cells. Since the shaded cell must carry the same current as the other 

cells, it is forced into reverse bias, or negative voltage. In this condition, the cell 

is acting as a load and the power dissipated in this load is equal to the product of 

the entire string current and the reverse voltage across the cell. 

The worst case for this to happen is when the module is short circuited, since 

maximum power can then be dissipated in the cell. This condition is illustrated in 

Figure 14, for two cell types of different shunt resistance. 

The power dissipated is shown by the hatched rectangle constructed by the 

intersection of the reverse I-V characteristic of the shaded cell, Y, with the image 

of the forward I-V characteristic of the remaining (s-1) cells reflected in the y- 

axis. For cells with high shunt resistance (Figure 14b) the condition occurs 

already at partial shading, whereas for cells of low shunt resistance, the cell must 

be fully shaded before the reverse characteristic will intersect the forward 

characteristic at maximum power point. 
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Figure 14: Creation of the `hot spot' effect in series connected cells [94] 

For around 20 series-connected cells, the power dissipated will only be around 

20 W, which will result in appreciable heating of the cell but is unlikely to cause 

damage. If more cells are connected in series, however, the hot spot generated can 

either destroy the shaded cell or cause blistering in the lamination material. This 

behaviour also indicates that the module with the poorest performance determines 

the quality of the whole string, which is why cells and modules should be 

0 

matched carefully to ensure optimum power generation of a string. 

For this reason, many PV modules are sold with bypass diodes connected anti- 

parallel to the solar cells, one or two per module, so that large voltages cannot 

arise in the reverse condition of the cells. Under normal operation, these diodes 

do not cause any losses, since there is no current flowing through them. 
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In the parallel connection of cells and modules, similar problems can occur. In 

this case, the characteristic curve is represented as a load by reflection in the 

x-axis, since the voltage across shaded and unshaded cells or modules must 

remain equal. In parallel configuration, the worst case for the occurrence of 

reverse currents is in open circuit conditions. From Figure 15 it can be seen that 

only about half the short circuit current will flow through the shaded module 

when there is no external load. In addition, it should be noted that such a current 

occurring in the forward bias of the internal diode does not actually damage the 

cell. In fact the current could be much higher and still not present a problem. 

Figure 15: Effects of shading in parallel strings [95] 

When many modules or strings are connected in parallel, this can be represented 

by a straight line (cf. Figure 15c). Even in this case, the current flowing through 

the shaded string is not dangerous. When the string is operating under load, any 

reverse currents in the shaded string are lower than under open circuit conditions. 

Nevertheless, to avoid these losses completely, each string can be decoupled with 
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string or blocking diodes. However, these diodes do cause a voltage drop of 0.4 to 

1V across each string under normal operation. 

2.3.3 Inverters and power conditioning 

Inverter technology has progressed rapidly over the past decade from large, noisy 

centralised machines with poor waveforms - often square or trapezoidal - to 

palm sized units generating near perfect. sinusoidal waveforms, which can be 

connected to the back of each module. 

The main advantage of having a number of inverters dedicated to small parts of 

the PV array is efficiency gain. A typical inverter efficiency curve is shown in 

Figure 16. It can be seen that at low power level, the efficiency decreases rapidly. 

This means that, for a 10 kWp array operating with a single inverter at low 

insolation - which may frequently be the case in the UK - the system efficiency is 

very poor below around 1.5 kW (-10-15% of rated power). 
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Figure 16: Graph showing inverter efficiency versus power output, model 
Top Class TCG 2500/6 [96] 

A number of different ways of designing smaller inverter units have been 

developed over the last five years. The first of these was the `master-slave' 
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concept, in which the master inverter controls a chain of smaller inverters (the 

slaves) bringing more `slaves' on line as the array power increases. So, for a 

10 kWp array with ten 1 kW slave inverters, the system becomes less efficient 

only when the array is operating at a power output of below 150 W. 

More recently, the `string' inverter has become very popular. These units are 

rated at around 700 W and are designed to be connected to individual strings of 

series connected modules. They do not compensate for the low efficiency at low 

array power. However, they do have certain advantages in situations where 

shading is a problem, because the strings can be configured to follow the shading 

patterns, such that any one string operating at a lower voltage does not drag the 

other strings to the same voltage and thereby reduce overall power generation. 

There are a few European manufacturers of these inverters, one of which is based 

in the UK. 

Improvements in inverter electronics have brought these developments to their 

logical conclusion, that of having an inverter for each PV module, known as the 

a. c. module [97]. There are several manufacturers of these components, which 

" were first marketed by a Dutch company. It is claimed that they have significant 

advantages in efficiency over larger inverters, as not only do they optimise the PV 

system under shaded conditions, but they also deliver considerable savings in 

losses due to module mismatch and d. c. cable runs. 

All of the above inverters use the grid to control the switching of the waveform, 

such that the power generated by the PV array is in phase with the grid. 

Harmonics in the waveform are kept to a minimum - well within that demanded 

by European utilities - and standby losses of today's inverters are also very low. 
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In addition, most inverters incorporate MPP tracking, i. e. they try to maintain a 

working point as near as possible to the maximum power point of the PV array or 

module. 

This chapter has discussed alternative configurations of PV circuit design and 

summarised the attributes of different types of inverter. These aspects of system 

design play an important part in minimising shading and mismatch losses, as 

discussed in the analysis presented in the thesis. 

2.4 Performance Monitoring 

In order to conduct scientific investigations into the performance of PV systems, a 

monitoring system must first be installed to provide the data for the analyses. 

The subject of measurement and monitoring techniques is vast and cannot be 

covered here in detail. However, it is useful to present some of the methods and 

hardware in this chapter of the thesis and to define some of the terminology 

which will be used in subsequent chapters. 

The EC Joint Research Centre (JRC) at Ispra, Italy, has devised a set of 

" monitoring guidelines used for the collection of data from European PV 

demonstration plants [98].. These are PV systems which are demonstrating the 

application of novel system technology in a real situation, and which are 

monitored in order to assess their performance in the field. The EC guidelines are 

widely used by the PV industry, and have now become an IEC standard [99]. 
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2.4.1 Parameters to be monitored 

The guidelines are divided into three parts: Documents A, B and C. The main 

function of Document A is to define the parameters to be monitored on all 

demonstration PV systems. This ensures that many European PV plants are 

generating similar monitoring data, which assists greatly in the comparison and 

evaluation of system performance. Two types of monitoring are described: global 

and analytical. Global monitoring is described for small systems (<5 kWp), 

which cannot bear a high monitoring cost, and is designed to provide the basic 

information required to assess that a system is operating as expected. The 

parameters to be monitored, selected as applicable to a BIPV system, are shown 

below in Table 2. The guidelines suggest that a manual record of the cumulative 

readings of these parameters should be made at regular intervals, daily or weekly 

if possible, and at least monthly. 

Table 2: Parameters recorded for Global Monitoring 

PARAMETER SYMBOL UNIT 

Irradiation, array plane H, Wh/m2 

Array output energy EA kWh 

Energy to load EL kWh 

Energy to utility grid En, kWh 

Energy from utility grid EFu kWh 

Non-availability to load tN,, V h 

Analytical monitoring is required for larger demonstration systems and can 

provide more detailed information about system behaviour. The parameters 
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required for monitoring a grid-connected BIPV system are listed in Table 3, and 

shown schematically in Figure 17. 

Table 3: Parameters recorded for Analytical Monitoring 

PARAMETER SYMBOL UNIT 

Irradiance, total (array plane) G, W/m2 

Ambient temperature in the shade T. °C 

Array output voltage VA V 

Array output current (total) IA A 

Current to all dedicated d. c. loads 'L, nc A 

Inverter / rectifier d. c. current input I� A 

Inverter / rectifier a. c. power P10 kW 

Power to all dedicated a. c. loads PL, C kW 

Power to the utility grid PTT, kW 

Power from the utility grid PFU kW 

Non-availability to load tNAV h S 
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Figure 17: Flow diagram showing monitored parameters for a 

grid-connected BIPV system [adapted from 100] 

The data should be sampled using an automatic data acquisition system at 

intervals of 1 minute or shorter; these samples should then be averaged every 

hour and the data stored to memory. Alternatively, where this is not possible, 

instantaneous 10 minute readings are suggested. 

2.4.2 Monitoring equipment 

Monitoring equipment is required to collect, manipulate and store data from the 

PV system. Depending upon the type and size of PV plant, the monitoring 
S 

system design can range from a simple data logger based system through to a 

very sophisticated PC based system. 

A monitoring system consists of a number of different components: sensors and 

meters, signal conditioning devices, the data acquisition system (DAS) and, 

possibly, the data transmission / reception devices. These components are shown 

in the schematic of Figure 18. 
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Figure 18: Schematic of a generic monitoring system [101] 

The most important part of the system is the DAS. This is essentially made up of 

a processor and storage device, with an A/D converter, multiplexer and, usually, 

some on-board signal conditioning. The DAS power supply, keyboard and 

display complete the basic elements of the DAS, as shown in Figure 19. 

S 
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Figure 19: Schematic of generic Data Acquisition System (DAS) and its 

interfaces [102] 

The sensors or meters are connected to the DAS via the input terminals. Any 

voltage attenuation is carried out by signal conditioning components (e. g. 

precision resistors) before the analogue signals are converted to digital format. 

Digital signals are input directly to the DAS multiplexer. The multiplexer is 

basically a series of switches which makes it possible to sample the incoming 

measurements sequentially and to rapidly input a stream of digital signals to the 

processor. 

The DAS can be broadly categorised according to two types: `data loggers' and 

'PC based' systems. Data loggers are `stand-alone' monitoring systems, which 

are compact, relatively low-cost units, which often have their own power supply 

(rechargeable batteries, sometimes with a PV module). Input programming is 

I 
I 
i 

1 
Hr 
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either via a simple keyboard or RS232 serial connection to a laptop computer. If 

supplied in a suitable enclosure, they are ideally suited to outdoor and / or remote 

monitoring of small PV systems. The number of input signals is limited 

depending upon the data logger model, ranging from 16 analogue and 2 digital 

signals (with a Campbell Scientific 21X without multiplexer) through to 60 

analogue and 2 digital signals (with a Delta-T logger). 

A PC based system involves a central PC with additional input cards, and these 

two provide the processor and memory storage required at the heart of the DAS. 

The input cards are used to connect the PC to various peripheral devices, which 

usually incorporate some or all of the signal conditioning, isolation amplifiers, 

A/D conversion and multiplexer components required to take the signal from the 

measurement device and transfer it to the computer in a suitable format. 

Frequently, these peripheral devices can be placed close to the point of 

measurement, thereby minimising error due to long cable lengths. 

PC based systems are significantly more expensive than data loggers and require 

an indoor environment and power supply for the PC. As such they are more 

" suited to large BIPV type PV systems which can bear the high cost and provide 

the right environment for the monitoring hardware. PC based systems are 

generally more powerful and flexible than data loggers, have more storage 

capacity and can accommodate a large number of input signals (up to 600 

analogue and 600 digital for a Solartron system). 

Both the PC based systems and the data loggers usually have a facility to connect 

a modem link which enables remote collection of data. Many modern DAS are 

supplied with sophisticated software which enables the user to view the real time 
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signals of the system being monitored. This can either be achieved by direct 

modem connection, or across the internet. 

Most DAS have tightly defined input voltage ranges, and so signal conditioning 

components (such as a potential divider) are required to attenuate the voltage 

signals prior to connection to the input terminals. Current shunts can be used to 

convert d. c. currents to a suitable DAS input voltage, whereas Hall effect current 

transducers are necessary for measurement of a. c. currents. 

A range of commercially available sensors can be sourced to create voltage 

signals for most climatic parameters, such as global irradiance, direct irradiance, 

wind speed and direction. Equipment for the measurement of irradiance has been 

addressed in Chapter 2.1.4. 

Temperature sensors are also required for measurement of ambient temperature, 

and, frequently, module temperature. There are three main types of sensor for 

measuring temperature: thermistors, thermocouples and RTDs (resistor 

temperature devices, i. e. platinum resistance thermometers). The following table 

(Table 4) compares the benefits of the different sensors. 
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Table 4: A comparison of temperature sensor devices 

Sensor Thermocouple Thermistor RTD 

Active Two different A semiconductor A platinum 

element metals coupled plate wire. 

together. 

Output A small voltage Resistance varies Resistance 

proportional to with temperature varies with 

the temperature temperature 

Linearity Good Bad Excellent 

Cost Low (£10) Medium (£30) High (£60) 

Sensitivity Low High Low 

Precision Medium (0.5- Medium (>0.5-1°C) High (as low as 
1°C) 0.1°C) 

Distance 100 m > 300 m (4 wire >300 m (4 wire 

configuration. ) configuration) 

Application Excellent for Excellent on a very Excellent for 

general small range of high precision 

temperature temperature (to measurement on 

measurement over trigger an alarm for a wide range of 

a limited range of example) but poor temperature 

temperature (OT = for measurements (>100°C). 

60°C). over a wide range. 

S 

Thermistors are frequently inappropriate for data acquisition applications due to 

their lack of linearity. They require on-board look-up tables, or a dedicated signal 

conditioner, which is cumbersome in data acquisition applications. However, it 
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should be noted that, where the data logger allows their use, they provide an 

economical method of making absolute temperature measurements over a small 

range. RTD on the other hand are very precise but their cost often deters users. In 

addition, the sensitivity of RTDs is very low, which means that in order to 

measure the resistance accurately, a 4-wire bridge measurement is preferred, 

which means more connections and cabling to route. 

Usually, a thermocouple is sufficient to, provide a good resolution. The only 

minor drawback with these sensors is that they need special extension cable and 

connectors to allow the continuity of the metal used. For PV monitoring 

applications, a T-type thermocouple is preferred since it has a temperature span 

going from -270°C to 400°C for thermocouple cable, and -60°C to 100°C for 

extension cable covering the whole spectrum of applications. K-type 

thermocouples are more commonly found but their precision is lower and the 

extension cable is not suitable for below zero temperatures. 

2.4.3 Methods of data analysis 

Document B of the JRC guidelines gives details of how the monitored data 

should be presented for inclusion in the Joint Research Centre data library, and 

these guidelines are included in the IEC standard [103]. The standard also defines 

a number of very useful indices which are widely used to describe PV system 

performance. These are: 

Array Yield (per day) = YA - EA_ /PO (12) 

This yield represents the number of hours per day that the array would need to 

operate at its rated output power to contribute the same daily array energy as was 
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monitored. It refers to the d. c. energy of the array to the load, for a 

grid-connected BIPV system. 

Reference Yield = Yr = fdayGldt/Gszc (13) 

This yield represents the number of hours per day during which the solar radiation 

would need to be at STC irradiance levels in order to contribute the same incident 

energy as was monitored. 

Final Yield (per day) = 1'f = YA(day) X ? )LOAD (14) 

This yield represents the number of hours per day that the array would need to 

operate at its rated power to equal its monitored contribution to the net daily load. 

It refers to the a. c. energy to the load, for a grid-connected BIPV system. 

Finally, a number which is often quoted for a PV system: 

Y 
Performance Ratio, PR =y 

r 
(is) 

The Performance Ratio can be thought of as a ratio which expresses the general 

performance of a PV system. It is a means of comparing the actual efficiency of a 

PV system with the STC efficiency as specified by the PV module manufacturer. 

As such it is independent of climate and location. For a BIPV system one can 

expect a Performance Ratio of between about 60 and 80 %; for a remote 

stand-alone PV system it is more likely to be in the region of 35 %. 

65 



2.4.4 On-site power measurements 

Document C of the JRC Guidelines describes the procedure for on-site power 

measurements of a PV array. The objective of these tests is, firstly, to ensure that 

a system is installed correctly and, secondly, to determine the actual power 

installed, as opposed to the rated power given by the PV module manufacturer, 

which is usually ±10 %. This is accomplished by tracing the I-V characteristic 

for each sub-array, transposing these measurements to Standard Test Conditions 

(STC), and thereby calculating the maximum power of the whole array. The tests 

are recommended as part of the commissioning procedures for large PV systems, 

and provide the user / owner of a PV system with confirmation that the system is 

working properly and that the rated power complies with that of the specification 

[104]. 

To conduct the tests, the I-V characteristic of each sub-array must be traced at a 

known ambient temperature in bright sunlight, whilst simultaneously measuring 

the in-plane irradiance with a calibrated silicon reference device. The shape of 

the curve itself can be used immediately to identify any faults in the wiring of the 

array, and the data used to plot the curve can be stored and transposed to STC at a 

later stage. 

The methods used for measurement and transposition of the I-V characteristics of 

a PV array have been adapted from the standard procedures used to measure I-V 

characteristics of PV cells and modules [105 and 106]. The methods proposed for 

on-site measurements are tailored to the conditions of outdoor measurements, 

where it is unlikely that, for example, irradiance levels of over 800 W/m2 can be 
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achieved, as required by the first of the references quoted above. The following 

equipment is required: 

1. A silicon reference device calibrated according to IEC standards [107]. Ideally 

this should be the same cell technology as that used in the array and, if possible, 

the encapsulation should be similar. 

2. A suitable bracket for mounting the reference device in the plane of the array to be 

tested. 

3. Two portable solarimeters, which can be used to adjust for fluctuations in 

irradiance across the array. 

4. Voltage and current measuring instruments, accurate to within ±1%. 

5. An ambient temperature sensor. 

6. A variable load, suited to the power and voltage of the array to be tested. This is 

commonly known as an I-V curve tracer and should ideally be of the type 

developed by JRC, in which a capacitor is used to sweep the load from short 

circuit to open circuit condition in a few seconds, thereby minimising the effect of 

fluctuations in irradiance and temperature. 

7. Precision shunt resistors for measuring the load current of the tested array and the 

short circuit current of the reference device (these are likely to be incorporated 

into the I-V curve tracer and reference device, respectively). 

It is desirable that all the modules in the array to be tested are clean. If they are 

not clean, it is recommended that an estimate of power loss due to soiling is made 

by conducting performance tests on groups of cleaned and soiled modules. This 
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should then be applied retrospectively to the measured and transposed array 

power. 

First of all it is recommended to check for uniformity of irradiance across the 

array. One of the portable solarimeters can be used to check this, whilst the other 

solarimeter is kept stationary to monitor any absolute changes in the global 

irradiance. The absolute changes are then applied to the readings of the roaming 

solarimeter. Finally, the reference device should then be mounted in the plane of 

the array in a situation which was found to receive mean irradiance levels. 

The sub-array to be tested must be disconnected at the d. c. switchboard (prior to 

input to the inverter) and connected to the variable load. 

It is necessary to determine open circuit voltage at STC; this can then be used in 

the extrapolation of the I-V curves to STC conditions. This is achieved by 

making repeated simultaneous measurements of open circuit voltage, ambient 

temperature and in-plane irradiance under stable irradiance conditions (i. e. 

fluctuations <1% in the course of a measurement). These measurements must be 

taken over a wide range of irradiance. 
S 

The data measured using the above procedure are then used to calculate the mean 

open circuit voltage of the sub-array at STC (VOC, sTC), as follows: 

VOC TC=Voc+NS V Gl)GI+TA-25 (16) 

where: NS is the number ofmodules in series in the test array; 

VT is the diode thermal voltage of the modules 
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(ca. 0.025 V/cell); 

GR is the STC irradiance (1000 W/m2); 

/i is the temperature coefficient of voltage of the module 

(ca. -0.0022 V/°C per cell); 

dT, /dG, is the slope of the graph relating mean cell junction 

temperature of the. test array, T. , to the irradiance, G,.. 

This can be assumed a value of ca. 0.03°C/W/m2 for free 

standing arrays of modem crystalline silicon. 

The I-V characteristic of each sub-array is then traced using the variable load. 

This must be accomplished on a bright day with a stable irradiance of at least 

600 W/m2 in the plane of the array. The scan time for each I-V curve should be 

between 20 and 100 ms and there should be at least 50 points recorded for the 

curve. In the course of each I-V curve measurement, the short circuit current of 

the silicon reference device is also noted, in order to have a record of the in-plane 

irradiance at the time of measurement. 

The measured I-V characteristic is then transposed to STC, using the following 

equations: 

IZ mI, 
(Gyp) (17) 

V2 =V1-Rs(I2 -Ii) +(Vocszc -Voc) (18) 

where: I], V, are co-ordinates of points on the measured I-V 

characteristic; 
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I 

12, V2 are co-ordinates of the corresponding points on the 

transposed I-V characteristic; 

Rs is the series resistance of the test array and its cable 

prior to connection at the d. c. switchboard; 

VOC, S, C is the average value of the open circuit voltage at STC, 

determined according to Equation 9 above; 

VOC is the open circuit voltage of the test array, as 

measured during the I-V scan. 

In order to determine RS, the I-V characteristic of the test array should be 

measured at two widely differing irradiances. These curves should then be 

transposed to STC using assumed values for R9 until a common value is found 

which, when applied to both measured curves, generates the same transposed 

curve. It may be assumed to be the same for all test sub-arrays of the same 

configuration. 

The I-V measurements are carried out for each sub-array in the array. The 

guidelines suggest that, where time permits, they should be repeated in order to 

minimise errors. These measurements can then be used to determine the array 

power at maximum power point, MPP. 

These performance measurement techniques were used to confirm the installed 

PV power on the Northumberland Building. A description of the procedures 

actually undertaken and an evaluation of the results is presented in the thesis. 
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3 PV System Design and Monitoring 

This chapter of the thesis gives a description of the design and installation of each of 

the PV systems installed as part of this research, as well as details of the monitoring 

equipment used for the collection and evaluation of data from the systems. 

The BIPV monitoring station installed on the roof of Pandon Building is first 

described. This system was the first such monitoring station to be installed in the UK 

and the data has been collected and presented in the thesis to show the effects of array 

orientation on the incident solar radiation. The results of this data analysis were then 

used to assess alternative design configurations for the Northumberland Building, and 

could be extrapolated to other UK BIPV building designs. In addition, the data 

records were used to investigate methods of modeling direct and diffuse irradiance, as 

it was necessary to be able to calculate these components of irradiance for the shading 

investigations on the Northumberland Building. Finally, the BIPV monitoring station 

was used to define a simple model for the prediction of module operating temperature. 

The design and installation of the Northumberland Building PV facade is also 

described in this chapter of the thesis. The data from this project were used to extend 

the preliminary conclusions drawn from the BIPV monitoring station work. In 

particular, the Northumberland Building data were used to investigate shading 

problems of BIPV systems, as well as mismatch losses and soiling of the array. 

Finally, two BIPV cladding prototypes were designed and installed and a description 

of the systems is given in this chapter. Data from these systems were used, together 

with the Northumberland Building system data, to further investigate and validate the 

temperature model defined from analysis of the BIPV monitoring system data. 
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3.1 Pandon BIPV Monitoring Station 

In order to accurately predict the performance of a building with photovoltaic 

cladding, it is useful to have records of solar irradiance for a site as close as possible 

to the building location. Records of hourly average horizontal irradiance can be 

obtained from established Meteorological Office sites, and these have been 

successfully compiled for reference purposes [108]. Such records are relevant for 

passive solar applications for which hourly readings are adequate. However, for 

photovoltaic system power predictions, it is interesting to investigate data with much 

shorter sampling intervals due to the rapid response of photovoltaic cells [109]. 

A BIPV monitoring station was therefore installed on the roof of one of the buildings 

of the University of Northumbria in the centre of Newcastle upon Tyne, in order to 

provide frequently sampled solar data for the urban micro-climate of the city centre, 

with a view to designing a BIPV system for the University of Northumbria. This 

location was expected to give more indicative. results for a BIPV system than 

meteorological station data, which is usually measured at remote sites. 

Newcastle upon Tyne is situated in the north-east of England at a latitude of 54°59' N. 

Pandon Building was selected for the monitoring station, being reasonably central to 

the city campus of the university with easy roof access. Four sets of photovoltaic 

modules were mounted together with a climatic monitoring station and data 

acquisition system on a scaffolding frame, which was bracketed to the support struts 

on the roof and secured with sandbags. In addition to the solarimeters required to 

monitor radiation intensity and the temperature sensors to monitor ambient and 

module temperature, the climatic monitoring station included instrumentation to 
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measure second order effects such as wind and humidity. The analysis presented in 

this thesis, however, is limited to investigations of radiation levels and temperature. 

The frame was positioned to allow maximum exposure to the available insolation and 

oriented to face south at solar noon. An earth strap connected the frame to the 

lightning conductor of the building to prevent storm damage. The system components 

are described below and the monitoring station is pictured in Figure 20. 

Figure 20: View of the monitoring station from the south west 

3.1.1 Photovoltaic test arrays 

BP460 (c-Si) 

Eight monocrystalline silicon modules, made up of 36 series connected cells, 

were mounted in pairs in the north and south vertical planes, the horizontal plane 

and at a nominal 35° angle to the horizontal. This angle of tilt was readily 
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adjustable to allow investigations of variations in annual output with the angle of 

solar incidence. The modules were rated at 60 W with 'Sc = 3.65 A and 

Voc = 22 V and had a surface area of 0.442 m2. Module temperature was 

monitored by thermocouples mounted on the back of the south facing modules. 

This PV module was the precursor of the BP 585 `Saturn' modules installed on 

the Northumberland Building. 

BPM10 (c-Si) 

Ten smaller monocrystalline silicon modules were located in pairs to face north, 

south, east and west and also at a variable tilt angle as described above. Rated at 

10 W with ISc = 0.65 A and Voc = 21 V and measuring 540 x 265 mm, these 

modules consisted of 36 quarter cells connected in series. These modules were 

used to show the correlation of module performance with each surface 

orientation. 

Panasonic EN356K (CdTe) 

Two thin film cadmium telluride modules were mounted on the north and south 

' faces of the rig. The cells of these modules have a spectral response particularly 

suited to short wavelengths of light, which has favourable implications in 

climates with a large proportion of diffuse irradiance, such as the UK. The 

module size was 378 mm x 378 mm and the power rating was 6W with 

Isc = 0.375 and Voc = 26 V. 
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APS (a-Si) 

An amorphous silicon module was mounted on the south face of the rig. The 

module measured 1.22 m2 and had a nominal power rating of 60 W with I. =4A 

and V,,, = 25 V. This less energy intensive silicon cell production technique 

results in a lower cell efficiency than crystalline technologies. Thus, a larger 

surface area is required to generate equivalent levels of power to single crystal 

modules. The cells are usually prone to degradation during the first few months of 

operation. 

3.1.2 Climatic monitoring 

Pyranometer 

Two Kipp & Zonen CM11 pyranometers were mounted on the rig, in the planes 

of both the horizontal and south facing vertical PV arrays, to measure global 

irradiance. The devices incorporate a thermopile, shielded by two hemispherical 

glass domes. They have a sensitivity of 4-5 µV/Wm' and a spectral response of 

305 - 2800 nm. The CM11 is termed secondary standard, the best of three classes 
S 

awarded by the World Meteorological Organisation and is standard equipment in 

most European meteorological networks. 

Anemometer 

The A100R anemometer was manufactured by Vector Instruments and is 

constructed from anodised aluminium alloy with ABS plastic rotor cups and 

stainless steel shaft and bearings. Three rotor cups are mounted onto a spindle, 
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which runs in two precision ball-race bearings. A magnet on the spindle opens 

and closes a mercury-wetted reed switch each time a revolution is completed. 

Wind vane 

The wind vane was the Vector W200P, which incorporates a micro-torque 

wire-wound potentiometer with a filled gap to provide smooth operation and 

durability. The vane spindle is supported on two precision steel ball races, which 

are protected against moisture and dust. An excitation current of 2 mA was used 

to generate a voltage proportional to wind direction. 

Ambient temperature sensor 

Air temperature was measured with a Fenwall Unicurve 2 kQ hermetically sealed 

thermistor, mounted in an open cylindrical PTFE probe and shielded by a 

louvred, anodised, aluminium radiation screen. The surface of the louvres was 

coated in high reflectance paint which prevents heating from direct radiation and 

keeps the housing close to ambient air temperature. The resistance of the 

thermistor decreases with a rise in temperature and requires an excitation current 

to produce a voltage output. Linearisation tables are used to convert the readings 

to temperature. The error inside the shield due to solar radiation of 500 W/m2 is 

less than 0.2 °C for a wind speed of 0.7 m/s and less than 0.6 °C for a wind speed 

of zero. 

Relative humidity sensor 

The relative humidity (RH) sensor was mounted together with the ambient 

temperature sensor in the housing described above. The sensor head has a 

capacitance which alters in response to changes in humidity. The changes in 
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capacitance are electronically converted to a voltage which is linearly 

proportional to relative humidity. Response time is typically 10 s for a change of 

10 to 75%RH. 

3.1.3 Data acquisition system 

The data acquisition system consisted of a programmable data logger, supplied by 

Delta-T Devices Ltd., which was capable of reading and storing signals from a 

wide range of sources. The sampling frequency could be varied from 1s to 24 h 

intervals and the readings were manipulated by on-board processors before 

storage to memory. Averages, maxima, minima and instantaneous values could be 

selected and converted to the relevant units before being saved to memory. The 

logger had a 256 kB RAM; sufficient memory to store 128,000 readings. 

Analogue voltage readings with an accuracy of at least 0.5 mV are achievable 

with this logger. Data collection exceeding this limit would overwrite the 

memory (FIFO principle) and a portable PC was therefore used to transfer the 

data to disk before this occurred. The rate at which the logger memory was filled 

depended upon the logging frequency, as did the consumption of battery power. 
S 

Both parameters required frequent observation to ensure contiguous data 

collection and these constraints led to some short periods of missing data. 

All of the instruments and PV modules described above were hardwired to the 

logger terminals after the necessary signal conditioning to convert and attenuate 

the outputs to the ± 2V input range of the logger. The modules were connected to 

a load unit of shunt resistors to measure short circuit current. Temperature 

sensors were adhered to the back of the modules to monitor operating 

temperature. All channels were configured to sample every minute and record 
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average values over ten minute intervals, except the wind instruments for which 

instantaneous values were recorded every ten minutes. This was due to the 

reduced logging accuracy caused by sampling wind speed more frequently and 

the arithmetical error that would occur if the wind direction were to be averaged. 

The data were collected in binary format and subsequently converted to ASCII for 

spreadsheet analysis. Data for the analysis presented in this thesis were collected 

from April 1993 until December 1994. In addition to the work presented in this 

thesis, the data files were studied by other researchers working on related solar 

energy themes, including stochastic modeling of global irradiance [110] and 

building energy management systems (BEMS) incorporating BIPV [111]. 

The BIPV monitoring station irradiance data were used principally for the 

analysis of BIPV facade orientation and the modeling of direct and diffuse 

irradiance. In addition, the module data was used to assess the performance of 

alternative PV materials for BIPV cladding systems in the UK and to investigate 

methods of predicting module temperature in real operating conditions. These 

studies were then consolidated by research into the performance of the 

"' Northumberland Building PV system and the BIPV cladding prototypes. 

3.2 Northumberland Photovoltaic Facade 

3.2.1 Design and installation 

Following successful completion of the studies on Pandon BIPV monitoring 

station, funding was secured for the installation of the UK's first photovoltaic 

facade on the south face of Northumberland Building. The original 1960s' mosaic 
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faced pre-cast concrete cladding of this building was deteriorating and required 

replacement. The photovoltaic facade was installed in autumn 1994, during a 

complete refurbishment of the building. Sufficient funding had been secured to 

augment the refurbishment budget so that PV could be incorporated into the new 

cladding system. 

The purpose of this PV integrated rainscreen overcladding system was to 

demonstrate building integrated PV (BIPV) technology and to learn about 

essential procedures and problems needed to be overcome before the 

commercialisation of the concept. A full description of the design, installation 

and commissioning of the system can be found in the literature [112,113,114] as 

well as some more general information about PV in Buildings [115,116]. 

The Northumberland Building is a five storey office building housing several 

academic departments, as well as the University's computer unit. The PV 

laminates were fully integrated into a rainscreen overcladding system, a standard 

building cladding type which provides a barrier to rain penetration. The cladding 

panels were fabricated from 3 mm thick aluminium, coated with a grey polyester 

powder finish. The cladding is inclined at an angle of 65° to the horizontal, 

leaving an air space behind, which is open along the entire length of the facade, 

with flashing covering both ends. The air space is enclosed at the bottom by a 

perforated soffit panel, allowing air to flow behind the module and out through a 

gap at the top of the cladding element between the pelmet and the upper edge of 

the module. The inclination of the PV cladding gives a greater collection of solar 

insolation whilst providing some shading to the windows below to reduce solar 
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gain in the summer. It also facilitated the use of standard off-the-shelf PV 

laminates, thereby keeping manufacturing costs to a minimum. 

The PV integrated cladding was installed on all five levels, above and below the 

windows, of the Northumberland Building's south facade, as shown in Figure 21. 

The PV laminates were inset into the aluminium frame of each cladding unit with 

the faces of the frame and laminate in the same plane to eliminate shading. They 

were held in place using a structural silicone sealant. Five standard PV laminates 

were incorporated into each cladding element. 

Figure 21: View of the Photovoltaic Facade 
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The PV system comprises 465 BP Solar BP585 laminates, each rated at 85 Wp to 

give a total nominal power of 39.5 kWp. The array area is approximately 290 m2. 

Electrical interconnection of the PV laminates was made in junction boxes 

mounted on the wall behind the cladding. The cabling was enclosed in PVC 

trunking, which was attached to the support struts of the cladding. 

Fifteen laminates were connected in series to give an operating voltage of 270 V 

at maximum power point. Three cladding units were thus required for each string 

of fifteen laminates. It was recognised during the design phase that the facade 

experienced considerable shading and so care was taken to ensure that the 

stringing geometry took account of the shading patterns across the building [117]. 

The 31 series-connected strings were connected in parallel to a line commutated, 

thyristor inverter, rated at 40 kW. The inverter, manufactured by SMA GmbH, 

was designed for maximum efficiency at 25% load, but used compensation 

circuits to maintain around 90% efficiency at higher loads. However, at low 

loads of 10% and under, the efficiency drops off rapidly. 

The d. c. power is converted to 3-phase a. c. power at 415 V by the inverter, and 

fed directly into the LV switchboard of the building. In this way it is connected 

into the building's electrical distribution grid. The inverter complies with UK 

electricity regulations G5/3 and G59, which concern limits for harmonics and 

recommendations for the connection of private generating plant respectively. 

Figure 22 shows a schematic of the PV system. 

.1 
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Figure 22: Schematic of the Northumberland Building PV System. 

The connection of the a. c. output of the array into the building's distribution 

board effectively means that the PV system contributes to the energy 

requirements of all electrical loads in the building. These loads include lighting, 

office equipment, computers and lifts. The users in the building are not able to 

distinguish whether the power they are using is from the PV system or from the 

conventional utility grid. The energy from the PV system is consumed wholly 

within the building; there is no energy export to the utility grid. 

The d. c. circuit was designed to have two bypass diodes per PV laminate and 

blocking diodes on each series string to protect the PV laminates from damage 

caused by shading. Circuit breakers were included to isolate all PV strings 
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individually, and also to isolate the measurement devices in the circuit. The 

design of the monitoring system is detailed in the next section. 

Further information about the system installation and commissioning has been 

published in the literature [118]. 

3.2.2 Data acquisition system 

The Northumberland Building was monitored according to the guidelines for a 

THERMIE funded EU project, published by JRC Ispra. The guidelines for 

analytical monitoring were followed when devising the monitoring procedure for 

the building, as described in Chapter 2.4.1. 

Both current and voltage were measured from each string of 15 modules, to allow 

detailed analysis of system performance. Current shunts were used to measure the 

d. c. current from each string of modules and a potential divider was designed to 

measure the voltage. In addition, the total current into the inverter was measured 

using a Hall Effect current transducer, although this was not particularly accurate 

at low current levels (tl % of FSR). The total system voltage was also measured 

using a potential divider. These measurement devices were all wired into the d. c. 

switch panel by the switch panel suppliers. The shunts and potential dividers 

were calibrated to within 0.2 % accuracy at the suppliers, and this information 

was used to programme the monitoring software to convert the measured voltages 

to PV system current and voltages. The a. c. power was also measured at the input 

of the a. c. power from the inverter into the building's electrical distribution board. 

This was measured using a power meter in conjunction with a current transducer 
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(CT), and voltage transducers (VTs) on each of the three lines of each phase (for a 

three phase system). Figure 23 shows the layout of the monitoring system. 

String I String 2 String 3 String 31 
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Figure 23: Schematic of monitoring system for Northumberland Building 

The array plane and horizontal irradiance were monitored on the roof of the 

building using silicon reference cells, which were calibrated to measure the entire 

solar spectrum. In addition, an ESTI sensor (a PV cell calibrated by JRC Ispra, 

specifically for PV performance measurements) was mounted in the array plane 

on the roof of the building. 

Temperature was measured by embedded T-type thermocouples in five modules 

on each of the five levels, and it was also monitored in the air gap behind the 

modules. Ambient temperature was measured by a shielded thermistor mounted 

on the roof. 

84 



The sensors were hardwired into the measurement ̀pods' of a Solartron PC-based 

data acquisition system. These pods (isolated measurement pods, or IMPs) are 

designed to be mounted as close to the point of measurement as possible. To this 

end, four of the pods were mounted in the control room on the ground floor of the 

building, whilst the fifth pod was installed in the tank room on the roof of the 

building, near to the irradiance and ambient temperature measurements. 

The pods were wired to each other in so-called ̀ daisy chain' configuration, and 

then connected to the monitoring input card of the PC controlling the system, 

which was located in the control room with the inverter. The cable connecting 

the pods supplied power to the pods as well as collecting the data and sending it 

to the PC. 

There was a multiplexer in each of the measurement pods, which enabled the 

sensor voltages to be measured sequentially using reed relays, following which 

they were sent to the PC for data manipulation and storage in the PC memory. 

The pod control and data manipulation software, supplied by Data Measurements, 

enabled conversion factors to be mapped to each of the hardwired input channels 

of the pods. On-board tables for conversion of thermocouple voltages to 

temperature values were included in the software. The control of the pods was 

defined such that the input channels were sampled every minute, and the 

manipulated data (i. e. voltages converted to the monitored system parameters) 

stored every minute to disk. 

The data were stored in binary format and two additional software tools were 

used to analyse these data. The first tool was used to extract the parameters of 

interest at various sampling intervals and write these to another binary file, and 
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the second tool was used to convert the binary data into ASCII data, so that it 

could be used in analytical / spreadsheet software packages. 

3.2.3 System commissioning and acceptance tests 

As stated previously, the Northumberland Building was the first BIPV system to 

be installed in the UK. As such, the electricians and builders responsible for the 

system installation and commissioning were unfamiliar with the technology, and 

so new procedures had to be devised in order to minimise error. The electrical 

installation procedures had to be carefully planned, because of danger to 

personnel from the high d. c. string voltages present (330 V at open circuit). As a 

PV module generates electricity according to the amount of sunlight available, it 

cannot be `switched off' to make it safe. For this reason, it was decided that the 

PV cladding units should be supplied and installed with the modules covered in a 

black plastic film. 

The plastic film was subsequently utilised for the commissioning procedure, 

which was carried out under the supervision of BP Solar engineers. For this 

procedure, the string voltage was measured at the terminals on the d. c. switch 

panel using a conventional multimeter, whilst the plastic film on each module 

was removed. In this way, the additional voltage (-22 V) of each PV module 

could be checked on the multimeter, before the film was removed from the next 

module. In addition, the wiring of the monitoring devices and d. c. switch panel 

could also be checked, i. e. it was confirmed that the switches and instrumentation 

on the switch board had been wired and labelled correctly. Each of the fifteen 

modules in each cladding unit was checked in this way for all 31 strings. Figure 

24 shows this procedure in action. It was found that only one of the strings (string 
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21) had been connected incorrectly (inverse polarity) at the junction box installed 

behind the cladding units. This mistake was rectified by the engineers. 

'r 
Itf 

Figure 24: Cladding engineers removing the plastic film from the PV 

modules during system commissioning 

In the first summer of its operation, staff from the JRC Ispra came on site to carry 

out the acceptance tests of the array. These tests are often described as `on-site 

power measurements', as described in Chapter 2.4.4. They are a method of 

confirming the power rating of an array, and could feasibly be used in future 

Quality Procedures or guarantees for BIPV systems. There is a now an IEC 

standard which describes the procedure used [119]. 

In brief, the IN curves for all the array strings must be traced under bright sun 

conditions with an electronic load. This involves simultaneously measuring 

current and voltage whilst rapidly changing the load resistance. In this way the 
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characteristic curve of the PV string can be plotted. It is advisable to record at 

least 50 points in order to produce a good curve, particularly around the `knee' of 

the curve. The I-V curve should be measured with a scan time of between 20 and 

100 ms, in order to minimise deviation from the I-V curve. Figure 25 shows a 

schematic of the type of capacitor load necessary to make the measurements. The 

shunt resistor is sized to measure short circuit current of the array at the beginning 

of the curve trace. Once the thyristor has been triggered, the capacitor charges up 

until the string current is zero and the string voltage is at a maximum. 
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Figure 25: Schematic drawing of an electronic load, required for rapid IN 

curve measurements 

The measurements are recorded to logger memory and should ideally be 

simultaneously displayed on an oscilloscope in order to detect errors (due to 

system installation or curve measurement) at the time of the curve trace. The 

resulting I-V curves must then be extrapolated to STC conditions and the installed 

power of the array can be determined from the summation of the maximum power 

from each string. 
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Three successive days were required to carry out the 31 I-V curve traces for the 

Northumberland Building. The delays were caused by insufficient irradiance for 

certain time periods coupled with having to arrange access to the lecture halls in 

order to take irradiance measurements as close as possible to each string. The 

acceptance tests were made in June as in-plane irradiance levels of at least 

600 W/m2 are required for the I-V curve measurements. 

For each string in the array, the I-V curve was scanned using the electronic load. 

At the time of each scan, the value of Vocwas recorded, together with the ambient 

temperature, the module temperature and the in-plane irradiance, using the 

roaming sensor. 

The Voc measurements were then transposed to Voc sTc using Equation 16, as 

detailed in Chapter 2.4.4. Because the monitoring system was actually measuring 

module operating temperature, this value was used for the extrapolation to Voc, STC 

instead of calculating mean cell junction temperature according to the incident 

irradiance (cf. Chapter 2.4.4). 

Finally, I-V curve traces were made at low and high irradiance levels for two of 

the strings in the array, in order to determine the `best fit' value for the series 

resistance. The strings with average lead lengths (Strings 25 and 26) were 

selected for these measurements to represent the voltage drop of the whole array 

(the strings were connected in parallel). The I-V curves were then transposed to 

account for series resistance and STC conditions using Equations 17 and 18 

(Chapter 2.4.4). The measured and the extrapolated values from the procedure are 

presented in Appendix I. It can be seen that some of the readings have been 
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recorded twice. This was in order to confirm some of the I-V traces due to 

uncertainties in the measurements. 

The total installed power was calculated from the above I-V traces to be 

35.833 kWp. This is 9.3 % less than the nominal capacity of the array according 

to the manufacturer's data. This discrepancy could be due to a number of 

reasons, including spectral conditions other than AM 1.5, variations in the series 

resistance and module mismatch. However, the power of a PV module is always 

specified to ± 10 % and so it is possible (although probably not expected) for all 

of the modules to be up to 10 % below nominal power rating. 

Analysis of PV systems installed as part of the 1000 roofs programme in 

Germany has confirmed these findings [120]. In general, it was shown from I-V 

curve measurements of these systems that the nominal module power as specified 

by the manufacturer could very rarely be confirmed. This has a significant impact 

on the meaning of the Performance Ratio of a PV system, as this is expressed in 

terms of the manufacturer's rating. 
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3.3 Photovoltaic cladding prototypes 

This section describes the design and monitoring of two BIPV cladding 

prototypes. The data from these systems is used to compare the thermal 

performance of different types of BIPV cladding designs with the performance of 

the Northumberland Building cladding design and the free-standing modules 

installed on the BIPV monitoring station . 

The overall objective of the PV cladding research project was to develop least- 

cost PV cladding system prototypes to be installed either on new or refurbished 

commercial buildings in Europe. To this end, two PV cladding element 

prototypes were designed, constructed and tested. The prototypes also provided 

visual examples of BIPV cladding to encourage architects and building cladding 

manufacturers to consider the technology. This project was supported by the 

European Commission JOULE research programme, and involved the 

collaboration of several organisations [121]. There was considerable emphasis on 

the thermal performance of the cladding systems, and some of this analysis has 

been presented here, i. e. the investigation of seasonal effects and the average 

operating temperature studies. 

3.3.1 Vertical rainscreen cladding 

This prototype PV cladding system was designed as a further development of the 

Northumberland system. The intention of the design was to standardise the 

manufacture and installation of PV cladding elements and to comply with 

building industry norms as much as possible [122]. The main differences are 

therefore that the modules are sized to fit the typical 1.2 m building grid and, as 
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such, are three times as large as the standard BP modules used on 

Northumberland Building. Furthermore, the cladding was mounted vertically with 

rock wool insulation filling the space between the modules and the building itself, 

typical for rainscreen cladding installations. 

The vertical rainscreen overcladding system consists of eight modules, four large 

and four small, all using monocrystalline `Saturn' silicon PV cells and a 

glass/tedlar structure. The modules are rated at 226 Wp and 75 Wp respectively, 

giving a peak power of 1.2 kWp. One each of the large and small panels were 

connected in series and the resulting four strings connected in parallel. The 

support elements were fabricated from aluminium and the whole system was 

mounted on a south facing brick wall. In the first instance, insulation material was 

fixed to the wall behind the cladding system. The concept design and prototype 

system layout are shown in Figure 26 and Figure 29, respectively. 
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Figure 26 : Vertical rainscreen overcladding concept design 

The module design for the rainscreen overcladding prototype used current PV 

crystalline silicon laminate technology, in which the cells were sandwiched 

between glass and translucent Tedlar in an EVA laminate. The module sizes were 

selected to fit in with the 1200 mm building grid whilst maximising the cell 

density and ensuring reliability by observing pre-defined inter cell and cell to 

edge spacing. 

' The prototype consisted of eight modules, four comprising 12 x8 cells, and four 

comprising 4x8 cells, each module was fixed into its aluminium frame to 

produce a rainscreen overcladding panel. The actual layout of each module is 

illustrated in Figure 27 and Figure 28, which also illustrate the positions of the 

junction boxes. In hindsight, the layout of cells in the PV panel would have been 

improved visually if the space at the sides (visible once in the frame) had been 

equal to the spacing between the cells. This could be easily rectified in a 
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production run. BP Solar high efficiency cells were used for the prototype, and 

this gave a peak power of 1208 Wp. 

Connections were made via d. c. rated plug and socket combinations suitable for 

use with double insulated single core cable. The electrical terminals from the 

series connected modules were parallel connected inside purpose design junction 

boxes which included suitably rated diodes for the protection of each series string. 

Modules of each size were wired together in series, then four sets in parallel, to 

give Vom 78 V. The large laminates had a nominal power of 226 Wp and Vmpp = 

48 V, and the small laminates were rated at 75 Wp, Vp, = 16 V. To simplify 

electrical connections and improve electrical insulation on high voltage systems, 

two junction boxes were fitted on the larger modules. 
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Figure 27: Large rainscreen cladding laminate (1170 x 1550 mm) 
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Figure 28: Small rainscreen cladding laminate (1170 x 560 mm) 

Figure 29: Prototype vertical rainscreen overcladding system 

µ5 

The system was monitored from October 1995 to August 1997. In May 1997, the 

rockwool insulation was removed to study the effects on module operating 

temperature. Chapter 3.3.3 describes the design of the monitoring system. 

3.3.2 Ventilated facade 

The ventilated facade prototype was designed to use the `stack effect' or heat 

build-up behind the PV cladding elements to provide natural ventilation to a 

building [125]. The PV laminates were incorporated into a two storey curtain wall 

sno 
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system, such that the heated air was forced up behind the facade thereby drawing 

air out of the building interior to provide ventilation. The ventilated facade 

prototype was installed as a `stand-alone' 1 kWp system. The power output was 

fed into a maximum power point tracker and supplied an outside lighting system. 

The facade was mounted onto a PASSYS [126] test cell in order to simulate air 

flow from the building interior. 

The prototype consisted of a double skinned facade with PV panels of 

glass/resin/glass on the outer wall, which were divided to incorporate a vision 

area. The inner wall had a central vision area with insulated spandrel panels above 

and below. The cladding element was designed to correspond to the height of one 

and two-thirds of a building storey. The cavity width was 700 mm, large enough 

to allow access to this space. At the top and bottom of the facade were grills 

which could be opened to allow air flow through the facade. There were ducts 

which could be closed to allow air to flow from the test cell into the facade (to 

mimic ventilation of the office space). The sides were enclosed and insulated and, 

to protect the facade from the weather, a hood with louvres to allow air to exit, 

was fitted. Some of these details can be viewed in Figure 30. 
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Figure 30 : Ventilated facade prototype on the PASSYS test cell 

The prototype consisted of four PV modules, each comprising 15 x 10 cells. 

Using BP Solar high efficiency cells this gave a peak power of 1416 Wp. The 

four modules were connected in parallel to give V,, 
(. = 91.8 V. Each module had a 

nominal power of 354 Wp, and V,,,,,, = 75 V. 

The size of the glass/resin/glass modules was determined to ensure compliance 

with a standard building footprint within the limitation of the manufacturing 

equipment. The thickness of the two sheets of glass was selected to ensure that 

the product was of sufficient strength for the application. The front sheet of glass 

(high transmission) was 4 mm thick whereas the rear sheet was 10 mm thick. 
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External electrical connections were made within the positive and negative 

junction boxes which also included bypass diodes across every 20 cells. The 

module layout is illustrated in Figure 31. 
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Figure 31: Ventilated facade PV module electrical layout 
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For testing purposes the ventilated facade prototype was mounted on a PASSYS 

test cell at the Building Research Establishment Scottish Laboratory (Figure 30). 

The test site is located at a latitude of 55°57'N and a longitude of 4°15'W. The 

facade faced due south onto a residential area of low rise housing and was only 

shaded in the very early morning and late afternoon during winter. 

The system was monitored from August 1995 to August 1997. Chapter 3.3.3 

describes the layout of the monitoring instrumentation. 
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3.3.3 Data acquisition system 

The data acquisition systems (DAS) for the cladding prototypes were designed 

with reference to the CEC `Guidelines for the Assessment of Photovoltaic Plants' 

in order to comply with previously established standards and results. Although 

the guidelines recommend the use of global monitoring for installations of less 

than 5 kWp, it was decided to use the more detailed analytical monitoring 

because the prototypes under investigation would ultimately be part of a much 

larger PV cladding system with a correspondingly higher power rating. In 

addition to these parameters, temperature sensors were installed to measure both 

the module operating temperature and the corresponding temperature of the space 

behind the cladding element. Table 1 shows the parameters which were logged by 

the DAS. 

Table 1: Parameters logged by the data acquisition systems 

Parameter Symbol Units 

Global irradiance, plane of array G, W/m2 

Ambient temperature in the shade T. °C 

Array output voltage VA V 

Array output current IA A 

Module operating temperature Tmod °C 

Temperature behind facade Tf. °C 
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For the ventilated facade prototype Table 2 shows the additional measurements 

which were made and the position of the air temperature sensors within the 

facade. 

Table 2: Additional measurements made on the ventilated facade prototype 

Parameter Symbol Units 

PASSYS Test Cell interior temperature Tb °C 

Temperature at top of vented space behind panel T, °C 

Temperature at bottom of vented space behind panel TVb °C 

Air velocity through the vented space Q� m/s 

Air velocity from the building to the vented space Qb� m/s 

Fan power Pf 1/s 

The rainscreen cladding prototype was monitored using a stand-alone CR10 

datalogger supplied by Campbell Scientific. This logger was selected, rather than 

a more advanced PC-based system, largely on a cost basis, although the option of 

real time monitoring could have been advantageous. Instantaneous readings were 

sampled every 10 minutes and stored in the on-board logger memory for two 

weeks prior to collection using a laptop computer. The 1 kWp stand-alone PV 

system was configured to measure open circuit voltage to study the effects of 

temperature in detail. The high PV system voltage was attenuated using a 

potential divider before connection to the logger input channels. As with the 

Northumberland Building facade, module operating temperature was measured 

(by embedded PRT sensors) and the space behind the cladding was also 
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monitored. Ambient temperature and array plane irradiance were recorded by a 

thermistor and silicon reference cell respectively. 

The logger was supplied with additional storage capacity to reduce the frequency 

of data retrieval. The system was capable of storing up to 126,000 readings in 

256 kB RAM, i. e. sufficient for around two weeks (readings were 10 minute 

averages from 1 minute instantaneous measurements), or longer if the logger was 

programmed to switch off during hours of darkness. Data were collected via an 

optically isolated RS232 interface to a laptop computer. Assuming ambient 

temperatures of 0 to 40 °C, accuracy of 0.1 % on the full scale range was 

attainable with the logger. A continuous power supply to the logger was 

specified, which used a lead acid battery trickle charged from a 10 Wp PV 

module. The voltage generated by the prototype array was too high to be used for 

this purpose. 

The number of temperature measurements on the rainscreen cladding system was 

chosen to cover different parts of the cladding element's surface area. Platinum 

resistance thermometers (PRTs) were embedded in two of the cladding elements 

to measure the module operating temperature, i. e. one in the smaller units at the 

top of the prototype and one in the larger units. Two thermocouple probes were 

also ordered to measure the temperature in the space behind the facade; these 

were mounted behind the two large modules with embedded PRTs. 

A thermistor was procured for the Newcastle system to measure ambient 

temperature. The instrument was shaded from the direct heat of the sun by a 

radiation shield, designed for this purpose. A silicon reference cell was mounted 

in the plane of the array to measure global irradiance. 

I 
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The CR10 was capable of twelve single-ended measurements. The resolution of 

this type of measurement is 666 µV, which is acceptable given the accuracy of the 

instruments generating the input signals. T-type thermocouples were used for 

monitoring the temperatures behind the modules and these sensors were 

connected using a three wire differential measurement for maximum accuracy. 

The parameters were logged at one minute intervals so that both 10 minute and 

hourly averages could be extracted for analysis. All inputs were matched to the 

lower voltage range of the Campbell Scientific logger. Varistors were included to 

provide lightning protection of the DAS. 

Back-up for the irradiance readings in Newcastle was provided by the existing 

BIPV monitoring station on the roof of Pandon Building, as were various other 

climatic measurements which may have been required for subsequent analysis. 

For the ventilated facade prototype, which was operating at MPP under load, the 

array current and voltage before and after the MPP tracker were measured and 

logged, as well as array plane irradiance and ambient temperature. As the 

ventilated facade was installed on a PASSYS test cell, it was not necessary to 

install dedicated logging equipment, as this was already available on site. 

The PASSYS test cell combines a readily controllable environment with external 

climate monitoring to produce high quality data. A Hewlett Packard HP3852 data 

acquisition and control system driven by Lab View software provide a flexible 

data collection system (DAS). Over 300 sensor readings can be taken at 30 

second intervals with checking for out of range readings, applying corrections, 

etc., and averaged data stored at minute intervals. Hourly data sets are usually 
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provided for analysis in a format suitable for importing into most spreadsheet 

programs such as Excel. 

The signal conditioning components for the ventilated facade were designed to 

match the input voltage range of the Hewlett Packard monitoring system at BRE. 

Originally it was intended to make the circuits for both prototypes identical to 

ease manufacture. However, since this would have resulted in smaller input 

voltages, the resolution of the BRE monitoring system would have been poor. It 

was therefore concluded that appropriate circuits should be designed for each 

system. 

The circuit for the measurement of current and voltage on both systems is shown 

in Figure 32. A circuit breaker was included to disconnect the array when access 

to the monitoring circuitry was required. The current shunts were rated at 25 A 

with a full scale range of 60 mV. Potential dividers were specified according to 

the voltage input requirements of the respective DAS. These are shown in Table 

3, together with the input/output ratio of attenuation, calculated to match the input 

range of the respective data acquisition system. These were made up of precision 

' metal film resistors, which have good stability and 0.1 %/°C tolerance. 
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Figure 32: Circuit diagram showing signal conditioning components to 

monitor current and voltage of array and load. 

The signal conditioning components were mounted in separate ABS plastic 

junction boxes rated to IP 65. All monitoring equipment for the rainscreen 

cladding system was mounted outside on a board of marine plywood next to the 

array. The monitoring system at BRE was installed in the test cell and the signal 

conditioning junction boxes connected as close as possible to the logger to 

minimise noise on the input signals. 
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Table 3: Potential dividers & attenuation ratios for both PV cladding test 

circuits 

Ral Rbl i/o ratio Ra2 Rb2 i/o ratio 

[W] [kQ] [kg] [kQ] 

Rainscreen 243 6.04 41: 1 486 6.04 81: 1 

cladding 

Ventilated 226 15 16: 1 452 15 31: 1 

facade 

Data from the prototype cladding systems were analysed and presented in the 

thesis as part of a chapter investigating the typical module operating temperature 

of alternative BIPV cladding designs and comparing this with that of a 

free-standing module (from the BIPV monitoring station). Data from several 

different seasonal periods is evaluated over various time periods, as well as 

temperature data from days with different types of irradiance conditions. 
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4 Results 

4.1 Solar irradiance and PV array orientation 

The BIPV monitoring station data was used to investigate the solar microclimate 

of Newcastle upon Tyne and to quantify solar irradiation levels on typical 

building surfaces. This section of the thesis presents results from the analysis of 

PV array orientation, comparing vertically and horizontally mounted modules as 

well as modules mounted in non-south facing aspects. This is an important issue, 

as building facades can be oriented in many directions, and the effect of installing 

PV on non-south facades is of interest both architecturally and economically. 

In addition, this chapter investigates the distribution of direct and diffuse 

irradiance on BIPV facades. This analysis is important for an understanding of 

shading effects on the radiation incident on a BIPV system. It is shown that an 

isotropic model of diffuse irradiance is not normally sufficient for accurate 

shading predictions to be made. An investigation of a better means of calculating 

diffuse irradiance on inclined BIPV surfaces from site data is also undertaken, 

" which further demonstrates the complex behaviour of solar irradiance. 

These studies are consolidated in further sections of the thesis. For example, the 

orientation analysis is subsequently used to assess the impact of installing BIPV 

systems on the non-south facing surfaces of the Northumberland Building. The 

modeling of the diffuse and direct components of irradiance was undertaken in 

order to be able to calculate the effect of shading on a PV clad building such as 

the Northumberland Building. 
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The data acquisition system generated a wide range of information regarding both 

the climate of the city centre and photovoltaic module performance as well as the 

distribution of global irradiance. The analyses conducted within this thesis have 

been selected to address the implementation of PV as a building facade cladding 

material. Previous studies by NPAC had indicated that the irradiance on non- 

south facing surfaces is not insignificant for climates with a high proportion of 

diffuse irradiance such as the UK [125]. However, this work was restricted to 

simulation of an isotropic model of diffuse irradiance [126] and further research 

was recommended to consolidate this hypothesis. The installation of the 

monitoring station has provided an opportunity to carry out empirical studies and 

provide real data about irradiation received by building surfaces of various 

orientations. 

Preliminary studies investigated the effect of vertical and horizontal module 

inclination on annual energy generation. It is shown that the electricity generated 

by PV cladding on a vertical surface would experience less seasonal variation 

than that on a horizontal surface. 

" The themes of the research conducted using data from the BIPV monitoring 

station were also concerned with the study of insolation falling on non-south 

facing vertical surfaces, as this has implications for the architectural design and 

potential energy generation of PV clad buildings. 

Investigations were also carried out to assess the distribution of diffuse irradiance 

received on BIPV surfaces and this introductory section presents some simple 

models based on empirical results to estimate the contribution of diffuse 

irradiance for the site studied. The models indicate a wide variation in the 
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distribution of diffuse irradiance for similar levels of global irradiance. This result 

shows that the isotropic model is limited in its representation of solar irradiance, 

which is in agreement with a number of published papers [127,128,129,130]. 

4.1.1 Vertical and horizontal irradiance records 

Results are presented in Figure 33 and Figure 34 for global radiation received on 

the horizontal and south vertical planes of the BIPV monitoring station over the 

course of one year. Comparing the two graphs, it can be seen that insolation on 

the horizontal plane is greater than the insolation on the vertical plane during 

summer months, whilst the inverse is true during winter, as can be expected. This 

can be described by the equation below, derived from standard solar geometry 

[131]: 

Gh = Gdh + Gb sin a (19) 

where Gh = global horizontal irradiance 

Gdh = diffuse horizontal irradiance 

Gb = beam irradiance 

a= solar altitude angle 

As Gh is proportional to sin a, the horizontal irradiance will be low when a is 

small. Similarly the irradiance on the vertical plane increases with a decrease in 

solar altitude angle, since 

G,, = Gdv + Gb cos a (20) 

where G,, = global vertical irradiance 

Gdv = diffuse vertical irradiance 
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The curve for horizontal insolation is clearly sinusoidal with a maximum value of 

7.86 kWh/day in July and a minimum of 0.09 kWh/day in December. This is 

attributable to variations in both the altitude angle and also the number of 

daylight hours. 
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Figure 33: Daily horizontal insolation (July 1993 to June 1994) 
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Figure 34: Daily vertical insolation (July 1993 to June 1994) 
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It is interesting to note that the plot of vertical insolation is less clearly defined 

and can be said to receive more consistent levels of irradiance over the year. 

Although a lower altitude angle in winter results in higher irradiance on the 

vertical plane, this effect is reduced by the shorter length of days, and vice versa 

in summer. Figure 35 and Figure 36 show maximum, minimum and average 

records of daily insolation on both planes for each month in the year. It can be 

calculated that the daily insolation on the vertical plane is, on average over the 

year, only 0.4 kWh/m2/day lower than that on the horizontal plane. To put this 

into context, typical average daily insolation on an optimum plane (30 ° 

inclination from the horizontal) is around 3 kWh/m2/day in the UK. This has 

significant implications for the implementation of PV as a building cladding 

material, as a BIPV system installed on a south vertical facade could generate 

around 82.6 % as much as a system on a horizontal plane. 

Figure 35: Daily insolation on the horizontal plane, 1994 
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Figure 36: Daily insolation on the south vertical plane, 1994 

4.1.2 Global irradiation on non-south vertical surfaces 

Architectural applications of solar energy frequently require information about 

solar radiation on non-south facing surfaces. BIPV applications, in particular, can 

require data for solar radiation on vertical surfaces. For this reason, the 

monitoring station data were analysed to quantify typical annual radiation values 

on south and non-south facing vertical surfaces. 

Data from the BPM10 crystalline silicon modules were used to approximate the 

irradiation received on each of the four vertical surfaces of the monitoring station. 

The relationship between the south facing module current and the south facing 

global irradiance, as measured by the pyranometer, was first established in order 

to use the BPM10 modules to measure global irradiation. It was found that the 

relationship could be described by the curve y=1.6 x, where y is global 
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irradiance (kW) and x is module current (A). This gradient was therefore used to 

transpose the module current readings to irradiance. 

For this investigation, the hourly averages for each month in the year of 1994 

were integrated, to attain a value for total global irradiation on each surface per 

month. Table 4 shows the total values calculated for each month. 
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Table 4: Total monthly global irradiation received on four cardinal 

orientations 

kWh/m2/month North South West East 

January 6.4 51.1 10.0 12.6 

February 13.1 38.9 17.3 23.0 

March 20.8 81.3 38.5 50.8 

April 30.1 76.6 53.0 69.9 

May 42.3 70.1 61.3 65.9 

June 49.4 79.9 86.7 89.7 

July 42.3 75.3 70.4 73.7 

August 33.6 71.5 55.4 69.7 

September 22.3 62.4 35.1 52.0 

October 14.2 75.1 23.5 35.1 

November 5.6 34.8 8.8 12.0 

December 5.2 41.4 7.6 11.5 

S 

In addition, the hourly averages for global irradiation on the horizontal plane were 

integrated for each month of that year. Figure 37 shows the effects of orientation 

on the ratio of vertical to horizontal irradiation. It can be seen that, during the 
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summer months, the south, east and west surfaces all receive around half that 

received on the horizontal surface, whilst the north face only received one third of 

that amount. In autumn and winter, the ratio of south vertical to horizontal 

irradiation increases such that, in December, two to three times as much 

irradiation fell on the south vertical as on the horizontal plane. In autumn, spring 

and winter, it can be seen from the graph that the insolation on the east vertical 

surface was around 60% of that on the horizontal surface, whilst the insolation on 

the west and north vertical surfaces was around 50% and 30% of that on the 

horizontal, respectively, and were constant throughout the year. 
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Figure 37: Ratio of vertical surface insolation to horizontal insolation, 

Newcastle upon Tyne, 1994 

It is noted that the east vertical plane receives more irradiation than the west 

vertical plane. This could be due to two factors. The first possible reason is the 

high incidence of bright mornings with high irradiance levels, followed by 
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overcast afternoons, typical of the Newcastle micro-climate. Alternatively, it 

could be due to slight differences in the horizon of each direction. For example, 

to the west of the monitoring station, there were a number of high city centre 

buildings, and beyond those the city spreads up Westgate Hill, which is on a 

gradual incline. As the monitoring station is on the eastern edge of the city 

centre, there were no city centre buildings to the east of it and the landscape is 

rather flat, as it projects towards the coastline. 

On average, it was calculated that the irradiation on the south vertical plane was 

85% of that on the horizontal, whilst the east vertical surface received 64%, the 

west received 53%, and the north vertical plane received 32% as much as that on 

the horizontal plane. The curve plotting the ratio of south vertical to horizontal 

irradiation was parabolic, whereas the other three curves remained more or less 

constant. 

S 
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Figure 38: Ratio of insolation on non-south facing vertical surfaces to south 

vertical surface, Newcastle upon Tyne, 1994 

Figure 38 shows a graph of the ratio of the irradiation on the non-south facing 

vertical planes to the irradiation on the south vertical plane. This revealed that, in 

winter, the irradiation on the north vertical plane was only around 10 % of that on 

the south vertical plane, whilst this increased to around 60 % at its peak in 

summer. The total annual irradiation on the north vertical plane was calculated to 

be 37 % of that received on the south vertical plane. 

In December, the irradiation on the east and west vertical planes was 28 % and 

18 % of that on the south vertical plane, respectively. In June, these values 

increased to 112 % and 109 %. The reason that the east and west planes receive 

more than the south vertical plane in the summer is due to the high solar altitude 

angle during the middle of the day, which reduces the amount of irradiance 

received by the south vertical plane. In addition the direct radiation in the 
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mornings and evenings is virtually perpendicular to the east and west surfaces, 

which increases the irradiance received by these planes. Based on the sums for 

total annual irradiation, the east vertical plane received 75 % of the irradiation 

received on the south vertical plane, whilst the west vertical plane received 62 %. 

These results indicate that, in certain situations, it may be worthwhile installing 

PV modules on non-south facing surfaces, particularly the east and west 

orientations and, of course, including any orientation between south and east or 

south and west. 

4.1.3 North and south facing module performance 

The performance of the south facing module has been compared with the 

combined performance of north and south facing modules. Figure 39 and Figure 

40 show plots of current generated versus irradiance received on the horizontal 

plane, where the data have been smoothed. The application of regression analysis 

reveals that a summation of north and south module current plotted against global 

horizontal irradiance produces a linear graph, whereas the graph of south module 

current against global horizontal irradiance can be approximated to a quadratic. 
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Figure 39: South facing BP 460 crystalline silicon module performance 

versus horizontal irradiance 

This can be explained if the geometrical relationship of the three planes is 

considered. Evidently, a pyranometer mounted on the horizontal plane receives 

irradiance from both north and south directions, whilst the north and south facing 

modules receive only the irradiance from the respective portions of the 

hemisphere. Thus, a summation of both outputs results in a more linear 

relationship to irradiance on the horizontal plane than either orientation taken in 

isolation. This implies that simple predictions of annual electricity generation 

from buildings with photovoltaic cladding on both north and south vertical 

facades could be made from meteorological records of horizontal irradiance with 

a reasonable degree of accuracy. 
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Figure 40: Summed output of north and south BP 460 modules versus 

horizontal irradiance 

4.1.4 North facing diffuse irradiance 

" An analysis of the amount of diffuse irradiance typically falling onto a north 

facing vertical surface was undertaken. This analysis was carried out in order to 

substantiate the computer modeling studies developed by NPAC [134] which 

indicated that a significant proportion of the available solar radiation was received 

by non-south facing planes. This computer modeling had used an isotropic model 

to derive the incident irradiance and this would tend to overestimate the amount 

of diffuse irradiance. For this reason, one of the purposes of the test rig was to 

1.0 
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provide real data which could be used to assess the validity of the computer 

model. 

The irradiance on the north facing plane was first derived from the short circuit 

current generated by the monocrystalline silicon BP 460 modules, as there was no 

north facing pyranometer on the test rig. As stated previously, the response of a 

south facing monocrystalline silicon module was found to be proportional to the 

solar irradiance on the south plane. Regression analysis revealed that this could be 

described by a linear equation passing through the origin with a gradient of 

3.2 A/kW/m2. If this relationship is applied to the north facing module, then the 

insolation on the north vertical plane can be deduced. Furthermore, if all radiation 

on the north face is assumed to be diffuse, then the ratio of the irradiance on the 

north vertical plane to the irradiance on the horizontal plane can give an 

indication of the percentage of diffuse irradiance on the north plane for various 

levels of global irradiance on the horizontal plane. 
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Figure 41: BP 460 north output versus horizontal irradiance 

(December 1993) 
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Figure 42: BP 460 north output versus horizontal irradiance (June 1993) 

From the graph for December (Figure 41) it can be concluded that for low levels 

of insolation (< 100 W/m2), where the relationship is linear, the irradiance was 

diffuse and distributed isotropically. However, at higher levels of irradiance in 

winter and summer, the presence of both direct and diffuse irradiance causes a 

wider scattering of points and a lower gradient (Figure 41 and Figure 42). The 

lower gradient is caused by the increase in direct irradiance on the horizontal 

plane and the corresponding reduction in irradiance on the north vertical plane. 

It is interesting to note, that the plot of the north facing BP460 current against 

global irradiance for June (Figure 42) includes several points where the current 

output is much greater than can be expected for the recorded irradiance and that 

these points are not present on the December graph (Figure 41). This 

phenomenon was considered to be due to reflection from surrounding buildings 

and has not been included in this analysis. 

For December, when Gh=100 W/m2, the current generated by the north facing 

module ranges from 100 mA to 160 mA, which indicates an insolation on that 
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surface of between 31.25 and 50 W/m2. This implies that the proportion of diffuse 

irradiance on the north plane is between 31 % and 50 % of the global irradiance 

on the horizontal, at that insolation level. In fact, for an isotropic distribution of 

irradiance, assuming a clear horizon, one would expect to receive 50 % of the 

global, horizontal-plane irradiance on the north vertical plane and the remaining 

50 % would be received by the south vertical plane. This is because both planes 

effectively see a solid angle of the sky of it steradians', whilst the horizontal plane 

sees a solid angle of IT steradians. 

If this analysis is carried out for a range of Gh' then the proportion of diffuse 

irradiance on the north face can be assessed by comparison to various levels of 

global irradiance on the horizontal, as shown in Table 5. 

Table 5: Estimation of diffuse irradiance derived from north module current 

Gh [W/mz] 

(measured) 

I [mA] 

(measured) 

Gv north [W/m l 

(derived from I) 

Gd [%] 

(derived from I and G,, ) 

100 100 - 160 31.25 - 50 31.25 - 50 

E200 140 - 180 43.75 - 56.25 21.88 - 28.13 

0500 250 - 500 78.13 - 156.25 15.63 - 31.25 

e800 200 - 400 62.5 - 125 7.81-15.63 

For increasing levels of horizontal irradiance, the proportion of diffuse irradiance 

on the north vertical plane reduces, and can no longer be said to represent half of 

the available diffuse irradiance due to an increasing proportion of directional 

' There are 4n steradians in a sphere. 
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diffuse (which rarely falls on the north vertical plane). However, it is still 

interesting to note the varying level of irradiance on the north vertical plane for 

increasing levels of horizontal irradiance. 

Obviously, the above methodology is prone to a considerable degree of error, but 

from the results it is evident that the percentage of diffuse irradiance on the north 

vertical plane decreases with higher levels of global irradiance. This is to be 

expected, since very high values of irradiance imply clear skies with a large 

proportion of beam irradiance (which rarely falls on the north plane). It is, 

however, interesting to note that at medium levels of light, between 200 and 

500 W/m2, the two ranges tend to overlap. This is probably due to variations in 

the distribution of light, as previous studies have shown [133]. For example, a 

recorded irradiance of 400 W/m2 could be caused by either very bright, overcast 

skies or by weak winter sunshine, hence the diffuse irradiance falling on the north 

face varies greatly for the same solar contribution. 

4.1.5 Modeling the direct - diffuse relationship 

A more accurate method of calculating the proportions of direct and diffuse 

irradiance on inclined planes was developed using the data from the two 

pyranometers. For a BIPV installation, it is useful to be able to calculate the 

irradiance falling on shaded parts of the array. The global irradiance in unshaded 

conditions can easily be measured using a pyranometer or silicon reference cell in 

the plane of the array. However, in order to quantify the irradiance on a shaded 

plane, it is necessary to know the diffuse irradiance incident on that surface. 
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Dedicated instrumentation is available to measure diffuse and direct irradiance, 

such as the shadow ring pyranometer and pyrheliometer, respectively. However, 

these instruments are both expensive and very maintenance intensive. For 

example, a pyrheliometer requires adjustments to match the solar declination 

every 2-3 days. As stated previously, a large number of models have been 

derived from experimental data to predict the direct and diffuse irradiance from 

horizontal global irradiance measurements. However, these models can only 

predict the diffuse irradiance according to the results of a large data base of 

monitored global and diffuse irradiance data. This means that they can give an 

indicative value for diffuse irradiance, depending on the measured global 

irradiance, but this would not necessarily be the same as the actual diffuse 

irradiance present. In addition, the accuracy of the models depends on the input 

data used for their derivation, and so the results predicted by the model tend to be 

more applicable to the regions monitored to develop the models [134]. None of 

these models, has been based on data from a maritime, urban climate such as that 

found in Newcastle upon Tyne, and so their suitability for this location is limited. 

For the above reasons, it was decided that a simple method of calculating diffuse 
S 

irradiance from global measurements on two planes would be a useful tool for 

BIPV installations. The records from the two pyranometers were used to express 

the direct and diffuse components of global irradiance in terms of two 

simultaneous equations. In this case, the pyranometers were mounted on the 

horizontal and south vertical planes, but the method should be possible with any 

two solar irradiance sensors oriented south on two different planes. The 

simultaneous equations to be solved for a horizontal and a vertical plane were 

derived from solar geometry as follows: 
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Gh - Gb cosO + Gd (21) 

I+cosß Gv fib Cos ev '+ 
(2) Gd +Pg Gh (22) 

where Gb is the unknown direct irradiance; Gd is the unknown diffuse irradiance; 

G. is the measured global irradiance on the horizontal surface; G, is the measured 

global irradiance on the vertical surface; ß is the tilt angle of the inclined surface 

from the horizontal (90° in this case), and pg is a constant which varies according 

to the albedo, or reflection of light from the ground. Albedo varies according to 

the type of surface. For uncoloured concrete, a value of 0.35 can be assumed, 

however, for a surface surrounded by other buildings, values of 0.56 to 0.80 are 

more likely [135]. For a tilted surface, Gd must be attenuated by a fraction related 

to the array tilt angle 8 [136]. The angle of incidence, cos 9Z, is the angle between 

the beam irradiance and the zenith; cos 6p is the angle between the beam and the 

normal to the plane of array. These angles can be calculated from the following 

[137]: 

cosO = sin6sinocosß 

- sin 6 cos ¢ sin ß cosy 
+cosScosocosßcosw (23) 

+ cosh sin¢ sin ß cosy cos to 
+cos6 sinßsiny since 

where 0 is the latitude of test site (54.9°); 6 is the declination of the sun with 

respect to the equator at solar noon (-23.45°s 6s 23.45°); y is the surface 

azimuth angle (0° in this case); and co is the hour angle, expressed as the angular 

displacement of sun east/west of local meridian (15°/hr; east negative). 
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Solving (21) and (22) for Gb and Gd gives the following equations: 

G 
Gh(k+pg)-Gp 

bak cos6z - cosOp 
(24) 

cos92( Gp - pgGh) - cosO pGh 
k cosez - cosep 

where k=1+ COS P 
2 

The above model was tested using data from the horizontally and vertically 

mounted pyranometers on the monitoring station for the solstice and equinox 

months. It was also compared to methods of estimating diffuse and direct 

irradiance which are based on measured data, such as those described previously 

in Section 2.1.4. 

For this investigation, the angles of incidence were first calculated according to 

the site latitude and tilt angle and azimuth of the respective plane. The hour angle 

" and declination were calculated according to time of day and month. For this 

preliminary analysis the hour angle was determined from GMT, as it was 

assumed that the correction for solar time would be minimal. This is because the 

adjustment for longitude at this site would be quite small (-6 minutes), and the 

equation of time never exceeds around 15 minutes more or less than local time. 

As the purpose of the investigation was to develop a simple method of calculating 

diffuse irradiance, it was anticipated that it would not be necessary to select the 
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data according to solar time, which would have required considerable 

computational effort. 

Equations 24 and 25 above were then used to calculate the amounts of direct and 

diffuse irradiation received on the horizontal plane, using hourly averages of 

monitored irradiance on the horizontal and vertical planes. An albedo of 0.3 was 

found to deliver the best results. This value is suitable for the surface of the roof, 

which was covered in asphalt. 

Figure 43 shows the calculated diffuse and direct irradiance for four days in 

December. The measured irradiance on the horizontal plane is also shown on the 

graph for reference. 
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Figure 43: Diffuse and direct irradiance calculated from measured gloh: o 

irradiance on the horizontal and vertical plane (December) 

It can be shown that the values for diffuse and direct irradiance are in gener;: 1 

agreement with those for global irradiance. For example, on December 81h, whic! 
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was a day of very poor irradiance (assumed to be isotropic), the results calculated 

show that all the irradiance was diffuse, which is as expected. Because of the fact 

that the results were calculated from equations defining global irradiance as a 

summation of diffuse and direct irradiance, the sum of the calculated values must 

equal global irradiance. This is also the reason behind the negative results shown 

on the graph above, which are essentially compensating for overestimation of 

either the diffuse or direct components. 

It is difficult to identify the cause of the overestimation of diffuse and direct 

irradiance, which tend to occur for some of the days after nightfall. It could be 

due to pyranometer error, or possibly due to a slightly uneven distribution of light 

in the sky dome after sunset, which is amplified by the other parameters in the 

equation. Manipulation of the equation parameters has shown that very subtle 

changes in the input values, such as the measured irradiance as well as the hour 

angle, can have a significant effect on the results of the model. The errors in the 

graph are all of the order of around 20 W/m2, and can be largely neglected. 

The Erbs model for estimating the fraction of diffuse irradiance according to 

" clearness index, k� was then used to compare the results with other published 

modeling work. The Erbs model uses experimental data to correlate the fraction 

of hourly radiation on a horizontal plane which is diffuse, with k� the hourly 

clearness index. The hourly clearness index depends on hourly totals of 

irradiation on the horizontal plane and extraterrestrial irradiation (cf. Section 

2.1.5). The Erbs correlation is as follows: 

. 11 
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1.0 - 0.09k, for k,: 5.0.22 
1d=0.9511- 

0.1604kT + 4.388kT2 -16.638k,. 
3 + 12.336k, ' for 0.22<k, s0.80 L0.165 

for k, > 0.80 

The data from the monitoring station were only available as hourly averages, but 

this was not considered likely to affect the results. 

Figure 44 and Figure 45 show, respectively, how the calculated values for direct 

and diffuse irradiance compare with those derived by the Erbs method. 
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Figure 44: Direct irradiance as calculated from the two pyranometers, 

compared to direct irradiance estimated according to the Erbs correlation. 
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Figure 45: Diffuse irradiance as calculated from the two pyranometers, 

compared to diffuse irradiance estimated according to the Erbs correlation. 

It can be seen that the simultaneous equation method has estimated the amount of 

diffuse irradiance to be higher than that predicted by the Erbs method, and the 

amount of direct irradiance is correspondingly lower than the Erbs value. It 

should be noted that the Erbs correlation is more applicable for predicting 

representative values of hourly diffuse radiation for a large number of hours, and 

is thus not particularly suited for estimating the diffuse fraction for any one 

specific hour. It can therefore only be used as an approximate reference in this 

case. 

Linear regression of the results for diffuse irradiance given by the two methods 

shows that the simultaneous equation method estimates around 30 % more diffuse 

irradiance than the Erbs method. This is thought to be due to the 

oversimplification of the diffuse component in Equation 22, which is assumed to 
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be virtually isotropic. Although the equation accounts for albedo, it makes no 

allowance for circumsolar irradiance or horizon brightening. The inclusion of 

these factors would decrease the proportion of diffuse irradiance, and increase the 

direct component. 
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Figure 46: Diffuse and direct irradiance calculated from measured global 
irradiance on the horizontal and vertical plane (March) 

" Figure 46 shows the direct and diffuse irradiance calculated according to the 

simultaneous equation method for March. Again, the results show a good 

agreement with the global irradiance received on the horizontal plane, i. e. thC 

calculated values fall within those recorded on the horizontal plane. 

Figure 47 shows that the values for direct and diffuse irradiance calculated e 

September are reasonably consistent with the measurements of horizonta, 

irradiance but that the negative values have increased in magnitude to arou nvi 
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-200 W/m2, which has a significant effect on the results. A similar result occurs 

for the month of June (Figure 48). 
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Figure 47: Diffuse and direct irradiance calculated from measured global 

irradiance on the horizontal and vertical plane (September) 

The errors in the results could be due to one or a combination of the following 

factors: 

1. The assumption that the diffuse irradiance is isotropic, when in fact its 

behaviour is much more complex. The model relies on the levels of diffuse 

irradiance measured by both pyranometers to be equal, whereas they are not 

because of factors such as circumsolar and horizon brightening. 

2. Reflections of beam irradiance from windows of nearby high buildings, 

causing higher than expected readings of irradiance from one of the 

pyranometers. 
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Figure 48: Diffuse and direct irradiance calculated from measured global 

irradiance on the horizontal and vertical plane (June) 

3. Inaccuracy of the measurements from the pyranometers, especially that of the 

vertical pyranometer which is subject to tilt error due to convection in the 

pyranometer dome. 

4. The values assumed for k and pR may not have been not representative of the 

situation, due to the horizon line, which may have been slightly raised or 

sunken in places, and also the condition of the ground cover, which may have 

had an increased albedo at certain times due to rain. 

5. Inaccuracies in the data logger clock, which would result in the incorrect hour 

angle being used for the respective measurements. Manipulation of the results 

has shown that skewing the hour angle data has a significant effect on the 

results of the model. 
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It is also possible that the impact of neglecting solar time was greater than 

expected. The possibility of reflections causing the instability of the model has 

been explored further. 
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Figure 49: Module short circuit current versus measured vertical irradiance 

in December 

The short circuit current generated by the south facing crystalline silicon modules 

has been used to verify the irradiance monitored by the vertical pyranometer. 

. Figure 49 shows this correlation for December. It can be seen that the hourly 

averaged data from the vertical pyranometer is in perfect agreement with the 

current from the vertical PV module. 
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Figure 50: Module short circuit current versus measured vertical irradiance 

in June 

Figure 50 shows the same correlation for June. It can be seen that the correlation 

is not as good as that for December. However, this is not necessarily due to 

reflection as one would expect a great deal more scatter in any measurements 

influenced by reflection. Nevertheless, it is noted that there is indeed more scatter 

in the June radiation, which indicates either a greater complexity in the 

distribution of diffuse radiation than can be described by an isotropic model, or 

the inaccuracy of the vertical pyranometer. 

It is considered that, with further refinement, this method for calculating diffuse 

and direct irradiance could be a useful tool for evaluating the amount of 

irradiance on a shaded surface. In order to eradicate the errors, a number of 

investigations could be undertaken. For example, to eliminate the pyranometer 

`tilt error' of the vertical measurement, silicon reference cells could be used to 
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measure the global irradiance. The effect of reflections could be further assessed 

by analysing data from a different site. In order to correct for the equation of 

time, a data manipulation program could be written to select hourly data 

according to solar time. Finally, the isotropic diffuse model should be replaced 

by one which accounts for horizon brightening and circumsolar irradiance. 

However, it goes beyond the scope of this thesis to develop this analysis any 

further. 

It can be concluded that the method presented shows potential for further 

development, but that in its present state it would not deliver accurate results. 

Further refinement may be merited for the analysis of shading conditions of BIPV 

systems, which could be used to confirm the annual performance of a PV system 

according to a BIPV system supplier's guarantee. Such a tool would require the 

installation of silicon reference cells on two planes, which could be monitored 

and the diffuse irradiance could be evaluated as part of a BEMS. When the use of 

BIPV systems becomes more widespread, such a tool could play an important 

role in system guarantees. 

4.1.6 Conclusions 

Analysis of the results from the vertical and horizontal pyranometers show that, 

for the year of data analysed, the irradiance on the vertical plane is less variable 

and, on average, is around 0.4 kWh/m2 lower than that on the horizontal plane, 

compared with a typical horizontal insolation on an optimum plane of around 

3 kWh/day. 
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A study of the ratio of irradiation on the vertical to the horizontal plane has been 

undertaken for one calendar year. The ratio of south vertical to horizontal 

irradiation can be described as a parabola, which peaks in the winter months. It 

was found that the east and west vertical surfaces receive between 50 and 65% of 

the irradiation on the horizontal, annually, whilst a north facing surface receives 

around 38% of that on the horizontal. 

Analysis of north and south facing module performance revealed that, by 

summing the output from north and south facing modules, a linear relationship 

between current generated and horizontal irradiance can be determined. It is 

thought that the inclusion of the output from the east and west facing modules 

would further confirm this linear relationship. This enables the prediction of 

power that could be generated by cladding both north and south facades of a 

given building according to data available from the Meteorological Office, rather 

than setting up dedicated monitoring equipment. 

Preliminary investigations of the performance of the north facing module have 

given an indication of the proportion of diffuse irradiance present for various 

" amounts of horizontal global irradiance. This has confirmed that the percentage of 

diffuse light decreases as global irradiance increases. However, for medium levels 

of global irradiance, this quantity can only be determined within the limits of a 

defined range, because the distribution of scattered light varies according to both 

cloud cover and aerosol content. 

It was also observed that the north facing modules received a certain amount of 

light assumed to be reflected from the windows of neighbouring high rise 

buildings. It is possible that the installation of PV modules on building facades in 
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urban areas could result in the generation of higher than usual peak power 

generation due to such phenomena. 

A more detailed model for predicting the diffuse irradiance was investigated, 

based upon the monitored global irradiance on two planes. When tested with data 

from different seasons, the model worked reasonably well for December and for 

March. However, for September and June the errors became unacceptable. This 

was thought to be due to a combination of a number of factors. Further 

refinement of this model could result in a useful tool for the calculation of 

irradiation on a BIPV system under shaded conditions. 
J 

4.2 PV technology performance in the UK climate 

The BIPV monitoring station was used to investigate the performance of two 

alternative thin film PV technologies in the UK climate. A performance analysis of 

the cadmium telluride modules as compared to the crystalline silicon modules is 

presented, as well as an investigation of degradation over the course of one year for 

the amorphous silicon module. Both of these technologies are expected to have good 

prospects for BIPV applications. The results of this analysis are applied later in the 

thesis in the simulation of alternative BIPV cladding materials and designs for the 

Northumberland Building (see Chapter 4.4). 

In addition, the effects of ambient temperature and irradiance on module operating 

temperature were studied. A simple method was developed for the prediction of 

module operating temperature and this is further developed for the analysis of data 

from the installed BIPV systems (Chapter 4.3.2). 
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4.2.1 Crystalline silicon versus cadmium telluride module response 

The cell structure of cadmium telluride renders the material more responsive to 

short wavelengths of light than silicon [138]. This has implications in climates 

with a high percentage of diffuse irradiance, as diffuse light has a higher blue 

content than direct light due to absorption and scattering of the longer 

wavelengths [139]. In order to assess the effect of this behaviour the short circuit 

current of the cadmium telluride modules has been compared with that of the 

silicon modules on both the north and south sides of the test rig. The hypothesis 

was that the cadmium telluride module would perform better with respect to the 

silicon module on the north face, where there is only diffuse light, than it would 

on the south face, where there is both direct and diffuse. 

Figure 51 shows the results of this analysis for cadmium telluride modules. It can 

be seen that linear regression of the data results in the steeper gradient of 0.11 for 

the modules on the north face in comparison to 0.10 for the south facing modules. 

To put this into context, this suggests that cladding the north facade of a building 

with cadmium telluride modules could generate around 10% more electricity than 

the equivalent installed power capacity of silicon modules. 

J 
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Figure 51: Cadmium telluride module response with respect to crystalline 

silicon module response on north and south vertical planes 

4.2.2 Performance analysis of amorphous silicon module 

The performance of amorphous silicon modules is known to deteriorate upon 

exposure to light, although the modules tend to stabilise after a period of weeks or 

months depending upon the cell type. This is known as the Staebler-Wronski 

effect and is explained in detail in the literature [140]. Many modules of this type 

are consequently sold according to their degraded power output, so that the 

customer does not need to make allowances for this effect. In early 1994, an APS 

amorphous silicon module was installed on the south face of the monitoring rig 

and its performance was monitored for the first year of operation. 

Figure 52 shows a graph of short-circuit current generated versus irradiance on 

the south plane for various months of the year. It can be seen that there was 

virtually no overall loss in cell performance over the time period considered (by 

comparison of the gradients of March 1994 and June 1995). This indicates that 

the module had either degraded prior to the start of monitoring in the first month 

140 



of operation, or that it had left the factory in its `light-soaked' condition (having 

been exposed to light under controlled conditions). 

The graph in Figure 52 also shows, however, that less current was generated 

during the winter months, but that the module current returned to its original 

value the following summer. This cyclic variation is thought to be due to the 

annealing of the module at higher temperatures prevalent in the summer, a 

phenomenon which has been studied in detail at NREL, USA and JRC Ispra, Italy 

[141,142]. The amorphous silicon BIPV facades erected at Ispra in Italy [143] 

and Florianöpolis, Brazil [144] have also subsequently demonstrated the same 

effect. 
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Figure 52: Regression fit of a-Si module response variation with season 

0.6 

141 



4.2.3 Temperature study of crystalline silicon modules 

As the temperature of a PV cell increases, the efficiency is shown to decrease. 

Data from the monitoring station have been used to investigate this behaviour. 

The relationship between module temperature, global radiation and ambient 

temperature has been studied. 

Data from the thermocouples mounted on the back of the south facing vertical 

modules were used for this investigation. These data were correlated with the 

global radiation received by the south facing pyranometer and ambient 

temperature. 

As can be expected, the module operating temperatures varied with respect to 

both ambient temperature and irradiance, allowing for a certain time period before 

steady state conditions were reached. It was found that this relationship was best 

described by correlating the difference between module and ambient temperature 

with the in-plane irradiance. This is shown in Figure 53. 
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Figure 53: Temperature - irradiance curve for free standing modules, 

August day, 1996 

From the model described by the curve in the above figure, the following general 

equation can be defined: 

OTm=aAG,, +Ta 

where: AT. = change in module temperature; 

Ta = ambient temperature; 

0 

G� = in-plane irradiance (vertical); 

a= gradient of the curve. 

(26) 

The equation assumes that T. is independent of G,, which is true for short time 

periods. This model has subsequently been verified [145], and the gradient of the 

curve has been identified as the `Ross Factor'. The nominal Ross Factor (h) for 

BP Solar 585 modules is 0.028 °C/Wm', which is in approximate agreement with 

the gradient of the curve in Figure 53. 
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The prediction of BIPV operating temperatures has been investigated further by 

other researchers, including work on the validation of four different temperature 

models which derive cell temperature from ambient temperature, in-plane 

irradiance and wind speed [146]. This study found that the inclusion of the wind 

speed factor had little effect on the accuracy of the model. Errors of ±5 °C were 

experienced with all models. The linear model below was found to behave with 

reasonable accuracy, and this model is analogous to that derived from the Pandon 

BIPV station data. 

Tm aT a +NOCT-20G p 800 (27) 

Typical BIPV module operating temperatures at various levels of irradiance can 

therefore be predicted according to this simple model, assuming ambient 

temperature and in-plane irradiance are monitored. 

4.2.4 Conclusions 

The performance of the crystalline silicon modules was compared with that of the 

cadmium telluride modules on both north and south faces of the test rig. 

Assuming that the north face received only diffuse irradiance, it was shown that 

the cadmium telluride module generated about 10% more current in diffuse light 

as compared with the silicon module. This has implications in a country with a 

high proportion of diffuse irradiance. 

The (light-soaked) amorphous silicon module was monitored and assessed for 

signs of degradation during the first year of operation. It was found that the 

performance of the module remained constant with the exception of a drop in 

144 



power output during winter and that this was attributable to thermal cycling of the 

module. 

The relationship between irradiance, ambient and module temperature was 

investigated and defined. A straight line relationship to predict module 

temperature from ambient temperature and in-plane irradiance was established. 

This relationship will be further investigated in the next chapter of the thesis for 

building integrated modules. 

4.3 Building integrated photovoltaic systems 

This chapter of the thesis extends the research from the BIPV monitoring station to a 

real BIPV system installed in Newcastle upon Tyne - the Northumberland Building 

PV facade. The analysis of the Northumberland Building data presented here builds 

upon the orientation and modeling studies of the monitoring station data by 

investigating the other main factors which affect BIPV system performance. 

The integration of PV modules into building facades creates circumstances under 

which PV systems are less able to achieve peak power output as compared with 

ground based arrays, which are usually installed in optimum conditions. For example, 

the array is very rarely subject to a uniform irradiance in an urban environment due to 

shading from the surrounding buildings. The shading can be described in terms of two 

types: diffuse and direct shading. Direct shading describes the obscuration of direct 

sunlight by adjacent buildings and other structures. Diffuse shading is used to describe 

variation in the diffuse light received by a surface, due to restriction of the solid angle 

of the sky `seen' by the surface. Both of these types of shading cause the strings to 
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operate at different points on the I-V curve which results in losses due to mismatch in 

the array [147]. 

A second issue which requires consideration for a BIPV system is the increase in 

operating temperature of the modules due to the restriction of air flow behind the 

array. It is important to address the limitations imposed by such conditions during the 

demonstration phase of this technology in order to find ways to minimise the effects 

and thus ensure the future success of PV cladding applications. 

The Final Yield (annual) and Performance Ratio of the BIPV system on the 

Northumberland Building is shown in Table 6, together with other key parameters 

which represent the system performance. It can be seen that the Annual Yield is 

relatively low - an average of 507.8 kWh/kWp for the five years assessed. This can 

be compared with a five year average of 692.4 kWh/kWp for the monitored systems 

of the 1000 roofs programme [148] or a four year average of 803 kWh/kWp for the 

ELSA facade in northern Italy [149]. The Performance Ratio is correspondingly low. 

The following chapters of the thesis will explore the reasons for these losses. 

0 
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Table 6: Performance data summary for Northumberland Building BIPV system 

Year Measured Average Average Average Annual Yield Performance 

a. c. energy daily inverter system [kWh/kWp] Ratio [%] 

generated in-plane efficiency efficiency 
[kWh ] insolation [%] [%] 

[kWh/m2] 

1995 21,836 2.6 90 8.2 552.8 58.3 

1996 17,460 2.1 88 8.0 442.0 57.7 

1997 21,435 2.4 90 8.6 542.7 61.9 

1998 18,834 2.3 90 8.0 476.8 56.8 

1999 20,730 2.5 90 7.9 524.8 57.5 

Previous studies of this nature have generally focused on individual aspects in 

isolation [150,151]. However, the installation of an array in typical building facade 

conditions results in a complex system made up of a number of interdependent 

variables. It became evident during the initial period of research that it was difficult to 

separate these variables and, moreover, that it was more appropriate to develop a 
11 

model of the system as a whole. 

This section of the thesis examines the characteristics and effects of some of the more 

important influences on BIPV performance, as listed below. Each of these parameters 

affects the d. c. performance of the PV array. 

" irradiance and shading; 

" temperature; 
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" soiling; 

9 mismatch due to module variations; 

" cabling losses. 

The initial investigation focused on modeling the irradiance incident on each PV 

string. When the PV array was installed, the module manufacturers gave an estimate 

of the amount of electricity which would be produced annually by the system. This 

estimate was based on average annual insolation for the region and the installed 

capacity of the PV array. However, they were not able to predict the negative impact 

of shading from the surrounding buildings. A methodology has been devised which 

can be used to retrospectively quantify the effect of shading on the array. In future, 

such a tool could be useful for the purpose of guaranteeing the performance of a PV 

system, by proving, for example, that a lower than expected electricity output from a 

BIPV array is due to shading factors and not due to poor system design. 

4.3.1 Irradiance and shading analysis 

The Northumberland PV facade is situated in the city centre of Newcastle upon 

Tyne and experiences a considerable amount of shading due to the surrounding 

buildings. This shading is due, in particular, to an adjoining college building to 

the east and a tall chimney directly in front of the array and is observed to vary 

substantially over the year. This type of problem can be expected to occur for a 

PV facade in an urban situation. This chapter of the thesis examines the patterns 

of shading and presents a methodology for assessing the effects of shading on the 

radiation received by the array. 
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Figure 54 shows the current profile of string 20, which is unshaded throughout 

the day. It can be seen that the current generated generally follows the curve of 

solar irradiance. 
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Figure 54: Current generated by string 20, which remains unshaded all day 

Figure 55 shows the effect of array shading on two of the PV strings on the 

facade. String 25 was shaded in the afternoon and therefore follows the irradiance 

curve only in the morning, whilst string 1 was shaded in the morning and follows 

the irradiance curve only in the afternoon. It is interesting that the current 

generated did not drop off completely and nor was it directly proportional to 

global irradiance. It is considered to be dependent upon the diffuse irradiance 

remaining when the direct irradiance was obstructed. 
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Figure 55: Effect of shading on daily current profile of strings 1 and 25 

4.3.1.1 Diffuse shading 

In addition to the direct shading caused by the surrounding buildings, there was 

an uneven distribution of diffuse light across the facade due to variations in the 

solid angle of the sky seen by each string. To define the characteristic of each 

string with respect to its position on the array, it was therefore necessary to model 

the behaviour of each string in the absence of shadow. The effect of direct 

shading on string performance can then be applied in a subsequent step of the 

methodology. 

The irradiance model was based upon a regression fit of string current with 

respect to global irradiance in the plane of array, as shown in previous 

investigations of this thesis. It can be described in terms of a first degree 

polynomial. The global irradiance was measured by a silicon reference cell on tlic 

roof of the building, such that the performance of each string can be expressed as 
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a percentage deviation from the performance of strings on the upper portion of the 

array. Figure 56 shows the position of the strings on the array. The silicon 

reference cell was mounted on the roof in the region of string 24. 
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Figure 56: Diagram showing the stringing arrangement of the PV modules in 

the BIPV array 

The influence of shading on individual strings in the array was evident from the 

scatter in the plots of string current versus global irradiance (Figure 57). It was 

assumed that some of the scattering on the plots was not due to shading but could 
f 

be attributed to other factors such as temperature, reflection or variation in the 

operating voltage of the string. The use of hourly means as input data helped to 

mitigate this effect. The direct shading however appeared as a transitory `second 

curve' on the plot which was removed to calculate the gradient of the irradiance- 

current relationship for each unshaded string. 
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Figure 57: Graph showing the effect of shading on string performance 

(data from one day in August, string 1) 

The transitory curve caused by the direct shading is the lower curve on the graph 

in Figure 57. The performance of each string was analysed over a number of time 

steps through the day in order to identify and remove the 'shading' curve. Analysis 

of the data from the strings revealed a distinct trend which depended upon the 

physical location of the string on the array. The current - irradiance curve was 

plotted and the `shading' curve removed, for all strings for three consecutive days 

in May. The average gradient of the resultant curve and a `diffuse 6orrection 

factor' was then calculated. Table 7 shows the calculated gradients and factors 

for all strings on the array. 

. " 

tý I 

004 

152 



Table 7: Calculated diffuse correction factors to account for the varying 

amounts of diffuse light received across the facade 

String 

number 

Cladding 

level(s) 

Location on 
facade 

Average 

gradient 

Diffuse correction 
factor 

29 1&2 west 3.94 80.8% 

28 1&2 west 3.97 81.4% 

5 1 east 4.35 89.2% 

16 1 central 4.40 90.1% 

15 1 central 4.41 90.5% 

6 1 east 4.46 91.4% 

7 2 east 4.47 91.6% 

26 4&5 west 4.47 91.6% 

21 1&2 central 4.47 91.7% 

3 2&3 east 4.51 92.5% 

14 2 central 4.51 92.5% 

17 2 central 4.52 92.6% 

30 3&4&5 west 4.55 93.3% 

1 4&5 east 4.57 93.8% 

22 all central 4.58 93.9% 

18 3 central 4.68 96.0% 

23 3&4 central 4.71 96.6% 

31 3&4&5 west 4.73 97.0% 

8 3 east 4.74 97.2% 

13 3 central 4.74 97.2% 

4 2&3 east 4.75 97.4% 

19 4 central 4.78 98.0% 

25 3&4&5 west 4.78 98.0% 

12 4 central 4.81 98.6% 

27 2&3 west 4.82 98.7% 

9 4 east 4.83 99.0% 

24 4&5 central 4.84 99.3% 
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String 

number 

Cladding 

level(s) 

Location on 
facade 

Average 

gradient 

Diffuse correction 
factor 

2 4&5 east 4.84 99.3% 

10 5 east 4.84 99.3% 

20 5 central 4.85 99.5% 

11 5 central 4.88 100.0% 

The removal of the transitory ̀ shading' curve on strings at the western end of the 

facade (i. e. string numbers 25 - 31) was not as accurate as the manipulation for 

the other strings. This was due to the complicated shading patterns created 

morning and afternoon by the chimney in front of the array at that end of the 

building. 

The analysis shows that strings on the central, upper part of the array (cladding 

level 5) receive the most insolation, which can be expected as they have a 

virtually unobstructed view of the hemisphere of the sky. However, strings on the 

lower part of the array (cladding level 1) experience diffuse shading from the 

surrounding buildings and this is confirmed by the lower gradient of their 

`performance' curve. This diffuse shading caused by surrounding buildings is 

0 
clearly shown in Figure 58. 
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Figure 58: Variation in the solid angle of the sky seen by different parts of 

the facade [152] 

The results in Table 7 show that PV modules mounted on the bottom two storeys 

of the Northumberland Building generated around 10 % less energy than those 

mounted on the upper levels, considering only the effect of `diffuse' shading. 

This is considered to be a conservative indication for city-centre facade 

performance, as the Northumberland Building facade has a relatively 

unobstructed space in front of it, particularly as compared to many congested 

urban areas. As this diffuse shading is compounded with a reduction in power due 

to direct shading, it is evident that the performance of PV cladding installed at or 

near ground level in the urban environment is not optimal. 

4.3.1.2 Direct shading 

In order to determine when a particular string experiences direct shading, a 

heliodon was used on a scale model of the facade and the surrounding buildings 

in order to simulate shading conditions on the array over the course of a year. The 
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construction of the heliodon model and the recording of the shading was 

undertaken as part of one of the parallel BIPV projects being undertaken by 

researchers at NPAC. The heliodon consisted of a platform upon which the scale 

model was placed, which had a variable angle of tilt according to the desired 

latitude. The elevation and azimuth of the heliodon light source could be altered 

to simulate the apparent motion of the sun. Photographic records were made of 

the simulation and these could be used to assess the annual shading on each 

string. An example of these records is shown in Figure 59. This enabled all 

patterns of string shading to be identified for various time periods of year. 

I Figure 59: Heliodon simulation of shading on Northumberland facade 

4.3.1.3 Calculation of radiation received by the array 

The next step in the methodology was to estimate the amount of irradiance on any 

given string. For this calculation, it was assumed that the incident direct 

irradiance on a string was equivalent to the direct irradiance received by the array 

plane sensor. For a shaded string, the direct irradiance is zero. 
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The incident diffuse on a string is equivalent to the diffuse irradiance received by 

the array plane sensor multiplied by the `diffuse correction factor' to account for 

string position on the facade. In order to assess the proportions of diffuse and 

direct light that the string receives, a suitable isotropic diffuse model should be 

used [153]. An isotropic prediction is appropriate in this case as it was assumed 

that any directional component of the diffuse irradiance was eliminated by the 

direct shading. 

The steps of the methodology are summarised below: 

1. The performance characteristic of each unshaded string is defined. This 

gradient describes the current output in terms of global irradiance, taking into 

account the position of the string on the array, and thus determines a `diffuse 

correction factor'. 

2. The heliodon records are used to assess whether each string is shaded at any 

given moment. This establishes whether the direct shading factor is 0 or 1. 

3. Direct and diffuse irradiance are calculated from monitored global irradiance. 

The factors to correct for shading and position on the facade are applied to 

these values to give the total irradiance incident on each string. 

4. The string current can be derived from the calculated radiation on the string of 

modules. 

The above methodology would need to be programmed into a computer in order 

to carry out an assessment of the actual shading on the Northumberland Building, 

which was beyond the scope of this research. An estimate of the shading on the 

Northumberland Building, however, concluded that the losses were in the region 
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of 20 % (for direct and diffuse shading) [154]. This compares with typical losses 

for BIPV systems installed in Germany and Spain of around 9% [155,156] 

43.1.4 Conclusions 

The effect of shading on string performance has been presented. It was shown that 

there are two components of shading, and these are related to the components of 

direct and diffuse irradiance. 

A study was conducted to develop a method of calculating the amount of 

irradiance on the array over the course of the year. This method can be applied to 

any BIPV system design and the results of the calculations could be used as input 

to predictions of system output. 

The method first assesses the varying quantities of diffuse irradiance received by 

each string in the array according to the amount of sky `seen' by the string. This 

is termed the diffuse shading. It then assesses the amount of direct shading 

received over the array, using photographic records from a heliodon simulation of 

the incident sunlight on a scale model of the building and its surroundings. Then, 

" for each string, the resulting irradiance - according to whether it receives direct 

shading, and the extent of the diffuse shading - can be calculated according to a 

suitable irradiance model. 

Work by other researchers on the issues of shading for BIPV systems has 

focussed on creating panoramic photographs of the hemisphere onto which the 

array plane faces [157,158,159,160]. The horizon is defined according to these 

photographs and this pattern for `near shading' is then fed into a computer 
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simulation tool which predicts the resulting irradiance according to one of the 

radiation models available [161]. 

The method presented in this thesis is more heavily reliant on measured data and 

so is more cumbersome to use, but presumably also more reliable than the 

methods dependent on computer simulation of data, as these are normally based 

on long term average irradiance records, and not on the actual irradiance at the 

site. It would also be more appropriate to use on-site irradiance measurements for 

performance guarantee purposes. 

4.3.2 Temperature investigations 

Having assessed the amount of light falling on a PV system, it follows to estimate 

the typical module operating temperature of the system. In this way, the 

performance of a building integrated system can be modelled using representative 

values for both irradiance and temperature. The BIPV cladding prototypes and the 

Northumberland Building facade were used to model the effect of temperature on 

different types of cladding design, thereby demonstrating the impact of cladding 

design on module temperature and efficiency. 

4.3.2.1 Module temperature 'variation with position on the Northumberland 

Building 

Generally speaking, only small (< 2 °C) temperature variations between the five 

levels of cladding were recorded across the Northumberland Building facade. The 

temperature of modules at the top and bottom of the facade were usually slightly 

lower than those in the middle section of the facade during daylight hours. This 

could be attributed to an increase in the air flow rate at these extremities of the 
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facade (there is a pedestrian walkway under the building), although the difference 

is close to being within instrument Accuracy and so it is difficult to confirm this. 

The effect of shading on operating temperature is evident in the early morning, 

when module temperatures of the shaded lower strings lag behind those of the 

illuminated upper strings. 

As the temperature variation with respect to position on the array was very small, 

the positional term has been neglected for the temperature analyses carried out in 

the following sections. Instead, the module temperature data for the 

Northumberland Building has been selected from the uppermost cladding level, 

close to the irradiance sensor, in order to avoid shading effects which would bias 

the results. 

4.3.2.2 Temperature - Irradiance Model 

This section presents a study of three different building cladding designs and 

quantifies the effects of temperature on PV module performance, in comparison 

with the thermal performance of the free-standing modules on the Pandon BIPV 

monitoring station. 

Since the temperature coefficients of a PV module are usually specified at the 

stable irradiance conditions of STC, the varied irradiance levels experienced in 

real conditions must also be accounted for. The effect of module temperature on 

power output can then be quantified. 

The temperature - irradiance relationship has been defined for each building 

cladding system. This has been done by applying the temperature - irradiance 

model developed previously in Chapter 4.2.3. Figure 60, Figure 61 and Figure 62 
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show the correlation for the Northumberland Building, the vertical rainscreen 

cladding and the ventilated facade, respectively. Although the graphs have been 

plotted for different months of operation, they are all for individual summer days 

with an in-plane irradiance peaking at 600 W/m2 or more, and ambient 

temperatures between 20°C and 30°C. The selection of bright days such as these 

minimises the scatter in the data. In all cases, data sets of ten minute readings 

were plotted. 

Figure 60: Temperature - irradiance relationship for Northumberland PV 

cladding system 

0 

Regression analysis shows that the curve for the vertical rainscreen system has 

the steepest gradient of 0.04°C/W/m2, followed by the rainscreen overcladding 

system on Northumberland Building and also the ventilated facade which have 

identical gradients of 0.035°C/W/m2. These gradients are 75% and 52% higher 

than that calculated for the free standing system on the BIPV monitoring station 

(0.023°C/W/m2), as derived in Chapter 4.2.3. 
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Figure 61: Temperature - irradiance relationship for vertical rainscreen 

cladding 

The curves in the graphs for both the Northumberland facade and the ventilated 

facade demonstrate the effects of thermal lag in the cladding materials. The lower 

part of the curve is for data recorded in the morning; the air velocity increased 

almost linearly with irradiance until solar noon, after which it increased sharply as 

the irradiance was above 800 W/m2 for over 2.5 hours, before slowly decreasing 

as the irradiance level decreased in the afternoon. The thermal lag was 

particularly apparent because of the low wind speeds; the scatter on such plots is 

greatly increased for high wind speeds. This may also be a phenomenon which 

occurs with the vertical rainscreen and the free-standing control system, but 

higher wind speeds have caused some scatter in the data and this is difficult to 

see. 
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Figure 62: Temperature - irradiance relationship for ventilated facade 

4.3.2.3 Comparison of rainscreen overcladding performance over one month 

Figure 63 and Figure 64 show the average temperature - irradiance models for the 

rainscreen cladding and Northumberland cladding system respectively, calculated 

for the month of September 1996. The following graphs were plotted using daily 

averages over a one month period rather than the ten minute instantaneous 

readings used previously. This reduces the scatter in the model. 
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Figure 63: Rainscreen cladding temperature - irradiance model, daily 

averages, September 1996 

The improved temperature coefficient of the Northumberland Building over the 

rainscreen cladding is quite marked and further consolidates the results from the 

instantaneous models described in the previous chapter. 
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Figure 64: Northumberland cladding temperature - irradiance model, daily 

averages, September 1996 
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The gradient of the curve for the Northumberland Building is around 40 % 

shallower than that for the vertical rainscreen cladding (insulated), indicating a 

corresponding improvement in operating efficiency. This shows are greater 

improvement in performance than the models derived from the instantaneous 

data. 

4.3.2.4 Effect of irradiance distribution 

Data describing the temperature - irradiance relationship was plotted for days of 

varying irradiance, in order to investigate whether different irradiance 

distributions had any effect on the gradient of the curve. The instantaneous data 

from the Northumberland Building facade was plotted for individual days in order 

to study this effect. The model was constrained to have a zero intercept, in order 

to enable better comparison of the gradients. This is a reasonable assumption, as 

the modules should sit at approximately ambient temperature in the dark. 

In order to first assess the irradiance type on the days to be selected for the 

investigation, instantaneous data from the north and south silicon reference cells 

were analysed. It was assumed that for days of very evenly distributed (isotropic) 
S 

irradiance, the levels received by both the north and south facing reference cells 

would be approximately equal. Therefore, by calculating the ratio south : north 

irradiance, a useful indicator of irradiance distribution can be determined. 

Several days in May, September and January were used for this analysis, in order 

to study the model in different irradiance conditions at varying solar altitude 

angles (of different seasons). The days in May were initially studied, as there 
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were a number of overcast days followed by several sunny days, such that both 

types of day could be easily compared. 

Figure 65 shows the model plotted for a clear sunny day in May, with an average 

irradiance on the horizontal plane of 580 W/m2. The gradient of the regression fit 

curve is 32.01 °C/kW/m2. 
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Figure 65: Temperature - irradiance model for clear day in May 1997; 

0 average horizontal plane irradiance: 580 W/m2 

Figure 66 shows the model plotted for an overcast day in May, with average 

irradiance of 100 W/m2. The data from the silicon reference cells revealed that 

the irradiance was very evenly distributed over the north and south planes 

throughout the day, and could be described as isotropic. The gradient of this 

regression fit curve is 44.76 °C/W/m2. 

s 
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Figure 66: Temperature - irradiance model for overcast day in May 1997; 

average horizontal plane irradiance: 100 W/m2 

The model was then plotted for several more days in May, September and 

January. Table 8 shows the gradients calculated for each day. The data have been 

sorted according to the slope of the gradient. For the days analysed, it can be 

seen that the gradient is showing a dependence on the type of irradiance, and that 

this is independent of season. The model plotted for the 1' June , which appears 

to have been a very clear day, shows the lowest gradient, whilst the model for the 

1 9`h January, which was extremely overcast, reveals the highest gradient. 
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Table 8: Temperature - irradiance gradients for various types of irradiance 

distribution 

Date Irradiance level and description of 

distribution 

Gradient of 

model [°C/W/m2] 

01-Jun sunny hot day -1 kW/m2 horizontal irradiance 24.73 

24-May sunny all day -1 kW/m2 horizontal irradiance 32.06 

23-May sunny all day -1 kW/m2 horizontal irradiance 32.36 

22-May sunny all day -1 kW/mz horizontal irradiance 35.22 

25-May sunny -1 kW/m2 occasional cloud 35.5 

20-Jan fairly bright cold day -200 W/m2 horizontal 

irradiance with sunny patches (800 W/m2 in- 

plane irradiance) 

36.96 

18-May isotropic diffuse although bright; reaches 

500 W/m2 in afternoon 

37.6 

16-May diffuse, bright in middle of day [500 W/m2] 39.93 

17-May isotropic diffuse-200 W/m2 all day 44.76 

19-May diffuse, bright in middle of day [500 W/m2] 46.09 

16-May (cf same date above) 

diffuse, omitting bright spell 

47.53 

19-May (cf same date above) 

diffuse, omitting bright spell 

51.05 

19-Jan isotropic diffuse cold grey day; maximum 

irradiance 100 W/m2 

70.27 

This result is perhaps contrary to expectations. One might expect that the 

gradient would be steeper for higher levels of irradiance, which would result in 

168 



higher ambient temperatures and higher power generation from the PV modules. 

However, this is evidently not the case, as the coldest, dullest day produces the 

steepest gradient, as shown in Figure 67. This January day received an average of 

29 W/m2 and peaked at only 100 W/m2, which resulted in a temperature - 

irradiance model gradient of 70.29 °C/W/m2. 
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Figure 67: Temperature - irradiance model for very overcast day in January 

1997; average horizontal plane irradiance: 29 W/m2 
0 

In order to further isolate the phenomenon, data from two of the days in May (16`h 

May and 19" May) have been manipulated to exclude all the data from the 

periods of brightness. It can be seen in Table 8 that the gradient for this 

manipulated data becomes steeper than for the data which includes the bright 

spells. One possible explanation for this behaviour is that there is a shift in the 

spectrum for very diffuse days, which would result in predominantly blue 

wavelengths of light incident on the PV facade. This spectrum of light is not well 
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fitted to the band gap of the silicon PV module, and therefore more of the energy 

received by the modules is wasted as heat. 

43.2.5 Effect of seasonal variation 

Further analysis was carried out to assess whether seasonal climate differences 

had any effect on the temperature - irradiance model. This work was carried out 

as part of a collaborative project funded by the European Commission and 

represents analysis conducted in conjunction with other researchers [162]. 

The results were calculated using average daily data, as this had been found to 

eradicate some of the scatter. The averages of module temperature were 

calculated over the operating period of the PV system, as it is the increase in 

temperature over the operating period which causes any loss in power generation. 

The averages of ambient temperature, however, were calculated over the 24 

period, as this is how meteorological data is normally available. Since the purpose 

of the model was to use it to predict typical operating temperatures, this skewing 

of the time periods was considered to be appropriate. Two coefficients were first 

calculated to describe the gradient of the temperature - irradiance relationship: 
0 

one using the daily insolation (kWh/m2) and the other the average irradiance 

(kW/m2). It was found that a seasonal difference was evident in the insolation 

coefficient, which was steeper during the winter months. This can be explained if 

the number of daylight hours is considered. For example, a 500 W/m2 average 

daily irradiance integrated over 2 hours in winter would give a higher gradient 

than the same irradiance integrated over 8 hours in summer. For this reason, it is 

preferable to use the gradient calculated from average irradiance measurements, 

as this is more likely to tend to a single value across the year. Table 9 to Table 11 
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show the gradients of these irradiance curves for each month from January 1996 

to August 1997, for each of the systems investigated. 

Table 9: Ventilated facade results 

Jan-96 

Feb-96 

Mar-96 

Apr-96 

May-96 

Jun-96 

Jul-96 

Aug-96 

Oct-96 

Nov-96 

Dec-96 

Jan-97 

4 

May-97 

Jun-97 

verage 

Maximum 

Deviation 

Ventilated facade 

Ave. daily 

insolation 

[kWh] 

Ave. daily 

ambient temp. 

[°C] 

0.4 3.9 

2.1 2.3 

1.8 3.7 

1.9 7.4 

2.3 8.4 

3.0 13.7 

2.3 14.6 

2.3 15.4 

2.8 13.0 

1.7 10.1 

1.4 4.1 

0.6 2.2 

0.6 2.9 

1.3 4.8 

1.8 6.9 

2.2 8.2 

2.5 9.7 

2.2 12.9 

2.1 15.6 

2.5 17.1 

1.8 8.8 

0.4 2.2 

2.8 17.1 

0.72 4.96 

Ave. daily 

operating temp. 

[`C] 

8.5 

16.9 

14.9 

16.6 

16.8 

22.7 

22.7 

24.6 

25.2 

19.2 

17.1 

11.1 

9.3 

12.2 

16.1 

17.2 

19.4 

20.5 

23.2 

26.4 

18.0 

8.5 

26.4 

5.20 

Gradient of the 

irradiance curves 
[°C/kW/m2] 

52.1 

56.5 

57.2 

49.4 

50.9 

45.4 

47.0 

46.7 

44.1 

44.0 

50.5 

56.9 

48.0 

40.2 

47.1 

39.1 

42.2 

38.9 

54.7 

41.3 

47.6 

38.9 

57.2 

5.87 
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Table 10: Vertical rainscreen overcladding results 

Vertical rainscreen overcladding 

Ave. daily 

insolation 

[kWh] 

Ave. daily 

ambient temp. 

[°C] 

Ave. daily 

operating temp. 

[°C] 

Gradient of the 

irradiance curves 
[°C/kW/m2] 

Jan-96 

Feb-96 2.3 3.8 23.3 53.8 

Mar-96 1.4 4.2 18.2 62.5 

Apr-96 1.8 8.7 22.4 58.0 

May-96 2.1 9.5 24.5 59.5 

Jun-96 2.3 14.6 30.1 73.4 

Jul-96 2.2 16.0 32.0 74.6 

Aug-96 2.5 16.7 35.7 65.9 

Sep-96 2.0 13.8 30.0 61.2 

Oct-96 2.4 11.9 30.7 54.3 

Nov-96 2.1 6.1 25.4 48.5 

Dec-96 1.2 4.4 20.8 54.0 

Jan-97 1.6 4.1 24.6 61.1 

Feb-97 2.4 6.9 21.7 46.1 

Mar-97 3.0 8.9 26.0 54.4 

Apr-97 2.4 9.6 23.3 60.1 

May-97 2.3 10.5 23.4 66.9 

Jun-97 1.6 13.4 22.5 51.7 

Jul-97 2.5 16.3 28.1 56.0 

Aug-97 2.6 18.4 30.6 53.9 

Average 2.1 10.4 26.0 58.7 

Minimum 1.2 3.8 18.2 46.1 

Maximum 3 18.4 35.7 74.6 

Standard 

Deviation 

0.45 4.75 4.52 7.61 
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Table 11: Northumberland Building results 

Jan-96 

Feb-96 

Mar-96 

IMay-96 

Nov-96 

Dec-96 

Jan-97 

Feb-97 

May-97 

Jun-97 
0 

Average 

Minimum 

Maximum 

Standard 

Deviation 

Northumberland Building 

Ave. daily 

insolation 

[kWh] 

Ave. daily 

ambient temp. 

['C] 

0.3 4.8 

2.0 3.5 

1.0 4.1 

2.3 8.3 

2.9 9.1 

3.3 14.4 

2.9 15.1 

3.1 16.2 

2.3 13.4 

2.3 11.3 

1.7 5.9 

0.8 4.0 

1.0 3.9 

2.3 6.8 

3.3 8.3 

2.9 9.0 

3.3 10.7 

2.6 13 

2.2 9.0 

0.3 3.5 

3.3 16.2 

0.93 4.20 

Ave. daily 

operating temp. 

[0C] 

8.7 

13.3 

9.8 

16.6 

18.6 

24.0 

24.5 

27.8 

22.8 

21.3 

14.7 

9.1 

10.4 

15.0 

20.2 

19.3 

21.2 

21.3 

17.7 

8.7 

27.8 

5.79 

Gradient of the 

irradiance curves 
[°C/kW/m2] 

30.9 

34.9 

21.5 

39.2 

39.4 

37.2 

43.2 

37.9 

39.4 

36.1 

33.7 

21.1 

40.4 

30.3 

29.6 

35.8 

36.4 

36.1 

34.6 

21.1 

43.2 

6.01 

As expected, the irradiance coefficient does not show any trend in variation due to 

season, although there is an extremely wide variation in values for each system. 

Figure 68 shows these gradients plotted on a single graph. 
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Figure 68: Gradients of the monthly irradiance curves 
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It can be seen that the gradients vary considerably. With a larger database, 

however, it may be possible to demonstrate that each curve tends towards a 

constant value. The vertical rainscreen cladding exhibits particularly wide 

variability. This is because temperatures reached by this facade are generally 

higher and therefore any other climatic effects, such as wind, are likely to cause a 

proportionally large variation in the gradient. 

` It is recommended that future work is initiated to identify the cause of the 

variation, which is thought to be related to environmental factors such as wind 

speed or the extent of fluctuations in irradiance levels. For example, a day of 

steady irradiance would possibly create a steeper gradient than a day of varying 

irradiance due to thermal lag of the cladding element. 

It is considered that an extended test period would eventually produce a more 

accurately defined gradient for each system, although it is expected that several 

years of data would need to be analysed before the climatic effects are negated. 
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Using the average coefficients determined from the irradiance curves, as noted in 

Table 9, Table 10 and Table 11, it is possible to calculate a module operating 

temperature based on the conditions used for defining NOCT of a module. The 

NOCT conditions are irradiance of 800 W/m2 at AM 1.5 (normal incidence), 

temperature of 20 °C and wind speed of 1 m/s, as defined in Chapter 2.2.2. For 

reference purpose, this operating temperature can be termed the `Real' Operating 

Cell Temperature, or ROCT. The ROCT has been calculated for each of the 

cladding systems from the temperature - irradiance model defined previously. 

The calculated ROCT is 66.9 °C for the rainscreen cladding system, 58.1 °C for 

the ventilated facade and 47.7 °C for the Northumberland Building. This 

compares with 38.4 °C calculated for the free-standing modules on the BIPV 

monitoring station. 

It should be noted that for the vertical rainscreen overcladding system the 

insulation was removed at the end of May 1997. This action appears to have had 

an effect, operating temperatures being reduced for the following three months by 

between four and seven degrees centigrade, compared to the previous year (see 

Table 10). During June 1997, however, insolation levels and ambient 

temperatures were low (in relation to the previous year and to average levels). 

The resulting module operating temperature for this month would therefore be 

expected to be lower. Continued testing over a longer period would be required to 

confirm this temperature reduction and to measure the extent of its effect. As the 

work was carried out as part of an EC project with a two year funding period, it 

was not possible to extend the test schedule. 
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4.3.2.6 Voltage - Temperature Model 

As described in Section 2.2.2, changes in module operating temperature influence 

the operating voltage of a PV array. Analysis of the array voltage at typical 

operating temperatures was therefore carried out for the Northumberland Building 

rainscreen system to assess this effect. 

To study the effect of operating temperature on the performance of a PV system, 

it is desirable to look at the correlation of module temperature with both voltage 

and current. However, as it is difficult in practice to separate the two parameters 

and, since the effect on voltage is dominant, the effects on system performance 

have been analysed with respect to voltage. 

It is extremely difficult in practice to study the effects of temperature on operating 

voltage for a system as complex as the Northumberland Building. This is due to 

the variation in irradiance (and hence temperature) across the array; the problem 

is compounded by the maximum power point tracking of the inverter, which 

drives all strings to the same voltage. 

0 
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Figure 69: Northumberland Building: array voltage versus module 

temperature 

Data were analysed for both May and August. Although a temperature effect can 

clearly be seen for the month of August (Figure 69), when irradiance levels over 

the array were quite stable and close to STC, this relationship is difficult to 

predict for winter months, when parts of the array are heavily shaded. This 

indicates that, for such a system, the shading is actually the overriding 

consideration regarding system performance. 

The above curve consists of data recorded over three consecutive days and can be 

split into three distinct sections. The first section is for module temperatures 

below 20°C, where the array voltage is independent of temperature. This period is 

characterised by the steady rise and fall in voltage as the inverter starts up and 

closes down the PV system. The second section is caused by low light levels, 

where some temperature dependence is revealed, although the voltage is mainly 
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governed by the irradiance and the level of shading on the array. The third section 

is for module temperatures between 28°C and 58°C, where the curve is clearly 

temperature dependent and yields about 2.1 mV/°C/cell. 

The same type of behaviour is observed for all days studied to date, but, for less 

stable irradiance conditions or higher levels of shading, most of the data fall in the 

second section of the curve and there is more scatter in the third, temperature 

dependent section. 

Further analysis of the array voltage at typical operating temperatures was then 

carried out for the vertical rainscreen cladding system to investigate the 

relationship between open circuit voltage and module temperature. The voltage 

data were divided by the natural logarithm of the in-plane irradiance to correct for 

the variation in irradiance. The analysis resulted in the curve shown in Figure 70, 

which has a gradient of -0.22 V/W/m2/°C. 
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Figure 70: Rainscreen cladding normalised open circuit voltage versus 

module temperature 

This gradient equates to a voltage drop of 2.31 mV/°C/cell, which is close to that 

specified by BP Solar for these modules. The rainscreen system is thus behaving 

as would be expected for an array in full sunlight. 

The curve plotted in Figure 61 can be described by the following general 

equation, as defined in Section 4.2.3 and repeated here: 

AT. = aOGi, + Ta 

From Figure 70 the following equation can be derived: 

AT, = bEV0, +C (28) 

where: Va = open circuit voltage; 

a 
a 

a 
a I A 

a asa ate! a 

a aka 
iý aaýa 

b= voltage - temperature gradient; 
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c= voltage - temperature intercept. 

If equation 27 is substituted into equation 26, the following relationship can be 

defined to predict voltage drop according to irradiance and ambient temperature: 

AV = 
aAG,, + Ta -c (29) oc b 

For the vertical rainscreen cladding system studied in this paper, a=0.04, 

b=0.22 andc=22. 

4.3.2.7 Investigation of typical operating temperatures of rainscreen cladding 

designs 

The number of incidences of different ranges of operating temperature for the two 

rainscreen cladding designs (vertical and inclined) is depicted in Figure 71, 

plotted for May 1996. 

1600 

1400 O Rainscreen   Northumberland 

1200 -- -- --- 
d 

1000 - v v 
O 800 
Ö 

600 

E 400 - - M 
Z 

200 

0 
0-10 10-20 20-30 30-40 40-50 50-60 

Operating Temperature [°C] 

Figure 71: Distribution of facade operating temperatures for 

Northumberland Building, May 1996 
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These two systems are mounted on adjacent buildings and so can be said to 

receive approximately the same insolation at similar levels of ambient 

temperature (whereas the ventilated facade experiences a slightly different 

climate, which could affect the results). It can be concluded that the 

Northumberland Building cladding system is operating at a lower temperature 

than the insulated vertical facade. 

This analysis of 10 minute average data available for the vertical rainscreen 

facade and for the inclined Northumberland facade is shown to be in general 

agreement with expectations based on the gradients defined in Chapter 4.3.2. 

4.3.2.8 Average monthly operating temperature 

Figure 72 illustrates the average daily module operating temperature for each 

month for the three different systems analysed. This work was carried out as part 

of the collaborative EC project. The graph shows the expected cyclic seasonal 

variation on all three systems. It can clearly be seen that the vertical rainscreen 

overcladding system runs significantly hotter than the other systems. Annual 

average module operating temperatures are given in Table 12. Values vary 

between 17.7°C -18.1°C for the ventilated facade, 25.6°C - 27.1°C for the 

vertical rainscreen overcladding, and 17.6°C -19.2°C for the Northumberland 

Building. For this work, the ventilated facade was operating in its `open' mode, 

i. e. air from the PASSYS test cell was able to flow to and from the interior of the 

facade. 
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Figure 72: Average daily module operating temperature for each month 

This work has developed a methodology by which module operating temperatures 

of different PV cladding systems in different locations can be compared. The 

results developed indicate that for a PV system which is designed to promote 

cooling of the modules by the flow of ambient temperature air - the 

Northumberland Building - its effectiveness can be almost twice that of a system 

which allows limited cooling but which does not promote it - the vertical 

rainscreen overcladding. 

182 

o 
Jan-96 Mar-96 May-96 Jul-96 Sep-96 Nov-96 Jan-97 Mar-97 May-97 Jul-97 

-Vent. fac. -X- R/screen -"- Northumberland 



Table 12: Average daily operating temperatures measured over one year 

Ventilated 

facade 

Vertical 

rainscreen 

overcladding 

Northumberlan 

d Building 

Jan. 96 - Dec. 96 18.0 17.6 

Feb. 96 - Jan 97 18.1 26.5 17.7 

Mar. 96 - Feb. 97 17.7 26.3 17.9 

Apr. 96 - Mar. 97 17.8 27.0 18.8 

May 96 - Apr. 97 17.9 27.1 19.0 

June 96 - May 97 18.1 27.0 19.2 

July 96 - June 97 17.9 26.3 19.0 

Aug. 96 - July 97 17.9 26.0 

Sept. 96 - Aug. 97 18.1 25.6 

4.3.2.9 Peak module operating temperatures 

As noted previously, the ventilated facade and the Northumberland Building PV 

cladding systems are both specifically designed to allow ventilation and thereby 

cooling of the PV modules. The vertical rainscreen overcladding, although not 

specifically designed to promote air flow, was designed as a conventional 

rainscreen cladding element and, as such, has a very restricted air flow. During 

the test period, the systems reached peak module operating temperatures of 

69.4°C, 55.5°C and 57.4°C, for the vertical rainscreen overcladding, the 

ventilated facade and the Northumberland Building respectively. 
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Most commercial PV modules are certified according to IEC standards [163,164], 

which entail a series of environmental, physical and electrical tests which the 

module must withstand. These tests include thermal cycling of the modules up to 

temperatures of 85 T. It is important, when designing a BIPV system, that 

adequate ventilation of the modules is provided, otherwise the system may reach 

temperatures above those which the module is certified to withstand. 

4.3.2.10 Conclusions 

Two BIPV cladding prototypes were installed to investigate the performance of 

alternative cladding designs. The main emphasis of this work was on thermal 

performance. The thermal performance of the Northumberland Building was 

therefore studied in conjunction with the results from the two BIPV cladding 

prototypes. 

The temperature - irradiance model determined from the BIPV monitoring station 

data was used to define temperature - irradiance curve gradients for each of the 

building cladding designs. It was found that the performance of the inclined 

rainscreen cladding system (Northumberland Building) was comparable with that 
0 

of the ventilated facade prototype. The vertical rainscreen system had the poorest 

performance. The temperature - irradiance gradients of the Northumberland 

Building and the ventilated facade show that these systems heat up 52 % more 

quickly than the free-standing module on the BIPV monitoring station. The 

gradient of the vertical rainscreen system shows that it heats up 75 % more 

quickly than the free-standing modules. 
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Further analysis of the data from the two rainscreen cladding systems was carried 

out using daily averages, as opposed to instantaneous readings. This was found 

to mitigate the scatter in the curves. The model was then investigated at various 

levels of irradiance. It was found that at low levels of irradiance, where there was 

more diffuse irradiance, the curves tended to be steeper. This is thought to be due 

to the increased proportion of blue light in diffuse irradiance, which affects the 

spectral response of the modules. 

Further investigations looked at the seasonal dependence of the model. It was 

found that there was considerable variation in the gradients of the curves, and this 

is thought to be due to spectral shifts, as well as other effects such as wind speed, 

direction and aerosol content. It was concluded that, in order to determine a 

reliable value for an average annual curve gradient, several years of monitoring 

data would have to be analysed. 

In addition, the peak module operating temperatures of each cladding design were 

identified. It was found that the ventilated facade and the Northumberland 

Building reached temperatures of around 55 °C, whilst the vertical rainscreen 

" cladding system reached around 70 T. It is important that BIPV cladding 

systems do not reach temperatures higher than those in the IEC Standard which 

the modules have been shown to withstand. 

It should be noted that PV modules are usually rated at Standard Test Conditions 

of 1000 W/m2 and 25°C, with the NOCT (Normal Operating Cell Temperature) 

depending upon the cell type. In a temperate climate such as the UK, ambient 

temperature is often cooler than Standard Test Conditions of 25°C, which can 

enhance the module performance. 
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The Voc data from the vertical rainscreen system was used to study the impact of 

operating temperature on voltage. The system behaved as would be expected 

based on manufacturer's data. An equation was then defined to determine voltage 

drop due to operating temperature. 

43.3 Mismatch 

Previous analyses have gone some way to allocating the system losses to the relevant 

causes, e. g. temperature variation, shading, module soiling, mismatch and cabling 

losses. However, due to the complexity of such a system, the percentage allocated to 

these losses has usually been assumed for these studies [165]. It is the purpose of this 

' investigation to further identify and confirm the losses attributable to mismatch and 

cabling. 

The I-V characteristic of each of the laminates was recorded at the manufacturing 

plant before integration into the building cladding elements. When analysed 

statistically, it was found that the power rating of the 465 modules could be described 

by a normal distribution, with a mean of 85.9 Wp and a standard deviation of 1.3. 

During the design phase of the PV system, it was specified that the modules in each 

string should be of a similar power in order to optimise the array performance. 

Ideally, they would be ranked in order, such that all 15 modules in each string were as 

closely matched as possible. However, as the PV laminates were being integrated into 

the cladding elements by non-PV specialists, this would have been too labour 

intensive, and would have increased the costs of the project unnecessarily. 

Nevertheless, it was not considered desirable to have a completely unsorted array, as 

this could lead to an unacceptable power loss. It was therefore decided that the 
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modules would be sorted into two batches, A and B, according to the measured power, 

and that the cladding manufacturers would ensure that each string was made up of 

laminates of the same classification. This process could be carried out with relative 

ease by the cladding manufacturers. It was ensured that all of the higher powered, 

A-rated cladding units were positioned on the upper half of the facade, where they 

would receive the most sunlight. 

This investigation presents performance simulations of the PV system under the 

conditions described above as well as a number of hypothetical arrangements, and 

compares the advantages of each method of installation. 

4.3.3.1 Mismatch due to module rating 

In order to assess the batch method of sorting described above, the I-V 

measurements were recorded according to serial number by the PV manufacturer, 

and the serial numbers in each cladding unit listed by the cladding installers. The 

I-V data were then used to create a spreadsheet model of the array, in order to 

simulate the array MPP under the ideal conditions governed by STC. 

" Several hypothetical sorting and matching scenarios were simulated, including 

the actual arrangement of the array as it was installed. These scenarios are listed 

below: 

" Ranking power order: the modules are sorted in order from highest to lowest 

module MPP power rating and blocks of fifteen are taken sequentially to form 

each string; 
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0 A-B batch power order: the modules are sorted into two batches of equal 

number. A-rated modules have above average MPP power output, B-rated 

modules are below average; 

" the above two sorting methods are repeated for both MPP current and MPP 

voltage in turn; 

" serial order: the modules are sorted according to serial number, as they would 

probably arrive at the cladding manufacturers; 

" random order: the modules are ordered according to a spreadsheet-generated 

random order distribution. 

The MPP power loss was calculated for each of the above cases as a percentage of 

the actual array power available, i. e. the summed power output of the modules 

used to make up the array. Figure 73 shows the simulation results for an array 

with a single inverter. The A-B power order is the scenario which actually exists 

for the Northumberland Building. 

The simulated results indicate a loss in MPP ranging from -2.5 to -6.4% of actual 

power installed. The best case scenario is for modules sorted according to MPP 

current. This is because the current is the overriding factor in a string of series 

connected modules. The lowest MPP current dictates the operating current of the 

string and so the least power is lost if the current of each module is closely 

matched to the remaining modules in the string. 

Conversely, the highest power loss occurs when the modules are ranked 

according to voltage. Since the 31 strings in the array are connected in parallel, 

the lowest string voltage denotes the final operating voltage of the array. 
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Therefore, if the modules are ranked according to voltage, the greatest inbalance 

in string voltage is created, causing a high power loss. 
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Figure 73: MPP losses as a percentage of available array power for a single 

inverter array 

It is interesting to note that ranking according to power does not lead to the 

anticipated reduction in power loss. This is due to the fact that the power rating 

of the modules is a multiple of both current and voltage, and that an increase in 

module power can be due to either higher voltage or current. Gains caused by 

matching of current are thus negated by the ordered voltages, which creates a 

greater spread in string voltage. Additionally, as there are more parallel strings 

than series modules, the losses caused by voltage inbalance outweigh the gains 

created by matching module currents in the string. This is confirmed by the result 

from the batch ordered voltage simulation, which indicates very similar losses to 
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the batch ordered power condition, showing that voltage is the overriding 

parameter in both cases. 

It can be deduced that a minimum power loss could be achieved by first sorting 

the strings such that the currents of each module are closely matched, and then 

reordering to create strings of equal voltage. However, the reordering procedure 

is extremely laborious and time consuming, and must be done by hand using 

human judgement only. The simulated current ordered modules were given a 

preliminary sorting in order to try to improve the performance of those strings 

with the lowest voltage. This achieved a final loss of 1.76 % for current and 

voltage ordered modules, until it became too difficult to reorder the strings further 

to achieve an increase in power. It is considered that a system with a very large 

number of modules in each string would benefit more from the reordering 

according to voltage, as there would be a greater spread of voltages within each 

string. 

Interestingly, a random sorting of modules causes slightly less power loss than 

both of the power ordered options as well as the batch ordered voltage method. 

" This is probably due to randomising the module voltage, thus reducing the losses 

due to voltage inbalance. - It can be seen that random sorting is almost as 

successful as an A-B batch sorting according to current. 

A simulation of the modules sorted according to manufacturer's serial number 

was also conducted. This is likely to be the way in which the laminates would 

normally be delivered to the cladding manufacturer, and probably the way the 

cladding elements would have been made up had there been no other instructions. 

It is possible that there has actually been some `batch effect' in the PV 
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manufacturing process, as around 1% higher losses have occurred as compared 

with the truly random ordering of modules. 

A second simulation of each of the above scenarios was then conducted for a 

hypothetical array installed with string inverters. The results of these simulations 

are shown in Figure 74. 
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Figure 74: MPP losses as a percentage of available array power, for an array 

with string inverters 

Overall, the mismatch losses simulated for the string inverter system are 

somewhat lower than the single inverter array, as can be expected. Once again it 

can be seen that the best case scenario results with the current ordered modules. 

The lowest current in the string governs the operating current and so strings of 

closely matched modules result in minimum losses. In the string inverter case, 
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however, there are no losses caused by subsequent paralleling of the strings and 

so this system has the lowest power loss of all the simulations. 

The sorting methods according to both serial and random number generation are 

the worst options in the string inverter scenario. There is, of course, no 

comparison in this case with the additional losses caused by any ordering of 

voltages, as there was in the previous model. The voltage and power ordered 

methods are better than the random order, because modules with similar voltages 

or power levels are also more likely to have similar currents, due to the `batch 

effect' of the production process. 

Nevertheless, there is only a small advantage to be gained by either batch sorting 

or ranking according to voltage or power. Although in the string inverter case the 

losses are not exacerbated by paralleling an inbalanced array, the lack of current 

matching in the strings still causes between 2- 3% more power loss than for an 

array ranked in current order. For this system, there is also little improvement on 

these losses for an array which is batch ordered according to current. 

The benefits of using string inverters become quite evident when the losses due to 
f 

mismatch are analysed. An improvement of almost 2% would have been achieved 

on the Northumberland Building, using the batch power order method, if string 

inverters had been available at the time of installation. Further simulations 

revealed that the use of a. c. modules would improve this performance even 

further. 
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4.3.3.2 Mismatch due to cable losses 

The use of PV as a building cladding material further affects system design 

optimisation by constraining the route of the d. c. cabling to the inverter. The 

cabling arrangement can cause additional losses to those typical for a land-based 

array, because the route - and thus the length - of the cable is determined by the 

building layout and is frequently longer than that necessary for an array with no 

such constraints. The losses can be due to voltage drop in the cable as well as 

uneven cable lengths between the different strings and the inverter. 

As mentioned previously, the photovoltaic facade on Northumberland Building 

was designed to minimise losses due to shading. This was achieved by matching 

the geometry of the cladding elements with the daily shading patterns on the 

building over the year. Essentially, the central part of the array is strung 

horizontally, and the east and west ends of the facade are strung in L-shapes or 

vertically, depending upon the shading conditions. The stringing arrangement was 

presented earlier in Figure 56. The use of the L-shaped strings creates further 

possible cabling losses within the strings. 

In order to identify how great these losses were for the Northumberland Building, 

the detailed design drawings were first studied to ascertain cable lengths. This 

revealed that the differences in cable length were considerable. The shortest 

distance was from string 22, with a cable length of about 10 m. However, this 

string suffered from four extended interconnection cable lengths of 6m each. 

The longest cable length was obviously from string 1, at around 60 m. 
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Having calculated cable lengths, the voltage drop attributable to each was 

calculated. For the 4 mm2 cable used to connect the array, the drop is 

11 mV/A/m. The maximum voltage drop of 4.61 V was experienced by string 2, 

which is furthest from the inverter room as well as having a long interconnect 

cable. The minimum voltage drop was 1.84 V, on string 16, and the average drop 

was 3.03 V. 

The effect on MPP power was then assessed. The calculated voltage drop was 

applied to the simulation of the A-B power ordered array, i. e. the installed 

conditions. Lastly, the effect of the blocking diode was incorporated into the 

model. A drop of 0.7 V was assumed on each string for this. As this loss is the 

same for each string, the diodes only add to cabling losses, rather than 

exacerbating the mismatch conditions. 

As show in Figure 75, the losses due to voltage drop, unequal cable lengths and 

blocking diodes are much smaller than those due to module and string mismatch. 

Total cabling losses of 0.91 % were simulated, with 0.69 % of this being caused 

by cable lengths and 0.22 % by the blocking diodes. This is partly accomplished 

" by the large cross sectional area of the cable, which has kept the voltage drop 

down. On inspection of the simulation, however, it was found that string 16, 

which had the lowest summed voltage at point of generation, fortunately also 

experienced the lowest voltage drop due to cable length. This has resulted in the 

best case situation for this array. Had string 16 experienced the worst voltage 

drop of 4.61 V, the cabling losses would have been doubled, at a simulated 

1.25 %. 
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Figure 75: Total mismatch, cabling and diode losses in the array 

The voltage drop caused by the lengths of cable also varies, to a lesser extent, 

depending upon the string current. Ideally the strings with low current should be 

connected using the longer cable runs, as this would reduce the resulting voltage 

drop. 

4.3.3.3 Conclusions 

For an array with a single inverter, the optimum method of sorting is by ranking 

the modules according to MPP current. The next best methods are either to 

batch-order according to current or, in fact, to have the modules selected at 

random. However, since it would be virtually impossible to achieve it truly 

random distribution of modules at the factory, the former method is considered to 

be more feasible. The worst possible losses for an array of this configuration 

would be caused by ranking the modules according to MPP voltage. 
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From the results it is evident that the trend towards string inverters and a. c. 

modules will have significant advantages regarding the reduction of mismatch 

losses. It can also be assumed that the use of smaller inverters would 

significantly reduce the voltage drop due to long lengths of cable. 

In addition, the use of string and module inverters would have benefits for an 

array which experiences a lot of partial shading. However, the unit power cost of 

smaller inverters tends to be higher, and so there would be some trade-off in these 

systems. It is recommended that future building integrated PV systems take the 

above factors into account during the design phase of the PV system. 

4.3.4 Soiling of the facade 

One of the key benefits of a grid-connected PV system is the relatively small 

amount of maintenance required to keep it in good working order. One aspect 

which can affect the system performance, however, is the accumulation of dust 

and grease on the surface of the PV modules. This varies depending on location, 

and might be expected to be particularly heavy in a city centre location. 

The cleaning procedure for the Northumberland Building facade is to clean the 

cladding surface annually using conventional window cleaning equipment. Due 

to the inclination of the cladding and the height of the building, a 'cherry picker' 

is used by the cleaning staff to reach all of the cladding panels. 

This section of the thesis investigates the effect of the annual cleaning procedure 

on the d. c. system efficiency. The module efficiency was calculated using the 

formula below, where P is power [W], 1A is array current [A], V4 is array voltage 
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[V], G, is plane-of-array irradiance [W/m2] and AA is the module surface area 

[m2]. 

Module efficiency, 71 = 
POUT 

a 
I" *V" 

PIN GJ -A" 
(30) 

The Northumberland Building facade has been cleaned each year since 

installation in 1995. The effects of the cleaning procedure on module efficiency 

were calculated for each year in the five year period. The cleaning of the facade 

generally lasted for a week. Module efficiency was therefore calculated for the 

two week period immediately prior to and after the week in which the cleaning 

was carried out. Efficiencies were calculated for each ten minute instantaneous 

reading where the in-plane irradiance was greater than 50 W/m2, in order to 

eliminate overnight periods. These values were then averaged over the two week 

period. Table 13 shows the results of the investigation. 

Table 13: Average module efficiency before and after cleaning procedure 

Month/ Average Average efficiency Change in Percentage loss 

Year efficiency before after cleaning efficiency in power output 

cleaning due to soiling 

August 10.6 12.6 2 15.87% 

1996 

April 11.9 13.1 1.2 9.16% 

1997 

April 12.5 12.1 -0.4 -3.31% 
1998 

April 10.1 10.5 0.4 3.81% 

1999 

0 

The results calculated are rather inconclusive, as there does not seem to be any 

convergence in the annual efficiencies. Indeed the efficiency in 1998 appears to 
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decrease after cleaning, which is unlikely to have actually happened. There are a 

number of reasons for this. Firstly, the module temperature has an impact on the 

module efficiency, which would particularly effect the results for 1996, due to the 

warmer August weather (the other tests were done in April). Secondly, the 

spectrum of light would not be consistent each year, due to the varying 

proportions of diffuse and direct irradiance. Thirdly, the operating point of the 

array on the I-V characteristic, as selected by the MPP tracker of the inverter, also 

affects the average module efficiency. Fourthly, the prevalent weather conditions 

before the cleaning would affect the amount of soiling removed. Lastly, the 

measurement instrument accuracy should also be considered as an influential 

parameter. 

Figure 76 shows that the array efficiency actually varies widely for the month of 

April 1998. This indicates that isolating a small change in efficiency specifically 

due to one factor is extremely difficult. 
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Figure 76: Graph showing variability in array efficiency, April 1998 

Figure 77 and Figure 78 further illustrate this, showing the difficulty in isolating 

both the irradiance - efficiency and the module temperature - efficiency 

relationships. 
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Figure 77: Relationship between calculated module efficiencies and in-plane 

irradiance, April 1998 
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Figure 78: Relationship between calculated module efficiencies and module 

temperature, April 1998 
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In an effort to further isolate the effect of soiling, a correction factor of 

-0.07 V/ °C for the increase in module temperature was applied to the array 

voltage, VA. Table 14 shows the results of the temperature corrected efficiency 

calculations. 

Table 14: Average temperature corrected module efficiency before and after 

cleaning procedure 

Month/ Temperature Temperature Change in Percentage loss 

Year corrected corrected efficiency temperature in power output 

efficiency before after cleaning corrected due to soiling 

cleaning efficiency 

August 8.7 10.3 1.6 15.53% 

1996 

April 9.8 10.8 1 9.26% 

1997 

April 10.5 10.2 -0.3 -2.94% 

1998 

April 9.8 10 0.2 2.00% 

1999 

The final factor which is thought to have an effect on the efficiency gain was the 

prevalent weather in the weeks immediately before the cleaning procedure took 

place. This is considered to have a significant effect on the results. Information 

was recorded in the PV system log book regarding the weather at the time of each 

cleaning. 

In the August when the cleaning was first carried out, the conditions in the 

previous fortnight had been largely sunny, whilst the following week was 

extremely overcast. The dry weather beforehand would therefore have allowed 

grime to collect on the facade, such that the cleaning procedure had a 
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correspondingly high impact. It is also noted that this first cleaning was carried 

out 18 months after the facade had first been installed, and the soiling would have 

been particularly heavy due to the building work during the initial period of 

operation. 

The facade was then cleaned in the April of each of the following years. In 1997 

and 1998, there had been rain in the weeks preceding the cleaning procedure, 

although in 1999 it had been mostly dry and sunny. It is not possible to conclude 

that there is any relationship between the prevalent weather and the efficiency 

gain for these years. However, it is possible that there could be more benefit in 

cleaning the facade during the dryer summer months, rather than shortly after 

winter. 

It is also worth considering the length of time for which the cleaning is likely to 

have an impact on PV array performance. From regular visual inspection of the 

accumulation of grime on the modules, it is estimated that this period is likely to 

be approximately two months. 

The cleaning procedure is carried out yearly because the guarantee of the 

rainscreen cladding depends upon it, i. e. it would be done with or without the 

integrated PV. However, on the basis of the above analysis, it is questionable as 

to whether it is worthwhile in terms of the improvement in PV system 

performance. The cost of the cleaning procedure is significant, calculated on a 

pro rata basis at around £400 for the PV surface area only. For an improvement in 

efficiency which might be estimated at 6% (based on an average of the above 

results), but which only lasts for around two months, it is unlikely that an annual 

cleaning would be economically feasible. 
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4.3.4.1 Conclusions 

The effect of dust and grime build-up on the Northumberland Building array was 

studied. Each year the PV array is cleaned together with the building facade; the 

cleaning procedure is essential for the validity of the cladding guarantee (i. e. it 

would be done even without the integrated PV array). The d. c. power data was 

analysed for two weeks before and two weeks after this procedure for four 

consecutive years. The results did not reveal any trend. For one of the years 

analysed, the array efficiency seemed to have actually decreased after the 

cleaning. This was partly due to the difficulty in isolating the effect of the 

cleaning, but also because of the prevailing weather conditions. Based on the 

analysis, it can be concluded that average losses due to soiling of the facade can 

be estimated at around 6 %. 

4.4 Design optimisation for BIPV systems 

4.4.1 Impact of array orientation 

In order to further investigate the impact of installing BIPV on non-south facing 

surfaces, the results from the orientation study using the data of the BIPV 

monitoring station have been applied to the energy which could be generated by a 

hypothetical BIPV system, based on the Northumberland Building facade. For 

this exercise, it has been assumed that the facade installed on the building was a 

vertical facade, as the data available from the BIPV monitoring station were from 

vertically mounted modules. In addition, it was assumed that there were no 

surrounding or adjoining buildings. This allowed the shading term to be 

neglected. 
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The hypothesis was that the east, west and north facades were available for 

cladding, in order to assess the additional energy that could have been generated 

by cladding all faces of the building. The study assumed that the east and west 

facades of the building were each one third of the surface area of the south facade, 

which is approximately the case. The south and north facade were assumed to 

have the same surface area as the area available on the vertical south face of 

Northumberland Building, excluding the fenestration area. Figure 4 shows the 

results generated from this model. 
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Figure 79: Predicted energy generation from each face of the building 

It can be seen that, particularly during summer, the contribution from the 

non-south facing surfaces is not insignificant. Furthermore, as the total units of 

energy generated by the PV facade are greater in the summer, the impact of this 

contribution is high. From the BIPV monitoring station data, it can be calculated 

that, using an annual summation for the energy generated from each facade, the 
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implementation of PV cladding on the non-south facing facades would have the 

effect of almost doubling the energy generated from the BIPV system, from a 

predicted 25,983 kWh for a south vertical facade to 46,961 kWh for PV cladding 

on all sides of the building. 

4.4.2 Impact of facade temperature 

As defined in the previous sections, a- simple model for the prediction of 

operating temperatures takes the form: 

AT. = aAG,, + Ta 

This investigation has used the above described model in order to predict the 

operating temperatures for the three alternative cladding designs, as though each 

one were installed instead of the Northumberland Building facade. This study was 

carried out using irradiation and ambient temperature data for the 

Northumberland Building site. It has been calculated on a month by month basis, 

as it has not yet been possible to determine a reliable annual value for a due to the 

limited experimental data available. 
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Figure 80: Predicted operating temperature for alternative facade designs 

It can be seen that the vertical rainscreen prototype, with its rockwool insulation 

and severely restricted air flow, would reach the highest temperatures, whilst the 

inclined rainscreen, which was the system actually used on the facade, behaves 

similarly to the ventilated facade. 

It is interesting to note that the curves for the inclined and vertical rainscreen 

closely follow the seasonal variation of ambient temperature for the site, whereas 

the ventilated facade prediction does not follow this trend as closely. This is due 

to the limited accuracy of the temperature model, as explained previously. Since 

the vertical and inclined rainscreen models were defined in the same 

micro-climate as the Northumberland site data, these models are generally in 

agreement. The ventilated facade, however, was defined in a different 

micro-climate (Glasgow), and this is clearly visible in the predicted temperatures 

for winter 1996/1997. This result emphasises the need for long term monitored 
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temperature data, preferably for the same BIPV design at different sites, in order 

to eradicate any dependency on the local micro-climate. 

Following the prediction of operating temperatures, the energy from the BIPV 

facade has been predicted for each of the cladding designs, and the impact of the 

operating temperature has been assessed for each cladding type. 

The difference between operating temperature and STC temperature of 25°C was 

first calculated for each month. It should be noted here that, for much of the time, 

the operating temperature of all of the facades was below that of STC. The 

change in energy output was then calculated for each facade, assuming a -0.5% 

decrease in power output for each degree increase in operating temperature. 

An energy output prediction was then carried out for both an inclined and a 

vertical facade, using average daily insolation data on both planes for each month, 

and assuming STC conditions. The inclined facade was assumed to have the same 

area and capacity as the actual system installed on the Northumberland Building, 

whilst the vertical facade area was calculated according to the area which would 

have been available on the Northumberland Building, had the facade been 

installed vertically. The power capacity was then calculated on a pro rata basis. 

The predicted annual energy from the inclined facade shows that this cladding 

design achieves excellent thermal performance, as shown in Figure 81. Analysis 

of the data shows that a 2.3% increase in energy capture over the prediction based 

on STC temperature is achieved. 
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Figure 81: Energy predictions for inclined facade 

The annual energy predicted for the two alternative vertical facades shows that 

the vertical rainscreen facade would generate less energy than the ventilated 

facade, due to poor thermal performance (Figure 82). On an annual basis, the 

vertical rainscreen system would generate 1.1% less energy than the same vertical 

facade operating at STC conditions, whereas the ventilated facade would generate 

around 1.6% more. It should be noted that, for the same systems installed in a 

southern European location with higher average ambient temperatures, the 

changes in annual energy output would be greater. These results are in general 

agreement with a recent study of the effects of improved heat transfer for PV 

modules [166]. According to this study, enhanced heat transfer from vertically 

mounted modules in Milan could result in increased annual energy output of 

around 7.5%. 
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Figure 82: Energy prediction for vertical facade 

In addition to the enhanced thermal performance of the Northumberland Building 

inclined facade design, a number of other factors should also be taken into 

account in consideration of the benefits of this design. 

Firstly, it should be noted that, on an annual basis, there is around a7% increase 

in energy capture for an inclined facade (at ß= 65°) per unit area of PV installed 

(based on monitored site data for one year). Secondly, the design of an inclined 

facade results in an increased surface area which, for Northumberland Building, 

would allow the installation of an additional 3.7 kWp of PV. This would increase 

the energy capture by a further 11 %. Indeed, if the enhanced thermal 

performance of the inclined facade over a vertical facade is taken to be a 

conservative 3 %, then the total increase in energy capture of the inclined facade 

would be around 21 %. This analysis does not take into account differences in 

shading or soiling conditions. 
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The increase in energy capture must be weighed up against the additional cost 

required to design and install the support structure for an inclined facade, as well 

as the aesthetic considerations of both designs. 

4.4.3 Conclusions 

The results of the orientation study have been extrapolated to a hypothetical 

building, based on the Northumberland Building, but assuming a clear horizon. It 

was concluded that cladding the non-south facing surfaces of such a building 

would double the annual energy output, for a location in the centre of Newcastle 

upon Tyne. 

A further investigation has been carried out to predict the operating temperatures 

of three alternative cladding designs as though they had been installed on the 

Northumberland Building. It is important to be able to predict average module 

operating temperature, as it affects the input voltage range to the inverter. It was 

noted that long term monitoring data is required in order to derive accurate 

coefficients for this prediction. 

The predicted operating temperatures were applied to an 'annual energy prediction 

for each cladding type. It was found that the difference between the energy 

prediction at STC, and the temperature corrected prediction ranged from -1.1 % 

to +2.3 %. Within this range, the inclined rainscreen facade was found to have the 

best thermal performance, and the vertical rainscreen overcladding performed 

least well. 

It is interesting to note that these losses are relatively small in the UK climate, as 

compared to the mismatch losses, for example. However, if the same systems 
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had been simulated for a warmer climate, the impact of thermal performance 

would have had much more impact [167]. 

4.5 Performance prediction for alternative BIPV system designs 

The studies described in the previous chapters demonstrate that there are a number of 

technical parameters which can be varied when planning a BIPV system. The types 

and designs of PV cladding selected by the design engineer can have a significant 

impact on the annual performance of a BIPV system. The final chapter of the thesis 

will present the simulation of the performance of BIPV arrays based on different PV 

materials and cladding designs. An estimate of the energy losses for each design is 

calculated for each hypothetical system, based upon the results determined in the 

previous chapters of the thesis. A brief description of the results from the previous 

analyses follows. 

" PV material: 

A number of different photovoltaic materials are now available for application in 

BIPV systems. As well as crystalline and multi-crystalline technologies, several 

suitable thin-film modules are available. These include amorphous silicon, cadmium 

telluride and copper indium diselenide. 

Analysis presented earlier in the thesis demonstrated that amorphous silicon modules 

experience an improvement in efficiency in summer, due to re-annealing of the 

modules. It has been suggested that the net effect of this efficiency improvement is to 

offset the module power loss due to the increase in temperature, i. e. it results in a zero 

temperature coefficient. Cadmium telluride modules also benefit from a lower 

temperature coefficient, resulting in improved thermal performance. In addition, the 
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analysis of the cadmium telluride module on the BIPV monitoring station suggested 

that the use of this PV material could enhance the energy capture of a north-facing 

facade by up to 10 %, as compared to a crystalline silicon array. 

" Building orientation: 

BIPV systems in climates at similar latitudes to the UK can be integrated into a 

building roof or facade. The results in this thesis have shown that, if all the facades of 

a hypothetical building with the same layout and size as the Northumberland Building 

were to be clad with PV, the south facade would generate 55 % of the total annual 

energy, whilst the east, west and north facades would generate 20 %, 14 % and 11 % 

of the total annual energy respectively. These results are specific to the irradiation of 

a single year in Newcastle upon Tyne. 

" Thermal performance of cladding type: 

It has been shown that different cladding designs effect the thermal performance of a 

BIPV system. Two BIPV cladding prototypes were designed and installed and their 

thermal performance has been investigated in this thesis. It was found that a south 

facing vertical rainscreen cladding system, operating in the Newcastle upon Tyne 

climate, would generate approximately 1.1 % less energy per year than the same 

vertical facade operating at STC temperature. A ventilated facade, on the other hand, 

would generate 1.6 % more energy per year than the same facade at STC temperature. 

" Mismatch losses: 

A study of losses due to mismatch was carried out. Mismatch due to variations in the 

power rating of the installed modules on Northumberland Building resulted in a 

simulated 5% power loss. 
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The losses associated with resistance due to cabling and diodes also contribute to 

mismatch, where unequal cable lengths result in unequal string voltages. Losses due 

to cabling and diodes installed in the Northumberland Building system resulted in a 

simulated 0.9 % power loss. 

" Shading losses: 

A detailed methodology for calculating shading losses has been presented. However, 

a computer simulation programme would be required to actually simulate the shading 

losses according to this model, which goes beyond the scope of this thesis. For the 

purpose of the following loss analysis, shading losses of 20 % have been assumed. 

This was determined by analysing the performance ratio of the PV facade installed on 

the Northumberland Building, and apportioning the known losses [168]. 

" Soiling losses: 

Chapter 4.3.5 calculated soiling losses from operating data for four years of cleaning 

the Northumberland Building facade. The results varied considerably, depending 

upon the prevailing weather before cleaning. An average of 6% (temperature 

corrected) has been assumed for this analysis of losses. 

4.5.1 Prediction of losses for a south facing facade 

The results of the previous analyses were used to simulate the annual energy 

generated by each technology, taking into account the loss (or gain) due to 

thermal performance and the losses due to mismatch, shading and soiling of the 

facade. The materials studied were: 
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1. Crystalline silicon ('Saturn' technology); 

2. Single junction amorphous silicon; 

3. Cadmium telluride. 

The simulations were carried out for two hypothetical facade types: a vertical 

rainscreen and a ventilated facade, based upon the prototypes described in 

Chapter 3.3. 

The d. c. energy generated at STC was first simulated according to the average 

insolation data for the south plane, taken over one year (1997). It should be noted 

that, to be statistically representative, insolation data should be averaged over at 

least ten years. However, for the purpose of this study, one year of data was 

considered to be sufficient to simulate typical losses, as the main aim was to 

make comparisons of the simulated systems. 

The module operating temperature was then calculated according to average 

ambient temperature and south plane irradiance for each month, using the 

gradients derived from the temperature analysis for each month in Chapter 4.3.2. 

Although these gradients were derived from a crystalline silicon facade, they are 

considered to be applicable to the other materials studied here. This conclusion 

was drawn because of the fact that the module types simulated are all rated with 

similar NOCT values (within 3 °C). As the NOCT indicates the operating 

temperature which the module will reach under typical conditions (800 W/m2 and 

20 °C), it was assumed that modules with a similar value are likely to have the 

same temperature - irradiance gradient. 
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The difference between the average module operating temperature and STC 

temperature of 25 °C was then used to adjust the simulated energy figures for 

losses due to thermal effects. This was done according to the typical temperature 

co-efficient of each PV material. 

For the crystalline silicon facade, a coefficient of -0.5 %/°C was used, and for the 

cadmium telluride facade a coefficient of -0.2 %/°C was applied. For the 

amorphous silicon facade it was assumed -that, during the summer periods when 

the average module temperature was above 25 °C, the annealing of the facade 

resulted in a zero temperature coefficient. For the winter months, however, a 

temperature coefficient of -0.2 %/°C was applied. 

Following the correction for temperature, the simulated d. c. energy figures were 

adjusted according to mismatch (6 %), shading (20 %) and soiling (6 %). The 

resulting d. c. energy was then subject to a further 10 % reduction due to the losses 

of the inverter in the conversion of d. c. to a. c. energy, based on operating data 

from the Northumberland Building [169]. 

Figure 83 shows the losses allocated to each factor for the hypothetical vertical 

rainscreen crystalline silicon facade, installed on the south side of the building. 

The comparatively high losses are associated with mismatch, shading, soiling and 

d. c. to a. c. conversion efficiency. 

0 
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Figure 83: Pie chart showing allocated losses for the simulated vertical 

rainscreen crystalline silicon facade. 

The actual energy predictions for the same facade are shown in Figure 84, 

together with the energy predictions for an alternative ventilated facade. The 

installed power of these facades was simulated at 13.5 % nominal efficiency, or 

35.8 kWp installed power capacity (taken from manufacturer's data for `Saturn' 

modules). It can be seen that the ventilated facade has improved overall energy 

capture due to the improved thermal performance. However, by comparison to 

the losses due to factors such as mismatch and shading, this improvement is 

minimal. 
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Figure 84: Energy prediction for vertical south crystalline silicon BIPV 

facades 

Figure 85 shows the results of the simulation of an amorphous silicon facade. 

This analysis assumed a single junction amorphous silicon, from the same 

supplier that provided the amorphous silicon module on the BIPV monitoring 

station. The nominal efficiency of these modules was 4.9 %l resulting in an 

, 
installed power capacity on the south facade of 13 kWp. 
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Figure 85: Energy prediction for vertical south amorphous silicon BIPV 

facades 

It can be seen that the resultant annual energy simulated from the amorphous 

silicon facades is around one third that of the crystalline silicon facade. It is 

noted, however, that the cost per unit area of this BIPV material is considerably 

less than a crystalline silicon facade. Further analysis of the cost implications is 

presented in Chapter 4.5. 

It is also interesting to note that the adjustment for thermal performance is 

positive for both facade designs, due to the zero losses associated with higher 

operating temperatures of this material. 

Figure 86 shows the same simulation carried out for a cadmium telluride facade. 

This simulation assumed the use of First Solar's 50 Wp modules, with an 

efficiency of 7% and an installed power of 18.4 kWp. The total energy generated 

is correspondingly higher than the amorphous silicon modules. 'T'here is a small 
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reduction in power from the rainscreen cladding system, due to thermal 

performance, but the lower temperature coefficient of cadmium telluride is seen 

to mitigate this effect. 
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Figure 86: Energy prediction for vertical south cadmium telluride Bll'V 

facades 

In general, the graphs show that there are considerable losses, particularly from 

` the shading factor, the inverter and the mismatch. It can also be concluded that 

the thermal performance contributes least to the losses of BIPV systems in the 

UK climate. However, this would not be true of a system operating in Brazil, for 

example [170], and this aspect of system design would require further attention in 

such a climate. 
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4.5.2 Analysis of energy from BIPV cladding on all facades 

The study was then taken a step further, by simulating the energy and losses that 

would be generated if all four facades had been clad with the two alternative 

cladding designs. Again, each PV technology was simulated for this analysis. It 

was assumed that the systems were installed on the four facades of a building 

with the same geometry, location and orientation as the Northumberland 

Building, but without the adjoining building to the east. This is the same as the 

methodology used in Chapter 4.3.5. 

Using the results from Chapter 4.1.2, which calculated the proportion of energy 

incident on each orientation, the annual energy from each facade was simulated at 

STC temperature. The simulated performance of the amorphous silicon and the 

cadmium telluride north facing facades was assigned a 10 % increase in generated 

energy due to the enhanced blue response over the crystalline silicon facade. The 

module operating temperatures of each facade were then calculated using the 

temperature - irradiance gradients derived previously, and the ambient 

temperature and irradiance data. As before, the power loss (or gain) due to 

module operating temperature was then calculated with the module temperature 

coefficients. 

The losses due to mismatch, soiling, shading and conversion to a. c. power were 

also calculated for all facades. However, since these results are very similar to 

the results presented in the previous chapter, they are not presented again in detail 

here. The main difference in the simulation of a BIPV system installed on all 

four facades is that the overall energy - and therefore losses - generated are 

around double those generated by the south facade only. This conclusion was 
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drawn in the analysis of BIPV orientation in Chapter 4.3.5. Of course the area of 

BIPV installed on all four facades is considerably more than double that installed 

on just the south facade (267 % of that on the south), and this is reflected in the 

calculated values for the Final Yield. For example, the crystalline silicon 

ventilated facade installed on the south face of the building, has a Final Yield of 

452 kWh/kWp, whilst for the same array installed on all four facades, the Final 

Yield is 312 kWh/kWp. The calculated Yields are relatively low, due to the high 

shading losses assumed. These were based on the performance data of the 

Northumberland Building. If shading losses had been neglected, the Yield would 

have been 585 kWh/kWp for the south facade and 403 kWh/kWp for all facades. 

The crystalline silicon ventilated facade has a higher Yield than the amorphous 

silicon and cadmium telluride facades when installed on the south facade only 

(452,443 and 443 kWh/kWp respectively). However, it is interesting to see that 

the Final Yields calculated for the amorphous silicon and the cadmium telluride 

BIPV systems installed on all four facades are slightly better than that of the 

crystalline silicon (313,313 and 312 kWh/kWp respectively). This is due'to the 

fact that an increased energy capture of 10 % was applied to the thin film facades 

mounted on the north face of the building. The difference would be higher, but 

for the lower thin film module temperature coefficients, which mean that the gain 

due to a lower operating temperature is less than that for the crystalline silicon 

facade. It should also be noted that, if compared to the performance of a 

conventional crystalline silicon facade (i. e. using screen printed production 

process rather than LGBG technology, which has an improved blue response), 

then the advantages of using the thin films are expected to be more marked. 
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The effect on thermal performance of cladding all four facades with PV 

rainscreen systems has been analysed further. Figure 87 shows the calculated 

losses for the two scenarios. 
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Figure 87: Comparison of rainscreen facade thermal performance on the 

south side of the building with performance when mounted on all sides 

The bar chart shows that the energy losses caused by the thermal performance of 

the cadmium telluride and the crystalline silicon systems are reversed, and in fact 

there is a very small gain in energy generation compared with system 

performance at STC temperature. The amorphous silicon south facade was 

already benefiting from the improved thermal performance of this PV material. 

The percentage gain in energy generation is increased further when all facades of 

the building are clad with PV. 

The overall improvement in thermal performance of the BIPV system mounted on 

all four facades is due to the lower module operating temperatures predicted, 
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especially for the north facade. This is particularly the case for the summer 

months, with the larger number of daylight hours at lower levels of irradiance, 

resulting in consistently low operating temperatures. Table 15 shows the average 

operating temperatures of both cladding designs, predicted for each facade. 

Table 15: Predicted average operating temperatures of both cladding types, 

for each facade 

Predicted average operating temperature [°C] South North East West 

26.34 15.22 20.85 18.72 
Rainscreen cladding 

21.35 12.99 16.50 15.06 
Ventilated facade 

Figure 83 presents a bar chart comparing the thermal performance of the 

ventilated facade mounted on the south side of the building only, with that when 

mounted on all four sides of the building. The design of the ventilated facade 

enhances the thermal performance of the PV material in any case, and so 

mounting the PV on all sides on the building further increases this improvement 

in efficiency. It is interesting to note that the larger temperature coefficient of the 

" crystalline silicon facade results in an even better performance at lower operating 

temperatures than the cadmium telluride and amorphous silicon facades. This 

results in around 2.6 % gain in d. c. energy generation over that at STC 

temperature, for the system mounted on all four facades. 
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Figure 88: Comparison of ventilated facade thermal performance on the 

south side of the building with performance when mounted on all sides 

4.5.3 Conclusions 

The annual energy generation of two alternative cladding systems installed on the 

south facade of the Northumberland Building has been predicted for each of the 

PV materials studied on the BIPV monitoring station: crystalline silicon, 

amorphous silicon (single junction) and cadmium telluride. It was assumed that 

the PV electrical system was designed identically to the Northumberland Building 

as it stands, and so system losses were apportioned accordingly. The performance 

of the two vertical cladding designs was hypothesised for this comparison. 

The d. c. energy was predicted and the losses subtracted for each system 

considered. The losses for a vertical rainscreen cladding system were initially 

assessed. It was apparent that the overriding loss factors were due to mismatch, 
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shading, soiling and the inverter. The losses due to thermal performance are quite 

low by comparison. 

The overall performance of the vertical rainscreen system was compared with the 

simulated ventilated facade. In terms of the total a. c. energy predicted, it was 

found that the ventilated facade generated 2.74 % more electricity annually than 

the vertical rainscreen, or 495 kWh/year. This gain was due to the improved 

thermal performance. However, it is quite a small gain compared to the 

additional cost required for the design and construction of the ventilated facade 

over the vertical rainscreen system. It is noted, however, that many PV facades 

would be selected by architects on aesthetic grounds, rather than on the basis of 

system efficiency. 

The performance of an amorphous silicon facade with the same basic electrical 

and mechanical design was then considered. The thermal performance of this 

material was better than the crystalline silicon system due to the lower 

temperature coefficient and also the assumed effect of the `re-annealing' in the 

summer. This resulted in a gain in performance compared with a system 

operating at STC temperature for both cladding designs. 

It is interesting to see that the amorphous silicon vertical rainscreen system has a 

slightly better thermal performance (0.48 %) than the ventilated facade, which is 

perhaps contrary to expectations. This is because during the summer, when the 

ventilated facade design benefits from the `stack effect' to cool the modules, the 

temperature coefficient has been assumed to be zero, in order to account for the 

increase in efficiency due to the annealing at higher module temperatures. So 

providing that the assumption of a zero temperature coefficient is feasible, within 

225 



the level of accuracy of this analysis, it is possible to predict that the vertical 

rainscreen simulation actually benefits from the fact that it is running hotter than 

the ventilated facade. 

Lastly, it is seen that the amorphous silicon facade only generates around one 

third of the energy that the crystalline silicon facade, due to the lower power 

capacity installed, although this does also result in lower capital costs and these 

are analysed further in the next chapter. 

The performance of a hypothetical cadmium telluride facade was then simulated. 

It was found that this system had a slightly better thermal performance than the 

crystalline silicon facade, due to the lower temperature coefficient. However, it is 

not as good as the amorphous silicon system, as it doesn't have the benefit of the 

assumed increase in efficiency due to annealing. The vertical rainscreen system 

experiences a drop in performance due to the temperature effect, whilst the 

ventilated facade experiences a small gain. The ventilated facade generates 

0.14 % more electricity annually than the vertical rainscreen system, or 

11 kWh/year. 

0 
The same predictions were then made for the above systems, but assuming they 

were mounted vertically on all facades of the building. The energy generated 

from these systems was around double that generated by the same system 

installed on the south facade only, which is in line with the conclusions of 

Chapter 4.3.5. However, the installation of BIPV systems on all four sides of the 

building does have an interesting effect on the overall thermal performance. 

Because of the lower operating temperatures of the non-south facing facades, it 

was demonstrated that the thermal performance of all systems improved. For the 
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rainscreen cladding system, for example, all of the PV materials assumed were 

predicted to experience a slight gain in thermal performance, as opposed to a loss 

for cadmium telluride and crystalline silicon. For the ventilated facade, the 

thermal performance of each system improved. In particular, the crystalline 

silicon system benefits due to its higher temperature coefficient; the improvement 

in performance results in 2.6 % more energy generation than the same system at 

STC temperature. This is 1% more than when it was simulated on the south 

facade only. 

Finally, the Yield was calculated for the ventilated facades. For the crystalline 

silicon system, this was 452 kWh/kWp for the south facade only, and 

312 kWh/kWp for the BIPV system on all facades. It was interesting to see that 

the thin film facades had a slightly better Final Yield than the crystalline silicon 

facades when installed on all four facades, but not when installed on the south 

facade only. This is attributable to the improved blue response of the thin film 

technologies. 

4.6 Economic analysis of energy generated from simulated facades 

Possibly the most influential factor when selecting a PV system for installation on 

a building is system economics. The systems described above have therefore been 

assessed in terms of costs. Two cost parameters have been considered for this 

comparison: capital cost and annualised unit energy cost. The latter is the cost 

(per kWh) of the energy generated over the lifetime of the system, with a discount 

factor applied to account for the `investment' of the capital in the system. In 

order to complete the picture of BIPV technology, this analysis has been carried 

out for the three technologies studied in this thesis (crystalline silicon, single 
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junction amorphous silicon and cadmium telluride) as well as three additional 

technologies. The additional materials studied are: 

1. Double junction amorphous silicon 

The specifications for this array were based on module data for the PST modules 

supplied by Tessag AG. These modules have a rated efficiency of 5.3 %, which 

results in an installed power of 14.1 kWp on the south facade. 

2. Triple junction amorphous silicon 

The specifications for this system were based on the Unisolar triple junction 

modules. A rated efficiency of 6.3 % was used, with an installed power capacity 

of 16.8 kWp on the south facade. 

3. Copper Indium Diselenide (CIS) 

The CIS system was based on modules from Siemens Solar. These CIS modules 

incorporate gallium and sulphur, often termed CIGSS (CuInGaSSe). They have a 

rated efficiency of 9.3 % which would give an installed power capacity of 

" 24.9 kWp on the south facade. 

4.6.1 Calculation of alternative cladding costs 

The method used for this analysis is the same as that applied in a number of other 

studies [171,172,173], where the capital cost of the BIPV system is offset by the 

cost of the cladding system which would have been installed in any case. For the 

purpose of this study, it was initially assumed that the cladding to be replaced was 

of a similar design to that incorporating PV. For example, it was assumed that 
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the PV rainscreen system would be used instead of a conventional rainscreen 

system. In addition, it was assumed that the lifetime of all systems was 20 years. 

The costs used for the cladding components were taken from a detailed study of 

the costs associated with the two prototype cladding designs [174]. They are 

summarised in Table 16. The annual costs assumed for O&M of the system are 

based on the labour charge for two days of the building manager's time. This is 

for checking on system operation, i. e. noting the instantaneous and cumulative 

system power output, and conducting a visual inspection of the modules to check 

for exposed wiring (due to vandalism). They neglect the cost of cleaning, as this 

is presumed to be an unnecessary cost, based upon the conclusions of Chapter 

4.3.4. 
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Table 16: Summary of costs used for structure, inverter and maintenance 

Component Cost Units 

STRUCTURE & WIRING - VENTILATED FACADE 

Cost of PV cladding structure 565 £/m2 

Avoided cost of conventional cladding -628 £/m2 

Wiring unit area price 55 £/m2 

Installation 78 £/m2 

Structure and wiring costs (excluding PV), per unit area 70 £/m2 

STRUCTURE & WIRING - RAINSCREEN CLADDING 

Cost of PV cladding structure 126 £/m2 

Avoided cost of conventional cladding -190 £/m2 

Wiring unit area price 55 £/m2 

Installation 78 £/m2 

Structure and wiring costs (excluding PV), per unit area 69 £/m2 

INVERTER COSTS 

Equivalent unit power price (per Wp PV installed) 0.60 £/Wp 

RUNNING COSTS 

Annual O&M Costs (for all systems, independent of area) 250 £ 

The costs are generally given per unit area of facade, as this is the normal way of 

pricing building facades. Table 17 and Table 18 give the assumed costs for the 

PV laminates. Based upon present market survey data [175] and manufacturer's 

quoted prices, a representative unit power price for each module technology has 

been determined. This price was then inflated to account for the increased cost of 

making larger laminates. The power density of the laminates was then calculated 

from the rated module efficiency, and this was converted to power density of the 

cladding due to the cladding framework. 

230 



Table 17: PV laminate costs, for technologies investigated in the thesis 

PV laminate costing Cost Units 

CRYSTALLINE SILICON (SATURN) 

PV laminate unit power price 3.00 £/Wp 

Adjusted price for large laminates 3.24 £/Wp 

Power density of laminates 135 Wp/m2 

Power density of cladding 128 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 413 £/m2 

AMORPHOUS SILICON (SINGLE JUNCTION) 

PV laminate unit power price 2.00 £/Wp 

Adjusted price for large laminates 2.16 £/Wp 

Power density of laminates 49 Wp/m2 

Power density of cladding 47 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 99 £/m2 

CADMIUM TELLURIDE 

PV laminate unit power price 1.50 £/Wp 

Adjusted price for large laminates 1.62 £/Wp 

Power density of laminates 69 Wp/m2 

Power density of cladding - 66 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 105 £/m2 
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Table 18: PV laminate costs, for three recently commercialised technologies 

PV laminate costing, for additional technologies Cost Units 

AMORPHOUS SILICON (DOUBLE JUNCTION) 

PV laminate unit power price 2.00 /NVP 

Adjusted price for large laminates 2.16 £/Wp 

Power density of laminates 53 Wp/m2 

Power density of cladding 51 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 107 £/m2 

AMORPHOUS SILICON (TRIPLE JUNCTION) 

PV laminate unit power price 2.00 £/Wp 

Adjusted price for large laminates 2.16 £/Wp 

Power density of laminates 63.227 Wp/m2 

Power density of cladding 60.066 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 128 £/m2 

COPPER INDIUM DISELENIDE 

PV laminate unit power price 1.50 £/Wp 

Adjusted price for large laminates 1.62 £/Wp 

Power density of laminates 93.747 Wp/m2 

Power density of cladding 89.06 Wp/m2 

Avoided cost module frame -18 £/m2 

Increase cost thicker glass 16 £/m2 

PV laminate costs, per unit area 142 £/m2 

The cost difference due to the lack of module frame and the thicker glass required 

for building structures was finally built in to the laminate cost per unit area. 
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The costing methodology is presented in detail with all calculations in Appendix 

III. Table 19 shows the resulting capital costs for each PV technology simulated, 

expressed per unit power and per unit area. The unit area cost is based only on 

the additional cost of the PV (i. e. it does not include the structure). It can 

immediately be seen that there is very little difference between the additional PV 

cost of the two cladding designs considered. This is because only the additional 

costs are considered, and it is assumed that the non-PV cladding which would , 

have been used was of a similar cost to the PV-cladding structure used. The use 

of PV cladding in place of more expensive cladding designs is discussed later in 

this chapter. 

Table 19: Capital costs of alternative BIPV systems. 

Ventilated facade Rainscreen cladding 
installed 

cost 
[£/Wp] 

installed 

additional 

cost [£/m2] 

installed 

cost 
[£/Wp] 

installed 

additional 

cost [£/m2] 

Crystalline silicon ('Saturn' 

technology) 

4.15 560.05 4.14 559.05 

Single junction amorphous silicon 4.00 196.97 3.98 195.97 

Double junction amorphous silicon 3.90 207.84 3.88 206.84 

Triple junction amorphous silicon 3.70 233.78 3.68 232.78 

Cadmium telluride 3.09 214.46 3.07 213.46 

Copper indium diselenide (CIGSS) 2.83 265.71 2.82 264.71 

The results also show that the unit power costs for the thin-film technologies are 

generally lower than those for the crystalline silicon system. This is due to the 

lower unit power price of these PV technologies. It is also interesting to see that, 

although the unit power price of the three different types of amorphous silicon 

module was assumed to be the same, there is a small variation in the installed 
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costs. This is because of the wiring and installation costs, which were dependent 

on area. The lowest unit power cost is achieved for CIGSS. 

The lowest unit area costs follow a quite different trend. This results in the 

lowest costs for the single junction amorphous silicon, which is essentially due to 

the lower efficiency and hence the reduced power capacity per unit area. 

If the energy generated over the lifetime of each system is considered, the unit 

energy cost can be calculated. This was done for each system considered, and a 

discount factor of 6% was applied. Table 20 shows the results of this analysis, 

which have been presented for a south facing system only. 

Table 20: Annualised unit energy costs for alternative BIPV design options 

Ventilated facade Rainscreen cladding 

Annualised unit 

energy cost 

Annualised unit 

energy cost 

Crystalline silicon ('Saturn' technology) 0.77 0.79 

Single junction amorphous silicon 0.81 0.80 

Double junction amorphous silicon 0.79 0.78 

Triple junction amorphous silicon 0.71 0.74 

Cadmium telluride 0.63 0.63 

Copper indium diselenide (CIGSS) 0.57 0.57 

0 

The annualised energy costs show that the crystalline silicon installation is 

actually comparable with the double junction amorphous silicon facade. The 

single junction amorphous silicon facade results in the highest annualised energy 

costs, and the CIGSS facade has the lowest energy costs. 
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4.6.2 Influence of module price and avoided cladding cost 

The annualised unit energy costs of the rainscreen cladding system have been 

analysed further to study the effect of falling module prices. Considering trends 

in module prices over the past 25 years [176], it is reasonable to assume that the 

crystalline silicon `Saturn' module price could fall to £2/Wp, or possibly even 

£1/Wp, by 2010. The extent of module price reduction depends on production 

volume, which is related to market size. The future demand for PV modules will 

be defined to a large extent by government policy, and cannot easily be predicted. 

Figure 89 shows the results of three scenarios: today's module price and two 

possible future prices. 

For each of these module prices the effect of varying the avoided cost of 

conventional cladding has been plotted. These results give an indication of the 

type of cladding which could be economically replaced by PV cladding. The 

point at which the curves cross the x-axis shows the necessary ̀avoided cost' of 

cladding for the electricity generated by the system to be considered as a free 

by-product of the PV cladding system. For today's module prices, this has the 

value of around £810/m2. For a future module price of £1/Wp, a PV rainscreen 

cladding system would already have a positive return when used in place of 

conventional cladding at around f500/m2. 
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Figure 89: Graph showing dependence of unit energy cost on module price 

and avoided cladding cost, for the PV rainscreen cladding system 

The dependence of unit energy cost on avoided cladding cost for the ventilated 

facade system is shown in Figure 90. It can be seen that a much higher cost for 

the replaced cladding must be assumed in order for the electricity generated to be 

considered as `free'. At today's module prices, the PV system is not really 

economically viable without subsidy. Even for a module price of £ l/Wp, the unit 

energy costs only become comparable with the distributed price of electricity (al 

-£0.05 for a commercial user), when an assumed avoided cost of around £930/nß 

is used. At an avoided cost of around £975/m2, the electricity can be thought 

as free. These projections are somewhat higher than those made by otI 

researchers [177,178]. This is largely due to the high losses assumed for thc, 

systems, which results in a lower Final Yield. 
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Figure 90: Graph showing dependence of unit energy cost on module price 

and avoided cladding cost, for the PV ventilated facade system 

4.6.3 Comparison of costs: south facade versus all facades 

Further analysis of the system economics compared the energy costs of the 

crystalline silicon rainscreen cladding system installed on the south facade only, 

" with those when installed on all four facades. A module price of £3/Wp was used 

for this analysis. 

It is interesting to see that the two curves cross at an avoided cladding cost of 

around £750/mz, with a unit energy price similar to that of distributed electricity 

to commercial users. This means that it would actually be economically viable 

today to install BIPV rainscreen cladding on all four sides of a building, instead 

of a conventional cladding system with a unit area cost of £750/m2. After this 
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point, i. e. at a higher avoided cladding cost, it becomes more economic to clad all 

sides of the building with PV, rather than just the south facade. 
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Figure 91: Comparison of a BIPV rainscreen cladding system installed on 

the south facade only, with one installed on all four facades 

4.6.4 Analysis of costs from cladding with alternative PV materials 

Finally, a comparison of energy costs from BIPV on all facades incorporating 

different PV materials was made. Figure 92 shows the results of varying the 

avoided cladding cost for crystalline silicon, cadmium telluride and copper 

indium diselenide. For this analysis, the ventilated facade design was used and 

present day module costs were assumed (as shown in Table 17 and Table 18). As 

already discussed above, the crystalline silicon ventilated facade is not 

economically viable without subsidy. However, for the module prices assumed, 

both cadmium telluride and copper indium diselenide BIPV systems on all 
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facades could be cost competitive with present day distributed electricity prices at 

an avoided cladding cost of between £800 and £900/m2. 
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Figure 92: Graph showing ventilated facade system incorporating different 

PV materials, assuming present day module prices 

The two thin film curves cross at an avoided cladding cost of around £685/m2. 

This indicates that at higher avoided cladding costs, it is more cost effective to 

use cadmium telluride than copper indium diselenide. This is because the 

economic analysis penalises the systems with a higher capital cost. The CIS 

system is more expensive than the cadmium telluride system for the same surface 

area, due to the higher efficiency. 

Figure 93 shows the same analysis for the amorphous silicon BIPV systems 

simulated. These curves also cross at around £685/m2, and at higher avoided 

cladding costs it is, again, more cost effective to use the less efficient 

technologies. At the assumed module prices, the single junction amorphous 
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silicon system starts to generate electricity `for free' at the lowest avoided 

cladding cost, of around £800/m2. 
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Figure 93: Graph showing ventilated facade system incorporating different 

amorphous silicon technologies, assuming present day module prices 

4.6.5 Conclusions 

The capital costs and annualised energy cost over the system life-time have been 

calculated for each of the systems studied, as well as for three additional PV 

materials: double and triple junction amorphous silicon and copper indium 

diselenide. The cost data was based upon information gathered from the 

prototype PV cladding design, construction and installation as well as the 

Northumberland Building maintenance and, lastly, from the PV module 

manufacturers. These were calculated for the two alternative cladding designs: 

vertical rainscreen and ventilated facade. 
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The capital costs of the crystalline silicon BIPV systems were highest. Single 

junction amorphous silicon has the lowest capital cost due to the low unit area 

cost. However, the annualised energy costs show a different trend, where the 

single junction amorphous silicon system is the most expensive. The crystalline 

silicon energy costs are comparable to the double junction amorphous silicon 

energy costs. The copper indium diselenide has both the lowest unit power 

capital costs and the lowest annualised energy costs. This is the result of a 

combination of factors: the relatively high efficiency at low cost. 

The annualised energy costs of the crystalline silicon systems were further 

investigated to assess the effect of variations in certain parameters. First, the 

effect of falling module prices was assessed in conjunction with variation of the 

`avoided' cost conventional cladding. For example, it was shown that a BIPV 

vertical rainscreen system can be installed at present day prices in place of high 

prestige, expensive cladding systems, but that when module prices fall to around 

£1/Wp, they can be used economically in place of much cheaper cladding, i. e. in 

many more commonplace buildings. The more ventilated facade, with its higher 

overall capital costs, is only suitable for high prestige buildings, even at £l/Wp. 

The system economics of a BIPV system on the south facade was compared with 

one on all four facades, using present day module costs. It showed that a BIPV 

system could be economically installed on all four facades of a building, if 

viewed as a replacement for high prestige cladding which had a unit area cost of 

around £750/m2. 

The annualised energy costs of the ventilated facade were studied assuming the 

integration of the six different PV materials mentioned above. It was shown that, 
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although the crystalline silicon facade is not economically competitive at today's 

module prices, a ventilated facade incorporating cadmium telluride or CIGSS 

could already generate energy at prices comparable with distributed electricity, if 

an avoided cladding cost of £800 is assumed. In addition, it shows that at an 

avoided cost of around £685/m2, the lower efficiency thin film technologies 

become more competitive than the high efficiency ones. This was due to the 

higher capital cost for the same surface area. The higher levels of energy 

generated in later years by the more efficient technologies are assigned less value 

than the savings in capital investment for the less efficient systems in Year 1 of 

the economic analysis. 

ff 

J 
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5 Conclusions 

The application of BIPV systems is a relatively new way of deploying PV as a form of 

embedded generation in the urban environment. This method of installing a PV 

system has the benefit of offsetting the capital cost of the PV system by using it in 

place of a building material. However, there are several technical issues which should 

be addressed during this early phase of deployment, in order to optimise performance 

and ensure the long term success of BIPV systems. This thesis has gone some way to 

address these issues and make recommendations for future BIPV systems. 

The research undertaken was intended to provide engineering design guidance for the 

installation of future UK BIPV systems, enabling other PV systems engineers to learn 

by the experience gained from the Northumberland Building and its associated 

projects. This type of study has not been undertaken before, as most BIPV system 

parameters have tended to be studied in isolation, rather than looking at the 

performance of the system as a whole. 

It can be concluded that the BIPV monitoring station research provided useful 

information about the impact of PV module orientation and enabled a better 

understanding of solar radiation behaviour. Differences in cell technology 

performance were demonstrated and a useful relationship for the prediction of module 

operating temperature was defined. 

The diffuse radiation modeling work was rather too complicated for a complete study 

to be conducted within the scope of this research, but it did establish some interesting 

pointers for future work. Most importantly, the BIPV monitoring station 
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investigations proved that non-south facing surfaces were indeed worth considering 

for BIPV systems. 

The installation of the BIPV facade on the Northumberland Building provided real 

system data with which to extend the work on the BIPV monitoring station. The data 

from this system were initially used to study the extent of shading on the building 

facade and a method of calculating the irradiance under various shading conditions 

was determined. The experience with the diffuse modeling of the BIPV monitoring 

station data was useful for the determination of the shading methodology. 

Unfortunately, it was not possible within the scope of this research programme to 

actually carry out the shading analysis for the Northumberland Building. This would 

only have been possible with extensive computing facilities. Nevertheless, it can be 

concluded that the shading methodology could be a useful tool in the evaluation of 

BIPV system performance, particularly for the confirmation of system guarantees. All 

other shading calculation tools, which are presently available, rely on synthetic data 

and are therefore not appropriate for this purpose. 

The other parameters affecting BIPV system performance which were analysed from 

the Northumberland system data were mismatch and cabling losses, soiling and 

thermal performance. The mismatch analysis produced some very interesting results. 

As installed, it was discovered that the module sorting method used for the installation 

(according to power output) was not an optimum choice. It would have been better to 

have sorted the modules according to their current output. This finding led to further 

analysis of the mismatch losses if string inverters had been available for installation at 

the time. A considerable improvement would have resulted, and it was noted that 

string inverters would also reduce shading losses. 
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In terms of the soiling losses, it was found that these varied considerably, largely 

depending on prevailing weather conditions at the time of cleaning. However, it was 

concluded that the extra cost involved did not justify the improvements in 

performance of this BIPV system for a UK location on an annual basis. This would 

not necessarily be the case, however, for a system with a shallower tilt angle or one 

installed in a less rainy location. 

The design and installation of two further BIPV cladding prototypes at around the 

same time as the Northumberland Building meant that some complementary 

investigations on the thermal performance of different BIPV cladding designs could 

be conducted. The work on the prediction of module operating temperature, which 

had been initiated with the BIPV monitoring station, was extended to address the 

losses associated with the increased operating temperature of BIPV modules. 

In order to confirm the temperature - irradiance relationship for each of the cladding 

designs, it was found that the data would have to be analysed over a much longer time 

period. However, it was concluded that the losses which could be apportioned to 

increased operating temperature were, for a BIPV system in a UK climate, fairly small 

(< 2 %), particularly as compared with the shading, mismatch and soiling losses. 

Using the estimated losses from each of the parameters studied, together with the 

calculated Performance Ratio, it was possible to derive the shading losses. These 

were found to be particularly significant; as much as 20 % of annual energy capture 

was being lost in this way. However, as the Performance Ratio was based upon the 

manufacturer's rating of the installed power, the calculation of shading losses could be 

revised to around 13 % when derived from the actual power installed, as confirmed 

during the on-site power measurements. 
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Having analysed each of the associated losses for a BIPV system, it was possible to 

retrospectively apply some hypothetical designs to the Northumberland Building. 

These simulations included assessment of the increased energy capture from installing 

BIPV cladding on all four sides of the building, a possibility which may have 

additional advantages from an architectural and building engineer's viewpoint. In 

addition, the use of alternative PV materials, such as cadmium telluride and 

amorphous silicon, was also studied, on the basis of results from the BIPV monitoring 

station. 

An economic analysis of the annual energy generated over the lifetime of the various 

BIPV systems simulated showed that the installation of BIPV cladding on all sides of 

the building would not be as expensive as perhaps might as first be believed. Indeed, 

the analysis showed that such a system would be economically viable on a life-cycle 

cost basis when replacing conventional cladding with a unit area cost of £750/m2. In 

addition, the economic analysis demonstrated that thin film materials such as copper 

indium diselenide had great potential for future BIPV cladding systems in the UK. 

5.1 Summary of results 

The research undertaken was initiated with the installation of a BIPV monitoring 

station, which has provided useful data concerning PV module performance on typical 

building orientations. The data records were used to corroborate the findings of a 

previous study, which had estimated the potential contribution of BIPV in the UK 

according to computer simulations [179]. The analysis of the data showed that the 

electricity generated from PV installed on vertical surfaces showed significantly less 

annual variation than PV on a horizontal surface. In addition, the studies have shown 

that the south vertical facade received around 85 % of the annual insolation on the 
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horizontal, whilst the east, west and north surfaces received 64 %, 53 % and 32 % as 

much insolation as that on the horizontal plane. 

The BIPV monitoring station was also used to assess the impact of diffuse irradiance 

on typical building orientations. The above mentioned computer simulation had been 

based upon an isotropic model of diffuse irradiance and real data was required to 

assess the impact of this assumption. It was concluded that the isotropic diffuse 

model was only applicable at very low levels of global irradiance and that, at medium 

to high levels of irradiance, the effects of circumsolar diffuse and horizon brightening 

played a significant role in the distribution of irradiance. 

Further analysis of the data was undertaken to develop a maintenance free method for 

measuring the diffuse irradiance, based upon the results of the two pyranometers. 

Such a method would be extremely useful for on-site measurements, as the existing 

models are based on averages of data collected from non-UK sites and not from site 

specific measurements. The conclusions of this investigation were that the method 

showed potential for further development, with particular attention to the model used 

to define diffuse irradiance. However, it was thought that such development would 

require more computational effort than was deemed appropriate for this research. 

Finally, analysis of the BIPV monitoring station data has demonstrated the 

performance of amorphous silicon and cadmium telluride PV modules in the UK 

climate, and developed a simple model for the prediction of BIPV operating 

temperature. 

Following the work on the BIPV monitoring station, the research programme was 

extended to the analysis of data from a real BIPV system installed in the centre of 

Newcastle upon Tyne. The Northumberland Building was installed as an EC 
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THERMIE funded demonstration building and the work undertaken for this research 

programme included the design and installation of the monitoring system. 

At the same time, an EC JOULE funded research project was initiated to investigate 

the design and performance of two alternative BIPV cladding prototypes. The 

schedule and design of the monitoring system for these prototypes were undertaken as 

part of this research. Data from this collaborative project have been used for the 

analysis presented in this thesis. 

The data from the Northumberland Building have been used to investigate the 

performance of a BIPV system in the UK climate. The studies have aimed to deliver 

useful information to assist the design of future BIPV systems. They are concerned 

with the various factors which affect the performance of a BIPV system. 

The initial study devised a method for the assessment of the impact of shading on the 

levels of irradiance on a PV facade. This differs from other research work in this area 

[180,181], in that the method proposed is based on actual site data, rather than using 

computer simulation databases and tools. 

Subsequent work used data from the Northumberland Building and the BIPV cladding 

prototypes to investigate the effect of operating temperature on system performance. 

The operating temperature was predicted according to the method developed 

previously by the research on the BIPV monitoring station and the losses were 

calculated according to module temperature coefficients. This work concluded that 

attention should be paid to the design of BIPV cladding systems to ensure that 

adequate airflow was provided. This would ensure that operating temperatures did not 

exceed the maximum recommended by IEC module testing standards. 
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Further analysis has looked at the impact of mismatch on the performance of the 

Northumberland Building BIPV facade. The existing mismatch losses of the facade 

were simulated at 6 %. These results are comparable with other research in this area, 

which has shown that mismatch losses are typically around 5% [182]. The mismatch 

study showed that the sorting of PV modules in order to match their current output 

could reduce this to around 2.5 %. The use of string inverters would reduce this still 

further, whilst the use of module inverters would eliminate these losses altogether. In 

addition, the use of these smaller inverters would improve the BIPV system 

performance in shaded conditions. 

The soiling study indicated that losses due to soiling in the urban environment could 

be considerable and that an average of 6% could be assumed for prediction purposes, 

which is consistent with other studies [183]. However, it was concluded that the 

cleaning procedure was an expensive activity and not really economical on the basis 

of improved BIPV system performance. 

It is also very important to consider the results of the on-site power measurements. 

These tests concluded that the installed capacity of the PV array was some 9% below 

the manufacturer's rated capacity. This is a common finding of these acceptance tests 

[184]. When the Performance Ratio was adjusted to account for the lower installed 

capacity, it was found that around 7% could be deducted from the shading losses, 

which had been estimated on the basis of the Performance Ratio at rated capacity. 

The analysis of the BIPV monitoring station data was used to assess the performance 

of BIPV systems installed on all sides of the Northumberland Building. It was 

estimated that the installation of PV on the three non-south facing surfaces of the 
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Northumberland Building would have approximately doubled the annual energy 

output of the system. 

The performance of a vertical rainscreen and a ventilated facade BIPV system was 

then simulated for Northumberland Building according to their predicted operating 

temperature, and the losses were compared to the predicted temperature losses for the 

inclined BIPV rainscreen system actually installed. It was found that the inclined 

rainscreen system installed had the best thermal performance and the vertical 

rainscreen had the worst performance. The inclined rainscreen system should in fact 

generate 2.3 % more energy annually than that if generated at 25 °C (i. e. as defined at 

STC), whilst the vertical rainscreen system would have losses of 1.1 %. The more 

expensive ventilated facade would generate around 1.6 % more energy than the same 

facade at STC temperature. 

The final study assesses the overall impact of each of the above factors on the 

performance of a BIPV system, by simulating the energy generated from two 

hypothetical BIPV systems based on the application of the two vertical cladding 

prototypes to the south facade of the Northumberland Building. The study was 

extended to assess the effects of using alternative PV materials in the simulated BIPV 

systems, including amorphous silicon and cadmium telluride. 

The overriding loss factors were found to be due to shading, mismatch, soiling and the 

inverter. Temperature losses were found to play only a minor role. However, 

according to the previous analysis, the losses due to shading and mismatch could be 

reduced considerably by the use of string inverters or a. c. modules. 

As expected for the crystalline silicon facade, the ventilated facade had a better overall 

performance than the vertical rainscreen system, due to . its improved thermal 
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characteristics. However, this was not the case for the amorphous silicon facades 

simulated, which showed better performance of the vertical rainscreen facade. 

To complete the study of BIPV system performance in the UK, an economic analysis 

of the simulated systems was undertaken in order to compare the performance of a 

range of BIPV systems simulated according to the discounted energy costs over the 

system lifetime. For this study, the predicted performance of six alternative PV 

materials was compared. These included crystalline silicon, single-, double- and 

triple junction amorphous silicon, cadmium telluride and copper indium diselenide. 

It was found that single junction amorphous silicon system had the lowest installed 

capital cost, but the highest discounted energy cost. The crystalline silicon system 

had similar discounted energy costs to the double junction amorphous silicon. The 

copper indium diselenide system showed the greatest potential as an economic BIPV 

cladding material. It benefited from both the lowest unit power capital costs and the 

lowest energy cost over the system lifetime. 

Lastly, the results showed that if a crystalline silicon BIPV system were to be installed 

on, all four facades of a similar building to the Northumberland Building, the 

discounted energy costs would only be comparable with today's distributed electricity 

prices, if the BIPV cladding were viewed as a replacement for high prestige cladding 

with a unit area cost of approximately £750/m2. 

5.2 BIPV Design Guidance 

The main conclusions to be drawn from this work can be summarised as follows: 

9 BIPV facades installed on south facing vertical surface experience less annual 

variation than those installed on roof surfaces; 
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" The east and west vertical planes can receive around 60 - 70 % as much insolation 

as that on the south plane, indicating that all vertical surfaces oriented between 

east and west with a southerly orientation are well worth considering for a BIPV 

system; 

" The north vertical plane can receive around 40 % as much insolation as that on the 

south vertical plane. This plane may be worth considering for BIPV cladding 

when replacing high prestige, high cost cladding systems. 

" Amorphous silicon modules show evidence of efficiency improvements from 

annealing due to higher summer temperatures. This can be particularly important 

when the modules are integrated into BIPV cladding systems, due to increased 

operating temperatures; 

" Cadmium telluride modules demonstrate better blue response than crystalline 

silicon modules, and would be more appropriate for installation on north-facing 

surfaces due to the higher diffuse component of the incident radiation. The same 

conclusion could be drawn for amorphous silicon modules. 

Shading losses for a BIPV system can be considerable in an urban location, as 

much as 15 to 20 %. A method of calculating these losses using on-site radiation 

data has been determined in this research. Such a tool would be essential in the 

confirmation of BIPV system performance guarantees. 

" Mismatch losses tend to be around 5% for an unsorted array using a single, 

central inverter. These can be reduced to 2.5 % by the use of string inverters and 

minimised still further by installing module inverters. The use of such inverters 

would also reduce shading losses. 
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e Soiling losses can be between 5 and 15 %, depending upon the local weather 

conditions. However, cleaning procedures can be very expensive and the 

improvement is also rather short term. In the case of the Northumberland 

Building it was concluded that the cleaning was not economically justifiable but 

may be required for aesthetic reasons. 

"A method of predicting module operating temperature was suggested, although 

data would need to be analysed over a longer period to confirm the coefficients. 

Overall, temperature losses are comparatively small - only 1 or 2% in a UK 

location. It is important that module operating temperature is considered in the 

design of a cladding prototype, in order to ensure that maximum guaranteed 

operating temperatures are not exceeded. However, further attempts to minimise 

module operating temperature are not economically justifiable. 

" On-site power measurements revealed that the actual installed power capacity of 

the BIPV array was some 9% below that rated by the module manufacturers. 

This finding is in agreement with a number of other installed systems and should 

be considered in the assessment of Performance Ratios. 

5.3 Recommendations for Future Work 

Investigations of the radiation data from the BIPV monitoring station developed a 

method for calculating diffuse and direct irradiance on an inclined surface from the 

global irradiance measured on two planes. The validation of this method resulted in 

some errors which could be eradicated with further time and computational effort. It 

would be very useful to the PV community to have such a tool, which could be used 
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instead of maintenance-intensive measurement devices and radiation models based on 

data from other, often inappropriate locations. 

A relationship for predicting the module operating temperature from in-plane 

irradiance and ambient temperature was defined. However, the coefficient for this 

relationship could not be confirmed with the available data. Further analysis of longer 

term data (at least five years of data) is recommended to accurately predict the 

operating temperature of BIPV cladding systems. This could be carried out for a 

number of different system designs. In addition, it is thought that the thermal lag 

inherent in the graphs of temperature difference versus irradiance could be removed 

with the application of system identification modeling. 

A method for determining the effect of shading on a BIPV facade was defined in the 

thesis. The development of a computer programme which would enable this 

calculation to be carried out for future BIPV systems would be a very useful tool for 

confirming system performance guarantees. 

0 

J 
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Installation and Operation of the first City Centre Photovoltaic Monitoring 
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September 1996; 
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Eurosun ̀ 96 Conference, Freiburg, September 1996; 

10. Performance Analysis of the Northumberland Building Photovoltaic Facade, 

N. M. Pearsall & A. R. Wilshaw; Proc. 25th IEEE Photovoltaic Specialists 
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N. M. Pearsall, A. R. Wilshaw, M. Shaw, A. Parr, F. J. Crick & R. Hill; Proc. 13th 
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Appendix II: 

On-site Power Measurements Extrapolation Table 

Measured Values STC Values 
String Voc Isc Tamb Timod Irr Voc Isc Vmp Imp FF Pmax Pmax/Mod 

Id V (A) °C °C W/m2 (A) (A) (%) 
STRO1 296.9 3.193 18.3 42.5 627 324.5 5.093 271.7 4.361 71.7 1185 79.0 
STR02_1 296.9 3.213 18.3 42.0 622 324.4 5.165 265.8 4.679 74.2 1243 82.9 
STR02_2 295.9 2.891 19.2 41.0 628 324.6 4.603 274.8 3.965 72.9 1090 72.6 
STR03 283.2 3.682 21.0 52.0 790 317.8 4.673 256.2 4.240 73.2 1086 72.4 
STR04_1 308.6 3.164 19.2 32.1 613 325.3 5.162 271.6 4.620 74.7 1255 83.7 
STR04_2 290.0 3.809 21.0 50.0 759 323.9 5.018 261.4 4.568 73.5 1194 79.6 
STR05 263.7 3.662 21.0 47.0 769 317.9 4.762 257.4 4.254 72.3 1095 73.0 
STR06 286.1 3.623 21.0 47.0 770 320.2 4.7.5 261.6 4.261 74.0 1115 74.3 
STR07 287.1 3.799 21.0 51.0 804 322.0 4.725 260.5 4.239 72.6 1104 73.6 
STRO8 291.0 3.926 21.0 50.0 822 326.4 4.776 265.8 4.360 74.0 1153 76.9 
STR09 288.1 3.242 21.5 45.5 692 321.0 4.685 260.4 4.332 75.0 1128 75.2 
STR10 296.9 3.154 17.9 43.0 607 323.6 5.197 262.1 4.827 75.2 1265 84.3 
STR11 295.9 3.076 18.4 43.0 587 322.9 5.240 267.2 4.825 76.2 1289 85.9 
STR12 292.0 3.281 19.3 46.0 702 322.4 4.674 260.9 4.368 75.6 1139 76.0 
STR13 291.0 3.506 22.0 48.0 738 325.6 4.750 259.2 4.486 75.2 1163 77.5 
STR14 288.1 3.809 21.0 51.0 803 323.0 4.743 257.5 4.378 73.6 1128 75.2 
STR15 287.1 3.721 21.0 47.0 779 321.4 4.776 263.8 4.312 74.1 1 138 75.8 
STR16 290.0 3.936 21.0 48.0 822 325.4 4.788 263.9 4.348 73.6 1147 76.5 
STR17 288.1 2.949 22.0 45.0 633 320.4 4.659 260.8 4.320 75.5 1 127 75.1 
STR181 306.6 2.988 18.2 33.8 634 325.0 4.713 272.2 4.282 76.1 1166 77.7 
STR182 291.0 3.389 22.0 47.8 710 324.9 4.773 265.4 4.401 75.3 1168 77.9 
STR19 292.0 3.281 19.3 46.0 684 322.0 4.797 264.4 4.397 75.3 1163 77.5 
STR201 317.4 3.965 18.0 28.7 824 325.1 4.812 258.7 4.551 75.3 1177 78.5 
STR202 296.9 3.252 18.5 42.0 633 325.4 5.137 265.8 4.783 76.1 1271 84.8 
STR21 294.9 2.744 16.1 38.7 605 320.1 4.536 263.4 4.181 75.9 1101 73.4 
STR22_1 318.4 3.389 16.8 28.3 732 327.5 4.629 271.8 4.216 75.6 1146 76.4 
STR22_2 293.9 3.857 19.3 48.8 819 327.1 4.710 262.7 4.340 74.0 1140 76.0 
STR23 313.5 3.135 17.2 31.2 673 327.6 4.658 270.0 4.281 75.7 1156 77.0 
STR24_1 309.6 4.092 17.9 35.7 860 325.3 4.758 260.8 4.429 74.6 1155 77.0 
STR24_2 295.9 3.584 19.2 45.9 758 327.5 4.728 268.9 4.355 75.6 1171 78.1 
STR243 293.9 2.773 19.6 41.0 593 322.5 4.677 268.8 4.249 75.7 1142 76.1 
STR251 299.8 2.93 17.8 39.3 616 326.6 4.756 271.9 4.344 76.0 1181 78.7 
STR252 297.9 3.545 19.2 45.7 743 329.1 4.771 268.5 4.403 75.3 1182 78.8 
STR261 322.3 4.688 16.9 28 1009 325.8 4.646 263.3 4.259 74.1 1121 74.8 
STR26_2 295.9 3.33 18.8 43 717 326.0 4.644 264.5 4.331 75.7 1146 76.4 
STR27 A 300.8 4.385 18.9 45.9 868 329.0 5.052 271.4 4.467 72.9 1212 80.8 
STR2712 301.8 4.844 21 42 926 324.1 5.231 257.7 4.777 72.6 1231 82.1 
STR273 292.0 1.086 19.7 36 228 319.7 4.763 283.5 3.658 68.1 1037 69.1 
STR27_4 294.9 1.066 19.2 35 221 322.2 4.825 284.1 3.783 69.1 1075 71.6 
STR281 293.9 2.832 17 37.5 582 319.7 4.866 262.4 4.279 72.3 1123 74.9 
STR282 293.0 3.271 19.2 42.7 656 322.2 4.987 260.7 4.392 71.2 1145 76.3 
STR28_3 289.1 3.525 19.2 42.6 708 319.5 4.979 256.0 4.414 71.0 1130 75.3 
STR29 313.5 3.643 17 30 746 324.4 4.883 255.1 4.281 68.9 1092 72.8 
STR30 311.5 3.779 17.4 33.8 775 326.6 4.877 270.9 4.309 73.3 1168 77.8 
STR31 313.5 4.229 16.4 33.1 893 325.4 4.735 262.9 4.341 74.1 1141 76.1 
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Appendix III: Economic Analysis of Alternative PV Facades 
n put parameter . economic parameters 

PV power / energy parameters 

south fa ade only 
: CONOMIC PARAMETERS 

eriod of analysis n 20 years input economic data 

hscount Rate d 5% input economic data 

hscount Factor a 0.94 a=1/(1*d) 

nnualisation Factor Pa(n) 11.47 Pa(n)=a(1-a")/(1-a) 

DC PV ARRAY AND SUPPORT STRUCTURE 

PV SYSTEM 
Array Power Ppv 35775 Wp input PV system data 
Array Area Apv 265.18 in, input PV system data 

PV laminate Unit Price Kpv 3.00 £NVp input PV system data 
Adjusted price for large laminates Kpvlge 3.24 Kpvlarge = 1.08"Kpv 
Power density of laminates Dlam 134.881 Wp/mr Dlam = Ppv/Apv 
Power density of cladding Dclad 128.137 Wp/mz Oc/ad = Dlam"0.95 
Avoided cost module frame Kavfr 18 from JOULE project costs 
Increase cost thicker glass Kinc gl 16 from JOULE project costs 
PV laminate Costs, per unit area Cpvlam 413 £ Cpv =Dclad"Kpvlge. (Kmc_gl-Kavfr) 
Total PV laminate costs Cpv 109563 Ctot =CpvApv 

STRUCTURE, WIRING, ENCLOSURE 
Cost of PV cladding structure Kstruc 565.00 11 from JOULE project costs 
Avoided Cost of conventional 
cladding Kavcl 628,00 E/mr for typical VF, includes installation 
Wiring Unit area Price Kcab 55.00 £/mr from JOULE project costs 
Installation Kins 78 £(m' assumed same as ramscreen 
Unit Cladding costs (ex PV) Kclad 70 £/mr Kclad =Kstruc-Kavcl. Kins -Kcab 
Total Claddina costs (ex PV) Cclad 18563 £ -clad =Kclad"Aov 

'OWER CONDITIONING SYSTEM 

VVERTER 
Init area cost Inverter Pinv 77 £imr Paw =Kinv'Oclad 
)nit power price Kinv 0.60 £/W input from project data 

otal inverter cost Cinv 20388 £ C, nv = Pinv'A v 

COST SUMMARY 

CAPITAL COSTS 
Total PV laminate costs Cpv 109563 £ 

Total Inverter cost Cinv 20388 C 

Claddin Cclad 18563 £ 

TOTAL CAPITAL COST Ccap 148513 £ Ccap = Cpv. Cmv. Cclad 

RUNNING COSTS 
Rom=one day labour for operational 

Annual O&M Costs Rom 500 E /year check 
Life Cycle O&M costs Com 5735 £ Com=Rom"Pa(n) 

REPLACEMENT COSTS 
ltem YeaLw Pr PlesentWnrth Pr=[l. (1 "d)] 
Inverter Rinv 12 04969694 10132.03 C 

Ctot TOTAL 164380 C Clot = Cca "Com. Wnv 

ECONOMIC SUMMARY 

Capital Cost Ccap 148513 C 
Total Life Cycle Cost LCC 164380 C LCC=Ctot 
Annualised LCC ALCC 14331 £tyear ALCC=LCC/Pa(N) 
Levelised cost of energy consume Ke 0.8867542 £/kWh Ke=ALCC/Ea 

SYSTEM ENERGY GENERATED 
Rated capacity Ppv 35775 Wp from PV simulation 
DC array energy Edcgross 25984 kWh from PV simulation 
Temperature adjusted Edctemp 26408 kWh from PV simulation 
Mismatch losses Lmis 6% 1584 kWh Lmis = 0.06*Edctemp 
Shading losses Lshad 20% 5282 kWh Lshad = 0.2'Edctemp 
Soiling losses Lsod 6% 1584 kWh Lsoil = 0.06'Edctemp 

Edcnet = Edcgross 
DC energy adjusted for losses Edcnet 17957 kWh (Lm; s. Lshad "Lsod) 

Inverter losses Linv 10% 1796 kWh Lrnv = 0.1"Edcnef 
Annual ener generated Eac 16161.65 kWh Eac = Edcnet - Linv 

ýY YIELD (D. C. ) Va 501.9535 h (EdcneVPpv)"Io00 

INAL YIELD (A. C) Vf 451.7581 h (Eac/Ppv)"1000 
ERFORMANCE RATIO RP 612% F? p=E8o1(ppv1j000*Ein9ol) 

ANNUAL 
INSOLATION Einsal 726.9583 kWh from PV mondonn data 
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