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Foreword

The International Energy Agency (IEA), founded in November 1974, is an autonomous body
within the framework of the Organisation for Economic Co-Operation and Development (OECD),
which carries out a comprehensive programme of energy co-operation amongst its 23 member
countries. The European Commission also participates in the work of the Agency.

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborative R&D
agreements established within the IEA and since 1993 its participants have been conducting a
variety of joint projects concerned with the application of photovoltaic conversion of solar energy
into electricity. The overall programme is headed by an Executive Committee composed of one
representative from each participating country, while the management of individual research
projects (Tasks) is the responsibility of Operating Agents. Currently activities are underway in
nine Tasks.

The twenty one members are: Australia (AUS), Austria (AUT), Canada (CAN), Denmark (DNK),
European Commission, Finland (FIN), France (FRA), Germany (DEU), Israel (ISR), Italy (ITA),
Japan (JPN), Korea (KOR), Mexico (MEX), Netherlands (NLD), Norway (NOR), Portugal (PRT),
Spain (ESP), Sweden (SWE), Switzerland (CHE), United Kingdom (GBR), and United States
(USA).

Within PVPS, Task 7 is the international collaborative effort focusing on building integrated PV,
linking developments in IEA countries worldwide. The overall objective of Task 7 is to enhance
the architectural quality, technical quality and economic viability of photovoltaic power systems in
the built environment and to assess and remove non-technical barriers for their introduction as an
energy-significant option. Task 7 started its work in January 1997, building on previous
collaborative actions within the IEA (Task 16 of the Solar Heating and Cooling Program).
Primary focus of this Task is on the integration of PV into the architectural design of roofs and
facades of all type buildings and other structures in the built environment (such as noise barriers).
Task 7 motivates the collaboration between urban planners, architects, building engineers, PV
system specialists, utility specialists, PV and building industry and other professionals involved in
photovoltaics.

More information on the activities and results of the Task 7 can be found on www.iea-pvps.org.

This report has been prepared under the supervision of PVPS Task 7 by:

Heinrich Wilk from Energie AG, Austria with support from Daniel Ruoss and Peter Toggweiler

from Enecolo AG, Switzerland.

in co-operation with the following countries:

AUS, AUT, CAN, CHE, DNK, DEU, FIN, ITA, JPN, NLD, ESP, SWE, GBR, USA

and approved by the PVPS programme Executive Committee.

The report expresses, as nearly as possible, an international consensus of the opinions on the
subject dealt with.
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1. Introduction
The great advantage of photovoltaic (PV) systems is their highly modular structure. Building

integrated PV-elements can easily be adapted to the architect ideas according to size, shape and

mounting technique. The generation potential of suitable mounting surface areas is very

significantly [1].

This part of Task 7 work deals with electrical concepts that can be useful when PV is integrated in

buildings.

There are many new ideas such as:

• Use of DC-electricity in buildings

• Hybrid systems

• String inverter, inverter without transformer

• AC-Modules

• Inverters for single solar cells

• Info bus systems

• Signage, displays

Electronics, information technology and PV-technology are all developing very rapidly. New ideas

are implemented every day. Inverters and other electronic devices can now be built in large

quantities, at lower cost and in smaller sized units. Furthermore this development is supported

heavily by several new funding systems: Germany 100.000 Roofs Programme and PV tariff of

0,99 DM/kWh.

2. Smart Buildings and Bus Systems
PV units will become a standard component integrated in the electrical systems of residences

and office buildings. PV will also be integrated into the control and information system of smart

buildings (see Fig. 1) [3].

Figure 1: The Smart House, Sputnik Engineering AG, Switzerland [3]
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2.1 Control Units
The PV installation and especially the inverter will become just another unit working together with

all the electric equipment connected by a bus system. The PV electricity production could be

monitored and communicated in more details:

• PV Load Management and Information System [4]

• House control system, security

• Heating, cooling, shading and ventilation control

• Daylight dependent control of electric room lights

• EIB-bus, building control system

The double use of building integrated PV-elements for shading and electricity production gives

additional benefits to the house owner. The tilt angle of the tracking panels may be optimised for

a maximum of electric output or optimal shading and light control of the office rooms. Therefore

an air-conditioning system could be avoided. Such a system could be easily integrated in the

central house control unit and information bus system [2]. Together with other improvements

such as low energy personal computers, PV will help to reduce the electricity demand of the

building.

A central control unit could switch on special appliances like pumps or water heaters to optimise

the in-house use of PV electricity during sunny periods. This would help the utility keep grid loads

at lower levels. But it makes only sense if the tariff for the electricity exported to the grid is lower

than the consumer tariff (not useful in Germany => 0,99 DM/kWh).

The installation of advanced displays will assist the house owner/operator in getting full on-line

information about the flow of energy and the status of all units. It will also improve the energy

awareness of the residents of PV houses.

Figure 2: Linz AG Austria, office building, Colt Shadow+Voltaic,
passive solar tracking PV-wings (ZSW)
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2.2 Advanced Displays
Energy management systems are of great help for the owner/user of residential PV-Systems [4].

The little display unit is mounted in the living room. It allows the house-owner to both monitor the

performance of the PV installation and to manage the household energy consumption. It displays

actual power (Watt) of the PV system and the load as well as cumulative energy figures (kWh).

Moreover the system will display the solar fraction, that is the electricity production of the PV

system, as a percentage of the electricity consumption. The house-owner will soon discover that

his behaviour will become more solar oriented. In the “Now” modus he or she will immediately

see the impact of switching on and off the various appliances in the house on the energy

consumption and on the Solar Fraction.

2.3 Inverter with LonWorks-Interface
LonWorks (LON: Local Operating Network) was introduced in 1991 by Motorola and Toshiba. It is

a bus based communications platform for decentralised control units. It is used in buildings,

process automation, home applications and consumer sector. Several inverters equipped with an

interface circuit can be integrated in a LonWorks bus network. System data can be displayed and

communicated to the operator:

• UDC, IDC, PDC, UAC, IAC, PAC, PV-yield

• Alarm signals (inverter failure, grid outage etc.)

• Temperature sensor data

• Irradiance sensor data

To transmit the information an additional 2-wire bus cable has to be installed in the residence or

office building (twisted pair data cable, retrofit is also possible). There are many other bus

standards developed for different applications. INSTABUS is one of the most popular bus system

used in buildings in Europe (Siemens).

Figure 3: Energy Management System Eclipse PV/E, Ecofys NL
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3. New Concepts of System Configuration
Photovoltaic systems have a highly modular structure. The building blocks of a solar generator,

that is the PV panels, are components with a rated peak power between 50 W and 300 W. The

best configuration can be chosen according to the specific application [5].

Figure 5: Different Array Concepts: Central inverter, string oriented inverter
and AC-Modules, connected to the 230 V low voltage grid

Figure 4: PV System with inverter units integrated in a LonWorks bus network
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3.1 Central Inverter
The traditional array structure consists of modules connected in series to form a string. Many

strings connected in parallel are needed to build an array. One central inverter transforms the DC

electricity to AC current that can then be fed into the grid. Large building integrated PV projects

like “Messe München” or “Am Kruge” have been implemented this way. Inverters are solid state

electronic devices. In general they have a very high availability. If they are installed in cabinets in

a main electrical room repair work and maintenance can be done in a very convenient way. There

is no need to climb the PV roof to exchange or repair one inverter unit (AC-module). If several big

inverters are cascaded into master-slave-configuration the efficiency could reach very high values

- up to 96 %.

3.2. Inverter without transformer
The transformer of a power conditioner is a very heavy and expensive component. It is used to

provide safe galvanic separation between the AC-grid and DC-section of the PV installation. The

transformer also causes copper losses and losses in the iron core. One idea to improve the

inverter efficiency by 5 % is to choose a design without transformer. The PV array now is

switched directly to the AC grid by the inverter power stage. The disadvantage is that the solar

panels need better isolation and a safety class II certificate. The inverter also needs some extra

safety features including automatic ground fault detection, ENS,  etc.

3.3 String oriented inverter concept
Another concept is to connect only a single string to one inverter. Partial shading and different

thermal characteristics do not effect the whole PV array with this design. Examples can be found

in “Herne Fortbildungsakademie” etc. This concept often leads to rather high voltage levels at the

DC-side that can cause safety problems with the solar modules. It is good practise to mount the

inverter close to the panels to reduce the length and cost of DC-cabling. According to the German

manufacturer SMA the watertight units can even be installed outside buildings. Future

maintenance records will show the reliability of this system.

Figure 6: Inverter without transformer, galvanic connection between PV modules and grid voltage

(mind the safety aspects!)
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3.4 Multi-String Inverter
The main advantage of the string inverter is the optimal power tracking done for a single string of

PV panels. The rated power of the inverter is limited to approximately 2 kW because solar

modules cannot withstand very high voltages. To gain the cost advantages of bigger units and

maintain the optimal string inverter concept SMA has developed a new design. Several DC/DC

converters with MPP tracking combine the power of the different strings to a DC bus. A big power

stage works as a grid connected half bridge inverter without transformer. The multi-string inverter

is very useful when PV strings of different rated power, different orientations are combined

(partial shading).

3.5 AC-Modules
Very small inverters can be integrated into the junction box of solar modules. Typical system size

is 100 to 300 W. This design is advantageous when partial shading cannot be avoided or small

systems have to be realised. Mass production could lead to a substantial cost reduction with

these units. Reliability and maintenance becomes a major issue because the electronic devices

are exposed to a wide range of temperature and humidity conditions when operated on a roof-

top or a facade.

Ambient temperatures between –20°C and +90°C are quite common in this application. This

means extra stress on electronic components, which can influence their useful life. To keep

inverter boxes watertight is of major concern. Repair work can be rather an effort because of the

distributed installation of many small units in a large array field. It will be necessary to develop

systems that detect the failure of any of the small inverters immediately.

Figure 7: General Structure of a Multi String Inverter  (SMA, Kassel)
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3.6 AC-Cell
As amorphous silicon cell

technology improves, large

sized cells can be produced by

the “Roll on - roll off process” or

other technologies. Facade

elements consisting of one

single large cell have been

tested together with little

inverter unit [11]. A small

inverter transforms the

electricity of 1 cell into AC

current. In this project an

amorphous-Si cell with 100 A

and 1 V was used. The size

was about 1 m2.

4. New Concepts, DC-Side
Whenever there is already a battery in place or if DC electricity is needed to avoid any AC in the

house, for example at night-time, there are some more innovative electrical concepts at hand.

• DC house, DC appliances

• telephone exchange with battery storage

• UPS, un-interruptable power supply for computers etc.

• DC tram, trolley bus

4.1 Standard UPS System with PV
In standard UPS systems the battery is kept in a fully charged mode ready for a grid power

outage. Charging is done by the grid connected rectifier. In floating mode the best voltage level

for a lead-acid battery is 2,25 V per cell to optimise battery life- time. Photovoltaic panels may

contribute to charge the battery. A regulator has to take care that the voltage of any cell is kept

below 2,4 V to avoid gassing. The advantage of this concept is that some electricity consumption

from the grid is replaced by PV energy at sunny periods. During periods of longer grid outage,

operation of the whole system may be possible at a reduced emergency power level.

Figure 8: 

Inverter for a single PV cell, efficiency curve of DC/DC conversion

part (FHG ISE, H. Schmidt)
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4.2 Advanced UPS-System with PV
Figure 10 shows the flow diagram for an advanced UPS-system. In standard UPS units (fig.9) all

electricity passes through a rectifier, battery and inverter to power the dedicated UPS load.

Advanced units operate the UPS load directly on the AC-grid. S1 is closed in this mode of

operation. A bi-directional inverter is used to charge the battery in grid-connected mode. During

power outages S1 opens very quickly and the UPS- load is supplied by the bi-directional inverter

now working with reverse energy flow (DC_AC). S1 is an electronic switch and must open fast

enough to avoid problems with computer power supplies. When S2 is closed PV electricity is

used to charge the battery. In standard operation mode the PV system is working as any other

grid connected PV unit.

Figure 9: Standard UPS-System supported by photovoltaic electricity

Figure 10: Advanced UPS system supported by photovoltaic energy

(Project UBS-Suglio, P. Toggweiler, Switzerland)
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A direct connection between a standard UPS system and a PV-generator was used for the first

time in the Swiss project UBS Suglio [10]. In the first version the PV array was connected to the

DC bus bar of the battery with a relay switch (S2). During the time of connection the solar inverter

is switched off because the battery is absorbing all the PV electricity available. Tests performed

during the daylight hours have verified the proper function of the equipment. Depending on the

weather conditions and the corresponding UPS load, the time of autonomy can be extended by

PV for several hours.

4.3 PV UPS System for a Computer Network
A similar UPS system operates at the Helsinki University of Technology to supply a computer

network at the research institute. Figure 11 shows the design of the 800 W unit.

4.4 Direct Coupled PV Systems / DC Load
Any direct use application of DC electricity can be supported by photovoltaics. Beside the battery

based systems like UPS or telephone exchange there are many means of public transport that

are operated with DC: tram, trolley bus, subway etc. These DC networks can absorb a lot of PV

energy. Direct coupling needs some filtering to keep voltage transients away from the modules.

Results of technical and economic investigations show that this direct coupling is more favourable

than using an DC-DC converter for MPP-tracking even though the PV array is at times operated

outside the optimal MPP range. Toni Kälin of Electrowatt analysed the effect of voltage deviations

from MPP with measured voltage data of the trolley bus DC grid in Bern [13]. The results show

that the MPP related energy losses are less than 3,3 %. Compared with the internal losses of a

DC-DC converter of approximately 5 to 8 % this is a good result for direct DC coupling of PV.

Figure 11: 800 W UPS system supported by photovoltaic electricity

(HUT, Helsinki, Finland [11])
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4.4.1. Heliotram Hanover
Figure 12 gives some information of an EU funded project realised in Hanover, Germany.

Building integrated PV modules supply DC electricity to the tram overhead wire network at a level

of 600 to 750 V. Even without MPP tracking a relatively good performance ratio can be expected

with this concept. The problem is the high voltage level that requires a special module design.

4.4.2 Trolley Bus Berne
A 75 kW PV array is mounted atop

the Neufeld park and ride facility of

the City of Bern (Switzerland). The

plant supplies the solar generated

DC current directly to the grid of

the public transportation system.

The yearly energy production is

76.000 kWh. This is about 0,5 %

of the total electricity demand of

the tram and trolley bus network of

SVB Bern. The system was

designed by Electrowatt

Engineering Zurich [13]. The

results show that the MPP related energy losses are less than 3,3 % and supports the direct DC

coupling PV concept.

Figure 12: HELIOTRAM, DC-System supported by photovoltaic electricity

Figure 13: Trolley Bus Bern with direct coupled PV System [13]
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5. AC Bus System
Figure 14 shows the block diagram of a new concept from ISET Kassel, Germany. The stand-

alone system consists of AC-modules that are connected to the AC battery unit. The AC battery

is a combination of a bi-directional inverter and a standard battery. The modular system can

easily be expanded by just adding more units to the AC bus:

• AC auxiliary generator

• AC load

• PV strings with string-oriented inverter

• AC Modules

• Wind generator

The AC Battery system of ISET/SMA was named BacTERIE (later Sunny Island). It can be used

in rural areas with mini utility grids. There are many islands with an existing diesel generator

based utility system. It is also possible to connect wind turbines or other AC generating

equipment.

Figure 14: Modular PV-electric system with AC-bus and AC-battery (ISET Kassel, Germany)
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5.1 AC Battery [14]
 Conventional PV stand-alone systems operate at low voltage levels (12 V, 24 V). They use

direct-coupled battery blocks for energy storage. There are relatively high copper losses along

the cables to the load. Furthermore the 12/24 V appliances are of low quality and efficiency

(leisure, camping market). Another disadvantage of these systems is also the restrictions to

adding more battery capacity if the energy demand of the load is growing. With the AC Battery

system each battery block is connected to an individual battery management system. A bi-

directional inverter is applied between the AC-bus and the batteries. Battery life time will be

extended with the individual management system.

The key features of the AC storage modules are:

♦ completely modular

♦ bi-directional, parallel power conversion in island grids

♦ management and control of individual units

♦ avoiding mismatch losses in PV array of AC-Modules

Because of the additional electronic components the initial investment for an AC battery system

are higher. But with higher production numbers a competitive system can be produced. Improved

battery life time will attribute to the better economic value of the new design. In order to realise

the idea of the AC batteries in residential size PV units , low cost solutions suitable for mass

production have to be developed.

6. The DC House [12]
Standard AC appliances are used in almost all buildings. It is common sense that PV panels on

the roof are connected to the public electricity grid. The DC-energy of the PV array is converted

to AC current by a solid state inverter. This conversion enables both the use of standard AC

household equipment and the interconnection to the utility grid.

Many household appliances, however function internally with DC supply:

• TV, Radio, lighting, security

• Computer, UPS systems

• Electronic devices

Figure 15: PV-System with AC- Battery, Ecofys & Mastervolt [14]
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Inside this devices the grid voltage of 230 V AC is transformed to a DC voltage of low level (12 ...

24 V). Utilising PV energy in this way involves two steps of energy conversion with inherent

energy losses. The idea is therefore to avoid these losses by introducing a DC-grid within the

building. The feasibility of the “DC low-voltage house” was analysed by ECN experts [12].

The ECN study produced the following main results:

It is apparent that DC supply of many household appliances is possible. However, the energy

loss was not reduced automatically. The reason is that the efficiency of the internal DC/DC-

converter is also less than 100 %.

It also became clear that the power demand of some appliances is rather high and therefore

cannot be supplied by the envisioned low-voltage DC distribution system (copper losses in DC

cables). Another problem with the DC system is that switches are much more expensive.

DC appliances are not available in many varieties and types. Only on the 12 V level is there a

broad range of devices based on the leisure and camping market. These consumer articles are

not produced to the highest quality standard and efficient use of energy.

Using a DC-distribution system in a residential building has the advantage that cables do not

transmit high frequency electromagnetic fields. When battery storage is included in the system

utility grid outages are no more a problem for the house owner.

The use of DC networks and battery storage in autonomous PV systems such as mountain

cabins is a standard practice. Hybrid systems may be cheaper in certain applications. With the

availability of utility grid service in rural areas it is still most economic to operate PV as a grid

connected system.

Figure 16: The DC low-voltage House (ECN)
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7. PV and Fuel Cells in Residential Applications
Fuel cells produce electricity and thermal energy. In this technology, natural gas is used as fuel.

Like the cells of a battery, the cells of the fuel cell stack produce DC energy. An inverter is

needed to connect the fuel cell to the AC system voltage. Fuel cells can assist the heating system

in winter and supply thermal energy for hot domestic water.

Integration der BZ in das 
elektrische System des Gebäudes:

DC-Konverter
Wechselrichter

Netzüberwachung

Brennstoff-
zellenstapel12.

..48 Vdc Netz

DC

DC

DC

AC ENS

Hausverte i l e r

Haushalt

Figure 17: Fuel Cell connected to the electric system of a residence
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