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Abstract

Accurate knowledge on the technical potential for Building Integrated PhotoVoltaics (BIPV) in the various member states of the
European Union is unavailable. To estimate the potential for BIPV we developed a method using readily available statistical data on
buildings from European databases. Based on country-specific data on building characteristics and irradiation we estimate the BIPV
technical potential in the EU-27 at 951 GWp. Installed it can deliver about 840 TWh of electricity, which is equivalent to more than

22% of the expected European 2030 annual electricity demand.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Photovoltaics (PV) is not yet a major player in Euro-
pean electricity production targets for the short term
(2020) but will play an increasing role for the medium
(2030) and longer term (2050). To make targets realistic
it is important to estimate the technical potential for PV
first. It is a fairly common practice to assume an infinite
potential for PV since it can also be installed on fields in
large scale applications. For example the report Solar Gen-
eration V (Wolfsegger et al., 2008) states: ‘Considering the
vast areas of unused space (roofs, building surfaces, fallow
land, deserts, etc.) the potential is almost inexhaustable’.

The recently published Solar Europe Industry Initiative
(SEIl) implementation plan 2010-2012 (SEII, 2010)
assumes a potential of 700 GWp installed capacity for the
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EU-27° plus Croatia, Norway and Turkey. Another major
study is the Report by the Photovoltaic Technology
Research Advisory Council (PV-TRAC, 2005) which men-
tions a ‘realistic target for 2030” of 200 GWp installed in
the EU.

An important part of the PV market however is formed
by Building Integrated PV (BIPV). This segment is impor-
tant for deployment of PV because of two reasons: no addi-
tional space is required because the panels are mounted on
existing or newly build structures and BIPV is for a large
part represented by the private consumer electricity market
with a higher electricity price. PV is therefore in this
segment competitive with the existing grid at an earlier

* Austria (AT), Belgium (BE), Bulgaria (BG), Cyprus (CY), Czech
Republic (CZ), Denmark (DK), Estonia (EE), Finland (FI), France (FR),
Germany (DE), Greece (GR), Hungary (HU), Ireland (IE), Italy (IT),
Latvia (LV), Lithuania (LT), Luxembourg (LU), Malta (MT), The
Netherlands (NL), Poland (PL), Portugal (PT), Romania (RO), Slovakia
(SK), Slovenia (SI), Spain (ES), Sweden (SE) and the United Kingdom
(UK).
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Fig. 1. Calculation scheme of the technical potential of BIPV.

stage even without subsidies. The technical potential for
BIPV is however not infinite and needs to be determined.

Few studies have reported on the technical potential of
PV on buildings, most refer to studies from the IEA photo-
voltaic power systems programme (PVPS Task7): Nowak
et al. (2002) and Eiffert (2003). These two studies make
use of ready to be found parameters: statistical information
to estimate the available building stock combined with
assumptions to correct the found surfaces for architectural
suitability for solar utilisation. The authors mention in
their methodology that they make use of groundfloor areas
of buildings to be found in available statistics. However,
trying to use a similar methodology, we could only find
building stock floor areas per inhabitant in the European
statistical databases (roof surfaces relate to groundfloor
areas, not to floor areas).

We developed our own (refined) method to estimate the
surfaces and potentials for all 27 EU member states based
on the same methodology. Our approach will help to
improve and complement the estimations of earlier studies.
All EU member states are included in this study instead of
only nine EU countries participating in the previous PVPS
programme.

Extensive research in the field of irradiation data has
been performed by the Joint Research Center (JRC) of
the European Commission. This has resulted in the Photo-
voltaic Geographic Information System (PVGIS) (Stri
et al., 2007). Detailed irradiation data is included in rela-
tion to kilowatt-peak (kWp) installed, but not for energy
generation (i.e. kWh/year). The aim of this study is to con-
nect the irradiation data with data on suitable surface areas
on buildings in the EU to calculate the maximum potential
for BIPV electricity generation. We estimate the potential
for Europe and the year 2030. The potential depends on
variables that change over time, e.g. building stock and

module efficiencies. Other applications and locations of
PV, e.g. field-based power plants, are beyond our scope.

2. Methodology

The calculation of the technical potential for BIPV
starts with floor areas and population data available from
public databases. From this data, the floor area is
calculated and, using country-specific estimates of the
number of floors, the ground floor area of the building.
With the help of area factors the suitable roof and fagade
surfaces can then be determined. Subsequently, an irradia-
tion database is used in combination with technical param-
eters for PV systems, to calculate the technical potential for
BIPV clectricity generation. The model structure is
depicted in Fig. 1.

The steps to calculate the technical potential of BIPV for
roofs and fagades as depicted in Fig. 1 are explained in the
following paragraphs.

2.1. Floor area calculations

Floor areas (m? per dwelling) and the average number of
persons in a dwelling are derived from the Housing Statis-
tics in the European Union 2004 (Grabmiillerova and
Eriksson, 2005). Missing data for the EU (25 + 2)* are
found in the Bulletin of Housing Statistics for Europe
and North America 2006 (UNECE, 2006). The calculated
floor area per capita is multiplied with population data
(Eurostat, 2010). The step results in the floor area of
private households (in m?) per country.

4 Bulgaria and Romania became member of the EU on January st 2007.



2646 P.R. Defaix et al. | Solar Energy 86 (2012) 2644-2653

Table 1

Average efficiencies of PV modules (own estimate based on PV-TRAC, 2005; Wolfsegger et al., 2007; Dimmler and Wichter, 2007; Sinke et al., 2007;

Nowak, 2006; SEII, 2010).

2005 (%) 2010 (%) 2015 (%) 2020 (%) 2025 (%) 2030 (%)

Crystalline wafer based module 13.1 16.7 17.7 19.1 20.5 22.0
Thin film module 8.0 9.7 11.6 13.6 15.5 17.4
Expected technology share

Crystalline wafer based modules 93.5 80.0 70.0 60.0 55.0 50.0
Thin film modules 6.5 20.0 30.0 40.0 45.0 50.0
Weighed efficiency

Mix crystalline + thin film 12.7 15.3 15.8 16.9 18.3 19.7

2.2. Ground floor area and roof surface calculations

The roof area per unit of floor area depends on the num-
ber of floors of a building since higher buildings have less
roof surface per dwelling than lower buildings per unit of
floor area. In the Housing Statistics in the European Union
2004 (Grabmiillerova and Eriksson, 2005), the share of
multi-family and high-rise dwellings in the total dwelling
stock is given. Missing data can be completed by average
data of the EU-15° or EU-10° because the new member
(EU-10) states have a different division of the building
stock. The number of floors is not available in any Euro-
pean statistics so the following (average) assumptions were
made: Single family dwellings two floors, multi-family low-
rise 3.5 floors and high-rise multi family (buildings with
more than four floors) eight floors. The derived ground
floor area is multiplied by a factor of 0.4 being the solar
architecturally suitable area of a roof compared to the
ground floor area as proposed by Nowak et al. (2002) to
calculate the usable roof area for BIPV.

2.3. Fagade surface calculations

For fagade areas a different approach is followed: to
determine the suitable south facing area per dwelling, using
data from IEA Task 28/Annex 38 (Smeds et al., 2001) are
used. The south facing areas of the standard IEA reference
row house (two floors) and IEA reference apartment build-
ing (four floors) are determined in relation to their floor
surface. We assume 20% of these south-facing areas to be
suitable for installation of BIPV taking into account con-
struction, historical and shading elements, and including
potential vandalism (Nowak et al., 2002). Since we know
the number of floors of these standard buildings we can
determine the relation with the floor area instead of the
ground floor area. The results for both building types were
almost similar, equal to 5% of the floor area for both the

5 EU from 1995 to May Ist 2004: Austria, Belgium, Denmark, Finland,
France, Germany, Greece, Ireland, Italy, Luxembourg, The Netherlands,
Portugal, Spain, Sweden and the United kingdom.

¢ On May Ist 2004, 10 countries joined the EU: eight of the formerly
Communist Central and East European (CEE) countries (Czech Republic,
Hungary, Poland, Slovakia, Slovenia, Latvia, Lithuania, and Estonia)
plus Cyprus and Malta.

reference row house and apartment building (4.9% and
4.7%).

2.4. Technical potentials roof and facade

To calculate the potential annual electricity production
obtainable from the derived roof and facade surfaces we
use formula:

E =A% Gpoy x 1 x PR (1)

In which: E is the annual electricity production (GWh/yr),
A the usable roof or facade surface (kmz), Gpo4 the aver-
age yearly irradiation in the tilted horizontal or vertical
plane of array (POA) per square meter (kWh/m?/yr),
the average module efficiency (%) and PR is the perfor-
mance ratio.

The calculated roof and fagade surfaces are multiplied by
annual irradiation data from the Joint Research Center
(JRC) (Stri et al., 2007). These data are specifically calcu-
lated for the built environment per country, so are not coun-
try averages. For roof areas the horizontal annual
irradiation for the optimum angle (in kWh/m?) is used,
assuming that the panels are tilted with an optimal angle
towards the sun (dependent on the latitude). For the facade
areas, the vertical annual irradiation is available.

Since we assume an annual increase in cell efficiency we
choose to make all our calculations based on the period
2005-2030 and make average calculations with expected
data for the whole period. The expected cell efficiency devel-
opment for the period 2005-2030 is shown in Table 1. The
expected efficiency development is derived from a variety
of sources: PV-TRAC (2005); Wolfsegger et al. (2007);
Dimmler and Wichter (2007); Sinke et al. (2007); Nowak
(2006); SEII (2010). The average cell efficiencies were multi-
plied with packing factors derived from Phylipsen and
Alsema (1995) to estimate the expected module efficiencies
for the period 2005-2030. For the period 2005-2020 these
were available, and subsequently extrapolated for the period
2020-2030. There are two mainstream technologies expected
for use in BIPV: crystalline silicon wafers and thin film. The
efficiencies used to calculate the estimated yearly electricity
production were weighed by our own assumed technology
mix for crystalline/thin film modules (see Table 1).

The Performance Ratio (PR) expresses the difference
between performance under standard test conditions and
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the actual output of the system due to losses from a devia-
tion from standard test conditions (1000 W/m?, AM1.5
spectrum, module temperature (25 °C)), and losses due to
a sub-optimal angle, as well as cable and inverter losses.
Currently, PR typically equals about 75%. In this analysis
we used 80%, since we expect that PR will improve due bet-
ter system reliability and monitoring. The PR is expected to
exceed 80% as more experience is gained with roof
mounted PV systems (Westerhuis et al., 2008; Reich
et al., 2012). The most recent EPIA study (SEII, 2010) also
assumes a PR of 80% for the period 2010-2020.

2.5. Non-residential buildings

For non-residential buildings (e.g. agriculture, industry,
offices, education, health care, hotels, retail) we assumed
that the average share of the floor area is 30% of the total
building stock in European countries. Specific country data
are not available. This assumption is based on data from
the Energy Performance Assessment for existing non-resi-
dential buildings (Poel, 2007). The average non-residential
building is assumed to have four floors. The calculation
steps are made similarly to those for residential buildings.

3. Results

Our model yields roof and fagade surfaces as well as
electricity output potentials. We first show the results of
the surface calculations for BIPV in the EU-27 in the year

2005 in Fig. 2 in which the horizontal axis shows depicts
country codes of the EU countries:

Densely populated countries have a large building stock
and thus a large potential surface for BIPV. The height of
the buildings influences the ratio between the fagade sur-
face and the roof surface. A clear illustration of this can
be noticed in Fig. 2. Because residential buildings in the
UK are lower in height than in France the UK has a larger
roof potential despite their smaller population and compa-
rable household size. The total suitable roof and fagade
surface for the EU-27 is estimated at 3678 km? for residen-
tial and 1301 km” for non-residential buildings. The suit-
able roof surface represents 64% of the total surface for
the residential and 54% for the non-residential sector.

The potential electricity production per country is
shown in Fig. 3. Electricity production is not only depen-
dent on available roof and fagade surfaces and solar irradi-
ation but also on module efficiency. As PV module
performance improves over time, the time of implementa-
tion will affect the resulting electricity generation. The
model compensates for older installed modules have a
lower efficiency than the ones installed later in time, by
using an average efficiency. The used efficiency has been
calculated by combining the efficiencies from Table 1 with
the estimated numbers of installed panels in Europe (in
relation to the estimated module production) to find a
weighted average efficiency for the period 2005-2030. We
estimated an average PV module efficiency of 17.9%. Note
that the majority of the panels would be installed in the
5 years before and after 2025 (see Table 2, Section 4.4).
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Fig. 2. Calculated usable roof and fagade surfaces for BIPV in the year 2005 for all EU-27 countries.
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Table 2
Global cumulative PV capacity scenario.

2005 2010 2015 2020 2025 2030
World wide growth rate®,® (%) 25.5 128 26.0 26.0 14.0 10.0
Annual world wide PV modules production (GWp)* 1.32 16.6 69.7 221 426 686
Assumed module production share Europe (%) 40.1 80.2 48.4 40.0 31.0 22.0
Estimate cumulative installed capacity world (GWp)?* 5.17 39.1 270.5 1005 2673 5535
Estimate cumulative installed in Europe (GWp)* 2.07 29.5 151 483 1052 1775

#2005 and 2010 are actual data from EurObserver PV Barometer (2011) and EPIA Publications (2011) annual reports.
> Assumed growth rates 2011-2030 are taken from Greenpeace/EPIA solar generation VI, 2011; Teste and Masson, 2011.

Fig. 3 shows the results for the technical potential calcu-
lations for all 27 EU countries. Germany has the highest
potential in both available surface and electricity produc-
tion. France and Italy produce more energy with less sur-
face than the UK. The total potential electricity
production from BIPV for the EU-27 is 840 TWh in
2030, which is more than 22% of the expected 2030 electric-
ity demand in Europe (Capros, 2007). The installed capac-
ity BIPV panels would be 951 GWp.

On the right-hand vertical axis of Fig. 3 the potential
electricity production is shown relative to the final esti-
mated annual electricity demand of that country for the
year 2030 according to the Capros (2007) scenario. A small
country like Malta could generate 45% of its projected
annual electricity demand in 2030 with BIPV while Ger-
many can produce 24% if they would reach the maximum
potential. The lowest relative potential found according
to the model is Finland with 7.1%, due to the limited irra-
diation and relatively small building surface.

4. Discussion

The results are influenced by a number of assumptions
made in the calculations, which are discussed below.

(1) Only existing dwellings were included, while newly
built in the period until 2030 are excluded. Newly
constructed buildings are likely to have increased
PV opportunities if the use of solar PV is incorpo-
rated in the initial design. Also the average floor area
estimates are valid for the present situation. Gener-
ally, new constructions have larger floor areas.

(2) The number of floors of buildings is unknown, this is
especially important for the calculation of the avail-
able roof surface. This number of floors per building
is country specific, a lot of differences exist within
Europe.

(3) Statistical data to specify single family households
and multi family low-rise and high-rise buildings are
not available for all countries (difference in estima-
tions is made between EU15 and EU1S5 + 10).

(4) We used the roof factor of 0.4, derived from Nowak
et al. (2002). It is hard to estimate how realistic this
assumption is for all building types and member

states. Also no distinction was made between flat
roofs and tilted roofs. Panels installed on tilted roofs
may not have an optimal tilt angle.

(5) The annual irradiation is an average over a time per-
iod of several years. The longer the time period the
better is the estimate. The used irradiation from the
JRC is calculated for urban areas per country over
a period of 10 years (1981-1990). There is also a sea-
sonal variability of the irradiation (Suri et al., 2007),
which we do not include in our analysis. However, we
present only annual averages in our calculations.

(6) For the non-residential sector very limited data is
available, so potential calculations are based on gen-
eral data and not country specific, and can be
improved.

(7) For Cyprus data was missing, and we used data from
Greece to approximate the data for Cyprus and
Romania only has data on the “average living room
space” instead of floor area of dwellings.

We will show the sensitivity of some of the parameters in
the following paragraphs.

4.1. Assumptions on the EU-27 usable roof surfaces

To calculate the usable roof area in the EU-27 several
assumptions were made. To calculate the available floor
areas heights of the buildings were needed to convert living
area per habitant of a country towards roof area of the
building. The influence of the estimated building heights
on the available roof surface is depicted in Fig. 4.

Fig. 4 represents the sensitivity of the resulting calcu-
lated roof area to a change in the different factors. The
mean values are the assumptions used in the model and
represented as the 100% value on the horizontal axis. For
the non-residential sector a uniform average building
height has been assumed. This is a simplification since this
sector is diverse as well since agricultural buildings are typ-
ical low-rise buildings and office buildings are often high
rises. The fifth line in Fig. 4 represents the assumed share
of non-residential in the total floor area. In reality, the
share of non-residential buildings will depend on many fac-
tors, e.g. structure of the economy, building practices, and
age of building stock. The only estimate found in the
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Fig. 4. Sensitivity estimated usable roof surfaces for height of buildings and non-residential number of floors.
literature (Poel, 2007) was used to make a rough estimate ~ of the BIPV electricity generation potential from

of the non-residential floor surface in Europe. Accurate
data for most of the EU-27 countries were not available
for our analysis.

4.2. Roof area and facade area factors

Only part of the calculated areas is suitable for installa-
tion of solar PV panels due to construction, historical and
shading elements. Several factors have been used to convert
the found roof and fagade surfaces into usable technical
electricity production potential. Fig. 5 shows the effects
of the assumed usable roof area on the total BIPV potential
and the assumed usable facade area and area/facade fac-
tors derived through the used IEA reference buildings.

The factor with the strongest influence on the outcome is
the usable roof area factor. An increase of this parameter
with 25% from 0.4 to 0.5 would give space for 759 GWp
of roof panels (up from 607 GWp) and an 18% increase

840 TWh to 991 TWh.

4.3. Other factors influencing the technical potential

The remaining factors that influence the technical poten-
tial are the performance ratio, average module efficiency
and annual irradiation. The technical potential is calcu-
lated for existing roof and fagade surfaces of buildings,
based on population statistics of 2005. It is likely that this
potential will slightly grow over the years and that the solar
yield on newly built buildings will be higher due to a poten-
tially better exposure towards the sun, if BIPV is integrated
in the design and siting of the building. The latter will
increase the PR since the offset is included in this factor.

4.3.1. Performance ratio
The performance ratio is set at 0.8. There is room for
improvement as shown in Fig. 6, which is a result of
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Fig. 5. Sensitivity roof and fagade factors on BIPV technical potentials.
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analysing 461 grid-connected systems with a total of 1544
operational years in the IEA PVPS Task 2 Database. A
gradual improvement of the average PR can be seen over
time from 0.64 in 1991 towards 0.74 in 2005. Although
the average value is not above 0.8, some systems have per-
formed above 0.80 and even up to almost 0.90 in selected
years.

Reliability improvement of the static inverter and other
hardware components like the modules and connectors
could help to improve the performance factor. De Keizer
et al. (2007) concluded on the basis of a | MW BIPV pro-
ject in Amersfoort (The Netherlands) that remote monitor-
ing of the PR is crucial to detect hardware problems in an
early stage. This should preferably be done automatically
(Drews et al., 2007). Annual inspection has proven not to
be adequate to maintain a high PR year round. Another
contributing factor is the involvement of the inhabitants
in the case of BIPV. Similarly, feed-in tariffs may also lead
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Fig. 8. Annual projected PV production 2010-2030.

to higher PR values, as a loss in performance directly con-
stitutes an economic loss.

4.3.2. Average module efficiencies (ratio crystallinelthin
Silm)

Module efficiency was calculated based on current liter-
ature. At the same time the usage of thin film modules, with
a lower efficiency, is likely to increase if thin film continues
to compete with lower investments. In the model, a gradual
shift from silicon towards thin film (6.5% in 2005 towards
50% in 2030) has been assumed. This assumption lowers
the average module efficiency, and hence decreases the
technical potential. The influence of this assumption on
the potentials is depicted in Fig. 7.

4.4. Limitations to the technical potential

BIPV power generation is also limited by the production
capacity for PV modules. PV is a world market from which
Europe can purchase a limited share. Table 2 shows the
annual module production with growth rate estimates
taken from the 2011 Greenpeace-EPIA accelerated sce-
nario (Teske and Masson, 2011). The growth rates used
are 26% for 2011-2020, 14% for 2021-2025 and 10% for
2026-2030. The installed capacities in Europe are estimated
shares.

Table 3 and Fig. 8 show what would happen if the 26%
growth rate would be replaced by a 40% growth rate up to
2020 (followed by 23% then 16%) due to policy driven stim-
ulation when grid parity in most European countries is
likely to happen (Defaix, 2009). In a strong growth sce-
nario Europe can achieve the 2030 installed capacity by

Table 3
Extended growth scenario.

2005 2010 2015 2020 2025 2030
World wide growth rate*® (%) 25.5 128 40 23 23 16
Annual world wide PV modules production (GWp)* 1.32 16.6 106 571 1608 3378
Cumulative installed capacity world (GWp)* 5.17 39.1 342 1969 7515 20,346
Estimate cum installed Europe (GWp)" 2.07 29.5 184 913 2792 6008

#2005 and 2010 are actual data from EurObserver PV Barometer (2011) and EPIA Publications (2011) annual reports.
® Assumed growth rates 2011-2030 are taken from Teske and Masson, 2011.
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2022, 8 years ahead of our initial scenario. Note that not all
panels will be used for BIPV but also for (very) large scale
PV systems in fields.

The projected increased annual production affects the
technical BIPV generation potential since it increases the
weighted average efficiency in the period 2005-2030 from
17.9% to 18.3% due to the installation of more than 50%
of the PV panels between 2025 and 2030. In this scenario
the maximum annual electricity generation from BIPV
would increase from 840 TWh to 859 TWh, a 2.3%
increase.

4.5. Comparison of results with previous studies

In this section we compare our results to previous
studies. A much-cited study is an IEA photovoltaic power
systems programme BIPV report from Nowak et al
(2002). Fig. 9 shows the differences between both studies
for the estimated roof and facade areas in residential
buildings for those countries that are included in both
studies.

The largest differences are found in the potential roof
estimates. This is partly explained as Nowak et al. (2002)
propose a statistically typical building in Central Western
Europe without accounting for country specific factors,
such as the height of buildings. It is also unclear how
Nowak et al. (2002) translated the available area per capita
towards roof surface without an estimate of ground floor

area per habitant. For fagades the differences are smaller,
with the exception of Sweden and the UK. The latter has
a very high percentage (81%) single family dwellings and
16% low rise multi family which leaves only 3% for high
rise dwellings, one of the lowest in Europe. This makes it
likely that a UK building differs from a European statisti-
cal building. The other country with a large difference is
Sweden (—42% in our study compared to Nowak et al.
(2002) for fagades). This difference cannot be explained
by the height of the dwellings since Sweden has a more
average distribution over the three categories.

Fig. 10 shows the same comparison for non-residential
buildings. Because we assumed a different relation between
the residential and non-residential sector compared to the
Nowak study our analysis results in lower roof potentials.
The difference with Nowak et al. (2002) is especially large
for this sector as Nowak assumes a 50% share for the
non-residential sector in Europe, while we assume only
30% derived from Poel (2007).

4.5.1. Other relevant studies

There are other methods using more refined techniques
for example remote sensing combined with laser scanning.
They are usually only suitable for determination of roof
areas, however laser scanning (Jochem et al., 2011) has
recently been reported to enhance accuracy of facade area
determination. These studies do not yet provide data suit-
able to determine the potential at an European level.
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5. Conclusions

Our study shows that in the EU there is a large BIPV
potential, equal to 951 GWp, providing a considerable
share of future electricity use. It can deliver 840 TWh
annually, which equals more than 22% of the expected
European electricity demand by 2030. We developed a
method that relies on solid statistical information and
extensive European solar radiation research. We had to
make assumptions to translate the statistical information
into a realistic technical potential for most of the 27 EU
member states. Our estimates are lower than earlier
estimates due to a difference in floor area calculations. Sen-
sitivity analysis shows that the most influential assumption
on the final results is the usable roof area estimate. Addi-
tional research to determine the usable roof area more
accurate would improve the results. Statistical knowledge
about the height of European buildings and the percentage
non-residential buildings in relation to the total building
stock would further enhance the reliability of the estimates.
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