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Abstract

In BIPV design (Building Integrated PV) with crystalline silicon (c-Si) solar cells, ventilation is important in order to keep cells as cool
as possible. To allow good ventilation it is therefore generally preferable to mount the modules separated from the existing roof. In the
case of sloped roofs, the modules are superimposed onto the existing roof and for flat roofs separated tilted mounting structures designed
to withstand wind loads are used instead, but both are not real building integrations.

In this paper we analyse the behaviour and the energy yield of a 15.36 kWp PV system based on flexible triple junction amorphous
silicon modules laminated together with a single ply roofing system.

The PV plant has been integrated on a flat roof of a professional school located south of Switzerland. A significant part of the data
analysis is done in comparison with three small open-rack plants (reference plants) installed near the integrated plant.

An important result was that the thermally insulated nearly horizontal modules showed temperatures higher than for modules
mounted on an open-rack structure, especially for sunny days. This created higher power losses due to negative temperature coefficients.
On the other hand, the higher temperature reached the level where the main degradation mechanism of a-Si modules could be reversed
and better thermal annealing could be observed. This conclusion was arrived at after a direct performance comparison of the thermally
insulated plant and the open-rack a-Si reference plant, which has the same module and orientation as the main plant.

In order to better understand the thermally insulated nearly horizontal plant behaviour, we analysed and quantified the irradiation
difference and optical losses with respect to a 20� tilted open-rack c-Si power plant. Optical losses for nearly horizontal modules were
significant during the winter, partially affecting their low performance.

As a main result, the final energy yield of the thermally insulated a-Si plant was almost comparable to a 20� tilted open-rack c-Si
power plant, despite the lower irradiance and higher reflection losses with respect to the latter.

Accordingly, compared to c-Si modules, the a-Si technology represents a better choice for thermal insulated BIPV.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Building Integrated PV systems (BIPV) combine in a
harmonious way architectural functions of building materi-

als (protective, good-looking,) and electrical production.
The PV material assumes a new role with a double func-
tion: architectural and productive.

High architectural quality is required for PV systems,
particularly regarding the 7 criteria of integration defined
by the IEA PVPS task 7 (Kaand and Reijenga, 2004).
These criteria, which help to incorporate PV during the
building design and to assess the architectural quality of
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BIPV projects, are important for architects in determining
why a BIPV project is or is not aesthetically pleasing.

Joining together various functions in one element will
often introduce compromises that limit one of the two
functions.

For example, in BIPV design with crystalline silicon
(c-Si) cells, ventilation is important in order to keep cells
as cool as possible and therefore at high efficiency. This
constraint complicates the integration of crystalline silicon
PV modules into a building and leads to higher installation
cost. It is generally preferable to mount the modules
detached from the existing roof to allow good ventilation
and thus lower thermal losses.

In the case of sloped roofs, the modules are superim-
posed onto the existing roof and for flat roofs they are
mounted on separated tilted structures designed to with-
stand wind loads, but neither concept is building integra-
tion in the true sense. In fact, the new terminology for
these applications is building added PV (BAPV).

Thus, it takes some effort to find some PV building ele-
ments suitable for different kinds of integrations.

Flat roofs are not well adapted for good-quality BIPV
design with double function elements. However, it is possi-
ble to use a special cover of a single ply roofing system
based on a flexible polyolefin (FPO) membrane, laminated
together with photovoltaic amorphous silicon flexible mod-
ules, which acts as a waterproofing system (Chianese et al.,
2004). For instance, the mechanical characteristics of FPO
membranes allow combination with flexible a-Si triple-
junction modules, as described in the next section.

The field of flat roof single ply roofing systems today
accounts for �20–25% of the roofing market in Europe.
Thin film flexible amorphous silicon modules can penetrate
the huge flat roof market and get into the refurbishment
market with a new integration system displaying good
building integration qualities.

Why is it a promising solution for good-quality BIPV
design?

In relation to the physical and mechanical aspects, the
following points are interesting:

• Better architectural quality compared to separated, tilted
mounting structures designed to withstand wind loads.

• Material and design flexibility.
• Low weight.
• No use of glass.
• Robustness.
• No additional support and enhanced wind load.

Moreover, through flat roof integrations, a high area of
coverage is possible as no mutual shading occurs.

Instead, other aspects are linked to the particular char-
acteristics of amorphous silicon: better behaviour with par-
tial shadows and, as shown in (Chianese et al., 2005) and
(Bernasconi et al., 2006), lower thermal losses and anneal-
ing mechanisms.

Annealing mechanisms in amorphous silicon modules
depend on the temperature level (Luczack et al., 2006),
and are playing an important positive role in the energy
rating of thermally insulated modules, where, in summer,
the module temperature can reach 80 �C in Switzerland.

But the high thermal stress in summer can reduce the
reliability of this kind of application. Furthermore, for
nearly horizontal modules, optical losses in winter are
not negligible (Van der Borg and Wiggelinkhuizen, 2001)
and irradiation is lower. Besides, natural cleaning by rain
is sharply reduced, dead leaves can cover and shade the
modules and the snow does not slip down. In northern
regions, snow persisting on thermally insulated surfaces
can also be a problem. These characteristics will be dis-
cussed in detail in the next chapters.

The goal of this project is to verify whether the better
thermal behaviour and annealing processes of a-Si com-
pared to c-Si technologies can compensate for losses due
to the nearly horizontal roof integration.

2. Description of the system

A flat roof with a surface of 900 m2 in a professional
school (CPT), near Lugano (southern Switzerland) has
been covered with a single ply roofing system based on flex-
ible polyolefin (FPO) membranes laminated together with
UNI-SOLAR flexible modules (see Fig. 1). The success of
single ply roofing systems is due to many factors; the
designer gets great flexibility and freedom of design, easily
waterproofing batwings, curves, waveforms and slopes

Nomenclature

Module/array characteristics

Nominal power Pn (W)
Voltage at maximum power Vm (V)
Current at maximum power Im (A)
Open circuit voltage Voc (V)
Short circuit current Isc (A)
Temperature on the back of the module Tbom (�C)
Final yield Yf (kW h/kW)
Performance ratio PR (%)

Power (Pm) temperature coefficient c (ppm/�C)
Azimuth AZ (�)

Solar radiation

Global irradiance G (W m�2)
Diffuse irradiance Gd (W m�2)
Beam irradiance Gb (W m�2)
Global irradiation on horizontal plane H0 (kW h m�2)
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while coping with the multiple penetrations a roofing sys-
tem can feature these days.

3. Single ply roofing system

FPOs (also known as TPO, thermoplastic polyolefin)
have a good ecological profile and good long-term proper-
ties. Sarnafil T contains non-halogenated components.
Under normal circumstances Sarnafil TG66/TS77 will have
a service life in excess of 40 years (durability tests of Sarna-
fil state FPO membranes in excellent conditions after 30
years of outdoor exposure). These membranes are there-
fore compatible with PV modules with a life time in excess
of 25 years.

The roofing membranes are joined by means of hot air
welding (see Fig. 2), creating a seam stronger than the
membrane itself. The seams are created by overlapping
adjacent sheets of membrane, the width of the overlap

depending on whether the roofing system is mechanically
fastened, adhered or ballasted. In this installation, the roof-
ing system is mechanically fastened by means of equipment
normally used for flat roof construction.

4. Sarnasol PV module

Sarnafil – PV modules (named Sarnasol) are FPO mem-
branes laminated together with 2 flexible amorphous silicon
triple junction modules (22-L-B) connected in series and
forming a flexible roofing element (see Fig. 3). The triple-
junction structure is composed of 1 hydrogenated amor-
phous silicon (a-Si:H) cell and 2 hydrogenated amorphous
silicon–germanium (a-SiGe:H) cells, stacked in series.

Each 22-L-B a-Si module has a length of 5.5 m, with
Pn = 128 W; Vm = 33 V; Im = 3.88 A; Voc = 47.6 V; Isc =
4.8 A as specified from the manufacturer. During the first
period of operation, before typical initial degradation is

Fig. 1. Thin film PV modules laminated together with polyolefin membranes which act as a waterproofing system.

Fig. 2. Roofing membranes joined by means of hot air welding equipment
normally used for flat roof construction.

Fig. 3. FPO membrane laminated together with amorphous silicon triple-
junction modules forming flexible roofing element.
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completed, a-Si modules show 10% higher operating volt-
ages and 4% higher operating current values.

5. Grid connected PV system – 15.36 kWp

The 15.36 kWp power plant (named CPT) is composed
of 12 strings of 5 Sarnasol modules connected to three
inverters SB5000TL with three independent MPPT capable
inputs each. To each inverter, four strings are connected in
a 2 + 1 + 1 configuration. Each string is composed of 5
Sarnasol-PV modules, each Sarnasol-PV module by two
22-L-B Uni-Solar laminates (total system: 60 Sarnasol
modules). Fig. 5 gives a schematic representation of the
CPT plant and the reference plants.

The building itself is oriented 14� south while the series
are oriented east–west with a nearly horizontal inclination
of ±3� (see Fig. 1).

6. Inter-comparison PV system

For inter-comparison reasons, 3 small open-rack plants
with a-Si and c-Si modules were installed near the main PV
plant.

The comparison plant (see Fig. 4) was installed on the
roof of the data acquisition centre located to the south of
the main plant. Two Unisolar US64 a-Si triple junction
modules were placed at a 3� tilt without thermal insulation
and were linked up to form a plant with 128 Wp power.
Two sc-Si modules were installed one with a tilt of 3�
and the other one with one of 20�.

All three plants were linked to the public grid using 3
small GRIDFIT 250 inverters, one for each plant.

For most of the inter-comparisons between the reference
modules and the CPT-plant, 3 strings of the latter were
selected, namely strings #1, 5 and 9. The reason for this
choice is essentially due to their orientation of AZ 104�
and a tilt of 3� towards west, which corresponds exactly
to that of the a-Si and c-Si reference modules also tilted
at 3� west. Consequently, the irradiation conditions should
be the same. Moreover, in order to best avoid the inverter’s
influence, the characteristics analysed were taken for the
dc-side.

7. Monitoring data acquisition system

In addition to the inverters, a separate monitoring data
acquisition system was used. Precision shunts and isolated
signal converters and transmitters for current and voltage
DC respectively were used. Data monitoring and acquisi-
tion was done by means of two Agilent Data Logger.
The main parameters – electrical, meteorological and ther-
mal ones – were recorded each minute from 5 am to 10 pm.

The current and voltage accuracies of the monitoring
data acquisition system were calculated accounting of the
accuracies of the different components of the latter. The
results for current and voltage accuracies were 1.2% and
0.7% for the CPT plant and 0.6% and 0.01% for the
open-rack reference plants respectively. Accordingly, the
expected uncertainties of the data analysis on dc-side
should not exceed 1.4%.

SMA inverters similar to the SB5000TL show MPPT
static efficiency higher than 99%, as measured for the Sun-
nyBoy 3800 in (PV Lab. BFH-TI, 2006). Whereas the
MPPT static efficiency of the GRIDFIT is guaranteed
higher than 98% from manufacturer.

8. Module temperature behaviour

The temperature on the back of the module (Tbom) of
the plant showed maximum values around 80 �C and the
mean temperature increased by up to 40–45 �C above the

Fig. 4. Inter-comparison PV systems with 3 small open-rack plants with
a-Si and c-Si modules.

Fig. 5. Schematic representation of the CPT plant and the reference
plants.
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ambient temperature, which went up to 35 �C (Fig. 6). For
modules mounted on an open-rack structure, the mean
temperature was 20–25 �C above the ambient temperature.

A significant energy rating of the CPT-plant is attained
thanks to the lower power temperature coefficient (c) and
high thermal annealing of a-Si modules, as presented in
the next section.

Generally the degradation is separated into ‘slow’ and
‘fast’ degradation components. The terms ‘slow’ and ‘fast’
refer to the ease with which the degradation can be reversed
by the annealing process. A typical array of a-Si modules in
open-rack condition shows a recovery of part of the initial
performance during outdoor exposure, as observed in
(Cereghetti et al., 2000) and (Hansen and Kroposki,
1997). Two reversible mechanisms can adequately repre-
sent this phenomenon:

1. Defects generated by slow-degradation mechanisms are
characterized by large activation energy (P0.9 eV) and
can be removed from the solar cell in discernible
amounts by annealing at temperatures higher than
80 �C approximately.

2. Defects introduced by the fast-degradation mechanisms
exhibit annealing behaviour consistent with a low acti-
vation energy (<0.3 eV), and the anneal rates at 50 �C
are large enough to affect device performance
significantly.

For triple junction modules, as the one composing the
CPT plant, the temperature for fast annealing is higher,
around 60–65 �C. In fact, later in the text we refer to the
paper of Luczack et al. (2006), who actually show that
there is very little annealing for triple junction modules.
Due to the three junctions the relative built-in potential is
very high, which makes the effect of material quality (deg-
radation/annealing) much less pronounced.

The two annealing mechanisms, together with a lower
power temperature coefficient compared to c-Si modules,
can partially compensate the low irradiation and the high
reflection due to the nearly horizontal roof integration, as
observed for the CPT-plant and presented here.

Fig. 7 shows the temperature behaviour of the Perfor-
mance Ratios on dc-side (PRdc, see A2) of strings #1 of
the CPT-plant (thermal insulated a-Si modules), the a-Si
reference module (open-rack, tilt 3�) and the c-Si module
(open-rack, tilt 3�), for solar irradiance in the range
between 790 and 810 W m�2. The selected period is of
one month between May and June 2005. It is noticeable
in this graphical representation that c-Si has twice as high
a power decrease with increasing temperature as a-Si. In
other words, a temperature increase in a-Si modules twice
as high as in open-rack c-Si modules would generate the
same power losses. This result is proper of the period ana-
lysed. In fact, looking at other months, the situation
showed some changes; the power thermal behaviour of
the a-Si plants resulted quite variable whereas those of
the c-Si plants did not change much. For instance during
March 2005 the CPT plant showed even a power increase
with increasing temperature. These changes of the power
thermal behaviour for a-Si modules are a consequence of
power seasonal fluctuations due to annealing and light-
induced degradation effects, as well as spectrum variations
of incident sunlight. Nevertheless, the trend observed is
characterized by a power decrease with increasing temper-
ature for a-Si plants lower than for c-Si plants, which often
resulted to be twice as high.

In Figs. 8 and 9, the hourly temperature frequencies for
the CPT-plant and the three reference modules are repre-
sented. Fig. 8 shows that the module temperature of the
CPT-plant exceeded the value of 40 �C for more than
1000 h of the year 2005, where more than 300 h of opera-
tion were recorded above 60 �C but no temperatures at

Fig. 6. Daily maximum ambient temperature (Tair) and back-of-module temperature (Tbom) of thermally insulated a-Si modules (CPT-plant) and open-
rack a-Si and c-Si modules.
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or above 80 �C. Thus the second level of complete module
regeneration was practically never reached.

Fig. 9 shows that the modules of the not-thermally insu-
lated reference plants practically never went up to 60 �C in
the same climate conditions.

As clearly presented in (Luczack et al., 2006), the effi-
ciency recovery for triple junction modules seems not to
be very effective for temperatures around 65–75 �C, even
for hot periods of 12–24 h. In fact, their studies have shown
only partial recovery of �20% after 3 days of heating. A
temperature increase to 85 �C caused remarkable recovery,
although with it lasting more than 12 h the process is still
relatively slow, whereas standard annealing of laboratory

samples only takes 2–3 h. Referring to these results, one
can deduce that in the CPT-plant, the efficiency recovery
is only partial. In fact temperatures of 85 �C are never
reached and even temperatures around 75 �C are attained
only for a few hours during hot, sunny days. However,
these results should be evaluated carefully because the
modules tested in (Luczack et al., 2006) were not heated
in real outdoor conditions. As a matter of fact, some differ-
ences, such as improvements in the rate of recovery as well
as in the degree of efficiency recovery, were already
observed in (Luczack et al., 2006), when panels were
short-circuited or connected to a small load during heating.
This is expected as the ‘‘recombination of carriers’’ is

Fig. 7. Performance ratio PRdc versus module temperature Tbom at G: 790–810 W m�2 (May–June 2005) for string1 of CPT plant and a-Si and c-Si
reference modules a 3� tilt.

Fig. 8. Operating time versus ambient temperature and CPT module temperature.

I. Pola et al. / Solar Energy 81 (2007) 1144–1158 1149
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responsible for the degradation of the material and there is
less recombination in short circuit than in open circuit volt-
age conditions.

Nevertheless, the higher working temperature for the
CPT integrated plant with respect to the open-rack struc-
ture seems to play a fundamental role in its performance
as described in the next section.

9. Energy production

In the first two years of operation, the yearly incident
energy (H0 = 1318 kW h m�2) was higher than the stan-
dard 10 year meteorological data (1143 kW h m�2). In

the first winter period, the amorphous silicon modules
underwent a complete degradation, which was partially
recovered in the warm season.

The yearly mean plant production measured in the
period between December 2003 and December 2005 was
16,423 kW h, corresponding to a final yield (Yf) (see A1) of
1069 kW h/kWp. As previously explained, in order to avoid
best the inverter influence, the comparison with the reference
modules was done for the dc-side, as presented below.

During the winter season 2005–2006 (see Fig. 10), start-
ing from end of November and during the following three
months, the snow partially covered the plant, compromis-
ing its production.

Fig. 9. Operating time versus a-Si open-rack and c-Si open-rack modules temperature.

Fig. 10. Monthly comparison of the CPT-plant production during two periods: April 2004–March 2005, April 2005–March 2006.
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The effect of snow can also be observed in Fig. 6 where it
can be seen that the module temperature of the CPT-plant
in winter season was near 0 �C during a long period. The
thermally insulated surface did not allow the snow to melt
on the modules, contrary to the reference modules. In fact,
the air that encircles the open-rack modules in winter heats
the modules and melts the snow. Moreover, the snow slips
down on the 20� c-Si module. Between the months of
December 2005 and March 2006, the plant lost about
67.5 kW h/kWp (see Fig. 10).

The monthly final yield values for strings #1, 5 and 9
and reference modules on the dc-side (Yfdc, see A1) are
reported in Fig. 11. As shown, the CPT-plant, compared
to the two reference modules tilted at 3�, reached increas-
ingly higher values except during the snow period formerly
discussed (November 2005–February 2006). On the other
hand, compared to the c-Si reference module tilted at 20�
and orientated south (AZ 14�), the CPT final yield (dc-side)
was higher during the warmest months, from May to
August, where recovery processes mostly occur.

As reported in Table 1, in 2005 the yearly final yield on
dc-side (annual Yfdc) of the CPT-plant (1114 kW h/kWp)
resulted as being 9.8% lower than the c-Si reference module
tilted at 20� (1234 kW h/kWp) and higher than the two ref-
erence modules tilted at 3�. Once again, this difference is
characterized by the snow period. In fact, simulating the
annual final yield (dc-side) in case of no snow cover (see also

Table 1) referring to the daily irradiation values, the CPT-
plant resulted 4.2% higher than the a-Si reference module
tilted at 3� tilt and 7.2% lower than the c-Si reference mod-
ule at 20� tilt. It is important to note that this difference of
7.2% is obtained in spite of the lower irradiation level for
the CPT-plant, which in total was 14.5% (2005) less than
for the c-Si module tilted at 20� and oriented south.

10. Performance ratio (PR)

The performance ratio PR on ac-side (PRac, see A2) of
the CPT-plant exceeded 80% in the warm periods (from
mid March to the end of October 2005). For daily irradia-
tion lower than 5 kW h/m2, the PR could exceed 90%. In
the same warm period, the average PR on ac-side (PRac)
was 86.2%, while the annual PRac in 2005 was 77.5%
(2004: 83.5%).

In the winter season, the performance ratio was clearly
lower and ranged between 60% and 80%. However, nor-
mally, the winter period (November–February) has a small
effect on overall plant production (only 13%). This is
mainly due to the reduction of a-Si performance at low
temperature, lower incident energy (daily irradiation above
5 kW h m�2 is not possible because of the nearly horizontal
position of the modules), higher optical losses of the mod-
ules placed on a flat roof (see Section 11) and spectral
losses.

The reduction of the yearly PR in 2005 compared to
2004 was caused by snow which covered the system for
an exceptionally long period of time. Although the plant
performance was penalised by snow, its yearly PR (ac-side)
was still among the best for PV power plants in the same
area (southern Switzerland).

Fig. 12 shows the daily PR on dc-side of the CPT-plant
(string #1, 5 and 9) and the reference modules from Janu-
ary 2005 to April 2006 for irradiation higher than
2 kW h m�2.day. The daily irradiation for the c-Si

Fig. 11. Normalized monthly energy dc production (final yield dc) of 3 strings (#1, 5 and 9) of the CPT-plant and the reference modules.

Table 1
Normalized energy dc production (final yield dc) of CPT-plant (strings #1,
5 and 9) and reference modules with and without snow (simulated)

Annual
Yfdc [kW h/kWp]

Year 2005 Simulation without snow cover
Year 2005

CPT 1114 1157
a-Si RefMod 3� 1097 1111
c-Si RefMod 3� 1073 1084
c-Si RefMod 20� 1234 1248
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reference module at 20� tilt and AZ 14� has been obtained
with PVsyst using the transposition Hay’s model. As input,
the data of the global (G0) and the diffuse (Gd) irradiance
on the horizontal plane and the ambient temperature,
recorded each minute from 5 am to 22 pm at the CPT-plant
site, were used.

It is interesting to note the evident PRdc increase for the
thin film technology (CPT-plant and a-Si reference mod-
ule) during the warm period (May–September) as opposed
to the c-Si modules which decreased as a result of the tem-
perature increase. In fact during this period the tempera-
tures on the back of all the modules (Tbom) showed

maximum values rarely lower than 40 �C, as shown in
Fig. 6.

From April 2005 to mid October 2005, the PRdc of the
CPT-plant was always higher than those of the three refer-
ence modules, of which the c-Si tilted at 20� showed the
lowest values. Besides, the PRdc difference between the
CPT-plant and the c-Si tilted at 20� increased quite regu-
larly, reaching a maximum of more than 10% (PRdc of
plant above 90%) during the period from July to Septem-
ber, after which the plant showed a constant decrease of
PRdc. By mid October its PRdc was around 80% while
one month later it dropped to almost 65%.

Fig. 12. Daily PRdc from January 2005 to April 2006, for irradiation H0 > 2 kW h m�2 day.

Fig. 13. Daily PRdc in 2005 for a-Si plants and Tbom of CPT plant, for irradiation H0 > 2 kW h m�2 day.

1152 I. Pola et al. / Solar Energy 81 (2007) 1144–1158
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Results presented in Fig. 12 clearly show a seasonal per-
formance variations of the two a-Si plants. This behaviour
is characteristic of a-Si devices and has been presented in
many published measurements, as for example in (Cere-
ghetti et al., 2000). Some authors explain that a major con-
tribution to these seasonal performance variations is due to
variation in the incident spectrum, as reported for example
in (Gottschalg et al., 2004) and (Hirata et al., 1998),
whereas others describe these as a result of seasonal anneal-
ing and light induced degradation effects. Thus far, we did
not consider spectral measurements in our data analysis
and thus did not look at spectral effects. Nevertheless the
direct comparison of the thermally insulated CPT plant
with the open-rack a-Si reference plant, oriented as the

main plant, turned out to be very useful, highlighting the
important annealing effect observed on the thermally insu-
lated CPT plant. As a matter of fact, after having reached
the highest temperatures (around 80 �C) and for a period of
about 4 months the CPT plant showed a performance ratio
around 5% higher than that of the a-Si reference plant, as
clearly shown in Fig. 13. Considering the influences of
other effects, like spectral variations, light induced degrada-
tion and optical losses identical on the two installations
(same modules with same orientation), we attribute the
5% increase to an enhanced annealing on the CPT plant
with respect to the open-rack plant.

Starting from the beginning of September, for the refer-
ence modules tilted at 3�, and as seen almost one month

Fig. 14. Daily optical losses simulated with PVsyst for the 3� and 20� tilted installations at the CPT-plant site, with b0 = 0.05 (a) and b0 = 0.1 (b).

I. Pola et al. / Solar Energy 81 (2007) 1144–1158 1153
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later for the CPT-plant (sign of higher partial recovery with
respect to the open rack structure, followed by a slow deg-
radation period), the respective PRdc decreased constantly,
whereas the situation for the c-Si tilted at 20� was quite sta-
ble at around 80%. In fact, due to the low sun elevation
during winter, the optical losses effects are dominant for
the nearly horizontal modules with regard to the c-Si at tilt
of 20�, as presented in the next section.

11. Optical losses

As formerly discussed, many authors have studied the
influences of different effects on the seasonal performance

variations of a-Si devices. The main discussions are based
on seasonal spectrum variation, operating temperature,
angle of incidence and light induced degradation effects.

In our case, given the almost horizontal installation of
the thermally insulated plant, we focused on the analysis
of the optical losses, which are less relevant for tilted
installations.

In order to quantify the optical losses, and at the same
time to throw light on degradation and spectral effects,
the reflection losses for the CPT-plant and the reference
modules were simulated with PVsyst. The ASHRAE-model
(see A3) with b0 = 0.05, b0 = 0.1 (simulating the reflections)
and also with b0 = 0.0 (simulating no reflection) was

Fig. 15. Daily optical losses (calculated) and PRdc values for the 3� (a) and 20� installations (b) at the CPT-plant site.
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applied. Choosing the ASHRAE model assumed to have
flat surfaces on top of the modules composing the different
plants. This is the case for c-Si modules, which actually
present flat glass as cover, but not for the UniSolar lami-
nates which are textured.

As input, a meteo file, with the data of the global (G0)
and the diffuse (Gd) irradiance on the horizontal plan and
the ambient temperature of the CPT-plant site recorded
each minute from 5 am to 22 pm, was created. The results
are shown in Fig. 14, where the optical losses (with
b0 = 0.05 and b0 = 0.1) are represented in percentage with
respect to the ideal no reflection case. These results corre-
spond to the difference in percentage between the global
irradiation corrected for incidence (IAM) for the reflection
cases and that without reflection.

For b0 = 0.05, the daily optical losses during the winter
season can reach values above 10% for the 3� tilted instal-
lation and only around 3–4% for the c-Si reference module
tilted to 20� and orientated south (AZ 14�). During the
summer period, the reflection losses are very close for both
the mentioned cases, at around 1–2%. Choosing b0 = 0.1
the daily optical losses turn out more important, reducing
performance by more than 20% for the 3� tilted installation
and by 6–7% for the c-Si tilted to 20�, during winter. The
summer reflection losses ensue again similar, accounting
to around 3–4% for both systems.

The results presented in Fig. 14 showing little optical
losses correspond in both cases (b0 = 0.05 and 0.1) to
cloudy or bad weather days, where the beam irradiance
and thus also the reflection losses are low.

Superimposing curves of Fig. 14 with the corresponding
PRdc values of Fig. 12 it appears clear that the changes dur-
ing winter for the PRdc evolutions are well matched by the
optical losses. This comparison is represented in the two
charts of Fig. 15, where the b0 = 0.1 has been chosen.

In many cases, the optical losses during the winter peri-
ods match the PRdc decreases, especially for the c-Si mod-
ule at 3� tilt during the first months of the years 2005 and
2006. For the CPT plant and the a-Si module, the PRdc
decreases are generally more important compared to the
corresponding calculated optical losses. The reason of this
difference can be attributed to light induced degradation
not compensated by thermal annealing and additional
spectral losses occurring during winter for a-Si technology,
as discussed in (Van der Borg and Wiggelinkhuizen, 2001).
In the same manner, referring to the results presented in
(Gottschalg et al., 2004) and (Hirata et al., 1998), one
can explain performance variations observed for the a-Si
plants as a consequence of spectral sunlight variations.
Moreover, their results showed the influence of spectral
changes much more important in multi-junction than for
single junctions (where annealing dominates seasonal
performance).

From the results obtained with PVsyst we calculated the
total optical losses, expressed as the ratio between the total
incident irradiation in case of reflection and the total inci-
dent irradiation in case of no reflection. For b0 = 0.1, the
total optical losses from October 2005 to February 2006
were 13.2% for the 3� tilt plants and 5% for the c-Si module
tilted at 20�. Whereas the total optical losses for 2005 were
3.8% for the c-Si module tilted at 20� and 6.5% for 3� tilt
plants. This means that the yearly optical losses for the
nearly horizontal system accounted to �3% more than that
at 20� tilt and oriented south.

12. Performance ratio comparison

Referring to the previous results, it has been possible to
correct the PRdc of Fig. 12 for the corresponding optical
losses, obtaining the PRdc values as if the irradiation on

Fig. 16. Comparison of daily PRdc values of c-Si modules (3� and 20�) corrected with optical losses (b0 = 0.05 and 0.1).
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the outer surface of the modules corresponded exactly to
that on their solar cells (no reflection).

For two c-Si ASE100 reference modules, placed one at
3� tilt (AZ 104�) and the other at 20� tilt (AZ 14�), the
results after optical correction seem to be more correct
for the b0 = 0.1 case than for b0 = 0.05, as expected consid-
ering the comparison in Fig. 15. This result is pointed out
in Fig. 16, where the corrected PRdc for the two c-Si refer-
ence modules at 3� and 20�, with b0 = 0.05 and 0.1 are pre-
sented. As shown, for b0 = 0.05, the difference between the
corrected PRdc of the 3� and 20� tilted ASE100 is still
around 10% during the winter period, whereas with
b0 = 0.1, corresponding to higher reflection losses (see
Fig. A1), the corrected PRdc data of the two c-Si reference
modules are close to each other.

Fig. 17 shows the corrected PRdc data obtained from
the calculated optical losses with bo equal to 0.1. As
expected, the situation changes mainly for the almost hor-
izontal installations during winter, where, after optical cor-
rection, the PRdc subsidence for the 3� tilted systems turns
out lower. In fact, for the 3� tilt c-Si module, its corrected
PRdc behaviour is very similar to that of the 20� tilted
module. On the other hand, even after optical loss correc-
tion, the a-Si modules still showed a visible decrease of
their PRdc during the winter period. As discussed formerly,
this can be explained as a consequence of light induced deg-
radation and additional spectral losses. This seems to be an
important result, suggesting that further study is required.
It is also interesting to note the PRdc increases during the
warm period for the a-Si modules. For instance, the CPT
shows PRdc values of around 100% from August to mid
October 2005, around 15% (10% without optical correc-
tion) higher than the corresponding data for the c-Si mod-
ule tilted at 20�. Besides, the corrected PRdc for the CPT
plant is seldom below 90%, except for the period from
November to end of February.

13. Conclusions

In this paper, we analysed the behaviour and the energy
yield of a 15.36 kWp PV system based on flexible triple
junction amorphous silicon modules laminated together
with a single ply roofing system. The PV plant has been
integrated and thermally insulated on a flat roof of a pro-
fessional school located south of Switzerland.

The purpose of this study was to verify if the better ther-
mal behaviour and annealing processes of a-Si compared to
c-Si technologies can compensate losses due to the nearly
horizontal roof integration. The following points were
clarified:Fig. A1. Reflection loss with respect to normal incidence.

Fig. 17. Optical loss corrected PRdc data (b0 = 0.1).
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• Building Integrated PV systems (BIPV) combine archi-
tectural functions of building materials and electrical
production in a harmonious way. Good-quality BIPV
design needs new materials to meet architectural needs.
For flat roof integration, the mechanical characteristics
of FPO membranes allow combination with thin film
flexible a-Si triple junction modules as a waterproofing
system.

• The thermally insulated nearly horizontal modules
showed temperatures higher than for modules mounted
on an open-rack structure. Thermally insulated a-Si
modules reached almost 80 �C and the mean tempera-
ture increased by up to 40–45 �C above the ambient
temperature, which went up to 35 �C at 1000 W m�2.
For modules mounted on an open-rack structure the
mean temperature was 20–25 �C above the ambient
temperature, with highest reached temperatures of
60 �C for the 20� tilt plant. On the one hand, the high
temperature of the thermally insulated modules created
higher power losses due to a negative temperature coef-
ficient, but on the other hand, the higher temperature
reached the level where the main degradation mecha-
nism can be reversed and better thermal annealing
can be observed.

• The yearly final yield on dc-side of the CPT-plant in
2005 resulted as being 9.8% lower than the c-Si refer-
ence module tilted at 20� and higher than that of the
two reference modules tilted at 3�. This difference is
characterized by the snow period. Simulating the
annual final yield (dc-side) in case of no snow cover
referring to the daily irradiation values, the CPT-plant
results were 4.2% higher than the a-Si reference module
tilted at 3� tilt and 7.2% lower than the c-Si one at 20�
tilt. This difference is obtained in spite of the lower
irradiation level for the CPT-plant, which resulted in
total 14.5% (April 2005) less than for the c-Si module
tilted at 20�.

• The direct performance comparison of the thermally
insulated CPT plant with the open-rack a-Si reference
plant (same module type and orientation as the CPT
plant) highlighted the important annealing effect
observed on the thermally insulated CPT plant. The lat-
ter, after having reached the highest temperatures
(around 80 �C) and for a period of about 4 months,
showed a performance ratio around 5% higher than that
of the open-rack a-Si plant.

• Due to low sun elevation during winter, not only the
irradiation was lower but also the optical losses effects
were more dominant for the nearly horizontal modules
with regard to the 20� tilted c-Si module. In order to
quantify the optical losses, and at the same time to
throw light on degradation and spectral effects, the
reflection losses for the CPT-plant and the reference
modules were simulated with PVsyst, using the ASH-
RAE-model. Optical losses for nearly horizontal mod-
ules were significant during the winter, partially
affecting their low performance in this period. From

October 2005 to November 2006 the calculated optical
losses were 13.2% for the 3� tilt plants and 5% for the
c-Si plant at 20� tilt. For a Si plants, the PRdc decreases
were generally more important compared to the corre-
sponding calculated optical losses. These differences
can be attributed to additional loss effects, like spectral
variations and light induced degradation effects, as some
authors have demonstrated.

• Referring to the calculated optical losses, it has been
possible to correct the PRdc, obtaining the PRdc val-
ues as if the irradiation on the outer surface of the
modules corresponded exactly to that on their solar
cells (no reflection). Setting the ‘‘incidence angle modi-
fier coefficient’’ b0 = 0.1, the resulting optical losses
better match the PRdc subsidence (observed in winter
period) for the 3� tilted systems with respect to the
b0 = 0.05 case. The CPT shows PRdc corrected values
of around 100% from August to mid October 2005,
resulting about 15% (10% without optical correction)
higher than the corresponding data for the c-Si module
tilted at 20�.

Within this study we have demonstrated that a-Si tech-
nology represents an ideal choice for thermally insulated
BIPV. In fact, due to higher working temperatures of
thermally insulated BIPV plant compared to open-rack
installation, better thermal annealing can be observed.
Moreover, the better thermal behaviour and annealing pro-
cesses of a-Si compared to c-Si technologies could partially
compensate for losses due to the nearly horizontal roof
integration.

These results let understand the further benefits for ther-
mally insulated plants, as the one analysed in this paper,
integrated on sloped roofs. In fact, this would lead to
enhanced annealing effects, due to higher working temper-
ature, higher irradiance and lower optical losses with
respect to the horizontal integration.
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Appendix A. Final yield Yf

The final yield is the ratio between the energy produc-
tion of the array/module and its nominal power

Y f ¼
E
P n

ðA1Þ

• Yfac = Eac/Pn: Yf referring to the energy production
from the ac side of the array/module.

• Yf dc = Edc/Pn: Yf referring to the energy production
from the dc side of the array/module.
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Appendix B. Performance ratio PR

The performance ratio is the ratio between the energy
production of the array/module over the nominal power
and the irradiation over the irradiance at STC:

PR ¼ E=P n

H=GSTC

ðA2Þ

• PRac = [Eac/Pn]/[H/GSTC]: PR referring to the energy
production from the ac side of the array/module.

• PRdc = [Edc/Pn]/[H/GSTC]: PR referring to the energy
production from the dc side of the array/module.

Appendix C. Array incidence loss

The incidence effect (the designated term is IAM, for
‘‘Incidence Angle Modifier’’) corresponds to the weakening
of the irradiation really reaching the PV cells surface, with
respect to irradiation under normal incidence. In principle,
this loss obeys Fresnel’s Laws concerning transmission and
reflections on the protective layer (the glass), and on the
cell’s surface. In practice, it is often approached using a
parametrisation called ‘‘ASHRAE’’ (as it has become a
standard in the American norm), depending only on one
parameter b0:

FIAM ¼ 1� b0

1

cos i
� 1

� �
ðA3Þ

with i = incidence angle on the plane.
FIAM (or K) is also called ‘‘incidence angle modifier

constant’’ and bo is called ‘‘incidence angle modifier
coefficient’’.
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