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There are numerous conflicting reports into the ecoomic
and embodied energy return of photovoltaic (PV) arays
installed in the UK. Using actual performance data
measured on two PV arrays installed on the ZICER builing
at the University of East Anglia, this paper attemps to
resolve some of the issues arising from earlier pdétions
made using theoretical test bed performance data. RV
model using the monitored data, in combination withsolar
radiation and geometry data from across the UK,

was used to predict the averse annual electricity output
from the installations over a range of tilt angles,
orientations and geographical locations. Six sepata
capital cost scenarios are considered and the preions

of the unit cost for electricity range from £0.10€0.14)

per kwWh under the most favourable conditions to £58
(€3.83) per kWh. At a mean solar radiation of 100@Wh/
m?2 per year, typical of many locations in the UK, tle
energy Yield ratio (EYR) ranges from 4.3 to 5.1 depeling
on whether the cells are mono-crystalline or polyfystalline
and the assumptions made in the scenario&€ven on a vertical
wes-facing face, an EYR of over 2.5 is achieved.

1. INTRODUCTION

Photovoltaic (PV) economic and energy studies seek
identify the cost and environmental sustainabity?V/
power. Several economic methods exist, includirgjueation
of the net present value (NPV) and estimation effttojected
unit cost of electricity generated over the lifetiof the
facility. Similarly, in terms of embodied energhietenergy
payback time indicates how long it takes beforeethergy
investments during manufacture, construction asthlfation
are recovered during operation, whereas the engety ratio
(EYR) defines the number of times that the energgsted in
the technology is returned or paid back by theesysbver its
entire life.

Economic and embodied energy studies of PVs aralamet in
today's literature from across the globe, but catirilg views
are reported on PV costs and their sustainab8ityne studies
investigating the economic potential of PVs maleftiture
prospects seem rather promisiwith the value of crystalline
silicon PV grid-connected electricity as little £3.08 (€0.11)
per unit. Less favourable economics have been teghoy

Oliver and Jackscrand Omeet af  who calculated the unit
cost of crystalline silicon PV systems to be £q&505) and
£3 .69 (€5.17) per kWh respectively. Likewise, sameodied
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energy studies report that PVs receive many tifneis énergy

input required fabricating the modules with engpgybacks in

the region of 2-7 yeafs? Yet other studies suggest that carbon
dioxide abatement by the introduction of PV is agromising
candidaté® with energy payback times in some cases as high as
22 years-! significantly above competing technologies.

The inconsistencies between the results can mstgxplained
by three main issues.

(@) Methodological issues. For example, in an economic
analysis, the chosen discount rate and systernmidetan
bias the results towards the desired outcome; in an
embodied energy analysis, the results depend uygon t
scope and the adopted boundaries of the studylditien,
some studies have explored future prices and the
uncertainties they brinty2 whereas others consider actual
performance at the present tif&Batteries are included in
some studies of PV applications, which adverselcts the
energy payback. However, even removing such items f
comparison with the building studied in this resbathe
energy payback time would still be in excess oféfrs.

(b) Input data on which PV calculations are based. For

example, the chosen module efficiency and the solar

irradiance level received by the surface of theceNs used
in the study. These in turn will affect the derivedome
and the energy return values.

(c) Timescale of the research. For example, the economics

associated with production, the energy investmedtczl|

efficiencies of PVs are constantly evolving. Hertbe, time
period in which the research is undertaken williefice

the results.

This PV research develops economic and embodiedene
return assessments of building-integrated crys@lVs in the
UK, taking into account these three issues.

2. CASE STUDY DETAILS

The module efficiency and inverter efficiency regdito
calculate PV electricity output were based on tttea
performance of two building-integrated crystalliP&
installations on the Zuckerman Institute for Conivect
Environmental Research (ZICER) building at the Ursitgrof
East Anglia, which was built during 2002-2003 (Fig.. The
building houses approximately 120 occupants—fa¢sligff,
researchers and post-graduate students.
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The building is an energy-efficient educationalasfthat
incorporates high thermal mass hollow-core concslaties for
heating and cooling, combined with excellent ghthess and
insulation standards that exceed current UK bujjdin
regulations. Tovey and Turner describe the thepadbrmance
of the building? and in 2005 the ZICER building won the Low-
Energy Building of the Year award from the Carbonstrirhe
'top floor of the building is light in constructioAs part of a
demonstration project, the southern facade andan@éalmost
entirely glazed by grid-connected building-integthPV
modules, creating a light, airy, naturally condita exhibition
area and seminar room (Fig. 2). These modulesnabedded in
double-glazed units that have an impact on perfooaalue to
increased cell temperatures.

The PV facade consists of 3360 polycrystallinesc@bvering
an area of 84.8 ﬁ) having a rated output of 6.7 l?y\and
connected in three separate arrays (each havingo28les).
The cells are square in shape, making them motéycbat
were chosen for aesthetic architectural reasores Phhroof
consists of 12 320 mono-crystalline octagonal PNs@®vering
an area of 264.9 fya rated output of 27.2 k\WWand connected
as ten separate arrays (each having 14 moduldésinodiules
are laminated between two sheets of glass and supmied by
BP Solar. There are thirteen Fronius 1G20 inverteng, for each
array, that transform the DC electricity produced iAC
electricity (Fig. 3) giving a combined output of ZBkW,.

=

- Whim® -

5l 1
r—

Fig. 2. PV cells integrated into the construction of the top floor of
the ZICER building
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Fig. 3. The ZICER Fronius inverters

3. METHODOLOGY

The electrical performance of a PV system dependbe cell
and inverter efficiencies, and the orientation,aiid
geographical location of the array. The last thp@@ameters
affect the solar radiation that reaches the surdatiee PV
modules. In particular, it is the radiation perpenthr to the
cell surface that is of importance. A comprehengive
monitoring programme was established to monitoreitteal
physical behaviour of the PV modules under vargoigr
radiation and climatic conditions, providing a isti¢
assessment of their performance.

Figure 4 shows the apparent mono-crystalline and
polycrystalline module efficiency as a functionsolar
radiation. The module efficiencies were derivediimasuring
the DC output off the Fronius inverters, but alsokea up by
more accurate independent monitoring. A correctias
applied to the readings taken using the Froniusrievs as
they were shown to be underestimating the DC powér8%.
The module efficiency is affected by the tempermtirthe PV
cells and this explains the scatter in Fig. 4.dal
conditions, PV cells can reach temperatures asdsgf08C;
for each one degree variation in temperature ftoerstandard
test condition (STC) temperature of 258C, the edficy
changes by approximately 0 .4%;14representing a potential
reduction in efficiency of 18% at 708C. This vaatiis
consistent with the scatter shown in Fig. 4 of agjmately
+16%. The maximum hourly apparent module efficiefary

the mono-crystalline PVs is _i4 0%, close to tise bed
efficiencies measured under STC, but the overalliah
average module efficiency of PV electricity genedais lower
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Fig. 4. Effect of average hourly solar radiation on

_(a) monocrystalline and (b) polycrystalline cell efficiencies

at 11.1%. The corresponding maximum hourly module
efficiency for the polycrystalline PVs i59.5%, again with a
lower annual average module efficiency of PV eleityr
generation of 7.5%.

Many previous studies, such as those of Richard&\att® and
Alsema and Nieuwladruse cell efficiencies of 13-14% for
mono-crystalline PVs, which are close to those messunder
STCs when determining the energy output. Using setlh
efficiencies will tend to overestimate the actuzmrgy output
from present mono-crystalline PV technology ins@lin the UK
and thus underestimate the unit energy costs agrdjen
payback time.

The conversion efficiency of the Fronius invertisra function
of DC power level (Fig. 5); the maximum invertefi@éncy of
~94% is reached at high DC electricity generatiaele The
sizing ratio of PV array output to inverter cappditimportant,
particularly in countries with a climate similartteat of the UK.
Mondof* showed that the optimum ratio for the UK varied
between 1.2 and 1.5; the sizing ratio of the twayar in this
study, based on peak PV output, was 1.25-1.5. The
measurement of inverter efficiency was based omthend AC
outputs as measured over specific periods for epaste
inverters with the measurements cross-checked with
independent meters. The weighted annual averagetémv
efficiencies are 89.7% and 91.0% for the arraytherfacade
and roof respectively. The average overall systfitiency
(including both module efficiency and inverter eiéincy) for
the mono-crystalline PVs is 10.1%, with a maximuwrtual
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(b)

Fig. 5. Conversion efficiency of two PV inverters from DC to AC
electricity. The measurements were supported by independent

metering. (a) Efficiency with input power. (b) Efficiency as a
function of input power to power rating of inverter. The inverters
had sizing ratios of 1.24 and 1.5 respectively

value of around 12.7%. The average monocrystadijisgem
efficiency compares favourably with correspondifficencies
for other systems reported in the UK (Talte-@23,

In the modelling discussed in this paper, the dgthgsical
characteristics of the PV modules and inverterdedisied in
Figs 4 and 5 were used in conjunction with 10-yearrly solar
radiation data for (a) the area specific to thefmn of the
ZICER PV cells and (b) other UK locations. In moretherly
areas, the cell efficiency will be higher as thebamt
temperatures are generally lower, but the purpbsa
modelling is not to give definite predicted outputst rather
values sufficient for a basic economic analysidebd, for an
accurate analysis, full modelling of all temperatand weather
conditions for each site would be needed, whidteigpond the
scope of this paper. As indicated earlier, the maxn error in
this approximation would be £18% (as shown in Bigand in
most cases very much less.

Solar radiation datasets used for the PV model deone the
Met Office MIDAS land surface station databd8&he most
suitable solar radiation dataset for the locatibthe ZICER
building came from a weather station at Hemsbyr@pmately
40 km to the east. The global and diffuse horiZcsdéar
radiations for Hemsby were recorded from 1981-1f@89
every hour of every month for every year. In aduiitio the
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Location Monitoring period System efficiency: % Ref.
Northumberland Building, University of Northumbria, Newcastle-Upon-Tyne, UK 1995-1997 81. 16
Solar Office Doxford International, Sunderland, UK Mar 1998-May 2000 7.5-8.0 17
Jubilee Campus, Nottingham University, Nottingham, UK Sept 2000-Aug 2001 8 18
Eco Energy House, Nottingham University, Nottingham, UK Sept 2000-May 2002 36. 4
Gaia Energy Centre, Delabole, Cornwall, UK Jan 2003-June 2003 9-10 19
PV Domestic Installations, UK (average of six systems) 12-25 months 8.2 (6 .5-10 .4) 20
ECOS Millennium Environmental Centre, Ballymena, Northern Ireland Dec 2000-Dec 2003 77. 21
Table 1. Actual recorded crystalline PV system efficiencies in the UK

Hemsby data, similar data were also obtained freenother 2770 kWh. However, this shading effect assumedahigt

locations across the UK (Table 2). the actual cells affected by shading produced ectetity.

In reality, since the cells were connected as botal
3.1. The model arrays, the output from all cells in a module drtzpzero

when just one cell is shaded. Allowing for thiseetf

Daily global and diffuse horizontal solar radiaticedues (and, reduces the predicted facade electricity outp@60 KWh

by difference, direct solar radiation) were avethtgeproduce

: per annum.
representative hourly values for an average daaoh month
in an average year. These values, together witkrtben (b) Although the data from Hemsby were used for efiot
positions of the sun in the sky for each of theegilocations, purposes, a complete set of detailed actual salarat
permitted calculation of the average hour|y totdhs 5-min intervals for the location of the ZICER PVSSNH]'y
irradiance for any particular month on a tiltedfage for any available for four separate months in 2005 towdnésend
given orientation and location using equations fuifie and of the intensive monitoring period. These datadatéd
Beckmari®?*and Muneeget al2®> that the solar radiation received at the ZICER boddn
2005 was 3.7% less than the corresponding averdge s
From predicted values of solar radiation it wassfizle to radiation from the 10-yr Hemsby database. Thisgive
estimate the hourly DC electrical generation usiegrhodule corrected predicted output of 2706 kwWh.

efficiency performance data in Fig. 4 and the gpoading AC ©
generation using the appropriate inverter efficjeas described

by Fig. 5. Aggregating the hourly AC electricityrgeation

figures for each day allowed the annual predicigigat to be
estimated for the different geographic locationssfoange of

tilt and azimuth angles. In addition, the predisticgpecific to

the tilt and azimuth of the ZICER building were comgghwith

actual recorded data to validate the model.

The PV arrays are covered by G59 compliance
requirement and often trip during bad weather, e.g.
thunderstorms, leading to cell downtime. Trippirighe
PVs is not a problem if an automatic reset funciton
installed, thus leading to minimal downtime andden
minimal electricity loss. However, the ZICER arraysrobt
have this automatic function and it can often tsdeeeral
days to rectify if a trip occurs over a weekendholiday
period. During the study period, there were no fetlvan
26 days when no electricity was generated; thasdents
were estimated to have caused a loss of a further

100 kWhlyr of potential generation. Thus the fipeddicted
solar radiation on the facade is estimated at X560 per
annum, which compares very favourably with the mean
actual electricity generated (2570 kWh).

The predicted average annual electricity generdiased on the
10-year data from Hemsby for the actual locatidinangle and
orientation of the ZICER building (assuming no shadind no
downtime) is 2860 kWh (427 kWh/kWp) for the facade
installation and 22 300 kWh (820 kwWh/kWp) for tloet
installation: the monthly values are shown in EigThere are
three reasons why these figures must be correetedea
comparison is made with the actual data. On the roof, the effects of tripping and reductiosolar
radiation due to shading of the PVs from the nedgiing
(a) For the specific location of the ZICER builgirshadingrom  teaching wall and the cleaning gantry reduce teeipted PV

neighbouring buildings affects the facade and tegéeally electricity output from 22 300 kWh to 20 280 kWh p@num—
reduces output by 4 .0%, giving a predicted ougut comparable to the measured value of 19 600 kWiapeum.
Location Longitude: ° Latitude: ° Period of Solar radiation:

2
recorded data KWh/im _per yr

Aviemore, Inverness 3.827 (W) 57.206 (N) 1987-1998 845
Aughton, Lancashire 2.917 (W) 53.549 (N) 1985-1995 955
Finningley, South Yorkshire 1.006 (W) 53.482 (N) 1983-1994 926
Hemsby, Norfolk 1.690 (E) 52.65 (N) 1989-1999 1060
Crawley, West Sussex 0.209 (W) 51.082 (N) 1981-1991 1001
Jersey Airport, Jersey 2.200 (W) 49.217 (N) 1984-1993 1164

Table 2. Location of solar radiation data stations used in modelling

14  Energy 161 Issue EN1 Performance of two photovoltaic arrays in the UK Tovey . Turner
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Fig. 6. Monthly average predicted ZICER PV electricity
generation

The close agreement between predicted and actual
measurements provides confidence in the model giredifor
other locations.

The geographic location strongly affects PV elettrioutput.
Fig. 7 shows the predicted unshaded average arlagticity
output of the two PV arrays on the ZICER buildingl fitsbeen
located in different areas of the UK at the sanué titt angle
and azimuth. The bars show the maximum range of &éom
using the apparent module efficiency.

As might be expected, the optimum location amoregsik
areas investigated is Jersey in the Channel Isldtmis location
has the greatest annual solar radiation out ofith&/K
locations and it also generates the greatest Ririeiey—
3257 kWh on the facade and 24 664 kWh on the uése
values should be compared with the theoretical anhsti values
of 2860 kwWh and 22 300 kWh for the ZICER location in
Norwich. The worst location for the arrays wouldAgemore,
which receives the lowest annual solar radiatidnobthe six
locations and also generates the lowest PV elégtridth

2353 kWh on the facade and 17 049 kWh on the fué.
Aviemore figures are 35% and 31% less than the Eput for
equivalent polycrystalline and monocrystalline Rxags in

Orientation Proportion of maximum electricity generation: %
Tilt angle: °

0 15 30 45 60 75 90
East 87 84 80 73 65 55 45
Southeast 87 92 93 90 83 72 58
South 87 96 100 98 91 80 63
Southwest 87 94 97 95 89 78 64
West 87 87 84 79 73 64 53

Table 3. Percentage output of maximum electricity generation for

PV arrays with different tilt angles and azimuths

Jersey. It should be noted that the differenceeansimarily
from the difference in cloud cover at the two léaas and not
the difference in latitude. Aviemore receives 90Rthe diffuse
radiation of Jersey but only 55% of the direct beadiation.

In addition to the effects of geographic locatithre azimuth
and tilt angle of the arrays can be significanédittions of the
actual electricity generated by the ZICER PV ar@ydifferent
azimuth angles and tilt angles were calculated @ereentage
of the maximum value (Table 3). The table shows tihere are
many combinations of tilt angle and orientatiort thal
achieve 80% or more of the maximum electricity otitp
However, if the PVs are unfavourably positionedgcgicity
generation falls to low levels; for example, lesart 50% of
maximum electricity generation occurs if the PVags have an
orientation of 908 (east) and a tilt angle of.90

3.2. Economic analysis

The economic viability of PV power can be deterrdihg its
ability to produce electricity at a unit cost titcah compete
with other sources to make adoption of the techmpolo
worthwhile. This unit cost has two components. Titst is
regular maintenance, which is assumed to be a fieecentage
(m) of the capital costs each year; the second repteshe
payback of the initial capital cost taking due aimce for an
assumed discount factor. This latter factor isramasite factor

1200
~ O Monocrystalline Roof - 15°
§ 1000+ DO Polycrystalline Facade - 90° ,|,
% 800 | [ T [ 1
> 600 / l l !
2 l I
§ T 1 1 1
g 200 — — — — — -
O T T
Inveness- Lanca- South West Norfolk Jersey
shire shire  Yorkshire Sussex
Location

Fig. 7. Average annual electricity output for the PV facade and PV roof for different locations across the UK. The error bars show the

maximum range of values arising from variations in cell temperature
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Table 4. Scenarios used in the analysis (E1 = €1.40 assumed)

Scenario  Description Net capital cost Capital cost
of PV system: per peak Watt:
£(€) £(€)
A Actual ZICER PV cost including installation, ancillary equipment and design fees 482 350 1.20
(675 000) (1.88)
B As (A) but including UK Government and European grants totalling £172 200 towards 310 150 9.15
the cost of the ZICER PV installations (435 000) (12.81)
C An avoided cost technigue based on actual ZICER PV system to illustrate the cost 209 000 6.20
benefits of integrating PVs directly into buildings. The total material and building cost of (293 000) (8.68)
the top floor would have been £209 000 cheaper had the PV units been omitted from
the design and replaced with traditional standard glazing units
D As (C) including actual PV grant towards the ZICER PV installations 36 800 1.09
(51 520) (1.53)
E Average European cost of PV power in 2006%’ including installation/design fees Not applicable 8.00
(11.00)
F As (E) including a 50% governmental PV grant 4.00
(5.50)

incorporating both the assumed discount rate andain
degradation of the PV cells. A lifetime of 25 yeaas assumed,
this being a typical value for the current generatf cells.

Income from generation in theh year of operation when
discounted back to the present value is

l,=Eu (1+r)™

whereE is the expected energy generated each ygais the
unit cost of electricity to cover capital costs ani the
discount factor. The cumulative incorheover alln years of the
expected lifetime must equal the capital d@@sand is given by

| =C=Eu, >, _(1+r)”

Equation (2) is a geometric series and can be gisghand
rearranged to give

b=Cf
- CTE|1-(14+r)"

Incorporating the maintenance element gives an owiicost
u of

C r
4 u=—|m+ ——
I E[ 1+(1+r)'”}

In this study, the capital cost of the PV systemsuides both
module costs and 'balance of system' costs, whijatesent all
other system component costs such as inverterdrietd
installation, design fees, etc. A variety of ecoiatenarios
associated with the capital investment was consitigy

provide a range of cost scenarios (Table 4). Saenarto D
relate to the actual economics of the ZICER PVs,avidenarios
E?” and F relate to the present average costs of fPEsriope.

The total capital cost of the PV installation wasvided by
guantity surveyors Northcotts as £482 350 (€679.ZBere

were two grants under scenarios B and D—the first pvavided
by the DTI Large Scale Building Integrated Fieldarsi
Programme and amounted to £104 400 (€146 160§ebend
was provided from European funding and amounted to

€107 98! (£67 800). In scenario C, where allowance was made
for avoided costs, the estimated additional costeraing to

the quantity surveyors for the PV arrays would hareunted

to £209 000 (€292 600).

The system has no moving parts and maintenance cbBVs
are minimal. Previous PV studies have used anmexiation
and maintenance figures ranging from 0.5-2.0% itiin
capital costs.  To date, there have been no maintenance costs
of the ZICER PVs incurred at the expense of the ehsity.
Future maintenance costs are likely to includetgtad faults
associated with the replacement of inverters; these been
estimated at 0 .4% of the total capital ce€t1(900 (€2650) per
annum). Discount rates of 3, 5 and 7% were uséudisrstudy,
together with a typical average annual degradattaof 0.7%
for the crystalline silicon PV cells as reporteddayeral

studies®3°

To allow comparisons between different parts oflike the
output was based on the PV modelling describehisnpaper
relating to long-term averages for the solar raoletlata. This
model was validated against actual data as disdesatier.

Figure 8 shows the unit cost of PV electricity gsindiscount
rate of 5% for each of the six economic scenarnighned in
Table 4. To cover all possible solar radiation ealtalling
normal to surfaces orientated at different angheslacated in
different parts of the UK, the values in the graphge from
500 to 1400 kWh/yr. The results show that incregsire solar
radiation received by the PV surface can more tizve the
cost per unit of PV electricity. This reductioriasgely due to
the increased solar radiation, but the moduleiefiity also has
an effect, as demonstrated by Fig. 4.
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Fig. 8. Unit cost of PV electricity in six economic scenarios

(Table 4) as a function of solar radiation

At a typical mean solar radiation intensity of 1680h/n?

per yr (see Table 2), the cost of PV electricitperation equates
to £1.67 (€2.30) per kWh under scenario A, but ceduo £1.11
(€1.55) per kWh when the PV grant is included iersrio B. As
the PVs are integrated into the structure of thiklimg,
scenarios C and D consider the actual ZICER PV ety the
avoided cost methodology. The corresponding etstiri
generation costs are then £0.72 (€1.00) per KWHArtb
(€0.22) per kwWh under scenarios C and D respegtiGgenarios
E and F, which explore the situation using curimopean
costs, produce unit costs of £0.94 (€1.30) per lnh £0.50
(€0.70) per kWh respectively.

Table 5 summarises the key information for eactnef
scenarios for three different discount factors famdhree
different solar radiation values.

3.3. Embodied energy analysis
The energy yield ratio is calculated by dividinigtime PV
electricity generation (accounting for annual degten of the

PV cells) by the embodied energy required in mactufa,
construction and installation

Lifetime PV electricity generation

5 EY Rsystem= .
Input embodied energy

The EYR was used in this study (rather than eneagpack
time) as it incorporates the predicted life of B\é system and
is thus beneficial when comparing such systemaagather
generation methods that have very different lifersp
Equation (5) can also readily be adapted to inchrde
embodied energy arising from maintenance or repiece over
the life of the system. The system boundariesHisrEYR
assessment include the embodied energy of direerials (i.e.
materials that make up part of the finished prodeid. silicon)
and indirect materials (i.e. materials that araluisehe process
but do not end up in the product, e.g. solventgnufacturing/
processing, embodied energy of ancillary components
transportation from the factory to the site andsie-
installation.

The most comprehensive and relevant source forrRfybdied
energy for both monocrystalline and polycrystallinedules
came from a study by De Wild-Scholten and AlsémaTheir PV
life cycle inventory data are representative oftdehnology
status in 2004 and, unlike many studies, coverraltesses

from silicon feedstock production to cell and madul
manufacturing. The module embodied energy inputesl
amount to 3230 kWhe/kyVassociated with monocrystalline PV

cells and 2750 kWhe/kyvfor polycrystalline PV cells.

Energy is also needed in the production of angileaquipment
such as support materials and inverters; this waset from
an earlier study by Alsema and De Wild-SchoftenThe

embodied energy for array support and cabling isvadent to
approximately 100 kWhe/kW while the embodied energy for

Discount Solar Cost: £/kWh (€/kWh)
factor: radiation:
% KWh/m 2 Scenario
peryr A B C D E F
3 800 1.75 1.16 0.76 0.17 0.98 0.52
(2.44) (1.62) (1.05) (0.24) (1.37) (0.73)
1000 1.37 0.91 0.59 0.14 0.77 0.41
(1.91) (1.27) (0.83) (0.19) (1.07) (0.57)
1200 1.13 0.75 0.49 0.11 0.63 0.34
(1.58) (1.05) (0.68) (0.15) (0.88) (0.47)
5 800 2.13 1.41 0.92 020 1.20 0.63
(2.98) (1.97) (1.29) (0.28) (1.67) (0.88)
1000 1.67 1.11 0.72 0.16 0.94 0.50
(2.34) (1.55) (1.01) (0.22) (1.31) (0.69)
1200 1.38 0.91 060 0.13 0.77 0.41
(1.92) (1.27) (0.83) (0.18) (1.08) (0.57)
7 800 2.55 1.68 1.11 0.24 1.44 0.75
(3.57) (2.35) (1.54) (0.32) (2.00) (1.04)
1000 2.00 1.32 0.87 0.18 1.13 0.59
(2.80) (1.84) (1.21) (0.25) (1.57) (0.82)
1200 1.65 1.09 0.72 0.15 0.93 0.48
(2.31) (1.52) (1.00) (0.21) (1.29) (0.67)

Table 5. Unit costs of energy generated by PV for different discount factors, solar radiation and scenario (E1 = €1 .40 assumed)
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the inverters (including one replacement half wapagh the
system life) is equivalent to approximately 185 l&NVkWp.

The energy used during installation of the PV anags based
on that measured on the site during constructighisn
equivalent to 131.4 kWhe/kWp. The energy consumeihd
transportation of the units was based on the agiuahey

that the cells took to the site. This included $fzortation of
the PVs from the manufacturing plant in Spain,G&rmany
where the PV cells were encapsulated between dgtadse
final site location, i.e. Norwich. An estimated 290 vehicle-
km were involved in this transportation, equivalent

453.2 KWhe/KWp.

The overall embodied energy representing the sutinesie

components is 4.1 MWhe/kWp for monocrystalline Rvisl
3 4.MWhe/kWp for polycrystalline PV systems.

A scenario similar to the 'avoided costs scenased in the
economic analysis was also used to explore the@mnwiental
benefits of integrating PVs directly into buildinggher than as
additions (thereby saving the requirement for dliagld
materials). This scenario, known as the 'avoidentgn
scenario', considered that on-site constructionggneas
treated as zero and the embodied energy from fieced
conventional cladding materials was subtracted frloenPV
material embodied energy. Net resulting embodiedgn

values of 3.7 MWhe/kWp and 3.0 MWhe/kWp were dedivor
the monocrystalline and polycrystalline PV systespectively.

Though there is a small amount of degradation ifopmance
over time, it is much less than the reduction tcome from
energy generated in the future from the discoumesrassumed
in the economic analyses. As a result, the effechoice of
lifetime will have a more significant effect on tB&R than for
an economic analysis. Table 6 illustrates the viarigor a
range of lifetime values (20-30 years) for monotalime cells at
a typical solar radiation of 1000 kWH/mper year. Two
embodied energy scenarios are considered

(a) the PV arrays are considered as stand-alon¢herfdill
impacts of PV construction are taken into account

(b) allowance is made for the avoided energy reqguémts
when the arrays are incorporated into the fabrithef
building.

For the polycrystalline cells, the corresponding®EYalues at a
lifetime of 30 yr are 4.3 and 4.9 respectively.

Energy Yield Ratio
N

o standard analysis
1 + avoided energy technigye
0 \ ‘ ‘ ‘

400 600 800 1000 1200 1400

Annual average solar radiation (kWhriyr ™)

Energy yield ratio

MC cell lifetime: years  PC cell lifetime: years

20 25 30 20 25 30

Standard analysis 32. 38. 46. 29. 36. 43
Avoided energy 35. 42. 51. 33. 41 49.
analysis

Table 6. Energy yield ratios for monaocrystalline (MC) and

polycrystalline (PC) cells at a typical solar radiation intensity of
1000 kWh/m? per year
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Fig. 9. Energy yield ratio for monocrystalline PVs as a function of

solar radiation

Aswas the case with the economic analysis, the EYRw~ar
significantly with solar radiation as demonstralgdrig. 9.

Despite the annual average monocrystalline modtitsency
being approximately 3.0 - 3.5% higher than that of
polycrystalline modules, there was very little diffince between
the monocrystalline and polycrystalline EYR resultsler the
current situation. This is because, although thaourystalline
PV arrays have higher cell efficiencies than pofgtalline
arrays, they utilise more process energy during the
crystallisation process.

4. DISCUSSION

Both the economic results and the EYR are highly deéget on
PV tilt angle, orientation of the installation alegation in the
UK. The PV economics and EYR become more favourabline
solar radiation received by the system increasethd case of
building-integrated PV arrays, the angle and tit @etermined
by the design of the building, but there are stitiny
combinations of angles and tilts that achieve 80%hare of
the maximum electricity generation as demonstratddhble 2.
However, for a vertically mounted PV system ingtalbn an
easterly or westerly orientation, the unit cosPdfpower will
be more than double and the EYR will be less théirttat of a
south-facing installation tilted at a more optimanygle of 36.

Even with grants and using the avoided cost arslysithod,
the unit costs compare unfavourably with converaion
generation. Significant advances in PV technicaktigpment
and further reductions in cost are required if R¥sto become
a competitive source of energy.

To achieve this goal, the UK Government interveimeggromoting
the use of PV technology and, since 2002, has digksi PV
installations through a number of demonstratiorjgmts and
field trials. However, as shown, these grants leyrielves are
insufficient to make the technology competitiveh@tmeasures
are now also in place—such as firomotion of renewable enel
through the Renewables Obligation (RO) and thegdarti
internalising of external environmental costs frimssil fuel
combustion under the European Union Emission Tra8ystem
(EU-ETS)—which will further improve the situation.

Since April 2002, all UK electricity suppliers halseen bound
by the RO, which requires them to deliver a growpegcentage

Tovey . Turner



Period Buy-out price: Effective value:
£/MWh (€/MWHh) £/MWh (€/MWh)
2003-2004 30.51 (42.71) 53.43 (74.80)
2004-2005 31.39 (43.95) 45.04 (63.06)
2005-2006 32.33 (45.26) 42.54 (59.56)
2006-2007 33.24 (46.54) 49.28 (68.99)

Table 7. Value of the 'buy-out' price and effective premium value
of RO certificates. 33 (A figure of £33.24 (€46.50) per MWh is

equivalent to 3.324p (¢4.65) per kwWh)

of their power from renewable technologies, increasigy
proportion of supply from 3.0% in 2002/2003 to 1ed®.4%
by 2010/2011. Compliance failure results in a 'louy-fine
that is index linked on an annual basis as shovifalsie 733
As there is currently a shortfall in renewable gatien, RO
certificates are trading at a premium price ansl ploitentially
reduces the unit cost of PV generation by a furdhBipence
per kwWh. However, though such benefits are thezaltyi
present, few PV arrays have yet achieved such itgasfthe
number of RO certificates generated even by suahge |
array as the ZICER is considered to be too smathby
majority of suppliers. Though there are companfériog an
aggregation service, the administration costs imesing
additional income are disproportionate to the biemef
received.

In theory, EU-ETS should provide further incentit#awever,
because of a significant over allocation of frdevehnces, the
cost of carbon emitted fell to just a 3-4 centstpane (2-3p
per tonne) at the end of the first phase in Decer2d@7. This
was so low that it only represented an additionat éor coal
generation and consequential benefit for PV geiweratf only
0.0025p (¢0.0035) per kWh. Very recently, the vafuthe
second phase (January 2008) has been just overe€20nne
(£15.30/t) representing improved financial benefitth a figure
over 1p/kWh. Predicting the cost effectiveness pésicular
technology is also affected by the wholesale pofoglectricity,
which has been as high as 5.5p (¢7.7) per kWh amovaas
3.0p (¢4 .00) per kWh over the last 12 months. §egeral
future increases in conventional electricity cogilbalso make
the economics of PVs more attractive.

The EYR figures encountered in this study are Icivan
typical European values largely due to the lowéarso
radiation levels in the UK compared to some stutbe®rting
results from southern Europe. The analyses desthbee
also incorporate aspects that are often ignorethiriar
studies such as

(@) the degradation of modules over time

(b) the use of actual PV cell efficiencies to pdeva realistic
assessment of the performance of PVs (rather tireange
of cell efficiencies in STCs)

(c) the incorporation of embodied energy associatitul
transportation.

Even in unfavourable locations in the UK, the EYRuisund 2.5
for a vertically mounted PV system installed oreasterly or
westerly orientation. This figure approaches 3 witenavoided
energy technique is taken into account, i.e. tleeafi$Vs
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integrated into the building structure displacesubke of
conventional building cladding materials. EYRs geedlhan 6
occur when a PV system is located in the southfisast of the
UK and optimally positioned with a south-facingesriation
and a tilt angle around 30

The location of the PV manufacturing plant in rielatto the
final destination of the PV installation is an innamt matter to
consider, although it is often overlooked. In ttisdy, this
transportation embodied energy of 450 kWh of dedideenergy
per kW, increases the payback time by 1.4 yr for a valtfic
mounted polycrystalline PV installation and by Qt8§or a
monocrystalline PV installation. If a PV manufaetucloser to
the UK had been chosen, the transportation embatietyy
could have potentially reduced by more than haiftk other
hand, the carbon emission factor for electricitpeyated in
Spain (the location of the PV manufacturer) is Sigantly
lower than that in the UK; thus carbon reductiodisieved
through less transportation are likely to be losptigh
increased carbon emissions associated with eligtuise from
a UK manufacturer.

It is inevitable that commercial PV module efficiézs will
increase in the future beyond typical values reedrd this
study. If, for example, the overall average monst@line PV
cell efficiency increases to 13.5%, the polycnjstalincreases
to 10% and the lifetime increases to 30 yr, theEk¥R of 6.5
for an integrated PV system will be achieved aaanual
average solar radiation intensity of 1000 kW%/rper year.

5. CONCLUSIONS

Monitoring results from two crystalline PV instaltans were
used to create an objective predictive tool to aethe
annual average PV electricity generation over geaf
orientations, tilts and locations across the UKe Titodel was
used to predict the unit costs and EYRs under sked#éfarent
scenarios.

The unit price of PV electricity and the EYR for ¥ P
installation in the UK is highly dependent on tbedtion of the
PV array within the UK and the chosen tilt angld an
orientation of the installation. Integration of R¥lls into the
structure of a building avoids the use of converaiduilding
cladding materials, thus reducing both costs anbloeied
energy. While optimum performance is achieved wihr
south-facing arrays at a tilt angle of approxima8#8, there
are still many combinations of angles and tilts tzhieve 80%
or more of the maximum electricity generation.He particular
case study, even with grants, the unit cost of £(€D.21)

per kWh is still well above conventional generatimsts,
although there is potential to reduce these cosf0t040

(€0 .055) to £0.045 (€0.063) when additional fastarch as RO
certificates, embedded generation benefits, cleretange levy
exemption, etc. are taken into account.

With the module efficiencies reported here, EYRsrapphing 6
occur when a crystalline PV system is located é th
south/southeast of the UK and optimally positiondth a
south-facing orientation and a tilt angle arount B0wever,

in unfavourable locations and orientations the EéR fall to
below 2. In the future, these values are likelintbease with
improvements in module efficiency.
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Attention to detail in design is important. Automakeset
facilities should be provided on inverters to mirgenlosses as a
result of tripping due to electrical faults.
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