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INTEGRATED SOLAR PHOTOVOLTAICS FOR BUILDINGS

Richard Corkish1 and Deo Prasad2

INTRODUCTION
Photovoltaic (solar) cells (Corkish 2004) are semiconductor devices that directly create electric current and voltage from
the collection of photons (quanta of light). They convert sunlight to electricity silently and without moving parts, re-
quire little maintenance, are reliable, are being sold with warranties of up to twenty-five years, generate no greenhouse
gases in operation, and are modular, rapidly deployable and particularly suited to urban rooftops, façades, and similar
applications. Hence, they are easily located close to where electricity is consumed.

Solar cells of 15% efficiency covering an area equivalent to just 0.25% of the global area under crops and perma-
nent pasture could meet all the world’s primary energy requirements today (Archer and Hill 2001), yet most or all of
that area could be otherwise alienated land, such as on buildings, for example. “On any given day, the solar energy
falling on a typical oilfield in the Middle East is far greater than the energy contained in the oil extracted from it.”
(CarbonFree 2006).

However, solar cells remain an expensive option for most power generation requirements, relative to fossil and nu-
clear sources, especially if the natural environment is attributed little or no value, and relative to some other sustainable
options, such as the enhancement of energy efficiency, solar thermal (e.g., solar water heating) or wind energy. Photo-
voltaics are synergistic with efficiency enhancement and solar thermal use and are usually more easily applied in urban
situations than are wind turbines.

Here, we aim to acquaint practising architects, builders, and engineers with the fundamentals of solar photovoltaic
energy production and devices and building-related applications (Green 1995; Wenham et al. 2006; Prasad & Snow
2005; Strong et al. 2005; Sick 1996). 

1. School of Photovoltaic and Solar Energy Engineering, University of New South Wales, Sydney 2052 Australia. Dr. Corkish may be
reached at +61 2 938 54068, www.pv.unsw.edu.au/ or r.corkish@unsw.edu.au.
2. Centre for a Sustainable Built Environment, University of New South Wales, Sydney 2052 Australia. Dr. Prasad may be reached at 
+61 2 938 54868 or d.prasad@unsw.edu.au.

BASICS OF SOLAR PHOTOVOLTAICS
Solar cells use semiconducting materials to perform
two fundamental tasks: (a) the absorption of light
energy to release free charge carriers within the mate-
rial, and (b) the separation of the negative and posi-
tive charge carriers (i.e., electrons and holes) to pro-
duce unidirectional electrical current through
terminals that have a voltage difference between
them (Corkish 2004; Green 1995; Zweibel 1990).
The separation function is usually achieved by a p-n
junction, the interface of regions of material that
have been “doped” with different impurities to give
an excess of free electrons (n-type) on one side of the
junction and an insufficiency of them on the other
(p-type) (Sze 2002). The interface region then has a
built-in electrostatic field that sweeps electrons one
way and holes the other. A solar cell is, therefore,

simply an illuminated, large-area semiconductor
diode. Whilst the p-n junction is the most common
structure, others, such as metal-semiconductor junc-
tions, are also used.

Figure 1 indicates the main processes. Photons
enter the cell volume through the front surface. High
energy (blue or violet) photons are absorbed rapidly,
close to the cell’s front surface, but those from the in-
frared end of the visible spectrum are weakly ab-
sorbed and penetrate more deeply. Each absorption
of a photon annihilates the photon and transfers its
energy to an electron in the semiconductor, freeing
the electron from its parent atom and leaving behind
a positively charged vacancy, or “hole.” 

The electrons and holes are mobile within the cell
and will move (a) in response to an electric field
(“drift”), or (b) by diffusion to regions of lower con-
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centration. They are also prone to recombination
with each other. Electron-hole pairs generated near
the junction are split apart by the strong electrostatic
field there. Minority carriers (electrons in p-type ma-
terial and holes in n-type material) are swept across
the junction, and each crossing of the junction is a
contribution to the cell’s output current. Minority
carriers that are generated too far from the junction
to be immediately affected by the junction’s electric
field can be transported to the junction by diffusion.
Metal contacts at the front and rear of the cell allow
connection of the generated current to a load. The
front contact is normally in the form of a fine metal-
lic grid to reduce blockage of the light’s access to the
semiconductor. There exist commercial cell designs
that avoid the front contact blockage altogether and
have both positive and negative contacts on the rear
(Sunpower 2006).

However, minority carriers are prone to recombi-
nation with the surrounding majority carriers. Re-
combination can be radiative, the inverse of the opti-
cal carrier-generation process that produced the
carrier pair, in which the carrier energy is lost in the
production of a new photon, or non-radiative, in
which the energy is dissipated as heat in the cell.

Crystal defects, accidental impurities, and surfaces all
promote non-radiative recombination. Most (though
not quite all) non-radiative recombination processes
are, in principle, avoidable but radiative recombina-
tion is fundamental.

The result of the above processes is a light-gener-
ated current (i.e., electrons flow out of the cell into
the circuit from the n-type contact and back into the
cell through the p-type contact). The light-generated
current is approximately independent of the voltage
across the cell. Unfortunately, the normal diode cur-
rent, which would remain even in the dark at the
same contact voltage, may be thought of as simulta-
neously flowing in the opposite direction to the
light-generated current. That dark current (solid line
in Fig. 2) increases strongly with the voltage and at
some voltage, known as the open circuit voltage
(Voc), completely cancels the light-generated current.
As a result, we see the typical current-voltage charac-
teristic shown as a dashed line in Fig. 2. The (for-
ward) dark current is added to the (reverse) light-
generated current to make the resultant current
negative for a range of positive voltage, in which the
cell generates power. Power is zero at zero volts and at
Voc, with maximum power being produced near the
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FIGURE 1. Basic
operation of a p-n
junction solar cell.
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“knee” of the curve. The electrical load connected to
the cell should be chosen to keep the operating point
close to the optimum “knee” point during normal
operation. 

PHOTOVOLTAICS TECHNOLOGIES
AND RESEARCH DIRECTIONS
There is a wide range of different solar cells materials
and approaches in production, under development,
or having been proposed (Corkish 2006). It may help
to categorise the field as comprising three generations
of technology. The first includes “bulk” or “wafer”
cells, made from layers of semiconductor material
thick enough to be self-supporting, usually up to
0.3 mm. This generation, which dominates current
markets, is exemplified by single and multicrystalline
silicon cells, and commercial production cells cur-
rently have efficiencies of around 10–18%. Cost re-
ductions for such cells will eventually be limited by
the costs of the wafers. The second generation aims
for lower cost at the expense of efficiency by using
thin layers of active material. A rigid substrate or su-
perstrate provides mechanical support for the semi-
conductor, which is deposited rapidly over large areas.
Unlike the wafer-based cells described above, which
are mechanically and electrically connected together
to form weatherproof solar modules that produce
convenient voltages and currents, the thin film mate-

rials are deposited on large areas of sub/superstrate
and subsequently patterned (commonly by lasers) to
form multiple cells. Hence, the basic production unit
is the module, rather than the individual cell. The
four important thin film technologies are amorphous
silicon, polycrystalline silicon, cadmium telluride,
and copper indium diselenide. Current production
efficiencies are 4–9%. Thin film cells are a growing
challenge to the first generation cells’ current domi-
nance, especially in the current global shortage of sili-
con wafers (Schmela 2005a). Third generation ap-
proaches intend to eventually combine high efficiency
and low cost. One type of cell that approaches the
third generation criteria (Green 2003) is the tandem
cell. Tandem cells are already commercially available
as both low-cost, low-efficiency amorphous silicon-
germanium and, at the other performance extreme,
high-efficiency cells made from elements of Groups
III and V of the Periodic Table, known simply as III-
V cells (Yamaguchi 2005). The latter are used almost
exclusively for space applications. 

As indicated by Fig. 3, cell production has been
growing at or above 30% p.a. for several years, with
67% reported for 2004 (Schmela 2005b). During
2004/05 the demand for photovoltaics exceeded
the global production capacity of purified polysili-
con for the production of wafers (Corkish 2006).
Up until 1998, the silicon photovoltaics industry
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FIGURE 2. Conceptual current—
voltage characteristic for a solar
cell.
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was able to rely on off-specification material that
was effectively waste of the electronics industry. This
amounted to 2–3 thousand tons per year. However,
the rapid growth of photovoltaics in recent years has
resulted in demand exceeding that supply, and
shortages are occurring until new capacity comes on
line in 2006/07 (Schmela 2005a). This shortage,
along with the inherently high energy and financial
costs of wafers, has motivated increased interest in
both saving silicon in first generation technologies
by, for example, use of thinner wafers and using
wafers in new ways (Weber at al. 2004), and in crys-
talline silicon (Basore 2005) and non-silicon, thin-
film technologies.

An important figure of merit on which solar cells
and modules (see below) are compared is their effi-
ciency. Record efficiencies for research cells and mod-
ules using different technologies are published regu-
larly (Green et al. 2006). Commercial efficiencies
tend to be a few percentage points lower (Kreutz-
mann 2005). Another, more commercially important
but less precisely defined, figure of merit is the cost
per peak Watt (Wp). This recognises that efficiency is
only of prime importance in some applications and
for many potential users, the capital cost and the cost
of the resultant electricity are more useful measures
on which to base decisions. Hence, technologies that

are less efficient but cheaper per unit area are able to
compete in the market.

Active solar cell research topics at present include
advances in top contact design for wafer cells, use of
n-type rather than p-type wafers, crystallisation of
amorphous silicon on glass, texturisation of glass for
better absorption of light in thin deposited layers of
silicon, and a group of advanced future possibilities
for high efficiency devices that rely on silicon
nanocrystals in benign matrices (Centre for Ad-
vanced Silicon Photovoltaics and Photonics 2005).

PHOTOVOLTAIC MODULES
Wafer solar cells are rarely used individually but are
normally interconnected and encapsulated in arrays of
(commonly 36) series-connected cells to provide a use-
ful output voltage (the quasi-standards have become
the voltage suitable for charging 12 and 24 Volt batter-
ies) and to protect them from the environment (Cork-
ish et al. 2006; Wenham et al. 2006). Solar modules
are often used in harsh and remote locations, so they
must be capable of extended, reliable, maintenance-
free operation. They must be able to withstand dust,
salt, wind, snow, rain, humidity, hail, birds, pollutants,
and temperature variations and ultraviolet light. The
front cover must maintain high transmission in the
optical wavelength range. Moisture penetration is
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FIGURE 3. Growth in
global cell
production. 
Data is sourced from
industry magazines,
Photon International
and Renewable
Energy World.
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responsible for many module failures, with condensa-
tion on the cells and circuitry causing short or open
circuits. The most vulnerable sites are at the interfaces
between different materials and the materials used for
bonding are required to maintain adhesion under op-
erating conditions. 

Materials engineering of photovoltaic modules has
allowed their development over the last half century
into a highly reliable product. Advances in cover
glasses, some with UV absorbing ingredients, encapsu-
lants and sealing techniques have all contributed to re-
ducing persistent problems. However concerns remain,
particularly with inexperienced manufacturers and
where standards are not complied with (see Appendix
E of Wenham et al. 2006, for a listing of many relevant
standards). Module lifetimes of around 20 years or
more are commonly offered by manufacturers of mod-
ules of silicon wafer cells, and the industry is seeking
30-year lifetimes. Encapsulation failure is a major con-
tributor to solar module life expectancy (King 2000).

Commonly used encapsulants are ethylene vinyl
acetate (EVA), Teflon, and casting resin (Brand
2005; Ecofys 2004). EVA is usual for standard mod-
ules and is applied in a vacuum chamber, as is Teflon,
whose use avoids the need for a front cover glass.
Resin encapsulation is sometimes used for large
modules intended for building integration. Polyvinyl
butyral (PVB) is commonly used in laminated glass
in the construction and vehicle industries for its ad-
hesion and durability, but an historical problem of
clouding after moisture absorption caused its aban-
donment as a photovoltaics encapsulant. However,
modern formulations of PVB are not subject to this
problem, and its use in modules is being reconsid-
ered (Diefenbach 2005), especially for modules with
glass front and rear covers, such as in building inte-
gration applications. PVB modules are not yet com-
mercially available (Kreutzmann 2006).

Tempered, low-iron, rolled, sheet glass is generally
used for the top surface because it is relatively cheap,
strong, stable, transparent, impervious and has good
self-cleaning properties (i.e., rinses it effectively).
Tempering helps the glass withstand thermal stress.
Low iron glass with anti-reflective coatings, applied
by caustic processes or dip coating, allows transmis-
sion of up to 96% of the incident light. 

Polyvinylfluoride (e.g., Tedlar), polyethylenetereph-
talate, or Mylar are commonly used for the rear of the

module, to act as a moisture barrier. Alternatively,
glass is used for the rear as well as the front, particu-
larly for laminates for building integration that re-
quire transparency between cells.

Many modules, particularly those with the longer
warranty periods, have their edges protected by alu-
minium frames, which also help protect against twisting
and other stresses to the glass; however, frames are com-
monly excluded from laminates for architectural uses.

Single modules are used only in very low power
applications (less than 100W), and modules are usu-
ally interconnected, in various series and parallel
arrangements, into arrays (Wenham et al. 2006). The
overall voltage of the array is primarily determined
by the number of modules in series, and the electrical
current is primarily determined by the number in
parallel. An anti-intuitive and surprising aspect of
photovoltaic arrays is that, unless protection is built
in, blocking or shading the sunlight from a relatively
small area of the total array can have a profound ef-
fect on the whole array’s electrical output (Wenham
et al. 2006, Sect. 5.4). This is because each module,
and indeed, each cell, in a series-connected array sec-
tion (known as a “string”) must carry the same cur-
rent as all the others. Hence, the complete shading of
even a single cell in one of the modules of a large
string of illuminated modules could reduce the elec-
trical output of the entire string to zero. Further-
more, electrical power produced by all the illumi-
nated cells could be dissipated as heat in the shaded
cell, causing overheating and permanent failure of
the module that contains it (Wenham et al. 2006,
Sect. 5.5). Bypass diodes are normally connected
around small blocks of series-connected cells (com-
monly across each 18 cells, or two per nominally
12V module) to protect the overall system output
from dramatic reduction due to accidental shading of
a small fraction of the array (Standards Australia
2005). Bypass diodes are a “blunt instrument” that
protect the array and prevent excessive output reduc-
tion but still cannot allow the collection of electrical
energy from the bypassed section of cells. Hence,
care should be taken to avoid partial shading effects
due to bird droppings (Fig. 4), overhanging trees,
structural elements, adjacent buildings, parts of the
same building, etc. (Fig. 5).

A less dramatic form of the same problem occurs if
modules of different cell technology or even modules
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of the same cell technology with different current rat-
ing, or differently oriented modules receiving differ-
ent insolation, are connected in series. The output of
the string is essentially restricted to that generated in
the worst-performing cell in the string. Module man-
ufacturers take care to match cells with similar output
in each module, thereby minimising the impact of the
poorer cells, and array designers should ideally match

the current ratings of modules in strings (although
this would be difficult to justify economically unless
there was a large variation in the modules being used
in the project) and certainly should avoid the series
interconnection of dissimilar modules. 

Similarly, strings with lower voltage, perhaps due
to use of a different cell technology, fewer cells, fewer
modules, or different temperature in operation, will

68 Journal of Green Building

FIGURE 4. Locating an antenna
directly above the photovoltaic
modules that power this
earthquake monitor has provided
an ideal perch for birds to generate
partial shading on the glass front
cover below.

FIGURE 5. Accidental shading of a
(non-building-integrated, in this
case) photovoltaic array has a
negative impact on output that far
exceeds the fractional area of the
array that is shaded. This array was
installed on a sheep station in
outback Australia in 1985 and still
drives a water pump. An
installation error resulted in one
section being set proud of the
adjacent section, causing a row of
cells in the right-hand section to
be shaded each morning.
Additionally, the mounting
structure had been further secured
by metal fencing stakes, the
shadow of one of which can be
seen on parts of all three modules
seen on the photograph.
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drag down the voltage and the available power of
other strings to which they are connected in parallel
(Wenham et al. 2006). 

Thin film solar technologies, including amor-
phous silicon, are usually deposited as large area film
on supporting substrates or superstrates, and the film
is then cut, with a laser for example, into individual
cells that are then electrically interconnected in the
module. This manufacturing method tends to result
in cells that are long and narrow, rather than the cir-
cular, square, or quasi-square shapes that are com-
mon for crystalline silicon cells. The long, narrow
shape of the thin film cells tends to make these mod-
ules more tolerant of partial shading, simply because
the whole of a cell is less likely to be shaded.

Suppliers of modules and other system compo-
nents and services are listed in various industry direc-
tories, such as that maintained, for example, by
James & James (2006).

BALANCE OF SYSTEM
The components of photovoltaic systems other than
the photovoltaic modules themselves are commonly
termed “balance of system.” The two main modes of
application of photovoltaics are in stand-alone and
grid-connected systems (Wenham et al. 2006). Stand-
alone systems include those that power satellites, re-
mote communications systems, navigational aids, rail-
way crossings, road and emergency signage; cathodic
protection against corrosion, consumer products, bat-
tery charging for boats, campervans, lights, solar home
systems, refrigeration for medicines and vaccines in re-
mote areas, water pumping and purification, solar
powered vehicles, lighting, remote monitoring, remote
flow metering, electric fences, remote gates, and village
community power supplies. Grid-connected systems,
on the other hand, are required to feed power into an
electricity distribution grid. 

The balance of system for all systems usually in-
cludes design and installation costs mounting struc-
tures (fixed or sun-tracking), wiring, switches, circuit
breakers, connectors, lightning protection, metering,
alarms, etc. Stand-alone systems commonly include
chemical (battery) storage of energy, and, if so, bat-
tery charge regulation to optimise charging and pre-
vent overcharging and automatic load disconnection
to prevent excessive discharging. Inverters may be in-
cluded to convert the direct current electricity that is

characteristic of photovoltaics and batteries to alter-
nating current, as is expected by many electrical
loads. Water pumping applications often do not have
battery storage but may incorporate storage of
pumped water. 

Grid-connected systems do not normally include
storage of any form but require special inverters that
convert the direct current from the photovoltaics to
alternating current at the same voltage and frequency
as the grid, with restricted harmonic content, and are
able to automatically synchronise with the grid. They
also need to automatically disconnect from the grid
at times that the grid is otherwise unpowered to
avoid the phenomenon of “islanding” that can con-
ceivably threaten the safety of electrical grid mainte-
nance staff (Krampitz 2005). 

COSTS
Several guides are available for costs of photovoltaic
modules and systems. For example, prices for mod-
ules and systems are monitored and reported in the
countries that participate in the International Energy
Agency’s Photovoltaic Power Systems Programme
(IEA PVPS 2005). Those data are available free of
charge. More timely information is available from
various commercial organisations, such as, for exam-
ple, Solarbuzz (2006).

Prices are tending to increase at present as a result
of the temporary shortage of purified polysilicon and
wafers (Schmela 2005a).

PHOTOVOLTAICS IN BUILDINGS
Building integrated photovoltaics (BIPV) has been de-
fined as “the harnessing of solar power technologies as a
part of, or attached to, the external building skin”
(Prasad and Snow 2005). However, more restrictive
definitions are also in common use, such as: “A BIPV
system operates as a multifunctional building construc-
tion material; it generates energy and is part of the
building envelope.” (Eiffert 2003). In this article we
adopt a definition somewhat between those two and
consider photovoltaics that are used as part of the
building envelope and photovoltaics mounted on
buildings, but only where they perform a building
function other than power generation. Most com-
monly, the additional building function is shading. We
do not include the simple use of buildings as structures
to support the mounting of photovoltaics.
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We note that energy efficiency measures incorpo-
rated into buildings are almost always more cost ef-
fective ways of improving building energy perform-
ance and should normally be included in preference
to BIPV (Strong et al. 2005). Passive systems, such as
solar access, shading, thermal insulation, and natural
ventilation and lighting, taking into account the cli-
mate of the site, should be used before calling on “ac-
tive” systems such as photovoltaics. Solar thermal
water heating is usually a more economical option
for reducing demand for purchased energy than are
photovoltaics. Control systems can be used to reduce
energy demand by restricting unnecessary energy use
and optimising natural inputs.

BIPV is a confluence of engineering and architec-
tural design (Prasad et al. 2005). Seven architectural
criteria (Table I) have been espoused by the IEA
PVPS Task 7 (Schoen 2001). 

Engineering issues include maintaining the in-
tegrity of the building envelope and the optimisation
of energy collection, which includes the effect of tem-
perature on photovoltaic performance. From a photo-
voltaic systems engineering point of view, siting and
orientation of photovoltaics should take into account
the shading issues discussed above and also the geo-
graphically-dependent apparent path of the sun across
the sky (Iqbal 1983). The apparent solar trajectory

can be indicated in the form of polar or cylindrical
sunchart diagrams. The latter are particularly useful
for visualising the shading effects of nearby objects
(Quaschning and Hanitsch 1995) and a free online
calculator is available (University of Oregon 2003).
Other design tools are listed by Gutschner et al.
(2005) and Argul et al. (2003). From a structural en-
gineering point of view, a BIPV system must perform
its assigned tasks as part of the building (e.g., being
part of the waterproof and windproof building enve-
lope, shading, etc.) reliably and should be constructed
in a way to withstand wind and other loads.

Electrical power output of fixed photovoltaic ar-
rays is maximised over a year by tilting them towards
the equator at the site’s latitude angle to the horizon-
tal. However, there are often good reasons to orient
them otherwise. These could include the avoidance of
shading, an intention to optimise output in a particu-
lar season or time of day, such as to offset peak power
loads due to air conditioning, or the need to conform
to building surfaces whose orientation is otherwise re-
stricted. Orientation on façades at low, especially
tropical, latitudes is particularly challenging. Mis-
alignment from tilting towards the equator by about
15° is usually acceptable.

Maintenance and cleaning are additional design
issues. Modules oriented at low angles to horizontal,

70 Journal of Green Building

TABLE 1. Seven architectural criteria outlined by the IEA PVPS Task 7 (Schoen 2001; Strong et al. 2005, 2005).

1. NATURALLY INTEGRATED
The PV system is a natural part of the building. Without PV, the building would be lacking something; the PV system
completes the building.

2. ARCHITECTURALLY PLEASING
Based on a good design, does the PV system add eyecatching features to the design?

3. GOOD COMPOSITION
The colour and texture of the PV system should be in harmony with the other materials. Often, also a specific design of the
PV system can be aimed at (e.g., frameless vs. framed modules).

4. GRID, HARMONY, AND COMPOSITION
The sizing of the PV system matches the sizing and grid of the building.

5. CONTEXTUALITY
The total image of a building should be in harmony with the PV system. On a historic building, tiles or slates will probably
fit better than large glass modules.

6. WELL-ENGINEERED
This does not concern the watertightness of PV roof, but more the elegance of design details. Have details been well
conceived? Has the amount of materials been minimised? Are details convincing?

7. INNOVATIVE NEW DESIGN
PV is an innovative technology, asking for innovative, creative thinking of architects. New ideas can enhance the PV market
and add value to buildings.
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as would be the optimum for energy collection at
low latitudes, will not be easily self cleaned by rain-
fall, at least without special surface treatments, and a
minimum tilt angle of 10° is sometimes recom-
mended for Australian installations (Standards Aus-
tralia 2002). 

The main modes in which photovoltaics have
been incorporated into buildings are (Strong et al.
2005; von Aichberger 2004; Kreutzmann and
Schmela 2005):

• Integrated roofing
• Curtain walls for vertical and inclined façades
• Rainscreen cladding
• Fixed and moveable solar shading

Integrated Roofing
Mounting on sloping roofs is a common and well es-
tablished method of installing photovoltaic modules
and many aesthetically pleasing examples exist (Fig.
6), but they are excluded from the scope of this arti-
cle according to our definition, above. 

There are also several examples of integration of
photovoltaics into, rather than on, the roof profile
but with the waterproofing task being satisfied by an-
other layer below, as in the example of the Sydney
Olympic Village (Prasad and Snow 2005). On the

other hand, there is a range of methods currently
available in which the photovoltaic modules perform
the normal functions of roofing materials (Reijenga
2005; von Aicheberger 2003, 2004). This method
tends to produce a more aesthetically pleasing out-
come but faces the additional challenges of having
the photovoltaics in intimate contact with the attic
space, which can reduce the photovoltaics perform-
ance through heating (see below) and the necessity to
maintain reliable waterproofing. 

A wide range of products for integrating photo-
voltaics into sloped roofs have entered the market in re-
cent years, particularly in Europe (von Aicheberger
2003, 2004). They range from roof tiles of “standard”
profiles containing small photovoltaic arrays, through
systems to fit custom or non-specific sizes of photo-
voltaic laminates (essentially modules without frames)
as roof elements, to direct lamination of photovoltaic
cells onto sheets of roofing material. This is a rapidly
evolving field, with many options available, for which
the reader may consult product reviews such as that by
von Aicheberger (2003, 2004) or IEA-PVPS Task 7
(http://www.task7.org/Public/lausanne/part3proda.pdf
or http://www.pvdatabase.com/search_form.cfm). We
provide here only a brief, illustrative overview. In all
cases, reliable watertight transitions to the surrounding
roofing material, with which it is integrated, are neces-
sary, as is compliance with local building codes.

Products that seek to mimic normal roofing tiles
or shingles allow excellent aesthetic integration, but
they tend to be expensive and face the barrier that
roofing tile profiles and sizes are not consistent across
the world or even within countries. They have the
advantage that roofing installers can install and con-
nect such products without significant additional
training.

Frameless solar module laminates are used by sev-
eral companies for fixing to roof battens with screws or

Volume 1, Number 2 71

FIGURE 6. One of two sections of a 40 kW grid
connected photovoltaic array mounted above the
curved, corrugated metal roof of the “Quadrangle
Building” at the University of New South Wales, Sydney.
In this example, the photovoltaic modules were
retrofitted and are not part of the building envelope.
(UNSW Facilities Management 2006)

FIGURE 7. Example of a photovoltaic roof tile for BIPV.
(Source: www.starunity.ch/deutsch/frame_d.htm)
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clamps. The example system shown in Fig. 8 uses spe-
cial spacers to join adjacent laminates, forming a water-
proof barrier (Erling undated). A perforated metal bat-
ten at the bottom of the array allows air to flow up the
rear surfaces of the modules, cooling them. This partic-
ular system, unlike some others, is able to use laminates
of unspecific size and manufacturer. Thin film cells can
also be incorporated into roof shingles (Fig. 9).

A great number of arrays has been mounted on
flat roofs either by roof-penetrating fixtures or by
gravity mounting (Reijenga 2005), although there
have been serious structural engineering challenges in
some cases (Siemer 2004). It is interesting diversion
to note that stones used as top covering on residential
and commercial roofs have been blamed for fractur-

ing tempered glass front covers of modules by being
propelled by storm winds up the inclined faces of
modules and dropped onto the row of modules be-
hind (King et al. 2000).

However, the use of photovoltaic modules to water-
tight and insulate layers is more closely compliant with
our restricted definition of BIPV in this paper. One
system, intended for either retrofitting or for a new
roof, avoids roof penetration with interconnecting
modules backed by “tongue-and-groove” extruded
polystyrene boards (Fig. 10). Another roofing product
combines amorphous silicon, deposited onto large,
thin metal substrates, with a traditional roofing foil and
can be installed in a similar way to normal roofing foil.
These roof-integrated products do not benefit from the
cooling effect of air flow over the rear surfaces that is
enjoyed by the non-integrated roof-mounted arrays.
Note, however, that the performance of amorphous sil-
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FIGURE 8. Photovoltaic laminates integrated into a
residential roof with the aid of proprietary frames and
showing a perforated metal batten to encourage air flow
behind the modules. A corner of a solar thermal water
heater is visible at left. (Source: PV Solar Tiles Pty. Ltd.)

FIGURE 9. Amorphous silicon thin-film photovoltaic
roofing shingles. (Source: Unisolar)

FIGURE 10. Interconnecting module system for flat
roofs. (Source: PowerLight)
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icon modules is less seriously degraded by temperature
increases than that of crystalline silicon.

Integrated Façades
Photovoltaic modules on vertical surfaces of buildings
can sometimes replace expensive alternative cladding
materials at similar cost and can protect underlying
surfaces from sun-induced damage. They enjoy high
visibility, often an important factor in justifying their
cost. However, there are serious challenges with re-
spect to solar access and optimal orientation, except at
very high latitudes, and shading by other structures in
dense cities. Façades using crystalline silicon photo-
voltaics need ventilation to keep them cool.

Many examples exist of the use of photovoltaic
laminates in curtain wall façades, in which they have
an airgap behind, usually not ventilated in order to
prevent condensation (Fig. 11). Coloured effects can
be created by modifying the anti-reflective coating on
cell front surfaces, though at some cost in perform-
ance (Fig. 12). Sloped façades allow both novel archi-
tecture and improved solar access for photovoltaics
(Reijenga 2005; Kreutzmann and Schmela 2005)

Eaves (Fig. 13), sunscreens and louvres offer ex-
cellent opportunities for the incorporation of air-
cooled photovoltaics on the walls of buildings while
performing a useful building function in addition to
generating electricity. A fine example of this is the
Children’s Museum of Rome (Fig. 14) (Prasad and
Snow 2005), in which movable photovoltaic screens
formed from glass-glass laminates are adjusted to
control shading of the south wall. Products are avail-
able for simpler, fixed sunscreens (Reijenga 2005). 

Skylights and atria are an opportunity for dra-
matic application of photovoltaics in buildings (Fig.
15). Lighting control is possible through varying the
fractional cell area in custom-made laminates, and
semi-transparent thin film modules allow a different
effect. Local building codes restrict the range of
choice for these applications.

TEMPERATURE
The negative impact of rising cell temperature (Emery
1996) on electrical output is not always adequately
considered in BIPV applications. Power output from
crystalline silicon solar cells decreases approximately
0.4–0.5% per °C, but amorphous silicon cells are less
dramatically affected (Shima 2005). While module
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FIGURE 11. PV curtain wall example. (Source: Shüco)

FIGURE 12. Coloured surface effects on multicrystalline
silicon solar cells, shown at an industry exhibition.

FIGURE 13. BIPV window shading at the CSIRO Division
of Energy Technology, Newcastle, Australia.
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ratings are usually at the standard test condition of
20°C, the temperature can far exceed that in opera-
tion. The usual approach to minimising the modules’
temperature rise is to allow or encourage air flow be-
hind them. For example, Fig. 8 shows a metal roof
batten that has been perforated to provide a convective
air inlet along the bottom edge of a roof-integrated
array. The temperature rise for various situations has

been modelled mathematically (Guiavarch and Peu-
portier 2006) and tested experimentally (Brinkworth
and Sandberg 2006). The latter found that, due to the
additional turbulent mixing and enhanced heat trans-
fer to the air, typical structural members, somewhat
anti-intuitively, can enhance cooling. 

Brinkworth and Sandberg (2006) propose, as a
rule of thumb, that the airgap, a, should be sized
such that the duct between the roof and the modules
has hydraulic diameter: 

D = L/20

where L is the duct length, D is defined by (Kutz
1998)

,

and b is the array width. For typical installations, an
air gap of around 140 mm is adequate (Brinkworth
and Sandberg 2006).

While it is commonly considered, and found in
applications, that heat is a problem in BIPV installa-
tions, it is also possible to make a virtue of necessity
by capturing the heat for water or space heating or
other uses (Crawford et al. 2006). For one example,
the system in Fig. 8 can be enhanced by a layer of in-
sulation sagging under the module rears, inside the
attic space, forming ducts to ventilate the heated air
to the ridge of the roof. Conventional ducting and
fan forcing collects the hot air for space heating or
for enhancing domestic water heating. Another ex-
ample of a BIPV product that produces both electric-
ity and heat as outputs is the recently released “Com-
plete Solar Roof” (Solarcentury 2006). 

SYNERGIES IN BUILDING APPLICATIONS
Apart from the obvious benefits of power generation,
possible heat collection and shading, there is signifi-
cant potential for other synergies with BIPV. Perhaps
the most important in developed nations in temperate
climates is the ability to temporally match peak loads
of grid feeders or of buildings. This potential if often
over-stressed since many loads, particularly domestic
dwellings with air conditioning, experience peaks on
days of high insolation but with load peaks a few
hours later than the insolation peak at midday. How-
ever, industrial and commercial peak loads are often
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FIGURE 14. Photovoltaic canopies at the Children’s
Museum of Rome move to control shading on the south
wall. 

FIGURE 15. Skylight roof at the Children’s Museum of
Rome.
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well suited to peak photovoltaic output (Watt et al.
2003). Aligning photovoltaic modules away from the
equatorial direction shifts the time of peak output
(Watt et al. 2003). 

Photovoltaics on buildings are an ideal way to lo-
cate electricity generation close to loads, thereby
making it more valuable (Chowdhury and Sawab
1996). Urban location of generation avoids resistive
transmission losses and loads on transmission infra-
structure. Photovoltaics, and especially well inte-
grated BIPV, are rarely the object of rejection by
urban communities, unlike many alternative means
of electricity production.

SUMMARY
Building integration of solar photovoltaics is a field
that is, while still in its infancy, one with huge poten-
tial for the alignment of engineering and architec-
tural values. This overview introduces photovoltaic
technologies and many of the ways for their integra-
tion into buildings. Some emphasis is placed on as-
pects that have sometimes been insufficiently under-
stood in past implementations of BIPV: partial
shading and other mismatching of modules and the
impact of temperature and the need to design for
cooling.
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