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ABSTRACT: Two identical 6.2 kWp arrays have produced 4,884 and 8,050 kWh of energy per year in Oxford, UK
and Mallorca, Spain, respectively. Multi-junction amorphous silicon and copper indium diselenide technologies give
the highest returns of energy per peak power. Amorphous silicon and CIS have good spectral response to blue
wavelengths, and consequently operate more efficiently under overcast conditions. Amorphous silicon also performs
well at high insolations because its large band gap renders it less susceptible to temperature effects. Crystalline silicon
technologies perform relatively better under the lower temperatures found in the UK.
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1. INTRODUCTION
The PV market is undergoing a period of rapid growth
with many different technologies competing for market
share. It is imperative that the most suitable product is
chosen for a given application.
However, because
photovoltaics do not spend their operating lifetime in the
laboratory, a comprehensive knowledge of their outdoor
performance is required. The PV-Compare project has
been established as a comparative test of commercially
available photovoltaic technologies. Eleven sub-arrays
have been mounted on a roof at Begbroke, near Oxford,
UK. Uniquely for studies of this type,[1-4] a virtually
identical array has been established in Mallorca. This
allows the relative performance of the different
technologies to be measured side-by-side under a wide
range of climatic conditions. Furthermore, the suitability
of different climates for photovoltaic electricity generation
can also be determined.
When photovoltaic modules are sold they are rated
with a peak power output. This is denoted as the power
produced by the module under Standard Test Conditions
(1000 Wm-2 , AM 1.5, 25 ºC). Such intense lighting
conditions are not representative of summertime in
Mallorca, let alone the peculiarities of the British climate.
Of greater interest to system designers and consumers is
the amount of energy generated over the course of one
year. Whilst peak power output and energy production are
nominally related, the different technologies exhibit
different responses to insolation, temperature, and spectral
quality which means that the specific yields (kWh/kWp)
generated show significant variation. Obviously, the
energy produced is site dependent, so the PV-Compare
project is a useful method of increasing the knowledge base
within the industry.
Of particular interest are the relative energy yields of
the two arrays and the influence of the length of daytime on
monthly energy production. The relative performance of
the technologies under overcast conditions is also believed
to be of great importance for the British PV market.

2. INSTALLATIONS
The eleven technologies under test are a representative
sample of technologies commercially available in 1999.
The total power of each array is 6.2 kWp. Each sub-array
is nominally rated at ca. 550 W peak. The manufacturer’s

quoted rated peak powers are listed in Table 1. However, it
should be noted that these values may legitimately differ
from the exact peak power by up to 10%.
Table 1. Products under test.
Name
Unisolar US64
ASE 30 DG-UT
Solarex Millennia
Intersolar Gold
Evergreen ES 112
Astropower APX-80
Solarex MSX 64
ASE 300 DG UT
BP Solar 585
Siemens ST40
BP Solar Apollo
†

Technology
a-Si (Triple Junction)
a-Si (Double Junction)
a-Si (Double Junction)
a-Si (Single Junction)
mc-Si (Ribbon)
mc-Si (APEX Si film)
mc-Si
mc-Si (EFG)
sc-Si
CIS
CdTe

Wp (W)
512
540
516
504
560
640
640
600
595
560
500†

BP Solar Apollo sub-array is 560 Wp in Begbroke.

The array in Oxfordshire, UK (51º46’N, 1º15’W) is
sited on a university roof, at a pitch of 13º and is oriented
5º W of south. The array has been operational since March
2000. The Mallorcan array (39º57’N, 2º67’E) is sited on
the roof of a private estate, and is orientated at a pitch of
25º and oriented 15º W of south.
These different
orientations are not expected to cause major differences in
energy output,[5] although the pitch of the Mallorcan array
is closer to being optimal for its latitude. The Mallorcan
array has been producing electricity since October 1999.
Two years worth of data have been collected from
Mallorca and one year for the UK.
The first six sub-arrays presented in Table 1 are
connected to NKF OK4-100 module inverters, whereas the
remaining sub-arrays are connected to SMA SWR700
string inverters. The two different inverter systems were
used in order to improve voltage and power matching. A
more detailed description of the array installations is
presented in previous work by Conibeer and Wren.[5,6]
The data collected from the sub-arrays with SMA
inverters can be used to calculate the DC power output of
the arrays directly to an accuracy of ±5%. However, the
data collected from those modules with NKF inverters
gives AC data only. This is converted back to DC data by
dividing by the known inverter efficiency for a given
output power.
The insolation is measured by a pyranometer. In
Mallorca, three directional light measurements are taken by
Si sensors, whilst in Oxford, three Si sensors with band
pass filters of 650-850 nm, 850-1100 nm and unfiltered

give spectral information relevant to a-Si, CdTe, and c-Si
& CIS cells respectively. Unfortunately, at present there is
some doubt about the calibration of the UK insolation
measurements, so no discussion of power output with
respect to insolation can be made for the UK site, at
present. This is in the process of re-calibration and will be
reported in more detail in a future publication. In light of
this, the Mallorcan monitoring equipment will also be recalibrated. Accuracy of insolation measurements has been
isolated as a critical issue for studies such as this.[4]
The ambient temperature is recorded by shaded
thermocouple, and eleven module temperatures are
recorded from thermistors attached to the backs of the
modules.
The DC power data and meteorological data are
processed to create a dataset with one value per 30 minutes.
These data does contain some holes due to logging
difficulties and power cuts. Because we are interested in
comparing the performance of the technologies, rather than
the reliability of their performance, this dataset has been
interpolated to time match for the missing values. The
power (P i) was calculated as a function of insolation (I0),
ambient temperature (T0), module temperature (Ti), and the
calculated elevation of the sun ( ). Constants ai-gi are
calculated from real data.
Pi = ai I 0 + bi I 0Ti + ci I 0T0 + d i I 0θ + e i I 0Ti T0 + f i I 0T 2 + g i I 0Ti
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The interpolated dataset is used only when discussing
energy production. Core physical responses of the
technologies are determined from the uninterpolated
dataset alone.

individual sub-array of 12.1 hours and 9.46 hours have
been observed in the UK and Mallorca, respectively.
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Figure 1. Average daily kWh/kWp of the UK and
Mallorcan Arrays.

3.2 Relative Performance
The average annual energy produced by each sub-array
normalised by the manufacturer’s rated peak power is
shown in Figure 2 and Table 2 for both Mallorca and the
UK.
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3. RESULTS AND DISCUSSION
3.1 Energy Output
The total energy produced by the Mallorcan array
between 1st October 1999 and 30th September 2001 was
16,100 kWh, an average of 8,050 kWhyr -1. The energy
produced by the Oxford array in the one year between 1st
October 2000 and 30th September 2001 was 4,884 kWh.
Prior to installation the Mallorcan and Oxford arrays were
predicted to produce 10,500 and 6,000 kWhyr -1 ,
respectively.[5] Both arrays are performing less well than
expected, and the Mallorcan array in particular is
producing significantly less electricity than predicted. The
main reason for this is lower than predicted insolation
conditions during the test period. The predicted energy
outputs were based on an annual in plane irradiance of
1,529 kWhm -2yr-1.[7] However, the on-site pyranometer
readings gave an average yearly irradiance of just 1,324
kWhm-2 yr-1. This may be due to two years of lower
Mallorcan irradiance than average. However, it is also
likely that local microclimatic conditions have an impact
on the irradiance received.
The average daily energy production over the course of the
year shows that the Mallorcan array produces more
electricity than the UK array all year round (Figure 1). The
relative performance of the UK array is best in the summer
months, when the days are longer because of higher
latitudes. However, the effect of longer summer days is
somewhat counteracted by the greater cloud cover in the
UK. Nevertheless, on a daily basis, the UK array is capable
of producing more electricity than the array at Mallorca.
Indeed, maximum daily values of kWh/kWp for an
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Figure 2. Annual kWh/kWp by sub-array in Mallorca and
UK.
Table 2. Normalised power outputs from the Mallorcan
and the UK arrays
Sub-array
Unisolar US64
ASE 30 DG-UT
Solarex Millennia
Intersolar Gold
Evergreen
Astropower
Solarex MSX 64
ASE 300 DG UT
BP Solar 585
Siemens ST40
BP Solar Apollo

a-Si
a-Si
a-Si
a-Si
mc-Si
mc-Si
mc-Si
mc-Si
sc-Si
CIS
CdTe

kWh/kWp
Mallorca (h)
1429
1706
1555
937
1265
1036
1201
1352
1341
1590
1007

kWh/kWp
UK (h)
838.6
968.8
904.1
479.2
841.4
736.3
765.9
784.7
773.8
1003.9
558.8

%
58
56
58
51
66
71
63
58
58
63
56

In Mallorca, the multi-junction amorphous silicon and
copper indium diselenide sub-arrays produced the greatest
specific yields of between ca. 1400 and 1700 kWh/kWp
per year. The crystalline silicon technologies typically
produce between ca. 1200 and 1400 kWh/kWp per year,
with single junction amorphous silicon and cadmium
telluride giving the lowest specific yields.
The
significantly different specific yields of the technologies is
an important factor to be considered when designing and
installing PV systems.

In Oxford a similar pattern is observed. Here copper
indium diselenide is the best performing sub-array,
followed by double then triple junction amorphous silicon.
Crystalline silicon arrays show little variation in energy
output between technologies.
Once again cadmium
telluride and single junction amorphous silicon
technologies perform least well.
The relative performance of crystalline silicon
technologies and CIS in the UK compared to Mallorca is
greater than for amorphous silicon technologies (Table 2).
This suggests that these narrower band-gap materials,
which have larger temperature coefficients, are benefiting
from the lower operating conditions of the UK climate.
Interestingly, this ratio is higher for all technologies than
the 55% ratio in typical annual horizontal irradiance (975
and 1,780 kWhm-2 yr-1 for Southern England and Mallorca,
respectively.[8]) Hence, this suggests that PV is better
suited to the British climate than may be expected from the
available solar resource, especially as the UK array is
further from its optimal inclination than the Mallorcan
array.
It is also interesting to note the relative performance of
the amorphous silicon sub arrays. The double junction
technologies give greater returns of energy than triple
junction amorphous silicon. This may simply be due to the
module construction and how well the layers are shunted.
Furthermore, because multi-junction cells require current
matching, triple junction technologies may be more
susceptible to changes in the outdoor spectrum than their
double junction counterparts.
3.3 Power vs. Insolation
The uninterpolated Mallorcan dataset was used to
construct a plot of power versus the insolation. For clarity,
only representative sub-arrays of the different technologies
are presented in Figure 3, below.

amorphous silicon, which has a large band gap. The latter
is consequently less susceptible to rises in temperature.
At low insolations, amorphous silicon and copper
indium diselenide outperform the crystalline silicon and
cadmium telluride technologies. The former pair differ
from the latter in that their absorption profiles show they
are able to capture the shorter wavelengths of visible light
between 400 and 500 nm. Low insolation levels are found
when conditions are overcast. Under such conditions, the
light received is primarily diffuse, and richer in the ‘bluer’
wavelengths.[8] The amorphous silicon and copper indium
diselenide sub-arrays exhibit good performance under low
insolation conditions.
It is important to note that low insolation conditions
also occur at dawn and dusk. At these times, the sun is low
in the sky, so the direct light takes a longer path through
the earth’s atmosphere. The ‘bluer’ wavelengths are
adsorbed due to increased Rayleigh scattering. This effect
would disfavour amorphous silicon. It is clear from Figure
3 that this effect is less important than the influence of low
insolation levels due to overcast conditions. This holds
especially true because direct light at dawn and dusk falls
behind the plane of the array during the summer months.
3.4 Energy vs. Insolation
The influence of these temperature and spectral effects
on the energy produced by different sub-arrays depends on
the climatic conditions they are subjected to. Figure 4
shows the frequency of the insolations over the course of
the year for Mallorca, which acts as a unique insolation
‘fingerprint’ for that geographical location. The specific
yield produced at those insolations, for representative subarrays of each technology is shown on the same plot.
Because we are interested in the overall produced, the
interpolated dataset is used.
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Figure 3. Variation of power output with insolation for
representative sub-arrays.
The power produced by amorphous silicon has a very
linear response to insolation. Conversely, crystalline
silicon (both sc and mc) and cadmium telluride
technologies have an s-shaped profile. Copper indium
diselenide is linear at low insolations, but tails off at
insolations above 800 Wm-2.
The graph exhibits results consistent with the electronic
properties of the materials. At high insolations, the power
output from crystalline silicon, copper indium diselenide
and cadmium telluride arrays drops off compared to
amorphous silicon. Temperature is strongly correlated with
insolation, so high insolations are associated with high
temperatures. The small and mid band gap c-Si and CdTe
have larger negative temperature coefficients than
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Figure 4. Variation of energy output with insolation for
representative sub-arrays.
Low insolation conditions below 200 Wm-2 dominate
the insolation ‘fingerprint’, with a gradual tailing off
towards 1000 Wm-2. Insolations above this level are rare.
However, because low powers are produced at low
insolations the majority of the energy is produced at
insolations between 500 and 900 Wm-2.
The good low insolation performance of amorphous
silicon and copper indium diselenide, noted above, results
in greater returns of energy between 0 and 400 Wm-2. The
crystalline silicon and cadmium telluride sub-arrays give
better relative yields of electricity at medium insolations,
between 400 and 800 Wm-2, where they are neither
hampered by overcast conditions nor high temperatures.
Above 800 Wm-2 , the relative yields of the small band gap
materials drops off relative to amorphous silicon.

It has been reported by Eikelboom and Jansen[3] that
the low insolation performance of amorphous silicon is the
major factor in the good performance of amorphous silicon
devices, from their test site in the Netherlands. It is
important to remember that such statements are site
dependant, and Figure 4 shows that the performance at high
insolations, and consequently temperatures, is the major
component of the greater specific yields of amorphous
silicon compared to crystalline silicon in Mallorca. At
higher latitudes, such as the UK and the Netherlands, the
insolation fingerprint is skewed towards lower
insolations.[2] This would increase the importance of good
spectral response to blue wavelengths to generating high
specific yields and concur with Eikelboom and Jansen’s
findings.[3]
3.5 Cloud Cover
The spectral effects inherent to overcast conditions are
important in determining the energy produced by the
different technologies. The extent of cloud cover can be
determined by calculating the transmittance factor, Kt.
This parameter is simply the observed insolation divided
by the calculated insolation outside the earth’s atmosphere
modified for elevation. The latter is determined from the
time of year and day, and latitude. High values of Kt
represent clear skies, low ones are indicative of overcast
conditions.
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Figure 5. The influence of cloud cover on device
efficiency.
A plot of efficiency versus Kt shows that the efficiency
of crystalline silicon and cadmium telluride devices is
greater under clear sky conditions. In contrast, amorphous
silicon markedly increases in efficiency under overcast
skies. Copper indium diselenide, which has a more
uniform adsorption profile, shows less variation, but is
marginally more efficient under overcast conditions. This
increased efficiency of copper indium diselenide and
amorphous silicon under overcast conditions makes a
significant contribution to their high specific yields in
Mallorca, and is likely to be even more dominant for the
UK array.

4.

The UK array produces 60% of the energy of the
Mallorcan array. The difference in performance between
the two arrays is less marked during the summer months
when days are longer at higher latitudes. Indeed, the
highest daily yields are observed on clear summer days in
the UK.
In terms of specific yield, the best performing
technologies are multi-junction amorphous silicon and
copper indium diselenide. Of the amorphous silicon
technologies, double junction modules outperform triple
junction devices, although it is unclear whether this is due
to device fabrication or spectral effects. Amorphous
silicon relatively outperforms the other technologies at high
insolations because it is less susceptible to the higher
temperatures found under intense lighting conditions.
Amorphous silicon and copper indium diselenide also have
good spectral response to the blue wavelengths between
400 and 500 nm, found under diffuse lighting conditions.
These technologies, in fact, perform more efficiently under
overcast low insolation conditions. Summed over the
course of one year, these factors give multijunction
amorphous silicon and copper indium diselenide
significantly larger specific yields than crystalline
technologies.
In the UK, the good low insolation
performance of amorphous silicon and copper indium
diselenide is expected to be more significant. However,
because of lower operating temperatures in the UK, the
small band gap materials also show improved performance.
The ratio between energy production in Oxford and
Mallorca is ca. 60% for small band gap technologies,
which is greater than the ratio of the average annual
irradiances. The combination of good low light level
performance and lower operating temperatures make CIS
the highest yielding technology in the UK.

CONCLUSIONS

The findings reported in this paper should be treated
with some caution, due concerns about the accuracy of the
manufacturers’ rated peak power, insolation measurements,
and power values from the inverters. However, whilst
absolute values may be affected, the conclusions about the
physical responses of the different technologies will still
hold true.
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