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Introduction

The Act on the Sale of Electricity to the Grid (StrEG) and the Renewable Energy Sources Act (EEG) led
to a boom in the installation of photovoltaic (PV) systems in Germany patrticularly in the years 2005
through 2012. The installed power output of solar power plants grew by more than 60% annually in the
years 2007 to 2010. The great demand for PV modules and inverters brought about a rapid increase in
the number of manufacturers of photovoltaic components worldwide. Installation companies were able
to meet the demand for installing PV systems only through the massive support from auxiliary personnel.
By the yearo6és end, bottlenecks in installingG
deadline regulation. As a result, the quality of the system installation unfortunately often fell by the
wayside.

In 2006, individual cases of electric arcs and their
extension to roof constructions could already be
observed. In 2008 and 2009, reports on PV
component fires increased in frequency.

In June 2009, larger fire damage originating from
what was then the worl
system in Burstadt (Hesse) caught great public
attention and became a
business.

Long-term studies of PV systems found burn and
overheating marks on various PV system
components. The flaws discovered in inspections of the systems, such as damaged or discolored
modules, weathered cables, local fusion in junction boxes and improper installations, as well as fire
incidents of various degrees of severity, have led to a drastically increased awareness of the safety
aspect of PV systems, especially roof-mounted systems and building-integrated PVs (BIPVS). In
addition to economic and environmental considerations, this aspect plays a fundamental role in the
acceptance and further spread of photovoltaics.

PV systems are almost always energized, even in overcast weather. The trend towards increasingly
larger systems has led to the realization of DC voltages of 1,000 V and soon 1,500 V. Contact protection
and especially protection against electric arcs are accordingly becoming more important.

Another aspect is the safety of emergency personnel and firefighters in particular. Here there has
prevailed widespread uncertainty, which in part led to drastically exaggerated or even false reports in

some media and consequently to public qualms about the safety of roof-mounted PV systems.

Here are just a few representative headlines from 2010 and 2011:

Firefighters let houses with solar roofs
burn down

For fear of powerful electric shock, firefighters often cannot extinguish fires at homes with
solar installations on their roofs.

and con
dés mos
fihot t


http://www.google.de/imgres?imgurl=http://www.photovoltaik.eu/Cache/GENTNER/10021/BrandPhotovoltaik-NIX-1_NTM0NDI0Wg.JPG&imgrefurl=http://www.photovoltaik.eu/Tauber-Solar-und-BP-Solar-streiten-weiter,QUlEPTQ0MDkxOCZNSUQ9MzAwMjE.html&h=423&w=600&tbnid=ocoGgL4a06DL8M:&zoom=1&docid=Ftn5fc7pFAU0SM&ei=G3LsVP-0MMnhywP1z4LQCQ&tbm=isch&iact=rc&uact=3&dur=12407&page=2&start=24&ndsp=34&ved=0CLQBEK0DMC8
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Fhotovoltaics

Constantly live: solar roofs are fire hazards
by Elaus 1. Voss

Photovoltaic systems cannot be switched off Once a fire starts, the fire
department has hardly a chance.

Burning solar roofs

A nightmare for the fire department

SOLAR ENERGY

Fire on the roof

Solar modules can be surprisingly dangerous

For the risk analysis and derivation of recommendations for action for emergency personnel, various
series of experiments were performed with the participation of the fire departments and the German
Federal Agency for Technical Relief (THW) for assessing the electrical hazards from PV facilities and
fire-related emissions from PV modules (including thin-film modules).

Reviews and systematic causal analyses of known incidents of damage on the one hand and
fundamental, scientifically substantiated studies of PV modules on the other hand made possible a
realistic assessment of electric arc hazards as part of this research project. Support in this regard was
provided by the feedback from PV experts, fire departments and operators of PV facilities in an initiated
online survey on fire and overheating damage to PV systems. A significant share of the derived findings
was provided by a generally recognized procedure for risk assessment (FMEA), employed by an expert
committee for system analysis covering all components of a PV system including installation and system
operation.

On the basis of the identified risk potential, studies on the component and system levels regarding the
possibilities of risk reduction yielded concrete recommendations for action for the component
manufacturers as well as for planners and installers of photovoltaic systems. In addition, significant
results concerning risk minimization were taken up by the PV standardization committees.

In the course of the project, the three public, well attended workshops in Cologne and Freiburg afforded
ample opportunities for technical discussions in addition to the presentation of the work results. In
addition to the phtpfwewe pvdranddicbenneitma gueneraus publications on the
subject of preventive fire protection in cooperation with the industrial associations DGS and BSW and
with the Munich Fire Department made the obtained findings available to the general public and in
particular to emergency services.

Particular issues were or are being pursued in separate, advanced research projects such as fire tests
on BIPV modules, switches and disconnectors for photovoltaic systems, inspection of electric arc
detectors and risk assessments for PV systems with storage solutions (accumulators).


http://www.pv-brandsicherheit.de/
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1 Status of PV system designs and requirements

1.1 PV system design

A photovoltaic (PV) system converts solar energy directly into electrical energy by means of several
solar modules (a string) electrically connected in series. In the case of a grid-connected PV system,
inverters aid in converting the direct current produced in the solar modules to alternating current, which
may then be fed into the grid via transformers.

4410

Figure 1-1: Grid-connected PV system with direct feed

The diagram shows the schematic layout of a grid-connected photovoltaic system, consisting basically
of the following main components:

(1) PV generator (several PV modules connected in series and in parallel with mounting frame)
(2) Generator junction box (with protective technology)

(3) Direct current wiring

(4) DC main switch

(5) Inverter

(6) Alternating current wiring

(7) Meter cabinet with sub-circuit distribution, consumption and feed meters and house connection

Single-family homes often employ only module strings, so that the strings can be directly connected to
the inverter and the aforementioned generator junction box omitted.

In cases of larger systems, generator junction boxes (GJBs) are used for the parallel connection of the
strings. Very large systems and systems with many separate inverters employ DC coupling boxes
interconnecting multiple GJB outgoing lines.

The generator junction box contains connecting terminals and disconnection points as well as possibly
string fuses and string diodes. Often the generator junction boxes contain integrated surge arresters for
diverting overvoltage to the ground. The potential equalization or grounding conductors therefore lead
into the generator junction boxes.
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The selection of DC switches should make sure that they have the appropriate switching capacity for
direct current (at least DC 22B switching capacity).

Lines are differentiated into module lines, string lines, direct current main line and alternating current
connecting line. The electrical connecting lines between the individual modules of a solar energy
generator and to the generator junction box are referred to as module lines or string lines. These lines
are used outdoors. To ensure ground-leakage-proof and short-circuit-proof routing, double-insulated
single-core cables are used. Solar energy lines as per EN 50 618 or VDE-AR-E 2283-4 (designation:
PV1-F) have become standard in outdoor use. The standard version of the double-insulated rubber hose
line of type HO7 RN-F often used outdoors is approved only for operating temperatures of up to 60°C
and is not UV-resistant. This line should therefore not be used as a solar line. Aging of these lines or
use of other unsuitable lines can result in insulation flaws and electric arcs.

1.2 Categorization of different PV systems

Generally PV systems can be divided into open-space systems and building systems. Building systems
can in turn be classified as roof-parallel elevated systems on pitched roofs, elevated systems on flat
roofs or (seldom) on pitched roofs, roof-integrated systems, PV curtain walls and facade-integrated
systems. The roof-parallel systems often comprise the largest interconnected module fields and under
certain circumstances may hinder firefighting more. Generally the integrity of the fire compartments must
be maintained. Construction over fire compartments is not permitted.

Table 1-1: Categories of PV systems

rd

Open-space facility, Pitched roof: roof-parallel system, BIPV: roof-integrated PV system,
Source: Krug Immobilien GmbH source: www.photovoltaik.org source: Photovoltaik Buero

A

s : R T & o L T —
Flat roof: elevated PV system, source: BIPV: facade-integrated system, Oldenburg PV wall curtain, source:
Solaranlagen-Portal source: Solarfabrik GmbH Colt Int. GmbH

In line with the electrical circuitry concept, we can distinguish between PV systems with central inverters
and those with decentralized inverters. Systems with central inverters rarely occur with small voltages
(up to 120 V), but typically with higher DC voltages (up to 1,000 V, in the future also 1,500 V). Large
systems occasionally employ master-slave devices or even inverters with assigned medium-voltage
transformers.


http://www.photovoltaikbuero.de/wp-content/uploads/2014/12/Referenz-1.jpg
http://www.pv-magazine.com/fileadmin/uploads/bilder/pvi_Bilder_fur_Nachrichten/bipv_Image_Solar_Fabrik_GmbH-pv_resources.jpg
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Decentralized systems are implemented with multiple string or subgenerator inverters, with module
inverters or with module-oriented direct current converters (power optimization).

1.3 Status of the requirements on components, systems and installation

Studies on the causes of fire incidents involving PV systems have shown that to a rough approximation
1/3 of the damage cases are due to component defects, 1/3 to deficient planning and 1/3 to faulty
installation (see section 3.3.2, Statistical damage analyses)

This section lists the current standards and requirements from the German Renewable Energies Act
(EEG) for the most important PV system components. One reason i among many others 1 for installation
errors is th a t the manufacturerds documentation often cont a
possible danger sources. An overview will show what types of information are typically provided by
manufacturers and which types would also be desirable to have. In addition, we list guidelines and

special connection conditions from the energy industry.

1.3.1 Standards, regulations and guidelines

Regarding photovoltaic systems we must distinguish between standards that are applicable generally
and therefore to PV systems in particular and standards specially devised for PV systems. The most
important series of standards for low-voltage systems in general is the DIN VDE 0100, based on the
European Low-Voltage Directive. Most standards pertaining to PV systems are compiled in the DIN VDE
0126 series.

Besides these standards, we also have the more detailed application guidelines of the VDE, the
guidelines of the BDEW, in particular the medium-voltage guidelines, and the accident prevention
regulations of the workers' compensation boards (Berufsgenossenschaften).

The Deutsches Institut fir Bautechnik (DIBt) has published a set of instructions for assembling and
installing PV systems and defined construction regulations in the building regulation list with relevance
to PV modules and their application (download link in Appendix II, p. 253).

For the building rules and building standards the Deutsches Institut fur Bautechnik (DIBt) regularly

publishes the building regulation list and interprets the European Construction Products Regulation (EU-

CPR) for Germany. This also yields requirements for PV systems and their components. The

requirements (mechanical strength, structural stability, fire protection, etc.) are given in the bulletin

OHiIi nweise f¢r di e Herstellung, Pl anung und Ausf ¢hrt
Manufacture, Planning and Implementation of Solar Energy Systems), published in November 2012.

The industry association BSW and the professional association DGS are also working on the

development of professional rules and on standardization in the field of solar energy. Examples are

professional rules for the planning, installation and maintenance of PV systems in accordance with fire

protection (download link in Appendix Il, p. 253).

The lists given here present an overview only of the most important standards and series of standards
in reference to photovoltaics and make no claim to completeness.
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1.3.1.1 Requirements on PV system configuration

General requirements on low-voltage systems up to 1,500 V DC system voltage, which also include PV
systems, are formulated in the international series of standards DIN IEC 60364 Low-Voltage Electrical
Installations, listed in the VDE as DIN VDE 0100. The series contains, among other things, safety
regulations, terminological definitions and instructions on selecting, designing and assembling operating
equipment, and defines the required resistance of the system to external factors. DIN VDE 0100-712,
Requirements for Special Installations or Locations i Photovoltaic (PV) Power Supply Systems, refers
in particular to PV systems. It explains the basic design of the systems, in particular its connection to
necessary switchgear, and requires protective measures against fault currents, overcurrents and surges
and contact with live components as well as against environmental factors, but only superficially treats
these subjects. They are discussed in further depth in the respective generally applicable standards on
these subjects, namely DIN EN 62305-3 on Protection against Lightning and Overvoltage, DIN EN
61140 on Protection against Electric Shock and DIN EN 61439-1 on Low-Voltage Switchgear and
Controlgear Assemblies.

In addition, on some subjects there also exist standards on generating systems in general and on PV
systems in particular. DIN EN 61173 on Overvoltage Protection for Photovoltaic (PV) Power Generating
Systems explains measures for avoiding surge damage, in particular potential equalization, grounding
and shielding. Supplement 5 to DIN EN 62305-3 contains similar information on lightning protection.
The necessary switchgear and grid interface of a PV system are described in VDE AR 4105 and DIN
EN 61727.

Limits for grid perturbations are also defined. Guideline VdS 3145 formulated by the VDE and GDV
contains a compilation of specifications on PV system safety. They include safety recommendations for
planning and operating the systems, both on the system level and for individual components. Particular
focus lies on the avoidance and limitation of fires as well as on the resistance of the system to
environmental factors, also in view of state building regulations.

Some special cases of PV applications are also treated by standards and guidelines: DIN EN 61194
states the parameters of the different components of a PV stand-alone system and states the
requirements on its documentation.

DIN EN 62124 (VDE 0126-20) contains requirements on the design qualification of storage systems
operated in conjunction with PV systems. Charge controllers for such PV accumulators are treated in
DIN EN 62509.

To ensure the safety of emergency services in the event of a fire, application guideline VDE-AR-E 2100-
712 specifies measures for preventing contact with live components. Especially highlighted are the
installation requirements on the DC lines and the labeling of the cable routing in a schematic accessible
to firefighters. The following table summarizes the currently available standards on the configuration of
photovoltaic systems.
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Table 1-2: Important standards and series of standards pertaining to the configuration of PV systems

System configuration

Designation

Content

DIN EN 61277

Terrestrial photovoltaic (PV) power generating
systems i General and guide

General information on PV systems

DIN IEC 60364
DIN VDE 0100
Erection of low-voltage installations

Design, connection and components of low-
voltage systems, protective measures

DIN VDE 0100-712

Requirements for special installations or
locations T Solar photovoltaic (PV) power
supply systems

PV-specific part of DIN VDE 0100. Covers
design of PV systems and necessary protective
measures

DIN EN 61140

Protection against electric shock

Contains measures for preventing injuries from
electric shock

DIN EN 61439

Low-voltage switchgear and controlgear
assemblies

Regulates the combination of switchgear units
in a building unit

DIN VDE 0126-1-1

Automatic disconnection device between a
generator and the public low-voltage grid

States requirements and disconnection
parameters for an automatic switch at the grid
interface

(obsolete, superseded by VDE AR-N 4105)

DIN EN 61727

Photovoltaic (PV) systems i Characteristics of
the utility interface

Defines requirements on the grid interface of a
PV system and lays down limits for grid
perturbations

DIN EN 62305-3 Bbl 5

VDE 0185-305-3 Bbl 5

Lightning and overvoltage protection for
photovoltaic power supply systems

Contains information on lightning and
overvoltage protection for PV systems (no
standardized specifications)

DIN EN 61173

Overvoltage protection for photovoltaic (PV)
power generating systems

States measures against overvoltage damage
to PV systems

DIN EN 62124

VDE 0126-20

Balance-of-system components for photovoltaic
systems i Design qualification for natural
environment

Contains criteria for the design suitability of
balance-of-system components, mainly
accumulators

DIN EN 61194

Characteristic parameters of stand-alone
photovoltaic (PV) systems

States parameters of various components of a
stand-alone PV system
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System configuration

Designation Content

VDE-AR-E 2100-712 States measures for avoiding contact with live

Measures for the DC range of a PV installation components in case of fire

for the maintenance of safety in the case of
firefighting or technical assistance

VDE-AR-N 4105 States requirements on the technical connection

Generators connected to the low-voltage conditions of the distribution grid operators

distribution network 1 Technical requirements
for the connection to and parallel operation with
low-voltage distribution networks

1.3.2 Requirements on PV modules

PV modules generally undergo design testing prior to use or marketing. The requirements on design
suitability are laid down in DIN EN IEC 61215 for crystalline and DIN EN IEC 61646 for thin-film modules,
and contain comprehensive aging and stress tests. Besides resistance to temperature fluctuations, UV
radiation, moisture, wind and other mechanical influences, electrical characteristics of the modules are
also examined.

Safety aspects are tested irrespective of the cell technology as per DIN EN 61730-1 and DIN EN 61730-
2. Part 1 describes the design and material requirements. Part 2 describes the tests on modules pre-
aged as per DIN EN IEC 61215 or DIN EN IEC 61646. These additional stress tests include mechanical
stress, fire tests and intensified insulation resistance measurements. Design certification as per DIN EN
61730 forms the basis of CE marking of PV modules for the European market. Modules meeting class
A requirements as per DIN EN 61730-1:2004 apply as protection class |l operating equipment as per
DIN EN 61140.

The quality seal as per RAL GZ 966 is issued if the RAL quality and test requirements for solar energy
systems are met. This set of quality marks and quality criteria defines the target requirements for the
manufacture of high-quality components as well as for the proper conception and professional
execution, servicing and operation of solar energy (photovoltaic and solar heat) systems. The RAL-
Gutegemeinschaft fir Solarenergieanlagen e.V. is one of 130 independent quality associations
specifying and monitoring the RAL quality and test requirements of their respective industrial and service
sectors (RAL since 1980: Deutsches Institut fur Gutesicherung und Kennzeichnung e. V.)

DIN EN 50380 regulates the data sheets issued by the manufacturers for each module series as well
as the mandatory data on the model plates. DIN EN IEC 60904-1 also defines the standard test
conditions (STC) for determining electrical parameters of modules. DIN EN 50548 formulates
requirements on module junction boxes. The international version of this standard, IEC 62790, will
supersede this European standard in the future. Methods for testing the conformity with these
requirements are also laid down. Requirements on PV plug connections are described in IEC 62852 (or
DIN EN 50521). For PV lines there exists a draft standard, prEN 50618, based on the applicable TUV
Rheinland internal test specification 2PfG 1169.

For the special application of building-integrated photovoltaics, modules must comply with the special
demands of DIN 18008 (formerly (e.g. Technical Guidelines for Linearly Supported Glazing (TRLV)).
DIN VDE 0126-21 defines different types of modules for building-integrated use, states application-
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specific demands and refers to other requirements, such as design certification as per DIN EN IEC
61215 or DIN EN IEC 61646 and DIN EN 61730-1/-2.

Besides the particular requirements on building-integrated modules, there exist other standards for
particular areas of application and for particular designs, plus further standards are under development.
Some examples are modules for maritime or near-coastal applications, modules in noxious gas
environments, modules operating under concentrated sunlight and modules with integrated electronics
(such as AC modules).

Table 1-3: Important standards for photovoltaic modules

Modules
Designation Content
DIN EN IEC 61215 Type approval for crystalline modules according

fi Cr ylisetsibicbn terrestrial photovoltaic (PV) to aging characteristics

modules i Design qualification and type
approval o

DIN EN IEC 61646 Type approval for thin-film modules according to

ATer r e s-im phatovoltaiti(P\) modules i | 29ING characteristics

Design qualificationand type appr

DIN EN 61730 Safety qualification of PV modules

APhotovoltaic Séfedyw) mod
qualification i

Part 1: Requirements for construction
Part 2: Requirementsf or t estingbo

DIN EN 50548 (IEC 62790) Requirements and test procedures for junction
DIN VDE 0126-5 boxes for use on PV modules
AJunction boxes for ph

DIN EN 50521 (IEC 62852) Requirements and test procedures for junction

o boxes for use on PV connectors
AConnectors for photov

DIN VDE 0126-21 Requirements on building-integrated PV
fiPhotovoltaics in cons modules
DIN EN 50380 Provides information that must be contained in

iDatasheet and namepl a PV module datasheets and nameplates

photovoltaic modul eso

DIN EN 60904-1 Defines test procedures and standard test
VDE 0126-4-1 conditions (STC) for creating module
AMeasur ement of p-tollageo v | characteristic curves
characteristicsbo
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Modules
Designation Content
DIN EN 13501-1 Fire classifications according to fire behavior,

s . . . for the classification of modules
fiFire classification o

building el ementso

DIN 4102-1 Fire classifications according to flammability, for

FEire behaviour of bui the classification of modules

building componentso

1.3.2.1 Requirements on PV inverters

Safety standards for PV inverters are laid down in DIN IEC 62109. Covered are risks from mechanical

and electrical stress as well as from fire. Also treated is the correct design of the inverter. The electrical

AC requirements are determined by the technical connection conditions of the distribution grid operator,

the VDE-AR-N 4105 and the DIN EN 61000 seriesonfi El ect r omagnet i ¢ Clhedaitert i bi | it
concerns the compatibility of grid parameters with connected systems and defines limits for grid

perturbations and fluctuations.

DIN EN 50524 governs the content of datasheets and labels for inverters, in particular voltage and
current parameters at input and output, as well as efficiency, which is specified as a weighted European
efficiency level. Its measurement is laid down by DIN EN 50530, which also stipulates the test conditions
and measurement circuits.

In the event of collapse of the grid voltage, the inverter must automatically disconnect from the grid.
Tests as per DIN EN 62116 must be performed to check the suitability of measures that are to fulfill this
requirement. However, no conditions are therein formulated requiring the inverter to be disconnected
from the grid, since such conditions depend on local factors, in particular the requirements of the
distribution grid operators (technical connection conditions, German abbreviation: TAB).
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Table 1-4: Important standards and series of standards for PV inverters

Safety of power converters for use in
photovoltaic power systems

Inverter

Designation Content

DIN IEC 62109 Defines mechanical and electrical safety
VDE 0126-14 requirements on PV inverters

EN 61000
Electromagnetic compatibility (EMC)

Electromagnetic compatibility of grid and
connected systems and equipment

DIN EN 50530

VDE 0126-12

Overall efficiency of grid-connected photovoltaic
inverters

Defines test procedures for determining the
efficiency of PV inverters

DIN EN 50524

VDE 0126-13

Datasheet and nameplate information for
photovoltaic inverters

Provides information that must be contained in
PV inverter datasheets and nameplates

DIN EN 62116

VDE 0126-2

Utility-interconnected photovoltaic inverters i
Test procedure of islanding prevention
measures

Defines procedures for testing the suitability of
measures for disconnecting PV inverters with
abnormal grid voltages

1.3.2.2 Requirements on mounting systems

At present no special standardizations exist for mounting systems for photovoltaic systems. To be
applied are instead the general standards for steel and aluminum structures from the European codes,
namely EN 1990, EN 1993 and EN 1999. They govern the planning, measurements and design of

support structures.

DIN EN 1090-1 governs the proof of conformity with European standards and regulations, which is a

prerequisite for use of the CE mark, for steel and aluminum structures.

Designing for local environmental influences is performed as per DIN 1055. Besides wind and snow

loads, temperature effects and effects of earthquakes are also considered here.
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Table 1-5: Important standards and series of standards for PV mounting systems

Mounting systems

Designation Content
DIN 1055 Specifies load assumptions for different
. environmental influences, in particular wind and
Actions on structures
snow loads
DIN EN 1993 Contains information and regulations on the

Design of steel structures design of steel structures

DIN EN 1999 Contains information and regulations on the

. - design of aluminum structures
Design of aluminium structures

DIN EN 1090 Governs the proof of conformity (CE mark) for

. - steel and aluminum structures
Execution of steel structures and aluminium

structures

1.3.2.3 Requirements on DC components and solar energy storage systems

The DC components include DC cable, connector and DC circuit breaker. Cable layouts and circuit

breakers are treated in DINVDE 0100-712 (see 2.3.2.1 ARequiremendy. on P
PV plug connections are governed by a separate standard, DIN VDE 0126-3. Besides requirements on

mechanical and electrical strength, it also contains requirements on shape for protection against polarity

reversal, relockability and labeling. In addition, test procedures for complying with these specifications

and aging tests are presented.

PV-specific specifications on wiring are given in the application guideline VDE-AR-E 2100-712. It
stipulates routing the lines in at least fire-inhibiting material, if occurring within the building. General
requirements on cable routing appear in the VDE series VDE 0604.

The original standard for solar energy storage systems is DIN EN 62093. It formulates criteria for the
design qualification of all components of a storage system, including charge controllers and batteries,
as well as test procedures. The focus lies on stress from environmental influences, i.e. mechanical and
thermal stress as well as moisture.

Only lead and nickel-cadmium batteries are considered, however. It is supplemented by DIN EN 62509
and DIN EN 61427-1.

DIN EN 62509 presents requirements on the power parameters and charge management of PV battery
charge controllers, to allow maximum possible battery lifetimes. The standard pertains only to lead
batteries. DIN EN 61427-1 defines operating conditions for solar energy accumulators and contains
requirements on mechanical stressability, safety and documentation. Test procedures for capacity,
charge retention, efficiency and service life are also laid down. While the standard covers all common
cell technologies, including Li ion cells, it refers only to off-grid applications.

A standard for grind-counted storage systems is in preparation under the designation DIN EN 61427-2
(as of July 2015).
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Table 1-6: Important standards for DC components or storage systems

DC components and solar energy storage systems

Designation

Content

DIN EN 50521
DIN VDE 0126-3

Connectors for photovoltaic systems i Safety
requirements and tests

Contains requirements on the mechanical and
electrical strength of PV connections and
defines test procedures for approval

DIN EN 62093
VDE 0126-20

Balance-of-system components for photovoltaic
systems i Design qualification for natural
environment

Contains requirements on the design
qualification of solar batteries and their charge
controllers; geared to lead batteries

DIN EN 61427-1
VDE 0510-40

Secondary cells and batteries for renewable
energy storage i General requirements and
methods of test

Requirements on solar energy batteries in off-
grid applications irrespective of the cell
technology

DIN EN 62509
VDE 0126-15

Battery charge controllers for photovoltaic
systems

Contains electrical requirements on PV battery
charge controllers, geared to lead batteries
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1.33 Manufacturersodé installation instructions

The manufacturers of the system components publish the requirements on the installation and initial
start-up of their products in the form of installation instructions (Table 1-7). Besides technical product
information and assembly instructions, they also include references to relevant standards and provisions
as well as warranty and guarantee terms.

Major differences found between the manufacturers in the scope and descriptive detail of the installation
instructions show that the latter alone often do not suffice for the technically correct installation of a PV
system.

1.3.3.1 PV modules

Considered were selected manufacturers from Germany, China, Japan and the United States who cover
all market segments and common cell technologies. The module series to which the instructions refer
date to the years 2008 to 2012. Since the manufacturers were chosen arbitrarily, this listing makes no
claim to completeness. A complete list of module manufacturers, from which these manufacturers were
selected, was published in the journal PHOTON Profi [source: Market overview of solar modules in:
PHOTON Profi, 2/2010 issue].

Table 1-7: Typical contents of installation instructions for PV modules

|12 |2 |22 (251515 | £Z
2 |2 | | (| |2 |2 |
> > > > > > > > >
SIS|IS|IS|I5 |55 |5 |5
o o oYY YYD
(@) (@] (@) (@] (@) (@] (@) (@] (@)
g |g|g|g|g|€ |2 ||
3|8 |33 |3 |c|c|S |3
RN | w | s> ||l |[N |0 |o©

Installation

Instructions on handling X | X [ X [ X [ X | X |X X

Installation by suitable specialist X [ X | X | X |[X X | X | X

Work safety regulations X | X X | X | X | X

Antifall guard for installer X X | X | X

Inspection for mechanical integrity prior to installation X X X

Mechanical requirements

Instructions on installation location and orientation X [ X | X | X [ X | X |X |[X |X

Static strength X [ X | X | X [ X | X |X |[X |X

Ventilation of the module rear side X[ X | X | X [ X | X |X |X

Protection against moisture X | X X [ X | X | X [X
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Restriction on modifications X | X X | X X | X
Avoidance of flammable materials X | X X X X | X
UV protection for cables and junction box X | X | X X | X | X
Mounting on fire-resistant supporting surface X | X X X X
Lightning protection X X | X | X
Corrosion protection X | X X

Strain relief of connecting cable X X
Instructions on overhead glazing X X
Electrical requirements

Instructions on circuitry X X [ X | X | X |[X |X
Potential equalization X [ X | X | X X | X | X |X
Designing for 1.25 UOC and ISC X | X X X | X | X [ X
Disconnection before work X X X
Notes on further regulations

References to standards X | X X | X | X | X |X |X
References to guidelines X | X | X X | X | X | X [X
Reference to technical connection conditions (TAB) X

All installation instructions for modules formulate mechanical and electrical requirements on the system
and specify procedures for their installation. Besides instructions on work safety, they also include
instructions on handling the modules to prevent damage during installation, such as glass or cell
breakage and delamination.

The mechanical criteria demanded by a majority of the manufacturers mainly include an installation
location free from mechanical stress at any temperature, the use of a suitable mounting system and
attention to the maximum snow load. In addition, some manufacturers also prohibit modifications to the
module frame, the module surface or the junction box.

Other instructions refer to topics relevant to fire protection, such as the presence of flammable materials
in the vicinity of the modules, fire and surge protection and the proper handling and installation of the
wiring.

Most installation instructions also give a detailed treatment of the electrical requirements on PV systems,
in particular the assembly of strings in compliance with limits on voltages and short-circuit currents.
Some manufacturers also recommend certain cable cross sections for DC and ground cables.
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Besides the manufacturersoé requi r eeferetodtamdardsaor dtheri nst al |
provisions and guidelines (VDE, VDEW, TAB), in particular DIN 1055 on load assumptions and IEC test
standard 61730.

Altogether noteworthy is that German module manufacturers provide more comprehensive
installation instructions than their international competitors, especially when it comes to safety
and protective measures. Manufacturer 1, a well-known German company, covers every

recorded subject in its instructions.

Besides the installation instructions, module manufacturers also publish compilations of technical
information in the form of datasheets. While standardized as per DIN EN 50380, they show small

discrepancies in scope among the manufacturers.

Conclusion

As with the datasheet standard, standardization of installation instructions must
be demanded.

1.3.3.2 Inverters
Installation instructions from European, US and Chinese inverter manufacturers were evaluated.
Table 1-8 shows an excerpt of the market overview representative of the current market from the journal

PHOTON (source: Market overview of inverters, PDF version, [1])

Table 1-8: Typical contents of installation instructions for inverters
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Installation

Instructions on handling X X

Installation by suitable specialist X X X X X X X X

Work safety regulations X X X

!nspecu_on for mechanical integrity prior to X X X X

installation

Mechanical requirements

Restriction on modifications X X X X X X X X
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Instructions on installation location X X X X X X X X X X
- Safety distances X X X X X X X X X
- Mounting on flame-retardant material X X X X X X X
- Protection against UV radiation X X X X X X X X X
- Air feed X X X X X X X X X
- Ambient temperature X X X X X X X X X
- Protection against wet X X X X X X
Instructions on DC connection X X X X X
Instructions on AC connection X X X X
AC cable routing X X X X X X X X X
Strain relief X X
Electrical requirements
Limits on input voltage and power X X X X X X X X X X
Residual-current circuit breakers X X X X X X X X
AC interconnection X X X X X X
Grounding at inverter X X X X X X X X X
Grounding of generator terminal X X X X X X X X
Notes on further regulations
References to standards X X X X X X
References to guidelines X X X X
Reference to technical connection X X X
conditions (TAB)

The installation instructions for inverters are considerably more comprehensive than for other
components. Besides instructions on installation, they also cover operation and maintenance topics as
well as contain information on the peripherals of the inverter, such as the residual-current circuit breaker
and AC cables.

Nearly all manufacturers require installation on a flame-retardant or non-flammable surface, specify
safety distances and recommend measures for sufficient heat dissipation at the inverter. Usually they
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also treat the potential equalization at the generator or grounding at the inverter itself. References to
more detailed standards and guidelines are contained in all installation instructions to varying degrees.

Work safety issues are given relatively little attention. While individual protective measures such as
disconnection before working on the inverter and the consideration of the discharge times of the
capacitors precede the particular operational steps, references to work safety guidelines, protective
equipment and to the use of the corresponding tools are usually lacking. Strain relief and fastening the
connecting cables are also seldom addressed. The various manufacturers treat the subject of
connection in very different ways. While some instructions provide extensive information or at least some
notes on connection, others fully neglect the subject.

1.3.3.3 DC cables and connectors

Some large manufacturers of solar cell connection systems provide special instructions for the user,
while others limit themselves to brief guides. Mostly Installation instructions and product information are

found (

Table 1-9). Installation instructions for modules also contain in part information on the connecting lines
and connectors.

Table 1-9: Typical contents of installation instructions for DC components

< < < <
o o o o
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Installation

Installation by suitable specialist X X

Work safety regulations X

Use of suitable tool X X X X

Inspection for mechanical integrity prior to installation X

Mechanical requirements

Restriction on modifications X X X

Inspection of the plug connection X X

Compatibility X X

Protection against dirt X X X

Protection against moisture X X

UV protection X

Strain relief X
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Fastening X

Notes on crimping X X X

Bending radii X X

Notes on further regulations

References to standards X X

Reference to work safety guidelines X

References to general provisions X

Generally the manufacturers allow only trained personnel to handle their system components. The
products may be neither modified nor combined with other makes. In particular, established
manufacturers reject combinations with connectors from other manufacturers.

No connections may be established with dirty or wet connectors. In the cable routing, cables and plugs
must not lie in water or be exposed to sunlight over long periods of time, junction boxes and plug
connections must not be stressed and bending radii must be maintained.

Especially extensive are the instructions for establishing crimp connections. Major manufacturers
provide detailed and illustrated instructions in this regard, covering, among other things, the use of
suitable crimping tools from the respective manufacturers.

The scope of the instructions varies more for cables and connectors than for other system components.
Documentation from various manufacturers also contains in part contradictory information on the
compatibility of different systems. In particular, many smaller companies claim compatibility of their
systems with wide-spread connector systems, while manufacturers of the latter categorically advise
against combinations with other systems.

1.3.3.4 Mounting systems

The assembly instructions for mounting systems are comparatively extensive, but geared more to the
assembly than to the design and static strength of the system (

Table 1-10). Accordingly, they contain only few specifications on the condition of the completed
installation. Generally all manufacturers demand a static inspection of the construction by appropriately
trained personnel. Local snow and wind loads in particular are to be observed. Some instructions contain
recommendations for avoiding damage from lightning and overvoltage by means of adapted cable
routing and grounding of the subframe.

All manufacturers provide more or less detailed information on work safety during the installation and
most refer to legal work safety regulations and guidelines of the professional associations. They also
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specify suitable tools, either generally or also in specific cases. Only one manufacturer recommends
checking the condition of materials before the start of assembly.

Table 1-10: Typical contents of installation instructions for mounting systems

< < < < < < < < <
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Assembly

Installation by suitable specialist X | X X | X | X X

Work safety X | X | X | X | X | X ]| X

Antifall guard for installer X | X | X | X X X

Use of suitable tool X X X | X

Check of screwed connections X | X | X | X | X

Requirements for installation conditions (weather X

condition - no moisture)

Inspection for mechanical integrity prior to X

installation

Mechanical requirements

Static inspection X[ X | X | X | X | X | X | X |X

Snow loads X | X X | X | X | X | X

wind loads X | X | X X | X | X | X

Lightning and surge protection X | X | X | X | X X

Water drainage X X X

Notes on further regulations

References to standards X | X | X | X | X | X X

Reference to work safety guidelines X | X | X | X X | X

References to general provisions X | X | X | X | X

The assembly instructions for mounting systems differ only slightly in scope; only one manufacturer
provides additional information on requirements for module orientation and cable routing. Nearly all
instructions refer to standards on the layout of the mounting technology. Often mentioned are DIN 1055
on AActions on structures, 6 DIN 4113 orasurmg steeli num ¢
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structures and DIN 4102 on fire characteristics of construction materials. In addition, some assembly
instructions also mention national construction regulations (regional building codes).

1.3.4 Installation requirements of the distribution grid operators

The installation requirements of the distribution grid operators (VNB) for connecting PV systems to low-
voltage and medium-voltage grids are formulated in the Technical Connection Conditions (TAB), which
as per § 19 of the German Energy Industry Act must be made publicly accessible. The TABs refer to
the connection of domestic and industrial consumers, in addition to generation systems operated in
parallel with the grid. They define limits on grid perturbations pertaining to system safety and stability,
prescribe protective and monitoring equipment and regulate the properties of the fed-in electrical power.

While the distribution grid operators of the major energy utilities (such as On-edis, Westnetz) issue their
own TABs, the smaller distribution grid operators employ the guidelines created by the Federal
Association of the German Energy and Water Industries, which contain no regulations on generating
systems, but refer to the VDE application guideline on i Ge n e r @ohneates to the Low-Voltage
Distribution Network, ¢ MAR-H 4105:2011-0 8 , or t o t Gualelirfe Dre Rowen Genexdting
Systems at the Medium-Voltage Power Grido . Besides the technical c
also regulate organizational procedures for registration, commissioning and maintenance of the
connection.

1.3.4.1 Grid connection

The system is connected to the distribution network via the grid connection or node. For systems > 30
kW this will generally be the previous connecting point of the property. A meter connection column as
per VDE-AR-N 4102 is then to be set up as a switching and disconnecting point, to which the TABs
require unrestricted access for the distribution grid operators, unless an automatic disconnection device
was installed. Like the rest of the system, the connection may be set up only by qualified specialist
companies.

In addition, the distribution of the power input over the phases of the grid connection is regulated. The
asymmetry between the external conductors with feed-in to the low-voltage grid must not exceed
4.6 kVA; from 5 kWp a system generally requires a three-phase connection. Up to 30 kWp the three-
phase connection can also be established by using multiple single-phase connections to the phases of
distributed inverters, if the maximum permissible asymmetry is not exceeded.

1.3.4.2 Measurement technology

The electricity meters documenting the consumed or produced energy must be designed according to
the level of the connection power. The TABs stipulate load profile meters from 100,000 kWh of
consumed energy per year or 100 kW of fed-in power. The TABs also organize the provision, installation,
operation and readout of the measuring equipment. The meter cabinet with connection and mounting
equipment is provided by the customer. Depending on the distribution grid operator, a remote readout
accompanies operation of the load profile meters, either by radio signal or by telephone line. With regular
operating currents > 60 A the electricity meter has the form of a measuring transformer. In the event
that the customer opts for comparative measurements, the TABs arrange for shared use of the
transformer.

onnecti
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1.3.4.3 Switch and remote control technology

For galvanic isolation as per DIN VDE 0105 part 100, a switch device with load switch capacity is
specified at the ACend. Fo r s y s BOekWis thiszan be an automatic disconnection device with two
parallel grid monitoring units, each coupled in series with a load disconnect switch or power switch. The
switch device is triggered if the voltage or frequency limits defined in the TABs are exceeded or the
connection to the local power transformer is broken and must be designed for the maximum short-circuit
current. Following a power outage in the distribution network, the system may switch back on at the
earliest after 3 minutes (low voltage) or 15 minutes (medium voltage).

Besides the automatic disconnection the TABs require for PV systems the installation of a ripple control
receiver for limiting the maximum feed-in power. The signal is transmitted via the phone connection, by
radio or through audio frequencies in the grid, depending on the network operator. Power generation is
reduced in the increments 60%, 30% and 0% of the maximum feed-in power and is converted by relay.
Sy st e mkWreqBil@ no ripple control receiver, if the feed-in is permanently throttled to 70% rated
generator power.

1.3.4.4 Reactive power compensation

The TABs obligate the operator of a power generator to provide a certain share as reactive power. Its
power factor cos is specified by the distribution grid operator, is graduated according to system size,
operating point and rate period of the feed-in and lies in the range of 0.9 (underexcited) to 1. Consumed
or fed-in reactive power exceeding the tolerances is charged to the system operator according to the
conditions stated in the TABs. Capacitors installed for the reactive power compensation must always
cut in and shut off together with the generator, in order to avoid capacitive reactive power.

1.3.4.5 Grid perturbations

Generally other grid components and connections must not be perturbed by operation of the generator.
In specifying limits for disturbance variables, some TABs refer to DIN EN 61000-2-2, while others define
their own | imits. Conformity with the grid o6

perator

decl aration or the operatorés own calcul ations.

The individual disturbance variables defined for the limits are:

Voltage pulses from cutting in or shutdown of the generators or major consumers, flickering at the grid
connection point, harmonic currents and voltage asymmetries between the external conductors. In
addition, some TABs also contain limits for impairment of intra-grid audio frequencies for ripple control
receivers.

For avoiding grid perturbations, the system is disconnected from the grid if the maximum registered
feed-in is exceeded.
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1.4 Maintenance status and quality assurance

141 Manufacturerodos warranty and guarantee condi ti

Most components of a PV system come with a manufacturer's guarantee in addition to the legally

required product warranty. The manufacturerds guarantee is tied
guarantee conditions, which demand measures for maintenance and servicing in addition to proper

installation. The specifications of the guarantee conditions are generally implemented, since failure to

do so would void the manufacturer's guarantee.

Besides the manufacturerés guarantees, there is also
type of contract holds for two (purchase agreement), four (construction contract) or five (contract for
services) years. In addition, many installers also provide further services for promoting sales.

The ter ms fiwarrantyo and fguaranteed are wused in Ve
incorrectly. For example, a manufacturer will use thet er m fLei stungsgew?2hrl eistun
warranty) in the German translation of the guarantee

The following discusses in more detail the guarantee conditions for the individual components. We
exclude DC components, since they are covered only by the two-year legal warranty. Our lists of
manufacturers make no claim to completeness, but represent a comprehensive cross section of the
market.

1.4.1.1 PV modules

The manufacturerds obl i gat ibreakdownimaethree tiffeeent weorantybnel s er vi ¢
guarantee claims.

The legal warranty applies for 24 months from delivery of the module and comprises functionality and
appearance.

In addition, all module manufacturers provide a product warranty or guarantee that is valid for 5 to 10
years. It covers production as well as material defects and for some manufacturers also includes aging
beyond usual extent.

The performance guarantee goes into effect in case of reduced power by the module. This guarantee
stipulates linear or graduated degression rates for the product service time below which a replacement
must be provided.

Common are periods of 10 years for a performance guarantee over 90% of the module power and over
20 years for 80% of the power. Manufacturers are increasingly providing performance guarantees of up
to 30 years, with a linearly expected annual loss in power of 0.5 to 0.7%. [2]

Regarding performance guarantees, it must be kept in mind that power tolerances (module datasheet)
are always used in solar module calculations. Added are measurement tolerances making verification
of the claim for the performance guarantee difficult. In case of a specified module power tolerance of
+3% and a measurement tolerance of £3% as well, a power reduction greater than 10% can be verified
only if the measurement value is less than the rated power by more than 16%. Table 1-11 contains an
overview of warranty and guarantee conditions from different manufacturers.

All three forms of warranty provide compensation by exchanging or repairing the module in question, or
financially in the form of reimbursement of the residual value or payment for revenue lost because of


http://www.photovoltaik.org/wissen/leistungstoleranz
http://www.photovoltaik.org/wissen/leistungstoleranz
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the reduced performance. Some manufacturers also assume the costs incurred from replacement and
transport of the modules.

Table1-11: Criteria in module manuf acedacondiéionsd® warranty and guar e
< < < < < < < <
) ) ) ) ) ) ) )
> > > > > > > >
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— —h - —h - —h — —h
) ) ) ) ) ) ) )
(@] (@] (@] (@] (@] (@] (@] (@]
— — — — — — — —
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< ] < 4 < o < o
R N w EN ol o ~ [e?)

Types of warranty and periods [years]

Legal warranty 2 2 2 2 2 2 2 2
Product guarantee/warranty 10 | 12 5 5 10 | 10 | 10 | 10
Performance warranty 25 25 25 20 30 25 25 25
Warrantee

End customer X X X X

First purchaser X X X X X X
Damage

Material and workmanship flaws X X X X X X X X
Reduced performance X X X X X X X X
Visual flaws X X

Services

Exchange of product X X X X X X X X
Repair X X X X X X X X
Acceptance of replacement costs X X X 1 X X
Reimbursement of residual value X X X X X
Compensation for loss of revenue from reduced

performance X X
Conditions

Installation as per installation instructions X X X X X X X X
Proper assembly X X X X X X X X
Normal use X X X X X X X X
Regular maintenance X X X X

Use in original system X X X X X
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Exclusion of liability for:
Stand-alone systems X X X X X X X X
Force majeure X X X X X X X X
Vandalism X X X X X X X X
Combination with other module types X X X X X X X X
Overvoltage, grid perturbations X X X X

A precondition for warranty claims is proper use of the module as intended, in particular compliance with
t he install ati on instructions ( s eteuctiozs). 3Asckrtainbtia nuf act 1

infringements of the installation instructions or generally recognized codes of practice void all warranty
claims against the manufacturer and revert to the constructor of the system if the latter is still liable.

About half of the module manufacturers require appropriate maintenance of the system for continuation
of liability. Hardly any of the manufacturers state this requirement in terms of maintenance intervals or
scope of the measures, however. Merely one set of installation instructions recommends an annual
visual inspection of the wiring and mounting system.

1.4.1.2 Inverters

Unlike modules, inverters do not come with any separate performance guarantee. Reduced
performance is instead covered by the manufacturer's guarantee, which applies alongside the two-year
legal warranty and runs for two to seven years.

In addition, some of the manufacturers offer an incremental extension of the product guarantee for up
to 25 years, at an extra charge. In a warranty case, the defective device is generally repaired or replaced
by the manufacturer. Financial compensation is not provided for.
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Table 1-12: Criteria in warranty and guarantee conditions for inverters

S| 5| 5| 5|5|5|5| 5|5
E| 2| || &| 2| &| &2
5| 8| 8| &| 8| 8| & 8|8
S| S| 5| 5| §| 5| 5| §]| &
el @ @2 2| @ @ | 2| @
> oy @] O m T ® I <

Forms/max. period [years]

Warranty 2 2 2 2 2 2 2 2 2

Factory product guarantee 5 7 2 |55] 5 5 12 [25%| 5

Product guarantee subject to extra charge 20 | 25 | 20 - - 20 - - -

Warrantee

End customer X X X X X X X

First purchaser X X

Damage

Material and workmanship flaws X X X X X X X X X

Reduced performance X X X X X X X X X

Visual flaws X X

Services

Exchange of product X X X X X X X X X

Repair X X X X X X X X

Acceptance of replacement costs xX)| X X X | (X X)) x| X

Reimbursement of residual value X

Compensation for loss of revenue from reduced X

performance

Conditions

Installation as per installation instructions X X X X X X X

Proper assembly X X X X X X X X X

Normal use X X X X X X X X X

Regular maintenance X X* | X X X

Exclusion of liability for:

Force majeure X X X X X X X X X

Overvoltage, grid perturbations X X X X X X X X

Infringements of common regulations X X X X X X X

*Only for some product series
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Asserting a claim under the guarantee presupposes that the inverter has been properly mounted and
operated. Not all manufacturers refer to the installation instructions, however, but instead refer to
common regulations, mainly those from the VDE. No liability exists for damage caused by force majeure
or overvoltages. Exempted from the guarantee are usually also wear parts like filters and varistors.

Manufacturers differ greatly in the requirements on maintenance. While some of them state no express
conditions at all, othersr equi re merely HAproper operationod of t he
specific measures, such as cleaning the air filters or a visual inspection of the connection terminals, and

specify maintenance intervals.

1.4.1.3 Mounting systems

For mounting systems, a ten-year factory product warranty in addition to the legal warranty is common.
Only the larger manufacturers publish comprehensive warranty conditions, however. Usually details on
the guarantee are published in the datasheets of the particular system or in a brief guarantee certificate.
The factory guarantee covers defects related to material flaws and production errors and or a product
exchange or factory repair in case of damage. Assumption of transport costs is not common.

Table 1-13: Criteria in warranty and guarantee conditions for mounting systems

< < =

5| 8| 5| & &
2| 2| &| &| &
2 8| 8| &| 8
E| E| 5| 5| &
3| | 2| 2| o
- =] =| 2| <

Forms/max. period [years]

Warranty 2 2 2 2 2

Factory product guarantee 10 | 10 10 15 10

Warrantee

End customer X X X

First purchaser X X

Damage

Material and workmanship flaws X X X X X

Visual flaws

Services

Exchange of product X X X X X

Repair X X

Acceptance of replacement costs X X

Reimbursement of residual value X X
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Compensation for loss of revenue from reduced performance

Conditions

Installation as per installation instructions

Proper assembly

Normal use

X| X| X[ X

X| X| X[ X
x
x
x

Regular maintenance

Use in original system X

Exclusion of liability for:

Force majeure X X X X X

Infringements of common regulations X X X X

Warranty claims can be accepted only if assembly was performed in compliance with the installation
instructions by a qualified handicraft business. In addition, the static design must comply with the
conditions in the particular application. Some guarantee conditions refer here to DIN 1055 (see 2.3.2
Standards, Regulations and Guidelines). Disassembly of the mounting system or parts thereof for use
in a different system is not expressly precluded, if the static requirements are met. Most manufacturers
require regular maintenance of the system as a precondition for continuation of the warranty. They do
not specify maintenance intervals or specific measures, however.

1.4.2 Facilities for quality assurance and maintenance

Besides the manufacturers of PV components, there exists a series of other institutions and facilities for
ensuring the quality of PV systems. On the one hand, there exist normative specifications by the
manufacturers, dealers and installers. On the other hand, industrial and professional associations as
well as independent test centers offer further voluntary certifications and documentation templates.

1.4.2.1 Quality assurance for the components

The first step in quality assurance |ies in the mani
corresponding normative specifications include ISO 2859 oni Sampl i ng procedures for
attributesodo emdSamPpOi B5 Prooac eidnusrpeesct i on by variabl eso
inspection characteristics that have the character of attributes, while the second focuses on constant

product properties.
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Both describe procedures for continual quality control in production and at goods issue, and state
sampling sizes and scope. On the basis of these standards, intermediate dealers have developed their
own processes for quality assurance.

Compliance with quality standards can be monitored on a voluntary basis by independent test centers.

For exampl e, T!V Rhectohandl logddder s erfitpiofwieadati on f or
precondition for the issue of a certificate is a high standard of quality assurance with particular attention

to compliance with performance tolerances for modules. Several prominent module manufacturers both

in and outside of Germany are availing themselves of this offer.

Other institutes undertaking independent quality inspections for components are (in Germany) the
Fraunhofer ISE, the VDE, PI Berlin and (internationally) Ispra, UL and JET, for example.

For the further improvement of quality assurance for PV modules and the assessment of PV modules
in solar parks, a research project is being jointly conducted between 2013 and 2017 by Sunnyside upP,
ISC of Constance, RWTH Aachen, the Solarfabrik and TUV Rheinland. The project is being supported
with funding from the Federal Ministry for Economic Affairs and Energy (BMWi) on the basis of a
resolution of the Bundestag with reference number 0325588D.

1.4.2.2 Quality assurance for assembly and acceptance inspection

At least as important as the quality of the employed components is the correct performance of assembly
by the installer. Complaints by end customers pertain as much to improperly performed work as to
defective components. This is equally true of damage-causing events, including fire, as will become
clear in section 3.3 Damage and fire event analysis of PV systems.

Damage from installation flaws noticedinduet i me are covered by the install
has already expired, the end customer must pay for the damage themselves.

For detecting defects in the system even prior to acceptance and for the best possibility of reacting to
subsequent damage, DIN 62446 (VDE 0126-23) contains specifications on commissioning inspections,
documentation and maintenance (see section 5.5). This standard expressly does not apply to systems
with integrated power storage systems, however. The documentation is produced by the constructor of
the system and provided to the end customer at commissioning. It contains a wiring diagram, product
data sheets of all employed components and instructions on operation and maintenance.

The wiring diagram consists of a sketch of the overall system up to the grid connection point and
information on the individual components, such as manufacturer, component description, string size,
rated current and voltage, position and accessibility. As instructions for further operation of the system,
the owner is provided information in case of a system malfunction or emergency shutdown as well as
information on the system condition and existing warranty claims. At this point the installer also has the
possibility of leaving behind maintenance instructions.

Regarding the commissioning inspection, DIN EN 62446 supplements IEC 60364-6 , olage

electrical installationsi Part 6: Veri ficationo ( Ger ma r600), digding ment at i

the inspection into viewing, measuring and testing. The visit comprises a visual inspection of the system
according to criteria determined by the standard as well as a check of conformity of all components with
common safety regulations. Testing and measurements contain every additional inspection of functional
availability and safety of the system, in particular the application of measuring procedures described in
the standard. DIN EN 62446 makes these general specifications for the case of a PV system and
expands the test criteria of IEC 60364-6 along these lines.
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As an orientation aid for the system documentation, several associations have issued standardized
preprinted forms to ensure the quality of the
2.4.3.

Another tool for ensuring quality are the RAL quality and test requirements for PV systems (RAL GZ-
966) compiling the common technical rules for installing and operating PV systems and serving as a
template for technical terms of delivery. They contain a list of requirements on the production of
components as well as on the planning, installation and maintenance of entire systems. In doing so,
they capture at least the status of current standardization, while tightening the latter in a few points. The
use of RAL GZ-966 in supply agreements is subject to a charge for the contractor and presupposes
certification by the RAL Quality Association. To obtain this certification, the company must undergo an
initial inspection and thereafter repeat inspections at intervals of at most two years, during which its
capability for complying with RAL GZ-966 will be assessed.

For PV power plants qualification services are provided by various institutes, test facilities and experts.
The advantage is quality assurance parallel to construction, with a quality check by an independent third
party at the acceptance inspection of the system.

In addition, services that are focused on the certification of installation specialist companies (for
example, by TUV Rheinland) or on PV experts (for example, by the VDS (Association of German
experts)) can ensure a high installation quality.

1.4.2.3 Maintenance

Instructions for the maintenance of low-voltage systems in general appear in DIN VDE 0105-100
iOperation of el & clarr 0@ &eénerdl nsegal F ameohso. Repe
system must occur at appropriate intervals, so that any deterioration of safety conditions will be detected
before damage to people or property occurs.

As in the commissioning inspection, different measures for viewing, testing and measuring are provided
for, which are not mandatory, however, but are to be implemented so as to exclude any detriment to
system safety. The repeat inspections of PV systems are regulated in DIN EN 62446, which treats the
commissioning inspection as a standard for the scope of the repeat inspections. The recommendations
on maintenance and cleaning contained in the system documentation must also be followed. However,
specific time intervals between the repeat inspections are not specified here either. To close this gap,
DIN VDE 0100-712 is currently undergoing expansion, and will possibly recommend maintenance
intervals between two and three years.

A few guarantee conditions, in particular for inverters, also state measures for maintenance (see section
2.4.1: AManufacturerd6s Warranty and Guarantee

While other countries, such as Switzerland, stipulate maintenance intervals for electrical energy
producing plants (including PV systems) by law, Germany merely offers recommendations from
insurance companies via standards and guidelines. Exceptions are individual cases of binding
agreements between investors and operators, for example.

Regular maintenance measures are the precondition for undisrupted and safe operation of the system.
Faulty components or installations, environmental effects and general aging processes can lead to local
overheating over the course of the operating period and in the worst case cause electric arcs.
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1.4.3 Requirements by law and by institutions (VDS, GDV, BSW)

The specifications of the particular regional building code with the corresponding requirements must be
heeded. This applies also and especially to roof accessibility for fire extinguishing purposes and to the
structural fire protection requirements. The system is commissioned and connected to the grid as per
VDE AR 4105 and the general supply conditions (AVBEItV).

Together with the Verband der Sachversicherer (VdS) (Registered Association of Property Insurers),

the Gesamtverband der Deutschen Versicherungswirtschaft e.V. (GdV) (Registered Association of

German Insurers) formulates guidelines for systems and products. These VdS guidelines basically

comprise measures on personal, property and building protection for the purpose of damage prevention.

The Technical Guideline for Photovoltaic Systems, VdS 3145, dated 07/2011, offers information from

the insurerso6 perspective on sel ec tcommerted RYIsystarmsi n g, i n
with the aim of avoiding or minimizing operational disruptions, fires and damage. Guideline VdS 2010

on A-Rrsknted Lightning and Surge Protectionodo authori
classes for lightning and surge protection. Guideline VdS 2025 provides information on planning,

designing, installing and operating cable and electrical line systems.

Together with the German Electrical and Electronic Manufacturers' Association (ZVEH), the German
Solar I ndustry Associati on ( BSww.plioawltad-enlagchpasg.éed t he
It basically consists of a multi-page form and inspection log for a professional inspection and
documentation and specifies the guidelines to be followed in planning and installing the PV system (see

also 8 Supplement, IX Appendices, c).

=13
—_—
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2 Electric arcs: Physical background and DC issues

Electric arcs are plasma currents and perceivable as searing light that is arc-shaped from a certain
length, with typical crackling noises. The temperatures of an electric arc can reach several thousand
degrees.

While AC electric arcs have self-extinguishing properties owing to the voltage and zero-current
crossings, DC electric arcs can generally burn with stability, which poses a considerable risk of fire.

All electric arcs are accompanied by a high-frequency, electrical noise that can be registered in the
conductor as well as through detection of the electromagnetic waves. The characteristics of a DC electric
arc, for example, the way it can appear in the PV generator field, differ from those of an electric arc in
the AC circuit. This will be explained in detail in the following.

2.1 Definition and properties of an electric arc

An electric arc is a gas discharge occurring between two electrodes in which an electrical potential
difference causes an impact ionization, which in turn allows a continual flow of current.

Above a certain temperature a conductive plasma is formed from the nitrogen in the air. This state can
occur if contacts through which an electric current is flowing are pulled apart, for example. As the contact
pressure of the contacts decreases, the transition resistance increases. Fusion will occur at points,
followed by boiling of the contact material. The remaining metallic bridge finally explodes. An initial
metallic vapor electric arc can become a stable gas discharge electric arc if the current and voltage are
sufficiently high [3].

Figure 2-1: Stable DC electric arc between copper electrodes, photo: TUV Rheinland

For a stable, freely burning electric arc to occur, sufficient voltage must be available to the electric arc.
This electric arc voltage consists of the cathode drop, the anode drop and the column drop linearly
dependent on the length of the electric arc. The minimum voltage for an (extremely short) electric arc
thus consists of an anode drop and a cathode drop; no electric arcs are possible with a lower voltage.

Both the minimum voltage and the minimum current of an electric arc depend on the material. In the
case of copper, they are 13 V and 0.4 A, respectively, according to the literature [4]. Series of
measurements performed at TUV Rheinland have confirmed these magnitudes [5]:
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Figure 2-2: Electric arc ignition limit determined on the basis of copper electrodes, source: TUV Rheinland

An electric arc emits very bright light in both the visible and UV light ranges and can cause eye damage.
The electric arc itself is distinguished by extremely high temperatures of 10,000 K and higher [6], so that
the resulting fire can easily spread to surrounding components.

A powerful voltage flashover produces a very loud noise, comparable to a thunder clap, caused by the
air escaping at ultrasonic speed from the discharge channel. In addition, the explosion-like spread of
the hot air creates a pressure wave. In contrast, an arc flash of just a few amperes produces only a soft
crackling and no perceptible difference in pressure.

The electric arc emits electromagnetic radiation of frequencies up to the MHz range through cables as
well as through the air. Unfortunately, no spectrum characteristic of all types of electric arc exists that
would enable reliable identification of an electric arc in a PV system under any circumstances.
Identification is possible based on certain shared properties of these spectra, however. The procedure
is described in section 5.3.5 Electric arc detection.
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2.2 Arc quenching

The purpose of an arc quenching device is to increase the energy beyond what is necessary for
maintaining an electric arc in the stable range and thereby to rupture the arc path.

Generally this rupture is brought about by increasing the required arc voltage. The following measures
are used with conventional switch elements:

1 Lengthening the electric arc column
1 Cooling the electric arc

1 Pressure on the electric arc

1 Segmentation of the electric arc

Figure 2-3 shows schematically how these measures can be implemented in an arc quenching device.

Extension of the arc column
- larger contact distance
Cooling of the plasma column
- gaseous insulation wall

Extension of the arc column
- in insulation chamber

i

B Multiple interruption
[ ._%ﬁ - splitter plates

| Cooling of the plasma column
- insulation wall

B Ee

[P. Slade: Electrical Contacts, Marcel Dekker, Inc., 1999]

Figure 2-3: Different possibilities of electric arc quenching [4]

2.2.1 Arc flashes in AC and DC systems

Transmission and distribution of electrical energy occurs mainly in AC systems. Alternating current is
distinguished by the periodic reversal of the current flow, which has a positive effect on the arc safety of
electrical systems.

As an AC voltage or alternating current approaches its zero-point crossing in the case of an existing
electric arc, the current and voltage levels required for maintaining the arc are exceeded, which
quenches the arc.

A repeated voltage increase will often not cause re-ignition, since this would require a much higher
voltage than that needed to maintain an electric arc.
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Since the arc path is still partially ionized and heated by the pre-existing electric arc and leakage currents
can occur along damaged insulation segments, a new flashover is still possible in unfavorable cases. In
these cases, an intermittent electric arc occurs that is briefly extinguished twice per current period, in
order to re-ignite again at sufficient voltage.

The situation is different with a DC system, as is present in PV modules, the module wiring and the
string distribution of a PV system up to the inverter. Here there is no zero-point crossing. Electric arcs
persist and burn with stability as long as the voltage and current suffice for maintaining them. This can
certainly be the case for longer periods of time (up to some ten minutes).

Since DC electric arcs are not intermittent, but constant, their radiation has a different characteristic than
that of AC arcs. For this reason DC and AC arcs cannot always be detected by the same method.

2.2.2 Electric arc characteristics with different DC sources

If an electric arc is supplied by an energy source, the U/l characteristics of the generator and the arc
ignition boundary (see Figure 2-2) intersect. Figure 2-4 shows the arc ignition boundary for a fixed
electrode spacing with the characteristics of a PV generator and an active linear two-terminal circuit
(voltage source with an internal resistor) with identical no-load voltage and identical short-circuit current.
We can clearly see that the PV generator characteristic intersects the electric arc ignition boundary. If
on the other hand we compare the characteristic of the active linear two-terminal circuit with the electric
arc ignition boundary, we find that no intersection occurs. The electrode spacing is too great to maintain
the voltage of the arc at a given resistance.

— PV generator
Actrve Inear two-termanal
circuit

— Ebecinc arc charactenstic

Voltage

0o

Current

Figure 2-4: U/l characteristic of an active linear two-terminal circuit and of a PV generator and the electric arc
ignition threshold with fixed contact spacing (schematic).

As a consequence, electric arcs in PV systems can already remain stable longer with smaller contact
spacing than in conventional DC systems, owing to the current source-like properties of the solar
generator. In addition, switchgear designed for conventional DC sources cannot necessarily shut down
a PV generator with the same parameters (Isc, Uoc).
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Summary

An electric arc is a gas discharge (plasma) between two electrodes caused by impact
ionization that allows a flow current depending on the material and the presence of
minimum levels of current and voltage. In DC systems this current is not self-extinguishing.

Because of their particular PV generator characteristic, PV systems support electric arcs
in case of a fault. The electric arc issue therefore deserves special attention in reference
to fire risks.
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3 Safety and quality in photovoltaics i risks and errors

Besides structural properties (such as spacing), the material properties of the participating
components are crucial in the development and spread of a fire. Here different factors like fire
resistance, sustained combustion or smoldering or the possible dripping of burning parts determine
the spread and ultimately the effects of a fire. Since polymer materials make up a significant share of a
PV module, their properties in particular greatly influence fire behavior.

The research project investigated two different scenarios of PV fire emergence.

(1) Firesin or at the building and spreading to the installed PV system.

(2) PV system as cause of fire given overheating with scorching or production of an electric arc at
defective contact points in the module (or other components), corresponding to the damage
analysis in section 3.3

The assessment and requirements of the material properties differ in part among these scenarios.
Finally, the materials should meet all requirements as much as possible.

While section 3.1 considers the properties of a PV module regarding resistance to fire from an external
source, section 3.2 analyzes the risks of arcing in a PV system and section 3.3 presents the results of
a detailed damage analysis of actual events of overheating and PV fires in recent years in Germany.

The requirements and approaches to preventing fire emergence within the PV system especially due to
arcing are described in sections 3.5 and 3.6.

3.1 Fire behavior of modules

Different components of a photovoltaic system are combustible because of their polymer content.
Section 4.6 describes in particular the composition of PV modules as they are mostly installed in existing
PV systems in Germany. The polymer content of crystalline glass thick-film modules (c-Si) is 57 10%
[71, [8], [9], or about 600 i 1,200 g/m2. This content largely pertains to the embedding material (EVA
embedding film) and the backing (PET/PVF). In addition, various adhesives and sealants are used,
along with insulation materials in junction boxes, connecting cables and connectors.

Given an assumed module area of 50 m2 (approx. 38 standard modules, approx. 9 kWp), up to 60 kg of
polymer materials thus come from the modules alone. Other polymers occur in string cables, junction
boxes and inverters.

Polymers generally produce a high combustion heat amounting to about the level from heating olil,
according to a VDS publication [10], as in the case of polyethylene, for example (PE: 46 MJ/kg > heating
oil: 43 MJ/kg), as illustrated in the following figure.
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Figure 3-1: Combustion heat of different polymers compared with conventional heating substances [10]

In the event of a fire involving a PV system, the fire behavior of the employed polymers and their mass
in the components play an important role in fire development and spread.

3.1.1 Firetests (resistance to flying sparks and heat)

PV modules forming part of a roof (building-integrated PV modules (BIPV)), are tested as roof coverings
in Germany. Generally roofs must be sufficiently resistant to fire from external sources and to heat
radiation. PV modules as roof components must meet these requirements. There are different test
procedures for assessing the fire behavior of roofs with respect to external and internal sources. DIN
VDE 0126-21 on fiPhotBuldodot adieccd airms t he speci al req
addition, in its bulletin from 2012 the DIBt refers to the necessity of a general building authority test
certificate (abP) with inspection as per EN 13501-5 (ENV 1187-1) or DIN 4102-7 for roof-mounted PV
modules.

On the other hand, PV modules of an elevated solar system are located outside the building envelope
on roofs (fAhard roof coveringso) and are not
authority approval for fire protection in reference to resistance to flying sparks and heat, but they are
regarding inflammability with min. normal flammability through DIN EN ISO 11925-2 and EN 13501-1,
class E, as per requirements of the state building codes.

Section 1.3.2 lists all the normative requirements on PV modules. A detailed description of the fire tests
of PV modules including pass criteria provided for in Germany and internationally appears in a research
report of the BAM from 2014 [11]. The research investigated fire behavior including emissions from PV
modules in laboratories.

Three of the most common types of modules were also studied in the fire lab. The identified fire behavior
is described below, while pollutant emissions are discussed in detail in section 4.6.

u

i remen

subj ec:
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3.1.2 Flammability and fire spreading

A market review by Photon from 2012 (see section 4.6.3) revealed that the market share of crystalline
modules as the clearly leading technology has remained relatively constant at 80% to 90%, while the
share of all thin-film technologies in total lies between 10% and 20% (with a declining tendency in recent
years). The Currenta fire laboratory conducted three series of experiments with the following
technologies:

1 c¢-Si(crystalline thick-film module, glass film laminate)
1 CIS (thin-film module based on cesium indium selenium semi-conductors, glass film laminate)
1 CdTe (thin-film module based on cadmium telluride semi-conductors, glass-glass laminate)

(see also section 4.6.6).

An elevated solar system parallel to the roof and in a pitched position (23° incline) was emulated, with
the fire spreading from the underside of the module (fire emergence scenario: influence of a roof timber
fire). The experimental setup and performance of the experiment are described in detalil in 4.6.6.1, the
results can be found in IX Appendices in the Supplement.

The experiments were performed underneath an exhaust hood based on ISO 9705, with an exhaust
flow rate of about 1 m3/s. The following variables were measured for describing the fire behavior:

Heat release rate

Smoke production rate

Temperatures on front and back of the module

Mass loss of the modules and mass of the fire residue
Destroyed module surface

=a =4 —a —a -9

Two different burner outputs of 25 kW and 150 kW simulated different levels of fire stress.

In the 25 kW burner output experiments, only locally limited, otherwise primarily surface, damage
occurred on all three module types.

Figure 3-2: Damage from stress with 25 kW burner output, left: c-Si, center: CIS (transversely placed), right:
CdTe (transversely placed)
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At 150 kW burner output, on the other hand, all module types were destroyed over wide areas:

Figure 3-3: Damage from stress with 150 kW burner output, left: c-Si, center: CIS (transversely placed), right:
CdTe (transversely placed)

Glass film modules (c-Si, CIS)

The results of the lab tests can be summarized as follows: burning material already fell from test samples
within about 1.5 7 4 minutes; after 2 7 4 minutes the backsheet became detached and a full-scale fire
started after 6 1 8 minutes. The upper glass plate burst after 7 7 10 minutes. After about 12 minutes
most of the combustible parts had already disintegrated.

Glass-glass module (CdTe)

This test sample already began dripping burning material after 2.5 minutes; the glass (rear side)
fractured after about 4 minutes, and fire penetration occurred 30 minutes later.

As long as combustible material was still present after the end of the flame impingement, all 3 test types
subjected to the 150 kW burner continued burning for 2 i 3 minutes. In the tests with merely 25 KW
burner output no significant after-burning was determined.

In other words, under relatively low stress, e.g. with a smaller electric arc turned off by an arc detector,
no independent spread of fire occurred on these specimens.

On the other hand, once a full-scale fire develops in a PV module, it can continue burning and thereby
spread the fire to other elements. This is also the case with glass-glass modules.

If we consider the heat release rate in these tests, we see that the fire develops primarily between
approximately 4 minutes and about 12 minutes after the start of flame impingement, after which time it
decreases relatively fast. Below we show this in the case of the c-Si module. The other two module
types showed similar developments over time; merely the values differ.
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Module type: c-Si
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Figure 3-4: Heat release rate of the c-Si module during the tests (red i 25 kW, green i 150 kW burner, (blue i the
fire was extinguished after 7 minutes, so not relevant here)

The fire tests conducted by experts from the Bundesanstalt fur Materialforschung und -prufung (Federal
Institute for Materials Research and Testing, BAM) in a research project [12] on the fire behavior of PV
modules contained several different series of tests, including a series with stress analogous to the test
series described here, with a gas flame impinging from below. The burner output was merely 30 kW
with a compact flame (spot stress as opposed to wide-area application in the tests performed in this
project).

Figure 3-5: Left: TUV/Currenta test setup with surface burner, photo: TUV Rheinland, right: BAM with point-like
gas burner centrally positioned, photo: BAM [12]

As results BAM found that:
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1 Damage from flame impingement from below was significantly greater than in the standard fire tests
with flame impingement from above (burning brand tests), for both crystalline thick-film modules
(glass-film) and thin-film modules (glass-glass).

1 No flame penetration occurred in the crystalline modules, although the modules themselves were
damaged over large surface areas.

1 Thin-film modules suffered flame penetration already after 2 minutes with only low surface damage.

By comparison, significant differences were found in the results for the fire behavior of PV modules. The
statements on the time of burn-through, extent of destruction, detachment of burning parts and fire
propagation vary depending on the flame intensity and impinged module area.

Specific statements on fire behavior accordingly apply only to the examined test samples in the particular
test constellation. No generalizations can be made!

General statements from previous fire tests on modules or module samples agree with one another.

Conclusion

PV modules are combustible irrespective of their technology and design, and can
independently continue burning in the event of a full-scale fire.

Within a few minutes, burning materials (films, fused glass) can begin dripping. Depending
on the flame impingement, glass plates can also burst after a few minutes.

Glass-glass modules develop less combustion heat and smoke gas because of their lower
polymer content.

3.2 Assessment of the electric arc risk in PV systems

Like any electrical system, a PV system can release large amounts of heat in spots in case of a
malfunction, and thereby become a fire source. Section 3.3.2 contains an analysis of how often this
case actually occurs (see also [13]).

Even if fires caused by PV systems are fortunately rare, fire incidents often pose severe risks for people
and property.

To develop effective strategies for avoiding fires or reducing their propagation, we must know the effects
triggering and promoting fire.

The largest danger potential within a PV system comes from electric arcs. An enormous amount of heat,
measuring several thousand degrees, develops that can destroy the surrounding materials and lead to
a fire.

If electric current is flowing, heat is generated by the electrical resistance of the conductor. In case of a
malfunction, increasing heat can also come from local elevations in resistance, as at aging contact
points. This sets in motion a dangerous spiral with forced aging at increased temperatures, at the end
of which scorching or, in the worst case, an electric arc can occur depending on the given materials and
structural design.

Contacts and therefore potential risk points exist in large numbers in any PV system. A single module
alone contains hundreds of contacts between the individual cells and strings.
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Figure 3-6: Electric arcs in PV modules, photos: TUV Rheinland

If a terminal of the solar generator is grounded, damaged insulation can allow short-circuiting to ground
by the other terminal and thereby ignite an electric arc. Since the overwhelming majority of systems in
Germany do not have grounded solar generators as in the US, this danger is low here (Germany),
however.

Another possible source of risk is a short circuit between the terminals of the system or simultaneous
short circuits of both terminals to ground (so-called parallel electric arcing). Since in such cases the
entire system voltage is available for ignition and for maintaining the electric arc, even smaller currents
will suffice for a stable electric arc, as shown in figure 3-2. On the other hand, such scenarios are
fortunately quite unlikely, since cables in PV systems are double-insulated. In addition, a genuine
parallel electric arc requires simultaneous damage to two main cable strings immediately adjacent to
one another as well as an initial contact for the electric arc ignition. A double short circuit to ground is in
turn hardly possible in contemporary inverters, since their insulation monitoring will already detect the
first short-circuit to ground and shut down the system.

Much more likely is the occurrence of a serial electric arc. A typical PV system contains countless serial
points of connection i for example, in the module between the individual cells, at the string connectors
and in the module junction box, outside the module in junction boxes or connectors and inside the
inverter. If one of these connections is faulty or deteriorates in the course of the operating period,
resulting in an elevated transition resistance, this area will become overheated from the current flow.
The heat development can cause other contact material to diffuse or even melt down until at some time
the connection fully breaks. In this case, an electric arc can form over the (initially very small) air gap.
Serial electric arcs are typically lower in energy compared with parallel electric arcs, since a large part
of the voltage drops via the inverter and these arcs often occur only in one of several parallel strings.
This also makes them more difficult to notice, however, since the system seems to continue running
normally. Figure 3-7 schematically illustrates different points of risk.
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Figure 3-7: Possible propagation of serial and parallel electric arcs in a PV system [source: [14]]
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3.3 Damage and fire event analysis of PV systems
3.3.1 Introduction

The project specifically researched cases of fire and overheating in PV systems in order to identify
possible weak points and derive potential for improvement. Since the point was to find weak points,
overheating and fire incidents were considered together, thus neglecting the influence of the
surroundings of the damaged component on the level of damage.

The following sources of information were analyzed:

1 Internet and media reports

Operational reports from fire departments
Assessor reports and statements

Damage reports from Mannheimer Versicherung
Internet-based survey

= =4 —a -8

The recorded information was checked as to plausibility and if necessary followed up and evaluated. In
many cases only incomplete details were available, so that only partially plausible estimates about the
origin of damage were possible or the ultimate cause of fault could not be identified. If a damage
appraisal was available, the conclusions from this report were adopted.

The analyses presented in the following reflect the status of January 2013. At this point in time, Germany
had approximately 1.3 million PV systems with a total output of over 30 GWp. Individual fire incidents in
2013 entered into the analysis.

The following incidents of damage from overheating or fire involving PV systems in Germany were
researched or reported:

1 approximately 430 cases of fire or overheating in PV systems,
1 about 220 cases thereof with external causes of fire
I about 210 cases with the cause of fire lying in the PV system

While far from recording all incidents, the analysis is probably the most comprehensive published
compilation to date.

In 2013 and 2014, a series of further fire events was found whose causes and effects correspond to the
statistics of section 3.3.2, so that a representative data stock may be assumed.
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Two known fire cases 2013 and 2014 illustrate the point:

1. Fire incident in Walldorf: fire in a photovoltaic system on a warehouse roof

AW

Foto: PR Video
Figure 3-8: Incinerated PV modules on a flat roof, substructure here with plastic trays(!)

In June 2014 PV modules in the system in question caught fire on a flat roof owing to a technical defect,
resulting in property damage amounting to several thousand euros. Firefighters were able to promptly
extinguish the fire, without it spreading to the building. As can be seen on the photo, the elevation was
provided by plastic trays. These plastic trays are generally normally flammable (class E as per EN13501-
.1). When selecting installation materials, especially for roof-mounted systems, attention must be given
to the significant potential for ignition and propagation of fire if plastic is to be used.

2. Fire incident on Norderney: In August 2013, a fire started here in a workshop with adjoining vehicle
depot. The fire spread rapidly, the roof structure and entire PV system collapsed, and the damage
amounted to several million euros.

Figure 3-9: After a fire in a workshop with warehouse and depot (photo: Norderney Fire Department)
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These examples demonstrate the scenarios basically to be distinguished among fire incidents at

buildings with PV installations: on the one hand, the origin of the fire lying in the PV system itself, and

on the other hand the Acoll ater al firedo at a PV syst
building fire).

3.3.2 Statistical damage analyses

The approximately 210 damage incidents with causes lying inside the PV system were further analyzed.
Table 3-1 breaks down these cases according to level of damage. Figure 3-10 explains these figures.

Table 3-1: Extent of damage in approx. 210 cases

Component damaged 59
PV system damaged 75
Building damaged 67
Building burned down 12

m Component damaged
PV system damaged
® Building damaged

Building burmned down

Figure 3-10: Overview of damage levels in the examined cases

These cases were further analyzed, depending on the available information. Despite uncertainties about
the exact development of the damage in individual cases, the totality of the cases allows some robust
conclusions to be drawn. The following aspects are of interest:

Cause of fault

Component causing the fire

Age of system

Type of system

Severity of damage, impact on surroundings

= =4 =& —a A

The following presents these results in the form of analytical graphs.
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A general observation reveals that the destructive force of an electric arc greatly increases if a serial arc
develops into a parallel arc, as in the case of the electric arc from a string reaching a bundle of string
lines. The Lorentz force gives the parallel electric arc the tendency to move away from the PV modules
and thereby shift the fire hazard in the direction of the inverter.

3.3.2.1 Influence of the system type on damage frequency

The following graph shows how often the different types of system suffer damage.

m On-roof
In-roof

W Facade
Flat roof

Open space

Figure 3-11: Breakdown of damage according to system type (based on 139 incidents of damage)

The ascertained distribution roughly corresponds to the market shares estimated by the German Solar
Industry Association (BSW), with around 70% capacity on buildings and about 30% in open space. Less
than one percent of the capacity has the form of building-integrated (in-roof) systems. Systems with
building-integrated modules make up around 10% of the damage statistics, however.

Among all cases with building damage, building-integrated systems are more prominent. Figure 3-12
shows the distribution of cases where a building was damaged or destroyed and where information on
the PV generator mounting type was available.

B On-roof
In-roof

B Flat roof

Figure 3-12: Damage distribution in casesowfidhaldaoma g-imteghated coui i @¢ a
systems (based on 57 damage incidents).
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Given an estimated BIPV share of 1% of the installed PV capacity, the share of PV-caused fires with
damage to buildings among BIPV systems is around 20%!

This can be explained by the absence of the protecti
Should overheating or an electric arc occur in the PV system, the ignition source in the case of in-roof
systems already lies within the building!

Conversely, particular care must be taken when planning and installing roof-integrated systems.

3.3.2.2 Cause of damage

Figure 3-13 shows the distribution of causes of damage for 103 cases, corresponding to the outside
numbers. Installation errors and product flaws greatly predominate over external factors as the cause.
The share of malfunctions involving aluminum lines in the particular category are already captured as
installation or planning errors and for the sake of clarity appear as the shaded areas and are described
by the inside numbers.

10

M Product flaws
Planning errors

M Installation defects
External factors
Aluminum involved

Figure 3-13: Number of causes of damage for more than 100 cases
The following explains the causes in more detail.

i Pr o dfiawsd concern especially modules and inverters. In the past, several module manufacturers
were affected by serial defects. This led in part to recall and exchange campaigns. Some series of
inverters also appear to be consistently defective in design or manufacturing.

i Pl anni ngcoreerm oo thesome hand the mechanical design with errors like:

1 Modules jammed together, causing them to fracture and electric arcs to be ignited

1 Shear forces acting on module junction boxes from mounting rails placed too closely together
damaged the boxes and led to electric arcs

1 Unprotected installation of generator junction boxes and inverters outdoors with subsequent
stress from temperatures and condensation resulted in fires at these components

1 Firewalls missing at the introduction of DC lines into the building, so that a fire can be directly
conducted into the building

The electrical layout also has numerous defects, such as

1 Unsuitable inverters outdoors
1 Unsuitably placed inverters (direct insolation, corrosive gases)
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Undersized cables and lines

Undersized DC main switch

Wrong types of fuses at the DC end

Heat loss from fuses neglected

DC lines in generator junction boxes rubbing against metallic edges

Unsuitable terminals at aluminum lines

Subsequent PV generator expansion without checking the load capacity of the operating
equipment

= =4 -4 -8 —a —a -1

Planning errors can have a large influence on the possible consequences of a fire. If the inverter is
suspended on a concrete wall, an electric arc at the DC connection can cause only a soot mark. If it is
suspended from a beam or stands on a wooden base, the building can catch fire. The surroundings of
the inverter have an equally great influence. Should burning material fall onto a stone floor, nothing will
happen, but if it falls into stored hay a major fire can ensue.

Several experts describe construction situations in [15], [16] and [17], for example, where requirements
on electrical installations in fire-hazardous locations [18] were grossly neglected, as shown here in the
agricultural installation sector:

Figure 3-14: Non-fire-protected installation of inverters on wood, also with difficult accessibility for maintenance;
photos: W. Schréder, PV expert, 2014

il nstal l at iacerthe thesf frequénscauses of faults. In part these flaws may be due to the
difficult installation conditions under great time pressure during the winter. Some of these flaws are so
massive, however, that inadequate expertise on the part of the installers must be assumed.

Here is a list with defects that have caused fires:

DC connector poorly plugged in

Plug poorly (or not at all) crimped

Screw terminal not tightened

Inadequate insulation of lines with clamping of the conductor insulation

Improper workmanship of the aluminum lines (wrong terminals, no torque monitoring)
No strain relief at cables (leads to mechanical stress on the terminals)

= =& -8 —a —a -2
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i Ext er nal ard pamatilpanisal bites, individual strikes by lightning and in one case a workman
who struck the covered DC cable bundle with a screw that was too long.

it Al umi nu mThése defedts are already included in the above defects. We list them here
separately in order to underscore their significance.

3.3.2.3 Components causing faults

Past discussions on fire hazards from PV systems have focused on the supposedly more critical DC
currents. Owing to the numerous electrical connections, the many components exposed to weather and
the self-stabilization of any electric arcs given the current source characteristic of the solar cells, the risk
of fire emergence in the PV generator sector is estimated to be significantly higher than in the AC part.

Figure 3-15 shows that defects are also more frequent in the AC PV system part, however. This is
surprising, since in the AC part the number of components is less than in the DC part by at least a factor
of 10, proven operating equipment with long lead times are available, AC installations usually occur in
weather-protected spaces and electricians are generally well trained for AC installations.

AC end

Inverter

DC end

Module

Il

o |
N
(=]

40 60 80

Figure 3-15: Rough distribution of the system parts where defects occurred (for altogether 17,174 defects)

If we assign the defects to the components in as detailed a way as possible, we can see how often
single components were found to be affected (Figure 3-16).

Note: The components destroyed in the event of damage (fire damage) are not always the causal
components of the event.
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Figure 3-16: Number of defects per component (total number of defects: 174).

fJunction boxd stands for modul e junction box,gendrator i mpi ngo
junction box, Al Nosfofmero f owvwethergriaddt mStatief or mer of t he feec

Specified are the defect sites that could be determined with the possible cause in each individual case.

That is, if module damage was reported, itfalsunder fAmodul ed and i f damage to
box was reported, itfalsunder fjunction boxo. The total number of
by adding together the numbers of defectsneocdersdModu

Most defects occur in modules and inverters. This result is not very surprising: the module is a prominent
component quantitatively speaking, and the inverter the most complex component, of a PV system.

At the DC end, most system components have about the same frequency of defects. If we count together
ADC plugso and ACri mping, o0 ADC plugso with the numbe
components, following the modules.

IntheACsector, the AAC ter minal ofdeéfects, folowingithe mvertec ldeemon | o c
installation errors become especially evident.

Defect locations in the generator junction box, at the inverter and in the AC distribution often cannot be
identified more precisely. It is supposed, however, that in many cases poor connection points were the
cause.

Reports in the online survey and statements from experts indicate that in particular screw terminals have
a greater risk of causing overheating compared with other connecting technologies.
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3.3.2.4 Age of the systems

Figure 3-17 shows the distribution of system age at the onset of damage. We find a significant

accumulation of damage during the first year of operation.
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Figure 3-17: System age at time of damage (99 cases)

Some of the damage already occurred during construction. | n t h e a ut HedighsnGmber iofe w,
early occurrences of damage reflects on the one hand production defects especially with inverters and
on the other hand the numerous installation flaws that led to fires even after a few weeks at full load.

The high number of installation flaws may in part be due to the poor working conditions. In 2011, for
example, around 40% of the newly installed capacity was installed in December [19], under enormous
time pressure and adverse working conditions. The cause is known to be related to the cut-off date at
that time for a massive compensation reduction according to the Renewable Energy Sources Act.
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Figure 3-18: Damage incidents according to year of occurrence. The damage frequency also increases with the
addition rate (data for altogether 157 cases).
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Figure 3-18 shows the number of damage incidents found per year. We see a sharp increase in the
years 20111 2012, reflecting, with something of a delay, the numerous expansions of the 2010 i 2012
of around 7 GWp each.

From the capacity of around 25 GWp installed by the end of 2011 and the 65 damage cases in 2012 we
can roughly estimate a frequency of potentially fire-inducing cases of 0.3% per MWp and year i most
likely a conservative estimate, insofar as it includes the installation flaws during the construction boom
of December 2011. The number of installation f

3.3.2.5 Time of the malfunction

The following two graphs will aid an understanding of the mechanisms that can lead to a fire. They show

the dependence of malfunction frequency on the month and time of day.
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Figure 3-19: Number of damage cases per month (total: 171).
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Figure 3-20: Number of damage incidents as a function of the time of day (here 99 i for many cases no time could
be specified)
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Both graphs show a strong dependence of malfunction frequency on the available solar energy. The
malfunction frequency increases with the irradiation power.

This indicates that most malfunctions are current-related, i.e. due to the failure of connections or
contacts and to overloading of the operating equipment. Insulation flaws accordingly play only a minor
role.

3.3.2.6 Conclusions from the damage analysis

Modules and inverters are relatively conspicuous components, as expected. Defects were surprisingly
often found in the following components/aspects:

1 DC plugs
1 inthe AC distribution with all components and especially with the terminal connections
1 improper workmanship of aluminum lines

Summary

The main causes of fires are fiinstallation) flawso
All connections provided by the customer are potentially critical.

The defects causing fires are by far connection f|
defectso. Short circuits and insulation fllaws are ¢

3.3.3 Damage patterns of particular malfunctions

To illustrate the above observations, we present in the following some damage cases in more detalil.

3.3.3.1 DC plug connectors

DC plug connectors emerge as frequently affected components in the malfunction statistics of figure 6.
Identified causes of faults in this component are:

Poor crimping i e.g. with combination pliers,

Poor insertion i i.e. connectors not fully inserted,

Improper assembly of the plug 1 a contact piece slips back unnoticeably when inserted
Cross-pairing (combination of plug and socket from different manufacturers)
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Plug incorrectly inserted

A roof-integrated PV system caught fire in the middle of the afternoon. The fire encompassed and
destroyed the entire roof structure. In the debris the fire expert found remnants of various connectors

(Figure 3-21). The right plug pin was fully preserved, the left one was vaporized by an electric arc.
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Figure 3-21: The remains of two connectors from the debris of a house [9] (photo: Institut fiir Schadenverhiitung
und Schadenforschung (IFS))

The appraiser came to the conclusionthatit he cause of damage was the damag
its imprope[it6) assembl y. 0o

I n terms of risk, an inst alrloaotfioo nPVors ypsrtoedw cd a nfel atwo ga
proximate, high fire load.

Cross-pairing of connectors

Some manufacturers of connectors advertise their products by claimingt hei r fAcompati bil ity
products from other manufacturers.

Tests at TUV Rheinland [20] and at Multi-Contact [21] show that these claims are untenable. Even if
good contact connection exists at the time of installation, we may not assume that pairs of contacts from
different manufacturers will attain a service life of 25years. Ac c el er at ed agi ng -ptaeisrtsso of
showed greatly elevated contact resistance in some cases. This cross-pairing leads to overheating of
the plug connection and in the long term can lead to contact interruption with ignition of an electric arc.

Multi-Contact consequently rejects any warranty claim in the event of cross-pairing.

3.3.3.2 DC switches

DC main switches were found to be the source of malfunction in 13 cases. The damage cases do not
unequivocally show whether the issue was general product weaknesses or overloading of the
components due to poor planning and disregard of the permissible temperature range or rated current
of the switches. Both complexes of causes are indicated.

The IFS published the following report on a fire in a 1 MWp system on an industrial roof (Figure 3-22):

AféAn | FS apprai ser foothahaverhieating hed eccurredatettse DC gaintswitch in
the precollector housing. Switches of identical design were present in each of the nearly 130
precollectors. An inspection revealed that several switches had already suffered damage from scorching
é 0[22].
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Figure 3-22: Fire at a generator junction box. The center of the photo shows a box of the same design. It has no
protective roof. (Source: Buhl Volunteer Fire Department)

The appraiser found the following note in a catalog from Santon (with no year of publication):

fiOperate the swit chsd sevenahtimesilOxqat least®red ady@anin order to clean
the cof3lactso

The appraiser then found the cause of fire to lie in the failure to perform maintenance of the switches. A
study of the other generator junction boxes found other switches with heat marks. Altogether about 10%
of the boxes were affected. Incidentally, the note on maintenance appeared in fine print on the final page
of the catalog.

At least two other manufacturers of such switches also had problems with flat connectors at similar
switches and changed the type of contact connection. These flat plugs probably also caused
overheating.

The switches from the above fire incident were installed in generator junction boxes mounted without
protection on the roof (Figure 3-23). Elevated temperatures accordingly developed in the distribution
boxes i estimated to be above 60°C. This accelerated the contact degradation.

The corresponding product standard for switches, DIN IEC 60947-3, presupposes a maximum ambient
temperature of briefly 40°C [24]. The switches were therefore probably operated outside their
permissible temperature range.

Elevated ambient temperatures

The above example showed that elevated ambient temperatures increase the susceptibility of operating
equipment. The following example further supports this hypothesis. It also indicates the difficulties in
exactly determining the cause of fire damage. Last but not least, the example also clarifies the system

pl annerbés responsibility to take into asottlegysttm.t he

In particular, the planner must allow for stress from high summerly temperatures.

exp
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In the following case, the summerly heat stress on the operating equipment was evidently
underestimated. A fire broke out in the engineering room of a PV system aged about six years,
containing several subsystems of the same type (Figure 3-23)

Figure 3-23: Engineering room of a PV system following a fire

The appraiser engaged by the plant insurer identified an overloaded DC main switch as the cause of

fire.

The switch with 16 A rated current sufficed for a generator rated current (I_MPP) of 14.0 A, without a
reserve for overcurrents caused by excessive irradiation and elevated ambient temperatures.

Like the other 14 switches of the system, the switch was subjected to significantly increased heat stress.

f

il

The inverters were mounted more closely together than as specified in the assembly
instructions.

The DC main switches were mounted tightly between the inverters.

The roof above the operation room was only poorly insulated. During mid-summer air
temperatures of over 40°C regularly prevail here.

The PV inverters added up to 5 kW of dissipated heat.

The maximum permissible operating temperature of the switch was 40°C! We must therefore assume

t hat

the switchdés permissible temperature range

Six of the switches survived the fire practically unscathed. Two of these switches showed preliminary

damage in the form of incipient carbonization at the flat connectors (Figure 3-24).

wa s

r
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Figure3-24:Si gni fi cant marks of overheatrivig/iatgoc smidgathi ons and i

Disassembly of the above switch also revealed considerable overheating marks inside the switch.
Insulation material, isolating disks and the axle were charred. The heat evidently came from the switch
contacts and not as originally conjectured from the weakened flat connectors. The switch axle had
shrunken in diameter from the heat stress and fractured in the middle. Most likely it fractured right at the
moment when the switch was needed i when the fire department wanted to disconnect the system while
extinguishing the fire.

Noteworthy is that inverters and switches were mounted on a brick wall, so that the fire did not spread
further.

Test of switch contact resistance

It is well known t hoapte rsautfifoincoi eohies dughtcebxalatiyn cfithe aomtact

surfaces and friction corrosion from temperature-related changes in length (so-c al | ed fAfrmtti ngo)
increasingly higher contact resistance. As the resistance increases, so does of course the dissipation

loss, increasing the contact temperature and thereby accelerating oxidation. Self-excitation occurs.

Ultimately, a temperature may occur that is high enough to scorch the switch or set it on fire.

The increase in contact resistance can be undone through regular switch operation. For this reason,
one of the numerous switch manufacturers requires that its switches be operated ten times once a year.

To test the effect of the maintenance recommendation, surviving switches from the damaged PV system
described above were removed and their contact resistance measured in the lab. The switches had
most likely not been operated for about six years. Figure 3-25 shows the results of the test.
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Total resistance [mohm)

0 2 4 6 8 10
Number of make-and-break cycles

—+— Switch 6 -=- Switch 11 « Switch 12 —— Switch 14

Figure 3-25: Total resistance of four switches as a function of the number of make-and-break cycles. Switches 6,
11 and 12 are of the same type; switch 114 is a different type.
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The contact resistance decreases at three out of four switches 1 on the average about 1/3 of the initial
value. The ohmic losses also decrease accordingly. At the worst-case switch, this loss is initially about
17 W under rated current load and drops to about 6 W.

Switches with contact rockers show the same behavior (Figure 3-26) as a field test found.

Figure 3-26: Tested DC main switch with contact rocker

Eight switches in an approximately 10-year-old PV system were also tested as to contact resistance.
These switches also showed a significant decrease in contact resistance after multiple operations (de-
energized state). The resistance dropped on average to nearly a third of the initial value.

These switches must also undergo routine maintenance.

Summary of the switch studies

1 Switches react to continually elevated ambient temperatures with accelerated
contact degradation.

1 Planning should oversize the switches. Like the DC lines, the switches should
have a load capacity of at least 125% of the rated current of the system. Switches
subject to elevated ambient temperatures must be designed as per the
manufacturer6s derating specifications

1 All switches should be inspected once a year in order to discover any signs of
overheating.

1 All switches should undergo maintenance once a year and then be operated ten
times (de-energized).

Section 6 contains these important findings.
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3.3.3.3 Improper handling of modules

One system operator observed that an installer had mi
ai do during as s e oMerloaded thE btriais reliefarnd doenewthdt gulled apart the contacts

of the module junction box. During the following summer, the power output of the corresponding
subgenerator dropped. Figure 3-27 shows why: one of the contacts shows signs of an electric arc:

Figure 3-27: Damaged plug contacts in a module junction box

While searching for the cause of diminished performance, the installer found two modules each with a
destroyed contact in the module junction box. Because of internal electric arcs the string current was
fully interrupted. Fortunately these electric arcs remained confined to the interior of the box.

The photo shows that the left connector slipped slightly downwards relative to the right one. This
probably happened because of the aforementioned mecha

3.3.3.4 Loose clamp connection

Because of their cost advantage, aluminum conductors are finding increasing use in PV systems. Since
aluminum melts at lower temperatures compared with copper, increased contact resistance will lead
faster to disconnection of the conductor and possibly to an electric arc.

Here is an example of where the appraiser found a defective clamp connection that in combination with
an aluminum conductor caused a fire. An AC distribution unit had burned out.
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Figure 3-29: The end of an aluminum line (photo: Uli Motzer, Wirttembergische Versicherung)

The cause of fire was found to lie in a loose contact point. Figure 3-29 shows the conductor end of
another cable of the system. The line had also not been correctly connected, as the signs of fusion at
the conductor show.

The matter of hot contacts was also observed at the fuses; see Figure 3-30. Screwed contacts were
involved in this case. A high transition resistance occurred at the screw contact.

- \

Figure 3-30: Heated fuse link (photo: H. Godard, Energossa)
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3.3.3.5 Fire propagation through cable bundle

The insulation of common lines is combustible and can fuel a fire. Cable bundles often contribute to the
spread of a fire. Here an insulation fire and electric arcs between the positive and negative lines in the
bundle combined together. The great heat from the electric arc can cause even flame-retardant
materials to catch fire.

The propagation can be thermally driven, if namely a fire can spread upwards, or a weaker,
electromagnetic propagation of an electric arc at a distance from the current source may occur, as Figure
3-31 shows:

Figure 3-31: Charred lines at an inverter (source: Weyerbusch Fire Department)

Given the damage pattern, this fire probably originated in the vicinity of the DC connections of the
inverter. It spread upwards as a cable fire with (parallel) electric arcs in the cable bundle and thus to the
roof structure.

A spatial separation of the two polarities at the inverter would have probably interrupted the electric arc
at an early stage.

3.3.3.6 Disregard ofther equi r e me n thsa zoanr dfiofuisr eoper ati ng f ac

The experience of the Wurttembergische Versicherung is that PV systems on agricultural buildings i
like the buildings themselves i are subject to an increased risk of fire [18]. The probable reason is,
among other things, that combustible substances are often stored or dust accumulates in buildings of
this kind, with the requirements on the installation o f el ect r i c aHazardoys dperatirng
f a c i I[1B]teing aftén disregarded

The free brochure of the Association of Property Insurers (VdS) [25] presents these requirements in
easily understandable form.

Disregard of these specifications reduces the risk of fire propagation and therefore overall damage.

e s
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According to this document, the most important requirement is that PV system operating equipment be
installed outside the fire-hazardous area. In the hazardous areas only electrical operating equipment
may be used that is firequired for the i mmediate oper a

In many cases inverters are mounted on wood. This practice is grossly negligent and generally
prohibitedbyt he manuf acturerés product documentation!

Two examples illustrate this:

In the first case, inverters and lines were mounted on OSB boards; see Figure 3-32. A fire damaged
components in the engineering room of a PV installation. The OSB board used in the installation then
also caught fire. Evidently little flammable material was otherwise present, and the fire department
arrived quickly, so that the fire could be contained.

Figure 3-32: Installation of inverters on OSB board. Left: site of the fire, photo: Volunteer Fire Department of the
Community of Perl, 2011. Right: here things look OK, but the fire protection is inadequate, photo: W. Schroder, PV
expert, 2014

In 2009, the Ellwangen Fire Department reported a fire incidentt hat ended mil dl vy, i Smol
Agricultural Propertyod. The fire was noticed relative

Figure 3-33 shows that a smoldering fire was caused by a cable, probably damaged by an animal bite,
belonging to a photovoltaic system in the unused hay storage floor of a barn.
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Figure 3-33: Mild fire case (photo: Ellwangen Fire Department)

The course of the fire turned out to be a stroke of luck, since the straw did not catch fire.

In a similar installation situation, wood and straw caught fire, and when the fire department arrived the
building was fully engulfed in flames. Total damage occurred [26].

3.3.4 Large-scale fires

Two damage cases are still under investigation at present (2013), in each of which a PV system on an

industrial roof supposedly caused a fully developed fire at a building. In one of these cases, the appraiser

found evidence that an incorrectly designed fire departmentswitch( ! ) caused the fire bece
extinguish the switch electric arc.

In both cases the fire quickly spread to the interior of the building. Experiences with similar systems
allow us to conjecture that the lines of the PV systems were led through simple roof penetrations into
the building and no firewall was used. The cable bundle thus probably provided the electric arc with a
direct path into the building.

I'n another major fire the sanded bitumen roof sheeti
roofing, o0 i.e. as protection against radiant heat an
system, this protective effect does not suffice, as a fire caused by a PV system in Goch (April 1, 2012)

impressively showed. It quickly engulfed the large roof surface of a warehouse and led to a dripping,

burning flow of bitumen (Figure 3-34).

Such roofs should be provided with preventive fire protection measures as described in section 6.1 in
order to minimize the risk that a major fire develops from a poor contact.
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Figure 3-34: Electric arc event in a roof-mounted elevated PV system. Left: Bitumen roof sheeting burns with heavy
smoke development and produces burning droplets. Right: Fortunately the building could be saved, photos: Goch
Volunteer Fire Department

3.3.5 Conclusions and recommendations

The number of reported fires per year has greatly increased in recent years (Figure 3-18). This trend is
correlated with the sharp increase in number of installed PV systems in recent years.

Appraisers have repeatedly found that a great number of PV systems violated elementary installation
requirements.

Summary of fire case analyses

It is foreseeable that in coming years a significant increase in fires caused by PV systems
is to be expected. Increased aging of the materials will lead to an increase in insulation
faults, contact problems and transition resistance. Under unfavorable conditions these
flaws can trigger a fire.

Recommendations on risk reduction

We see remedies to the previously identified faults as lying on three different levels:

1 Installer training i Professional and quality-conscious installations can avoid
most installation flaws.

1 Inspections (testing) i Solid acceptance inspections help detect initial flaws and
repeat inspections help detect hidden installation errors and developing product
flaws due to aging or defects related to extraordinary stress (bad weather).

1 Technological development

0 Avoidance of screwed connections in load current circuits
o Electric arc detectors can generally turn off an electric arc

Section 0 summarizes detailed recommendations.


https://photovoltaikversicherung.files.wordpress.com/2012/04/brand-einer-photovoltaikanlage-in-goch.jpg
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3.4 Damage analyses of a solar system supplier
3.4.1 Damage determined at the incoming goods inspection

To ensure its customers constantly high product quality, especially in the case of PV modules, the solar
system suppl i SolarstioBsystamg iGmdHaoonducts a comprehensive incoming goods
inspection. Random samples are taken from incoming deliveries as per DIN ISO 2859 and examined
for any production flaws or transport damage according to a comprehensive list of criteria.

First is the visual inspection that checks compliance with the manufacturing tolerances. Recorded are,
among other things, the dimensions and workmanship of the frame, the relative positions of the
individual cells, the quality of the glazing and lamination as well as the connections between cell
pressure, busbars and main busbars. Also inspected are junction boxes and lines, connectors and
module labels and markings.

Besides the visual inspection, an electroluminescence (EL) test is conducted. For this purpose the
module as a whole is photographed. The resulting images enable easy detection of cell fractures and
defective connections at contacts.

=T 1 ik ¥
— s
3
& - pa

Figure 3-35: EL image of an intact module Figure 3-36: EL image of a module with microcracks
and cell fractures

Between March 2011 and March 2013, Energiebau inspected nearly 24,000 modules, 20.2% of which
showed flaws. This percentage is not representative of all modules supplied by manufacturers, however.

The processes at incoming goods are structured in such a way that batches suspected of poorer quality
are inspected more intensively than usual. If spot checks of a delivery reveal defects a larger number of
modules is examinated.
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Defects identified in incoming goods inspection

79, m Flaw on EL image

O Sharp-edged corners / burrs
m Junction box not leaktight

@ Cell matrix displaced

O Label defective

17% = Other

19%

Figure 3-37: Damage frequently found in incoming goods inspections (over 50 units/year)

The most commonly found defects appear as flaws on the EL image. These are predominantly cell
fractures, but can also be defective connections at contacts or cell pressures.

Second most common are poorly manufactured frames with burrs or sharp-edged corners, caused by
imprecisely manufactured or joined frame parts.

Other defects are imprecisely fabricated lids for junction boxes whose poor seating leads to leakage,
shifts in the cells and incorrectly printed or stuck-on nameplates.

Around 13% of damage cases are attributable to other less common defects, among them defective cell
pressure, optical damage and delamination (see also Table 3-2).
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Table 3-2: Percentages of most common damage patterns relative to total number of damage cases

Defect Relative frequency in %
Flaw on EL image 41%
Sharp-edged corners / burrs 19%
Junction box not leaktight 17%
Cell matrix displaced 7.2%
Label defective 3.0%
Defective cell pressure 1.7%
Color deviation 1.5%
Scratches 1.4%
Cell connectors moved to side 1.1%
Foreign matter in module 1.1%
Glass flaws 0.8%
Dents in backsheet 0.8%
Deviation from right angle 0.8%
Delamination 0.8%
Deformations / dents 0.6%
Silicone residue 0.6%

3.4.2 Damage in complaints

Despite comprehensive quality controls, time and again defective modules are delivered to customers
or damaged during transport. These defects are then recorded as complaints, resulting in a wholly
different distribution of the damage patterns for various reasons.

On the one hand, certain defects can already be detected prior to delivery in the incoming goods
inspection and complaints can be submitted to the manufacturer. In addition, certain defects become
evident only after |l onger operating periods and
includes (e.g.) reduced performance from potential-induced degradation (PID).

Finally, damage such as scratches, dents and cell or glass fractures may occur only during transport to
the customer or through improper handling on the construction site.

C
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Reasons for complaints

10%

B Junction box
OGlass breakage
EInsurance case

7%

OReduced perfarmance
Defective cell
connectorsbox

o,
13% OVisual defects

O Miscellaneous

Figure 3-38: Frequencies of defects among modules subject to complaints

The most frequent complaint across all manufacturers concerned defective junction boxes.

Besides housings and housing lids falling off because of poor workmanship, this item also includes
defective soldered joints and defective bypass diodes. Owing to the frequency of this flaw, we may
assume a particular risk of electric arcing to be posed by defective junction boxes.

Other frequent defects are general insurance cases and glass breakage usually occurring during
transport or assembly, but also sometimes caused by overheated cells.

Reasons for complaints according to manufacturer
0% -
m Miscellaneous
— o Visual defects
oy B0% - Defective cell
b connectors
3 o Reduced
g performance
o 40% Bnsurance case
o Glass breakage
B Junction box
20% 4
0% 4 T T u T T . T . T T T T
Manufact Manufact Manufact Manufact Manufact Manufact Manufact Manufact Manufact Manufact
urer urer urar urer urer urar urer urer urar urer
1 2 3 4 5 3 T 8 g 10

Figure 3-39: Frequency of damage patterns among different manufacturers
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Figure 3-39 clearly shows for manufacturer 10 most complaints pertain to a defect in the junction box.
The graph also shows that manufacturer 4 has a problem with poor contact connections between the
cells.

Altogether we find that for end customers transport-related damage is considerably more of an issue.
This indicates that modules are improperly handled at the construction site despite the information
provided in the assembly instructions.

In contrast, reduced performance and defective cell connectors are more seldom to be found in
completed systems than in the incoming goods inspection. This shows that EL imaging is an effective
means for detecting such defects and for filtering out the affected modules.

3.5 Potential electric arc risks in PV systems
3.5.1 Module

3.5.1.1 Cell connectors

Soldered connections are basic weak points regarding the occurrence of an electric arc within a PV
module.

Especially many solder joints occur in the connections between the individual solar cells. The busbars
of the cells here are interconnected via soldered cell connectors. How many busbars and therefore cell
connectors the installed solar cells possess consequently plays a role. Larger cells often contain three
busbars to create redundancies and a uniform distribution of the cell currents in the event of failure of
individual contact transitions or local temperature elevations i the failure or disconnection of just one
busbar will then not suffice to ignite an electric arc [5].

A brief search surveyed the numbers of cell connectors among 50 crystalline PV modules currently on
the market. Most of the modules contained two busbars (Figure 3-40).

Number of cell connectors from a random sampling of 50
current module types

2 busbars;
3 busbars; 62%

38%

Figure 3-40: Number of cell connectors used in different types of modules
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A more detailed analysis of the Cologne solar system s u p p [Enemiebauvdfound that only two busbars
are used with 50 cells. I n the case of 60 cell

Cell size vs. numbers of busbars
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without thin film)

Figure 3-41: Frequency of numbers of busbars as a function of cell size

The overview is based on data on representative modules on the market. Each additional cell connector
increases the redundancy. Should defective soldered contacts occur, the current can flow through other
busbars.

In the case of three busbars, the occurrence of an electric arc at the cell contacts is therefore less
probable. On the other hand, the cell area is slightly reduced that can be actively used for generating
electricity.

An electric arc at a cell connector can then occur if only one of the cell connectors still provides a
conductive connection and if at this point the metallic contact is also lost.

The latter is to be expected if the contact is already poor and the resulting heat leads to further fusion
of the contact material. In addition, the bypass diode belonging to the affected cell string must be
interrupted, since the voltage of a single cell string will not suffice for igniting an electric arc. [27] [28]

To emulate this chain of faults, TUV Rheinland conducted experiments with prepared modules. In one
module, both cell connectors between two individual cells were disconnected and the bypass diodes
removed from the junction box. Electric arcs were then ignited that generated temperatures far above
the melting temperature (600°C) of (e.g.) thermally pre-stressed glass (Figure 3-42). The front glass and
the photoactive silicon layers melted and formed burning droplets [29].

S

bot h



Page 81 of 303

Figure 3-42: Effects of an induced electric arc through partition of the cell connectors, photos: TUV Rheinland

The electric arc will continue burning until sufficient voltage for maintaining it is no longer available. This
situation can be attained by turning off the voltage or by increasing the distance between the electric arc
contacts. If this distance is so large that the available voltage no longer suffices, the electric arc will
extinguish itself. This time can be very long, however (several minutes).

The electric arc burns not only at the direct contacts of the cell, but it can also continue burning between
the cells. The electric arc will then move back and forth between the cells. Owing to the large amount of
available material, the contacts will burn down only slightly. In the lab experiments the electric arc was
always extinguished by turning off the voltage. The electric arc burning the longest was turned off after
16 minutes. During this time the electric arc moved several times from one cell side to the other.

Until the electric arc was extinguished, it emitted a great deal of heat, greatly damaging the surrounding
module materials. The latter also burned, but after a period of time extinguished themselves after the
electric arc was turned off. Until then, the flames were intensively blazing from the underside of the
module, however. In cases of very long-burning electric arcs the temperatures increase until the glass
melts (1,000°C to 1,500°C) and liquid silicon drips down from the module.

Causes of electric arcs in the real world can be previous hot spots that can usually occur at soldered
cell connectors but also at the soldering between cell connectors and at busbars inside the modules.

3.5.1.2 Module junction box

Recent studies have found that the connection between contact terminals and connecting lines in the
module junction box require particular attention. The design here provides sufficient contact material to
keep an electric arc continually stable. In addition, the junction box, generally made of plastic, provides
combustible material in the close vicinity. The possible spread of the electric arc to the surroundings
must be taken into account and the risk classified as high.
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Figure 3-43: Junction box after electric arc between connecting line and connection terminal [5]

The red line between the two terminals in Figure 3-43 serves to bypass the module already defective
from earlier tests. The electric arc occurred with the cable on the left.

The effects of a fire in a module junction box can thus be considerable. Whether a fire can occur in the
first place depends on several factors:

(1) Stability of the connections (and the strain relief)
(2) Corrosion protection (leaktightness)

(3) Heat dissipation in the junction box (bypass diodes)
(4) Fire-relevant material properties

(5) Lightning and surge protection

For estimating the actual risk of fire, at this point we now give an overview of the typical designs and
materials available on the market.

Re 1. Stability of the connections

Current developments at junction box manufacturers are based on the premise of automation capacity
and process reliability (e.g. Spelsberg, Phoenix Contact, Conergy) for ensuring a constantly high level
of quality in production (reducing risk of dirt, long-term stability of adhesive leaktightness).

Generally there are 3 types of line connections (Figure 3-44):
1 Soldered connections
9 Clamp connections

I Screw connections
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© Resin covering
© Metallic covering
© Mica layer

QO Flame-resistant
casting compound

© Solar cell connection

© Terminal or junction
o box
_ P ——

Intertwining soldered joints

Photo: Gunther Spelsberg, terminals Photo: Mitsubishi Electric Corporation, soldered contacts

Figure 3-44: Contact variants

Clamp connections are not very susceptible to faults. Use of unsprung screw connections is not
recommended nowadays, since they provide reliable contact only given optimal assembly, and this
contact can progressively deteriorate while the clamp connection automatically adjusts itself.

But even soldered connections can fail if assembly is not performed properly. This risk tends to be
greatest with manual soldering processes. At present all three joining technologies are available on the
market (Figure 3-44), with clamp connections of a variety of kinds and quality being primarily used.

In addition, solid and reliable strain relief plays a great role, since tensile forces can occur in both the
short term (e.g. during transport and installation) and long term (e.g. from the weight of the cables). It
must be ensured that these forces cannot affect the quality of the connection.

Re 2. Corrosion protection

Junction boxes are indicated as belonging to the high protection class IP65.

Uncast junction boxes can have disadvantages compared with cast junction boxes as the result of
temperature changes and moisture effects. The risk of moisture penetrating the box and corroding the
contact point is therefore greater. In addition, in the event of an electric arc, a greater oxygen feed
occurs, which helps maintain the electric arc and therefore promotes fire emergence.

A casting compound affords several advantages: leaktightness, electrical insulation and fire inhibition
[30]. However, a disadvantage is the low ease of maintenance. Defective bypass diodes cannot be
replaced if necessary. It must be kept in mind that some clamp connections should not be cast, because
casting would greatly hinder readjustment and overheating or even an electric arc could result.

Re 3. Heat dissipation in the junction box

Junction boxes are also subject to elevated temperatures in normal operation. In the case of a fault, the
temperature in the box can climb to over 200°C; in case of an electric arc, temperatures of several
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1,000°C are attained. Besides the corresponding material selection, quick dissipation of the created
heat is therefore very important.

Figure 3-45 shows various solutions, such as a spacer for the module (Huber & Suhner, HA3 and RH3
product families), metallic plates with cooling fins (aluminum, FPE Fischer, Solon), sheathing with heat-
conductive silicon and heat-conductive connections to the aluminum frame (Spelsberg). The
preconditions for protection class 2 must be maintained, however.

Photo: Huber & Suhner, junction box with spacer  Photo: FPE Fischer, aluminum junction box with
cooling fins

Figure 3-45: Heat dissipation

Re 4. Fire-relevant material properties

Current junction boxes are nearly all made exclusively of plastic. These materials must meet the
following requirements:

Temperature resistance

Non-inflammability and absence of halogen
Strength

Weather resistance

Cold shock resistance.

= =4 —a -—a -

A series of technical plastics, such as Ultramid®-A3XZG5 (PA) from BASF and RYNITE® PET plastics
(PES) from DuPont are available for this purpose. They are thermoplastically and minerally reinforced
by glass fiber content, for example.

Since 2007, aluminum junction boxes have also been on the market, from FPE Fischer (currently
FPEALOOS8 Intersolar 2011, for example ( [31]). These junction boxes also contain a plastic box inside
for accommodating the electrical connections. According to the manufacturer, the aluminum version of
the outer skin guarantees extremely long durability outdoors and is non-critical with overheating i that
is, long-lived, safe, low in maintenance and stable in performance.

The aluminum box is used by (e.g.) Solar Energy, SOLAR MODUL ISE 175M/B and Sunworxs GmbH,
SUNWORX SW 240P.
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Tin-plated copper wire is used as a conductor material in solar cables (DC lines). Regulations require
that the cables withstand an operating temperature of 120°C. The temperature in case of a longer
persisting short circuit lies even at around 250°C. This temperature must be withstood by the plastic
materials.

Re 5. Lightning and surge protection

A PV system generally does not increase the likelihood of a lightning strike. There is no general
requirement on installing lightning protection for PV systems. If a building already has a lightning
protection system, a retrofitted PV system must be integrated in the existing concept. On public buildings
a lightning protection system must be installed for PV systems.

Section 1.3.1.1 lists the applicable standards and guidelines to be followed regarding lightning and surge
protection.

The effects of a direct or indirect lightning strike must be considered separately.

Figure 3-46: Direct lightning damage to a 10-year-old system (source: Photovoltaik-Biiro Ternus&Diehl GBR)

In the rare event of a direct lightning strike at the solar generator, considerable damage to the modules
must be expected (see Figure 3-46). Fire emergence from the heat effects of the lightning current
cannot be ruled out. The bypass diode is most likely broken down and if lightning current capable
surge arresters are installed, the inverter is probably defective.

Much more common are indirect or near-strikes, where a partial lightning current flows through a
nearby part of a lightning protection system or through the electrical installation, or an overvoltage is
induced there.

In these cases, graduated surge protection at the PV generator or at a grid feed point can greatly
reduce the risk of damage to the bypass diodes and the inverter (internal lightning protection).
Schottky bypass diodes remain greatly threatened, however; see following section.

Especially in the case of frameless modules with lightning protection systems at small distances (less
than about 1 7 2 m) from the modules, partial lightning currents can also already induce voltages in
the wire loops inside the modules so high as to cause damage to the corresponding bypass diodes.

Framed modules are somewhat less sensitive, but here too very small distances of less than 40 i 80
cm can be critical [32].
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Surge protection is also receiving much attention given the recently observed trend in multiple
electronic protective devices within the module junction box (intelligent junction box).

Conclusions

The risks at the junction box must be considered high as to the effects of electric arcs
and the devel opment of fires compared witflh
joining technology is especially important in order to prevent overheating and electric
arcs as much as possible.

In addition, favorable corrosion, heat dissipation, material and overvoltage properties are
important factors in designing a low-fire-risk module junction box.

3.5.1.3 Bypass diode

To protect solar cells against impermissibly high block voltages due to inactive (e.g. shaded) cells,
bypass diodes are commonly used. They are usually integrated in the junction box and ensure that the
current generated by the other modules is conducted through the diodes and past the shaded solar
cells.

Where previously P/N diodes were mainly used, Schottky diodes that develop less heat loss are now
being used. The breakdown voltage in the blocking direction is considerably less with these diodes,
however, so that they can be damaged from singular overvoltage events (e.g. surge voltage from
proximate lightning strikes).

Schottky diodes also have the property of significant cutoff currents at high temperatures, possibly
resulting in thermal instability (thermal runaway).

Three possible fault cases can occur:

The diodes are permanently conductive (imperfect short circuit), partially conductive (significantly higher
leakage current/heating) or interrupted, which underscores the original protective character.

Bypass diodes present the problem that they greatly heat up from the power output they attain if they
carry high currents over longer periods of time. This heating can ultimately lead to overheating and in
the worst case trigger a fire.

ot her
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Figure 3-47: Module junction boxes with defective bypass diodes as the result of coupled lightning currents

A module junction box must permanently withstand the heat emitted by the current-carrying bypass
diodes. Apart from this, heat development always poses the risk that in the long term contact
connections will corrode or even melt.

Should a contact at a bypass diode slowly deteriorate, a continued load on the diode will increase the
release heat produced in the contact. In the final stage, this will lead to very intense overheating with
scorching or an electric arc.

In case of defective contacts or destruction of the diode (from overheating, for example), the diode is
ffopen, 0 i . e. it no |l onger performs its protective f
hot spots in the module that will damage the module and in unfavorable circumstances cause a fire.

Following surges (e.g. lightning strike) a bypass diode will typically fail because of an (imperfect) short
circuit or increased reverse current (partially conductive). This will result in a yield loss, while the
protective function need not necessarily be affected. On the other hand, a persistently high current flow
through the diode can accelerate aging and thereby increase the electric arc risk at the contact points.

The risk from bypass diodes evidently often lies in the long-term stress. Regular and persistent shading
increases heat development of the diodes with correspondingly accelerated aging mechanisms. While
Schottky diodes reduce heat development, they are more sensitive to surge events.

Innovative, diodeless protective circuits (so-c al | ed fAactive bypass diodesodo or
significantly mitigate this problem. These products replace the diode by a MOSFET that when actuated

has a contact resistance of only a few milliohms, so that the voltage drop via the MOSFET at a current

of (e.g.) 10 A is only a few 10 millivolts compared
This also reduces the heat devel opment byobemsfnact or
longer occur. In addition, active bypass diodes come with integrated surge protection and are therefore

many times more resistant to induced overvoltages.

The energy for actuating the MOSFET is obtained through a special control circuit from the only slight
voltage drop at the MOSFET, so that the component has only two connections and i without an
additional power supply i can be used like a conventional bypass diode.

Active bypass diodes are offered by MICROSEMI (LX2400) [31], for example, with an innovative ultra-
thin version (LX2410) being suitable even for lamination into the module. Other manufacturers include
STmicroelectronics (e.g. SPV1001) and Texas Instruments (e.g. SM 74611).

W
of
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3.5.2 Plug connections and wiring

3.5.2.1 Connectors

A photovoltaic system typically contains a large number of plug connections. Each individual module as
well as the inverters is usually connected via plug connectors. Owing to their large number, a
considerable potential exists here for the occurrence of serial electric arcs.

Progressive professionalization in component development has led to commercially available plug
connectors whose inadvertent detachment and contact corrosion can be prevented quite reliably.

The greatest risks lie in the pairing of connectors of different makes and in the crimping of connectors
onto cables in the field [33]. The former should always be avoided, for even if the plugs from two different
manufacturers mechanically fit together, the electrical transition resistance may significantly increase,
resulting in intense heating of the component (Figure 3-48). Even knock-offs of brand-name connector
models have occasionally come to light. The quality of such products is dubious, and if a fake is
suspected the connector should never be used.

Figure 3-48: Result of pairing connectors from different manufacturers [33]

If connectors must be crimped onto cables in the field in order to enable the connection, crimping tongs
designated by the manufacturer of the plug must always be used, and with the precisely defined contact
pressure. Only then can a gastight, permanent connection point be guaranteed (Figure 3-49).
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Figure 3-49: Comparison: correct and incorrect crimping in the field [33]

3.5.2.2 Lines and line routing

While serial electric arcs occur mainly at contact and connection points, a damaged cable can lead to a
very high-energy parallel electric arc if it can form a conductive connection between the positive and
negative terminals (or, in the case of a grounded solar generator, between the ungrounded terminal and
an object at ground potential). This can mainly occur if the cable insulation is damaged.

Ground and short-circuit-proof line routing is a measure for avoiding parallel electric arcs. That is, both
the positive and negative lines are double-insulated or their insulation is reinforced or, in the case of
single insulation, routed in separate cable routing systems. An electric arc is highly improbable given
four insulation layers between positive and negative conductors.

So that only minimal hazardous surges will be induced by a lightning strike, the size of the loop formed
by the wiring should be kept as small as possible. At the same time, however, the risk of a parallel
electric arc, i.e. contact between two conducts of opposite polarity, must be kept as low as possible.
Both requirements are met by laying double-insulated cables next to one another or, even better, with
separate routing of the two main lines in directly adjacent cable conduits.

The cable routing should also stress the cable insulation as little as possible. That is, the routing should
not expose the cables to any direct sunlight, place them continually under water or run them over sharp
edges.

The cables should be fastened so that no movement can be caused by wind, with subsequent friction
damage to the insulation. Permitted bending radii should be complied with and not exceeded.

3.5.3 Fuses

In the early years of photovoltaics (1985 1 1995), string fuses were often used. It was found, however,
that they often failed, causing local overheating or even switch cabinet fires.

The applicable VDE 0100, part 712, accordingly requires them only if the current-carrying capacity of a
line could be exceeded. They are therefore installed only in very few PV systems.

For approximately two yearsspecial PV fuses have been available that are designed so as not to trip

accidentally, given the correct dimensions, and so that they can interrupt an overcurrent even in a

system with high voltages (typically up to 1,000 Voc) . At approximately 010 a pi
expensive, however.
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Detailed studies have shown that string fuses are helpful at all only with a very limited class of possible
faults in a PV system. In all other cases, a string fuse is of no use, and constitutes an additional cost
factor as well as several further contact points that present the corresponding electric arc risk potential.

The only scenario in which string fuses can provide protection concerns reverse currents, which can
drive parallel strings into a string with partially short-circuited bypass diodes. The permissible reverse
current for PV modules is usually twice the maximum short-circuit current. Only if more than 10% of the
bypass diodes are short-circuited can a reverse current exceeding this threshold value flow under full
insolation [34]. This fault is very improbable, however.

We therefore propose that string fuses be required only for PV systems in which PV modules are
installed in a combustible environment.

Since at most (n-1) x the short-circuit current of a string can flow through a short-circuited string of a
solar generator consisting of n parallel strings, protection against such faults in the solar generator with
fuses is possible in practice only from 3 to 4 parallel strings [35].

During the current international revision of VDE 0100, part 712, intense discussion occurred on whether
string fuses for the protection of PV modules and cables against a reverse current should be mandatory
again from 3 or some other number (to be calculated) of parallel strings. Given the international claim
by standard IEC 60364-9-1 : fiviolage electrical installations T Part 9-1: installation, design and
safety requirements for photovoltaics y st ems (PV), 0 we must assume
the US and Australia the European concepts of protective insulation and ground-leakage-proof and
short-circuit-proof routing are not widespread and therefore parallel electric arcs are to be expected
more than is the case in Europe.

Recommendation for standardization:

For Germany, we propose a national addition to the international standard requiring
string fuses only for systems with the PV modules installed in a combustible
environment.

3.5.4 Isolators and disconnection points

Figure 3-50 shows the schematic design of a PV system with DC switch points as often used in practice
in installations at the DC end. The German installation standard for photovoltaic systems [36] specifies
a load-break switch (also called a DC isolator) at the DC end of the inverter.

Since this switch must safely disconnect an inverter from the solar generator even under rated load or
in the event of an inverter short circuit at the input end, the switch must have the correct dimensions.
The use of a DC switch designed for the conditions of a DC power source without consideration of the
properties of a PV generator (current source characteristic) can lead to a switch arc that can no longer
be extinguished!

t hat

f
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DC isolator Inverter

Figure 3-50: Block diagram of a PV system with switch points

Especially larger PV systems employ switching devices to shut down individual strings. For cost reasons
circuit breakers are often used here. Circuit breakers must not switch off the circuit when live. They may
only be operated if the circuit was previously interrupted by a load disconnecting element [37].

Regarding the occurrence of fault arcs in circuit breakers, the switches must be designed for the
operating measurement currents.

Alternatively, DC circuit breakers specially developed for the requirements in PV systems are available
on the market.

Some PV systems employ DC contactors. They are designed for remote-controlled switching on and off
under load as well as for conducting currents, but may not be used as short-circuit breakers or isolators
[37].

Generally each piece of electrical equipment bringing a new contact connection into the system poses
the risk of an electric arc. Only proper dimensioning and installation can keep this factor small.

3.5.5 Generator junction boxes

Several PV strings are compiled in the generator junction box. The string cables, the DC main cable and
if necessary the potential equalization cable are connected.

The generator junction box contains connecting terminals and disconnection points as well as possibly
string fuses and string diodes. Often the generator junction boxes contain integrated surge arresters for
diverting overvoltages to the ground. The potential equalization or grounding conductors therefore lead
into the generator junction boxes.

DC main switches or line safety switches are sometimes accommodated in the generator junction box.
String monitoring elements are finding increasing use in larger systems. These elements report any
string malfunction to the data monitoring system, so that troubleshooting can be initiated.

The generator junction box should comply with protection class Il and have a clear separation between
the positive and negative ends inside.
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Figure 3-51: Generator junction box [source: DGS-Berlin]

Since the generator junction box is located outdoors, it should have at least protection level IP 54 and
be weather and UV resistant. In addition, we recommend selecting installation site so that the junction
box is protected against rain and insolation. Accessibility of the junction box should be ensured because
of possible, later maintenance work.

In junction boxes with screw terminals the exact connection is important, since a faulty connection can
cause the entire string to fail. Junction boxes with spring-type terminals or other suitable terminal
systems require no core end sleeves and are easy to handle.

The design of the generator junction box must comply with VDE 0660-600-1 (EN 61439-1). For
constructing the circuitry, terminal blocks may be used that are fastened to the top-hat rails. The positive
and negative ends must be consistently separated and be both ground-leakage-proof and short-circuit-
proof.

String diodes for uncoupling the individual strings were originally used in strongly shaded systems with
central inverters. Their usefulness is very questionable, however. If string diodes are nevertheless used,
they must have a voltage strength as per VDE 0100-712 corresponding to the doubled generator off-
load voltage at STC.

The string fuses protect the cables against overload in case of a fault. They must be designed for DC
operation. Unsuitable DC fuses have been used as string fuses. Since the current may fluctuate because
of cloud movement, an electric arc may occur in a normal DC fuse, but not suffice to melt the insulation
granulate. The result is non-tripping of the fuse and slow heating that can lead to a fire in the fuse box.

Some manufacturers have in the meantime developed suitable PV fuses. To date there exists only one
draft standard, IEC 60269-6 FDIS 09/2010, which takes into account the specific use conditions of fuses
in PV systems.

Some manufacturers offer suitable PV fuses with DC switch-off capability and full-range characteristic
as per this draft standard with the designation gR or gPV (see Figure 3-52). The selection and
dimensioning of the fuses and fuse holders must absolutely comply with the following reduction factors
for the fuse rated current In (= rated current):

1. for the elevated operating temperatures (e.g. for 60°C. e.g. 0.84)
2. for the accumulation, i.e. multiple fuse holders too densely arranged
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3.

reduction factor for plastic sheathing of fuse link
4,

load cycle factor (considers aging; usually 0.9).
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Figure 3-52: PV fuse as per standard [source: SIBA]



Page 94 of 303

3.5.6 Inverters

The inverter is the most complex individual component of a photovoltaic system. All components listed
in the preceding sections, like plugs, clamp connectors, switches and cables, occur inside an inverter,
along with passive, electronic and power-electronic components. Depending on the equipment features
of an inverter, up to several hundred single parts may be assembled together.

Individual serial defects have been encountered in the past that are attributable to inadequate
dimensioning of components or even conductor tracks, in part also to production flaws of the PCBs
themselves (interlay connections) or even to the poor quality of the soldered joints (cold soldered joints).

These are not solar-specific defects, however, but can occur in any piece of electronic equipment. These
defects were accordingly rectified, and according to the above statement the inverters may be said to
have a high | evel of rled ifaibriel irtiyskand pose a finor ma

Figure 3-53 and Figure 3-54 show the typical single parts of a string inverter:
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Figure 3-53: Single parts of a string inverter [38]
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(1) Housing lower part
(z) Housing lid

(3) /O board

(4) Control board

(s) Display board

(s) Screws

(7) DC connecting cable
(3) AC connecting cable
(3) Connection terminals
(3) Current converter

(n) Processor

fizd and 12b Filter chokes
(13) Isolating transformer
(3¢) Resistors

(3s) Relays

(1) Capacitors

(1) Fuse

(w) Varistors

(1) Transistors

() Storage capacitors
(1) Storage choke

(22) Power transistors (IGBT)

Figure 3-54: Single parts of a string inverter [38]

Figure 3-55: Example of a central inverter in a switch cabinet
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From experience with numerous inverters we can identify certain potential sources of faults that should
be given particular attention during the design phase:

PCBs

In the case of inverters with an output of up to some 10 kW, attempts are made for manufacturing
reasons to accommodate all components if possible on one or a few PCBs. Merely the usually heavy
and voluminous inductive components (restrictors, possibly transformers) are separately
accommodated in the housing, some in their own chambers of the housing. They are connected to the
main PCB via cables and clamps. In the case of inverters in the power range of 100 kW and more, the
construction occurs in a switch cabinet T subassemblies like buffer capacitors, power semiconductors
and inductivities are interconnected via power rails or plates with high-power capability; the actuation as
well as the control and regulation technology are compiled on PCBs.

The PCB design must maintain the necessary conductor cross sections, which usually occurs anyway
given the requirement of low resistance or high efficiency. Thermographs of inverters show that no
problems with excess temperatures occur here.

Interlay connections (vias) with power PCBs constitute a potential weak point i here there is a solution
consisting of numerous small parallel-operating vias or the general insertion of a component to such an
interlayer connecting point.

The normatively stipulated distances between the conductor tracks must be maintained given the
occurring voltage and expected degree of dirt on the PCB.

Connectors / clamps

Todayodés string inverters are wusually fully connectedc

insertion systems are used as in solar modules. At the AC end commercially available or modified
multipole AC or three-phase connectors are used. The current carrying capacity of these connectors
must be sufficient.

Critical at this point is that usually no prefabricated connecting cables can be used here, rather the
installer must manually install the plugs at the connecting cables on site. This always poses the risk of
insufficient quality of crimp connections or of the strain relief, a risk that can be minimized only by
conscientious work.

According to the findings of the damage analysis within the research project, fire-relevant faults often
also occur along the familiar, conventional AC wiring!

In the device itself, the connections sometimes employ clamps on the PCB. Here spring-type terminals
are preferable, since they ensure a continually constant contact pressure of the conductors.

In designing the PCB and mounting it on the device, it must be kept in mind that in part unpredictable
and considerable forces can occur during transport and assembly, possibly leading to damage to the
conductor tracks with possible consequences later on.

As shown above, it is advantageous to accommodate all components on one PCB or on as few PCBs
as possible. This will minimize the number of connections between the PCBs / subassemblies, thereby
increasing reliability. At the same time, costs will be saved and sources of faults during manufacture of
the devices diminished. Here the market continues to have negative examples of humerous individual
PCBs and a correspondingly high number of connectors.
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Switches

In Germany, a load-break switch is normatively required at the DC end of an inverter. This switch is
usually integrated in the device, but can also be added on externally as an extra component. The switch
must be suitable for DC and be designed for the special current-voltage curve of a PV system.

Capacitors

Capacitors are used at many places in an inverter. Critical to fire protection are the X and Y capacitors,
attached both at the DC end and at the AC end for suppressing EMC interference. Since they electrically
occur directly behind the input terminals, they are subject to high voltage spikes and must be
correspondingly sturdy i only the pertinent, permitted capacitors may be used here.

The higher-capacity electrolyte capacitors used as input buffer capacitors are not critical components
according to present experience. Advantageous for the service life of the devices is the selection of a
high temperature class, such as 105°C.

Surge arresters / varistors

At the input and output ends inverters usually contain lightning fine protection in the form of varistors or
a combination of varistors and gas arresters. Varistors are potentially jeopardized components, since
their response voltage diminishes because of small but quite frequent surges, until finally a noticeable
leakage current already flows through them at the normal operating voltage. This leads to overheating
and sometimes also to the varistors burning away 1 a fault that is often to be found in inverters.

To reduce this risk, the varistors with their response voltage must be selected with sufficient distance
from the normal operating voltage. Also used are temperature-monitored varistors in which a switch
element suppresses the current flow through the varistor once the latter exceeds a temperature
threshold.

Since it also suppresses the actual surge protection function, this condition should be indicated. Another
solution is the series connection of a varistor with a spark gap.

Housing

Among string inverters, both devices with metallic housing and ones with plastic housing are to be found
on the market. Among large devices, metallic switch cabinets are generally used.

For fire protection reasons metallic housing is advantageous, since they inhibit the spread of any
possible fire within the device itself. A high IP class (e.g. IP65) is also an advantage, since the very thick
housing seal usually occurring in this case will inhibit the oxygen supply to the internal source of fire.

Fans
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At present both inverters with active cooling by one or more fans and inverters without fans are
commercially available.

The advantage of devices with fans is that the total work performed by a small cooling unit with one fan
is less compared with a fanless device with a correspondingly large cooling unit. A disadvantage is that
the fan is generally a wear part, but more important is the argument pertaining to dirt on the fan and in
the cooling duct from forced ventilation.

Of course, even a fanless device can develop a hot spot from dirt or from being covered and present a
fire hazard. Crucial to both concepts is therefore monitoring of the cooling unit temperature combined
with a corresponding power limitation and if necessary signaling of the fault condition.

Some devices also have fans inside the housing in order to prevent hot spots. Here there is no danger
of dirt, although the operating period of the fans must be kept in mind.

Well-designed devices optimized for high efficiency also attain temperature levels of some 10°C above
the ambient temperature under continual load. As an example, we show here a device from REFUsol
(Figure 3-56):

A Refusol 17K does not approach critical temperatures at any of the components visible to the thermography camera. The multi-layered
design blocks the view of the power section, however.

Figure 3-56: Design and thermography of a highly efficient PV inverter. Maximum measured temperature: 60.4°C
(38]

3.5.7 AC installation

Unexpectedly many cases of fire damage originate at the AC end of PV systems. In many such cases,
inferior quality of workmanship was identified as the cause. The following defects have been observed:

1 Cables were undersized

1 Screw terminals were not tightened

1 Cable insulation was also clamped or cable ends were not fully inserted in the terminal, making
the contact surface too small.

9 Sizing rules for fuses and LS switches were disregarded insofar as the increased heat stress
related to accumulation, coincidence and elevated ambient temperatures was disregarded.

T Grid stations designed for Apower utility
in PV systems. There the coincidence factor is at least 0.85.

oads o
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All these defects can lead to an increased temperature stress of the affected operating equipment and
thereby create an increased degradation risk for the contact points. In the long term, this degradation
can cause overheating of the contact up to the point of fire.

There are also indications that the typical load cycles in photovoltaic systems cause particular stress on
contacts. Daily changes between no-load operation and rated load and long-term operation under rated
load together with the corresponding temperature cycles seems to accelerate aging among many types
of contacts. This concerns at least terminal blocks, screw terminals at operating equipment, busbar
connections and blade contacts of NH fuses.

This cyclical load may not be sufficiently considered in current product standards.

Given the possibilities of faults and failure, the condition of the connection points should be regularly
checked.
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3.6 Risk analysis
3.6.1 Methodology

Photovoltaic systems are complex electro-technical systems with numerous individual components. A
total of more than 30 GW installed in Germany as of 2013 corresponds to about 150 million modules,
approximately 450 million bypass diodes, approximately 10 billion solar cells (3 Wp) and approximately
50 billion soldered joints. Added are cables, distributors, string diodes, DC fuses, DC switches, inverters,
AC fuses, IT interfaces, etc., as well as mechanical components like elevating supports and even
tracking systems.

As in any technical system, there is a risk of damage from a malfunction in the system. For insurance
companies as well as for the installers and operators of PV systems it is therefore necessary to assess
this risk.

Pertinent methods are known in the insurance industry; see [39] for an overview.

An approach to identifying and if possible eliminating any sources of faults already during the
development phase of a product or a system is provided by the so-called FMEA (Failure Mode and
Ef fects Analysi s, or al 440). nEf fects Analysiso f

A research project applied this method to a complete grid-connected PV system (without accumulator).
The procedure and results are presented in the following.

or

shor

FMEA is a method formally required (DIN EN 60812,

established in the industry, especially among manufacturers of mass products like motor vehicles, for
identifying and assessing possible sources of faults and designating remedial measures already during
the development phase of a product. Added is a team of about 10 experts from the widest possible
variety of departments that under the management of a moderator considers in detail the components
of an overall system or even just a single component.

The risk assessment is based on a combination of years of experience and factual knowledge, but also

on fgut feelingso. Controversial assessments ar ho
agree on a level of risk.

The risk is assessed according to three criteria: A, B and E. Each of these criteria is rated from 1 to 10

on an integral scale according to a specific list, with 10 corresponding to the highest risk in each case

(Table 3-3).

fi A describes the probability (Auftrittswahrscheinlichkeit) of a fault occurring

fi B describes the significance (Bedeutung) of a fault, i.e. its consequences.

fi E describes the probability of detection (Entdeckungswahrscheinlichkeit) or, better,t he A pr obabi | it
ofnron-det ection, 6 so that the factor 10 is assigned to a
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Table 3-3: Specific assessment list for PV system analysis

Probability of occurrence

Probability of initiating a fire
(at the component)

Probability of detection

Negligible

Theoretically conceivable,
practically impossible

Negligible

Fire emergence is theoretically possible,
practically never observed

Wery high

E.g. failure of the system,
very reliable system monitoring, etc.

Remotely conceivable

Has already been observed,
but considered the exception

Remotely conceivable

Fire emergence is theoretically possible
given certain conditions

High
Fault detection exists, but can occasionally
fail under certain conditions

Low, seldom

Seldom observed,
occurs rather sporadically

Low, seldom

Fire emergence is possible,
but seldom occurs

Occasional

Fault characteristics are easy to detect,
e.g. visible, but are not systematically
captured

Occasional

Oceurs at regular intervals

Occasional

Fire emergence is possible,
occurs occasionally

Low, seldom

Fault can be detected by control measures
or fromits effects

High

Has been often observed

High

Oceurrence of the fault has already
caused a fire in the past

Remotely conceivable

Fault can be identified through precisely
defined tests

Wery high

Itis practically certain that the fault will

occur in the foreseeable future

Very high

Oceurrence of fault very often
causes a fire

Negligible

Hidden malfunction,
characteristic cannot be tested

Multiplying together the three individual criteria yields the so-called risk priority number RPN, which can
lie between 1 and 1,000.

Further analysis of the RPN can vary in nature i one possibility is to specify a limit value above which
the risk is regarded as critical and countermeasures, such as design modifications, become necessary.

The FMEA conducted here specified an RPN of 150 as the threshold value. Rating all three criteria a
50 would t her-eifcalRRNofyl2%e | d a non

This purely formal procedureiscontr over si al and should al ways be
and the results of the team discussion (see section 4.5.2).

suppl e
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3.6.2 Assessment of the risk points in PV systems

An FMEA can be conducted for a single component, such as a module junction box, or, as in this case,
for a complete system; the level of detail will then vary accordingly.

Since within a PV system individual functions or technologies, such as soldered connections, were used
at multiple points, the latter were compiled as much as possible and assessed.

The following groups were considered:

Connectors (module, DC main cable, inverter at AC end)

Terminals (field distributors, inverters at DC and AC ends)
Soldered connections (cells/strings, junction box, inverter)
Diodes (bypass diodes, string diodes)

Modules (cells, glass, backsheet, connection technology)

Fuses (DC end, AC end)

Cables (DC end, AC end)

Switches (DC end)

Inverters

Planning and installation

= =4 & —a & 8 _a _a _a -9

The moderator formulated altogether 39 questions, yielding approximately 140 assessments, including
any necessary iteration, for reducing the RPN.

Table 3-4 shows an example of the assessments according to three criteria given a scorched DC plug
related to incomplete insertion.

The Apromakiulrirteyncefdo at 4 was regarded as r-ieducing i vel y

probability, o6 i.e. the probability that the plug

regarded as quite probable.

The dAihduei ng p waydbrefdssionlyitathe donsadered component, since a spread of the fire
to other components or to the building depends on many boundary conditions that cannot be estimated
here.

A high fire-inducing probability therefore does not necessarily mean that the building will catch fire. An
example could be a scorched connector between two modules above a hard roof covering (roof tiles), a
situation that generally would not cause a fire.

The third criterion, namely that the fault (defective plug insertion) be already detected prior to the

occurrence of scorching, was rather improbabl e,

RPN of 224 1 significantly above the selected RPN Ilimit of 150!

wo ul

and
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Table 3-4: Example of assessment of an incompletely inserted DC plug

Actual status

Component
involved / Potential faults Potential causes Probability of Probability of fire Probability of fire

location occurrence emergence emergence

DC plug

DC plug Plug connector | Plug not fully inserted a 5 3 224
connector scorched

According to Figure 3-57, of the 39 groups considered, 21 attained an RPN above the limit of 150; Figure
3-58 lists the other 18 below the threshold.

The group of experts regarded the (impermissible!) combination of connectors from different
manufacturers as especially critical, assigning an RPN of approximately 450.

Besides faults in component manufacture, primarily installation flaws and planning errors emerge as
critical.

RPN

Figure 3-57: Subassemblies/functions with an RPN > 150
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Figure 3-58: Subassemblies/functions with an RPN <= 150

The following table shows a typical assessment of various improvement measures with an incompletely inserted
DC plug, alongside the comments from the FMEA team.

Table 3-5: Typical assessment of different improvement measures

Improved status

FProbability of ~ Probability of

Probability of

55 i sUres RPN -
FOSSIDIS [EMSdIS| mEasUres occurrence  fire emergence detection Comments:
Initial status 4 7 g 224
Training of the installers 3 7 8 168 Time and cost pressure
Plug design: Snap tabs,
touch & feel, color ring, etc. o 7 7 %8
Acceptance inspection —
(DIN 0126-23) “ 7 7 196 Mot sufficient!
Acceplance inspection P 7 ‘ 168 If necessary,
(expanded methods, eg. IR) new measuring methods
Regular repeat inspection —
(DIN 0126-23) 4 7 7 196 Mot sufficient!
Regular repeat inspection If necessary,
(expanded method, e.g. IR) o o - Hha new measuring methods
Electric arc detector 4 4 7 112 Ifreliable!

Training or raising the awareness of the installers can improve the quality of the installation, thereby

i mproving th

e criterion rati

ng

for

noccurrence

probab
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The FMEA team viewed the improvement potential as insufficient given the time and cost pressure

during the installation, however.

Purposive could be improvements at the plug itself (snap tabs, touch & feel, conspicuous color ring in

case of wrong insertion, etc.), also regular repeat inspections with expanded methods (infrared camera)
or also an electric arc detector, if the latter can also detect such problems (scorching, but no electric

arcs) at an early stage and reliably.

Fortunately, according to Figure 3-59 practical proposals could be found for all groups and functions
with an RPN greater than 150, by means of which the RPN could be brought below the critical limit.

The complete results of the FMEA can be viewed in the Appendix (IX Appendixes).
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Figure 3-59: Subassemblies/functions with an RPN > 150 and proposals with lowest RPN in each case
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3.6.3 Conclusions

Taking together the improvement measures shown in the above graphics and primarily mentioned in
the discussions during the FMEA, we arrive at the following ranking:
(1) Compliance with the existing standards and regulations
(2) Acceptance and repeat inspections by independent third party
(3) Expanded acceptance and repeat inspections (IR camera, EL, new methods) by
independent third party
(4) Training of planners and installers
(5) Quality assurance at component manufacturer
(6) Spring-type terminals instead of screw terminals
(7) Worldwide standardization of components (especially DC plug connectors)
(8) Electric arc detector and automatic shutdown
(see notes from section 5.3.5)
(9) Design improvements at connectors, for example
(100An Sl eekdo system design (omission of superfluous
(11) Structural measures (e.g. protected routing of lines)

(12) Many other, for the most part already familiar, detailed solutions)

Conclusion

As a main source of faults we wunfortunatelly had
proposed improvement measures therefore lie mainly in the realm of quality assurance
pertaining to the components as well as to the planning and construction of the systems.

Regular inspections by independent third parties were considered very useful, however the
financial cost must stand in a reasonable relationship to the revenue from the system.

Additional safety components can further reduce the risk, but were mentioned only in second
place, following professional planning and construction of the systems with high-quality
components.

Altogether, the participants considered the FMEA to be very useful, for it was comparable to
brainstorming i numerous fault scenarios were addressed and analyzed.
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4 Endangerment of emergency services in damage incidents

4.1 Risk analysis for rescue workers

Possible hazards for emergency services attending to PV systems are assigned to nine possible
categories according to the hazard scheme routinely used by German fire departments (AAAACEEEE

rule):

©oNoOA®DNE

Atemgifte (respiratory poisons)

Anxiety attacks

Ausbreitung (propagation)

Atomic radiation

Chemical substances

Erkrankung / Verletzung (illness / injury)
Explosion

Electricity

Einsturz (collapse)

For analyzing the hazard to rescue workers, the scenarios must be identified that in operations at PV
systems could lead to possible injuries or health impairment:

1.

Respiratory poisons 1 yes, PV modules are combustible and contain, besides glass and
aluminum (frames), also a great variety of plastics as well as, depending on the technology,
toxic heavy metals. Smoke gases and soot particles can be hazardous.

Anxiety attacks 7 no, PV fires generally do not present an increased risk of explosion nor do
they involve fast mechanical motions or present otherwise threatening scenarios.

Propagation i yes, a fire can spread due to the compact design and cables between the
components.

Atomic radiation i no, does not apply.

Chemical substances i yes, primarily in the form of respiratory poisons (covered by 1.).
lliness/injury T yes, but the illness risk is already covered by 1.; a risk of injury exists from (e.g.)
electric shock and falling because of a shocked reaction or from falling system parts; since this
is covered by 8. and 9., we do not consider the point separately.

Explosion i in the strict sense, no, apart from PV systems with accumulators and flooded
basements i these systems are investigated in a subsequent study and are not separately
considered here. Explosion-like effects can occur, however, if a roof timber fire spreads to the
PV system and causes the module glass panes to burst. Reports are known according to which
glass fragments were found up to a radius of 20 to 30 meters. Wafer fragments detached by the
heat effects of large-scale fires were thermally lifted to great heights and transported several
hundred meters.

Electricity i yes, in particular the live DC end poses hazards in case of damage, with danger of
contact and hazards during extinguishing operations.

Collapse i yes, the heat can impair the bearing capacity of a steel structure. In the case of a
wood structure, the bearing capacity is reduced by the burning with a decrease in cross section.
These effects apply analogously to bearing base frames of the PV modules.
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Table 4-1: Fire department hazard matrix for operations at PV systems

Which hazards are detected?

Hazards

Respiratory
poisons
Anxiety
reaction

Propagation
Atomic
radiation

Chemical
substances
lliness / injury
Explosion
Electricity
Collapse

Which hazards must we combat?

People X X (x) X X
Animals X X (x) X X
Environment X X
Property X
Team (x) X X
Equipment X

The fire department operational scenarios can generally also be classified according to firefighting and
technical assistance types of operations. There are also events that fit into both categories, however.
The greatest possible hazahdoki,so awasa,s nladneviyddE|l iectt o i
fiGener al scenarios, 0 AFirefightingod and fAiTechnical as

Risk assessments classify the different scenarios by means of the parameters extent of damage and
probability of occurrence.

These parameters are employed as per the guideline created in 2012 for preparing hazard assessments
in  the Fire Service of the German Social  Accident Insurance (DGUV).

The probability of occurrence (P) breaks down into five categories:

0 Never (absolutely no possibility of encountering the hazard)
Exceptionally

Occasionally

Probably

Always

A WDN P

The possible health consequences (C) also break down into five categories:

0 No consequences

Minor, light and reversible injuries, such as minor cut wounds, scrapes, sprains

Moderately severe injuries, such as bone fractures, 2nd degree burns

Highly life-threatening injuries; severe, permanent damage to health, such as paraplegia,
blindness, etc.

8 Extreme case (death)

AN PR
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The risk matrix (Table 4-2) shows the risk assessment (R) based on the probability of occurrence (P)
and the expected health consequences (C). Source: Deutsche Gesetzliche Unfallversicherung (DGUV)

(1]

Table 4-2: Risk matrix of the fire department

RiskR=PxC
poays -0 IEE
€ ron - - EE)
=)
= | Occasionally o . 2 4 ﬂn
% Exceptionally - . 1 2 4 “
o
Never d | |
o 1 2 4 8
=
g @
g s S
£ E g =
8§ + 8 g5 &3
2 - = T E =
Consequences (C)

The risk group [ 920 36 can be directly read off the intersection of
probability of occurrence (P) and consequences C in the matrix.

Table 4-3 shows the identified risk groups and the resulting need for action by specifying the urgency
and scope of the required measures. Possible technical or organizational measures are described in
section 6.

Table 4-3: Risk groups and need for action

Risk group Measures

8-32 Large Measures with increased protective effects are urgently required
Moderate Measures with increased protective effects are urgently required
Low Organizational and personal measures suffice

Mo additional measures necessary
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4.2 Electrical hazard for rescue workers

Hazards from electric shock during firefighting operations at PV systems must be considered in various
scenarios and appropriate measures taken to protect teams and equipment as well as any other
persons, animals and the environment from electrical hazards.

Not only insolation at the PV modules can generate electrical voltage. In individual cases hazardous
voltages can occur even with the use of artificial lighting, as in the illumination of the scene of a fire.
Scientific studies have shown that in particular the use of halogen spotlights can generate a significant
amount of energy under unfavorable conditions. This danger can be countered by maintaining a
sufficient distance of the illuminants from the modules (see distance formula according to the study
conducted in the research project, section 4.5.2) . That 6s vidualyesulthd® not distdniguish
between natural and artificial lighting.

4.2.1 General scenarios

The category of AGener al scenarioso considers al
firefighting or to technical assistance.

The contact safety of PV systems is extremely important on roofs. Injuries from electric shock are very
dangerous especially on roofs, since besides injuries from electric currents they can also lead to severe
secondary injuries (falling from the roof).

Figure 4-1: Firefighting operation at a PV fire on a residential building (here 2008 in Bremen),
photo: www.feuerwehr.de

4.2.1.1 Exposure of live cables

The effects of a fire, but also mechanical causes, such as a storm, can damage the electrical lines of
the PV systems, irrespective of the type of installation or system (e.g. roof or wall-mounted, open-space
system).

Hazard: contact with live cables by rescue workers

Protective goal: avoidance of electric shock for rescue workers
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Risk measure:

Assessment: Owing to the severity of injury (possible fatality), the assessment leads to a high
risk.

4.2.1.2 Damage to PV modules (e.g. from the aerial ladder basket)

The use of different (electrically conductive) work equipment can damage PV modules and consequently
lead to indirect contact with live parts.

Hazard: electric shock
Risk measure: 4

Protective goal: avoidance of voltage transfer or indirect contact

Assessment: While the rescue workers are at risk of an electric shock (if at all) only if the system
is grounded, a precondition for the shock occurring is that they first build up voltage
by touching two different potential points (e.g. step voltage).

4.2.1.3 Accessing the roof

The roof surface may have to be accessed during firefighting operations and technical assistance, for
example, in order to remove snow from statically endangered roofs. Here it is also possible that module
surfaces have to be trod upon. Pre-damaged modules or modules damaged after being trod upon can
lead to contact with parts carrying voltage directly or indirectly.

Hazard: electric shock
Risk measure: [E]

Protective goal: avoidance of contact with parts carrying voltage directly or indirectly.

Assessment: Modules are not designed for being trod upon. Treading on the modules can
damage them and thereby endanger rescue workers. While the probability of
coming into contact with voltage is classified as rather low, a considerable degree
of injury is possible.

4.2.1.4 Occurrence of electric arcs

Damage due to fire or mechanical effects can cause electric arcs. The high amount of released energy
with electric arc temperatures of several thousand degrees can cause burns or temporary eye damage
(flash).
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Hazard: burns, physiological blindness with eye damage
Risk measure: |2

Protective goal: avoidance of contact with the electric arc or looking into the electric arc

Assessment: In contrast to the usual electrical hazards not perceptible to the human senses,
electric arcs are easily discernible owing to their visual and acoustic form of
appearance. The probability of occurrence may therefore be assumed to be rather
low.

4.2.1.5 Flooding

Flooding of components of the PV system from (e.g.) flood water, quench water or fire extinguishing
foam can lead to contact between live parts and water. Carryover of voltage to the immediate
surroundings of the affected system parts is then possible.

Hazard: electric shock
Risk measure:

Protective goal: avoidance of indirect contact from water contact

Assessment: Especially in extended or angled buildings or with poor visibility from smoke gases
it will not be clear whether live system parts are affected by the flooding. The risk
of electrical current flowing through the body from the flooded areas must be
heeded.

4.2.2 Firefighting

4.2.2.1 Water pressurization

Water (or other extinguishing agents) striking damaged system parts can lead to voltage transfer
irrespective of the type of installation (roof or wall mounted, open-space system).

Hazard: Electric shock
Risk measure: 4

Protective goal: Avoidance of voltage transfer

Assessment: Owing to the low conductivity of the water stream (see section 4.5.1), voltage
transfer occurs only with the coincidence of several unfavorable parameters
(unsuitable extinguishing agent, puddle formation, extinguishing distance not
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maintained). For this reason, the probability of occurrence is rather low. On the
other hand, the resulting injuries can be considerable.

4.2.2.2 Opening the roof cladding

In individual cases, fire extinguishing operations may necessitate opening the roof for tactical reasons.
Contact with live parts from damaged PV systems may then occur.

Hazard: electric shock
Risk measure:

Protective goal: avoidance of direct or indirect contact

Assessment: Opening the roof cladding first leads to the exposure of live parts. The probability
of occurrence is moderate. The injuries can be considerable owing to the voltage
of the still intact PV modules.

4.2.2.3 Fire at an open-space PV system

Fires at open-space PV systems can cause hazardous damage to inverter or transformer stations and
(rather seldom) to feed-i n st ati ons. At these fimedium voltage st a
generally occur.

Hazard: electric shock (high voltage)

Risk measure: [EJ
Protective goal: avoidance of direct or indirect contact

Assessment: The system parts at the high-voltage end are generally labeled and secured
against unauthorized entry. The probability of occurrence can therefore be set very
low; because of the high voltages in the systems, extensive injuries must be
expected, however.

4.2.3 Technical assistance

Technical assistance operations in connection with photovoltaic systems can involve different scenarios:

1 Building and system damage from storms
1 Flood water effects
1 Accidents (explosions), traffic accidents with removal of objects, vehicles and debris.
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We do not separately consider the rescue of people here, since the possible hazards are those
encountered by firefighting operations and are described in this section.

4.2.3.1 Building damage or system damage with still functional or partially functional PV
systems

The collapse of buildings or parts of buildings as well as other types of mechanical damage to systems
or their parts can lead to voltage transfers or exposed live parts at the scene of a fire. Such damage can
also be caused by unusually strong winds or stress going beyond general traffic loads (e.g. snow, ice).

Hazard:electric shock
Risk measure:

Protective goal: avoidance of direct or indirect contact with live parts

Assessment: Exposed live parts can considerably injure rescue workers through the high
voltages. A higher probability of occurrence must also be expected because of the
complexity of the destroyed surroundings.

4.2.3.2 Removal of objects, vehicles and debris

Traffic accidents or other incidents pose the risk that objects of varying size and conductivity damage
system parts and present an electrical hazard.

Hazard: electric shock
Risk measure:

Protective goal: avoidance of direct or indirect contact with live parts when removing objects

Assessment: The accident mechanism in these scenarios is such that we must assume that
areas of the system are damaged and that live parts are exposed. The high
voltages can considerably injure rescue workers. Directly working on these
components can also lead to a high risk of touching live parts.

4.3 Mechanical hazards for rescue workers
4.3.1 Collapse of building parts or system parts

Fires or other technical operations can cause the building and/or system statics to fail. The collapsing
building parts or falling modules can endanger rescue workers.
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Hazard: injury from falling parts
Risk measure:

Protective goal: avoidance of injury from falling parts

Assessment: Falling system parts can cause considerable injuries to rescue workers; subframes
of PV systems cannot withstand temperatures of up to 1,000°C at fires (aluminum
melting point is 660°C).

The fidebris zoneo is the hazardous area in which fal
earthquakes, floods, washouts, etc.) there is danger to life in debris zones. Presence there is advisable

only for the purpose of immediate rescue of people or for propping up or demolishing debris. For

example, gable walls can easily topple if the remaining building structure is weakened or no longer

exists.

4.3.2 Falling rescue workers

Operations may require treading on the roof and even the modules. Especially the smooth surfaces of
the modules pose an increased risk of slipping or falling. The modules are generally not designed for
the stress of being trod upon. The modules can also brake through partially damaged roof structures.

Hazard: falling rescue worker
Risk measure:

Protective goal: avoidance of falling

Remark: We must assume that roof surfaces without additional safety measures pose a risk of
falling. The properties of PV modules increase this risk. The severity of injury must
also be rated as high, since the fall will usually result in serious injuries.

4.3.3 Thermal voltages in the module

In case of fire, the thermal stress from (e.g.) fire penetration through the module or from cold quench
water can give rise to extreme stress in the module glass, which can subsequently lead to explosion-
like bursting and splintering of the glass, with a danger of injury. Mechanical stress in the glass from
motion and tilting can also cause splintering during the removal of debris.

Hazard: cut injuries from glass splinters
Protective goal: avoidance of splintering or prevention of cut injuries

Risk measure: 4
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Assessment: The effects depend on the given thermal propagation or the mechanical stress of
the modules and will cause more serious injuries only with a low probability.

4.3.4 Explosion

Flooding of parts of the PV system (e.g. inverter or accumulator located in the basement) from flood
water or quench water can cause electrolysis in the event of simultaneous DC voltage between the
positive and negative terminals of the system. Hydrogen then forms that poses a danger of explosion in
a closed or poorly ventilated space (electrolytic gas).

With Li ion accumulators under extreme conditions (overheating, short circuit), the dangerof it her mal
r un a wdtly & chemical chain reaction at increasing heat build-up cannot be ruled out. This can

cause a fire at the  battery itself, possibly explosion-like. In the event of destruction of the battery, the
escape of toxic and caustic chemicals must be expected (HF). The particular hazards from accumulator
batteries are being studied in a separate research project. A risk assessment cannot be made here.

Another hazard comes from the glass bursting from the heat. Glass splinters and wafer splinters can be
fishoto in all directions.

Hazard: explosion

Risk measure: 4

Protective goal: avoidance of explosive gas formation or formation of an ignitable mixture, as
well as avoidance of ignition sources

Remark: Many factors must combine to create an explosive atmosphere with hydrogen. The
probability of occurrence must be regarded as low. The severity of injuries from a
hydrogen explosion must be specified as the maximum value for rescue workers,
however.

4.4 Respiratory poisons

441 Solar module fires

Photovoltaic systems are combustible because of their polymer content (see section 3.1). 4.6 describes
in detail the possible toxic emissions from PV system fires. In fires involving a PV system, the release
of respiratory poisons, also in concentrations exceeding limits (maximum exposure tolerance levels)
must be expected. Depending on the plastics being used, highly toxic and caustic parts (e.g. hydrofluoric
acids (HF)) may occur.

Hazard: poisoning, chemical burns
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Risk measure: 4

Protective goal: dilution of the concentrations of harmful substances, prevention of inhalation
and skin contact (protective clothing and respiratory protection)

Remark: Building fires without PV also produce toxic fire effluents. PV components on fire
contribute additionally. The effects are here regarded as merely minor, since we
assume that rescue workers wear PPE.

4.4.2 Mechanical damage from electrical accumulators

Mechanical damage to accumulator cells can on the one hand lead to the escape of liquid chemicals
and on the other hand, in the case of lithium ion batteries, pose the risk of thermal runaway of the
accumulator. Besides a large heat build-up with an explosive flame or even explosion, toxic and caustic
substances are expelled into the environment.

This is especially important in the case of the frequently occurring basement installation situations,
where sufficient ventilation must be provided.

An assessment by means of a risk measure will not be provided here. The particular risks in case of
damage from electrical accumulators will be analyzed in a further research project under the

management of TUV Rheinland, whose full tite runs:i Saf ety and reliability of
accumul ator systems in particular consideration of
Remark:

In December 2014, the Bergische Universitat Wuppertal and the Bundesverband Solarwirtschaft (BSW)
published a bulletin on the use of stationary lithium ion accumulators which contained information on
firefighting and technical assistance. [41] The BSW has made this bulletin available for downloading
(see Appendix Il, page 253).

ph

f
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4.5 Test series on electrical hazards in rescue operations
4.5.1 Electrical conductivity during extinguishing processes

45.1.1 General

Given past public discussions on the risks in firefighting at burning PV systems, this project has
developed a series of tests for studying the hazardous situations in fighting fires at electrical systems
with ordinary PV DC voltages.

Altogether three series of tests were performed:

1. Measurement of leakage currents at steel tubing in reference to guideline values of VDE 0132
2. Measurement of protective effectiveness of operational clothing (boots, gloves)
3. Determination of hazards from flooded spaces

The general danger in firefighting at electrical systems comes from the risk of flashovers from electrically
conductive system parts or from the passage of the electrical current through water, and in particular
from the quench water stream.

Guideline distances normatively apply to live electrical systems in reference both to proximities and to
extinguishing measures for ruling out the danger of electric shock. By definition, PV systems belong to
the low-voltage systems as per VDE 0132 (AC<1,000 V, DC<1,500 V).

Initial results from practical extinguishing spray tests in 2010 by PV consultant Dr. Bendel [42] yielded
non-critical current levels primarily in the single-digit mA range. Other study results from conductivity
measurements for practical verification of the normative distance recommendations for DC systems
were not available to the Project Team at the time of testing, 2011. In the meantime, further series of
tests have been conducted by the Oberhessische Versorgungsbetriebe AG (OVAG) in 2012 and as part
of a cooperative project of the OVAG and by the Vereinigung zur Forderung des deutschen
Brandschutzes e.V. (vfdb) in 2014, whose measurement results similarly yielded only very small values
in part outside the measuring range of 0.1 mA. These measurements were considered in the
assessment of the test results.

PV systems are currently designed for maximum system voltages of 1,000 V DC. Under discussion is
an increase of the maximum to 1,500 V DC. The actual voltage value for a PV system depends on the
string length and the performance data of the employed PV modules. In cases of small and medium-
sized PV systems, as usually installed on buildings, system voltages significantly < 1,000 V are generally
to be expected. For the purpose of obtaining generally valid results, 1,000 V was set as the currently
maximum possible value for the performed tests.

The risk to people comes not directly from the voltage but from the electric current, however, which flows
through the body because of the potential difference. This current can have physiological, physical and
chemical effects, depending on the current path through the body, the current intensity, the period
of action and also the type of current.
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45.1.2 Normative background to assessing the current effects on humans

4.5.1.3 Current intensity and duration of action

A description of the effects and a determination of levels for the assessment of the hazards of electricity
to the body as a function of current intensity and duration appears in DIN IEC/TS 60479-1 (VDE V 0140-
479-1): 2007-57 Effects of current on human beings and livestock. The limit curves given in Figure 4-2
for direct current and in Figure 4-3 for alternating current apply to the current path from the left hand to

both feet for an assumed normal health condition of the person.

ms
10 000
5000
2000
T 1000
= 500
o
® DC-1 DC-2
8 200
3
= 100
| =4
o
5 50
(&}
20
10 3
01 02 05 5 10 20 50 100 200 500 1000 2000 5000
Bodily current Iy —=

10000 mA

Figure 4-2: Time/current intensity sectors with effects of direct currents on humans with longitudinal current flow

(source: DIN IEC/TS 60479-1 (VDE V 0140-479-1): 2007-5)
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Figure 4-3: Time/current intensity sectors with effects of alternating currents (15 7 100 Hz) on humans with
longitudinal current flow (source: DIN IEC/TS 60479-1 (VDE V 0140-479-1): 2007-5)
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1. Sector DC-1/ AC-1: Perception is already possible, but no startle response is to be expected.

2. Sector DC-2 / AC-2: No damaging physiological effects are to be expected. Perception and
involuntary muscular contractions are possible.

3. Sector DC-3 / AC-3: In this sector, severe involuntary muscular contractions are to be
expected. In addition, breathing difficulties, reversible cardiac arrhythmia and muscular cramps
may occur.

4. Sector DC-4 1 é 4 }4.1.AMCPathophysiological effects like cardiac arrest, apnea and cell
damage are to be expected. The probability of ventricular fibrillation increases with the current
intensity and duration.

A comparison of these two graphs shows that alternating current leads at significantly lower values to
more critical effects compared with direct current. The reason for this difference is that in the case of
alternating current, each change in polarity will stimulate the neural and muscular structures, including
the heart. The greatest hazard lies in the frequency range of 50 Hz to 60 Hz. With direct current, about
four to five times the given alternating current limit value may be assumed, as Table 4-4 shows.

Table 4-4: Limit values for longer current load

Limit values for continuous IEC 60479-1 UL
electrical currents AC DC DC
Sector 2 2,1-40 mA
Sector : e TS

Sector1: Possibly noticeable, no bodily reaction
Sector2: Muscle contractions possible

Sector3: Severe involuntary muscular reactions possible
Sector4: Ventricular fibrillation possible

The threshold of perception for direct current lies at 2 mA. In contrast to alternating current, only the
start and interruption of the current are perceptible; heat development is noticeable only with currents
above 100 mA. A release threshold is not defined for direct current. The life-threatening range with direct
current begins from a current of 150 mA and current flow duration of about 1 second. At such high levels
even direct current poses the risk of ventricular fibrillation.

For assessing the hazard, the measurements performed considered a maximum current strength
of 25 mA (DC) as the limit (sector 2).

45.1.4 Bodily resistance

The body impedance depends on numerous factors, in particular the current path, the contact voltage,
the current flow duration, the frequency, the dampness of the skin, the size of the contact area, the
applied pressure and the temperature.
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As the voltage increases, the body impedance decreases asymptotically; the skin resistance can already
be penetrated at voltages > 200 V. Table 4-5 shows some statistically determined impedance values for
the hand-to-hand current path.

Table 4-5: Selected values of the body impedance for current flow from hand to hand as a function of the contact
voltage (DIN IEC/TS 60479-1 (VDE V 0140-479-1):2007-05)

St valEae Val ues .of the total bodily
that is not exceeded by
W | seorepopiaion | S0iTe [ emoie
100 990 1,725 3,125
200 800 1,275 2,050
400 700 950 1,275
700 575 775 1,050
1,000 575 775 1,050

The measurements found the total impedance for the current path from a hand to a foot to lie somewhat

lower (1071 30%).

In addition to the bodily internal resistance, transitional resistance arises from clothing and the resistance

of any tools present:

Total bodily resistance:

Re =Rt + Rei+ Rr2+ R + Rw

R

Rgi

R, R

Figure 4-4: Total bodily resistance (source: Brieselang.NET photo)

B

Re

Rw

Total bodily resistance

Bodily internal resistance

Clothing resistance

Tool resistance

Rr1, Rtz Transition resistance (skin)

For making a general statement about the hazardous situation, the experiments underlying this
work assumed a very low total bodily r esi st ance

of

550 q.
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4.5.1.5 Firefighting in the vicinity of electrical systems

To prevent hazardous currents flowing through
they are extinguishing live system parts, DIN VDE 0132 i Firefighting and technical assistance in or
near electrical installations i defines the recommended distances between the extinguishing agent
outlet and the live system parts.

Table 4-6 shows the minimum distances during firefighting operations at electrical installations in the
low-voltage range, i.e. up to 1,000 V with alternating current (AC) or up to 1,500 V with direct current
(DC). [DIN VDE 0132 (VDE 0132):2008-08]

Table 4-6: Guideline values for minimum distances in the low-voltage range

Nozzle Low voltage (L) High voltage (H)
DIN 14365-CM < AC 1 kV oder < DC 1,5 kV = AC 1 kV oder>DC 1,5 KV
Spray jet 1m 5m
Full jet 5m 10m
Code N-1-5 H-5-10

These distances basically refer to standardized C-multipurpose nozzles as per DIN 14365-CM with a
nosepiece diameter of 9 mm and 5 bar flow pressure. The guideline values also apply to larger water
extinguishing devices, however, if their nozzles comply with DIN 14365-2 as to electrical safety. The
instructions on use and warnings on the extinguishing equipment must be complied with. If CM nozzles
without nosepieces or other multipurpose nozzles are used, the distances must be enlarged as per VDE
0132, e.g. in the case of BM multipurpose nozzles to the minimum distance of 5 m.

To understand these normative restrictions, we consider the structure of the full jet. A full jet contains
three zones (Figure 4-5). The zone of the compact water stream directly after exit of the extinguishing
agent is known as the rod zone. In the following, development, zone the stream breaks up into tiny
droplets. When the stream attains the quality of electrically separated, individual droplets, we speak of
the spray zone (which still appears compact to the human eye)).

Rod zone | Development Spray zone

Figure 4-5: Schematic spray jet structure of a multipurpose nozzle

The guideline values for the stream pipe distances were selected so that during extinguishing operations
the live electrical system parts would be struck only by the spray zone and therefore the droplet formation

t

he

wat
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would prevent any continuous track. Rescue workers are therefore not exposed to any risk from
hazardous leakage currents.

The length of the described development zone and the extinguishing distances to be maintained
vary depending on the technical design of the nozzle.

The test procedure of standard DIN 14365 describes the test setup for measuring the voltage drops of
various resistance levels in the leakage current of a nozzle with the application of an extinguishing agent
to a live steel grid. Since no critical limit values are listed here, the values from Table 4-4 were used as
the basis for the tests from the AP5.3.

Besides DIN 14365, EN 15182 describes a product standard that unfortunately does not address the
determination of leakage currents. Merely a recommendation is made to the effect that up to 1,000 V a
distance of at least 1 m be maintained at a spray jet angle of at least 30°. The new standard requires
manufacturers of new types of nozzles that were not tested as to electrical safety as per the old DIN
14365, part 2, to present proof of suitability for firefighting at electrical installations. Should the
manufacturer not be in a position to provide information about electrical safety, these nozzles may be
used only in voltage-free electrical systems.

45.1.6 Test 1l: Measurement of leakage currents via the quench water stream

This test includes measurement of the leakage currents of a fire department spray jet in simulated

operation at a live electrical installation. Measurements with DC voltages of 1,000 V and extinguishing

distances of 1 m and 5 m were performed as per standard VDE 0132 iFi ref i ghti ng and t
assistance in or n e a.rAs dekcebed, thé cugdnts measutediih the test are s 0

assessed as to a possible hazard to rescue workers in extinguishing operations at photovoltaic systems.

Extinguishing equipment and extinguishing agents

Water with an electrical conductivity of 630 uS/cm (20°C) was used as an extinguishing agent.

As is well known, extinguishing foam increases the electrical conductivity of water and may not be used
for fires in live institutions. To demonstrate the practical effects, measurements with use of a foam
extinguishing agent (class A foam) were also performed.

Nozzle types generally common in Germany, namely a C multipurpose nozzle (CM; Figure 4-6) and a
C hollow jet nozzle (Figure 4-7) were used in the tests. The CM nozzle is standardized as per DIN EN
15182-3 (replaces the old DIN 14365). At 5 bar flow pressure with an attached nosepiece 9 mm in
diameter, a water flow rate of approximately 120 I/min is attained. The nozzle has one setting for full jet
(F) and one for spray jet (S) at 15° spray angle. The flow rate does not change. The trajectory range at
full jet is approximately 15 m (figure 6).

The C hollow jet nozzle complies with nozzle standard DIN EN 15182-2. At 5 bar flow pressure the flow
rate can be adjusted to 55, 120 and 215 I/min by a rotating swivel. By turning the nozzle head, full jet
(0°) spray jet (60°) or flash-over position (120°) can be selected for the stream shape. Hollow jet nozzles
differ in technical version and shape according to type and manufacturer, with the spray patterns
possibly varying as well.
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Figure 4-6: CM multipurpose nozzle Figure 4-7: C hollow jet nozzle (source: Munich
Volunteer Fire Department)

Performance of test

This test series (test setup as per Figure 4-8 and Figure 4-9) measured the leakage currents via the

water stream when sprayinglivemet al | i ¢ el ectrodes (perforated pl ate)
simulated the (smallest) bodily resistance in the worst assumable case with an adult person (rescue

worker with soaked protective clothing).

Figure 4-8: Test setup with simulated PV module (perforated plate electrode) and hollow jet nozzle at a distance
of 1 meter
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Figure 4-9: Test setup with simulated bodily resistance for measuring the leakage currents via the extinguishing
stream

Measurement of the leakage currents

G: Generator, simulates

Electrode current source

V: Voltmeter

A: Ammeter

Rm: Resistance,
simulates human body

Measurement contacts

— Source: TUV Rheinland

Figure 4-10: Measurement of leakage currents via the water stream: Schematic diagram (graphics: Solarpraxis AG
(Harald Schutt))

The given electrical resistance in the circuit is compounded from the resistance of the extinguishing
agent, the bodily resistance, the total transition resistance and any (high impedance) resistance in fault
circuits and thus determines the level of a possible leakage current running through the human body.

The resistance of the extinguishing agent stream depends on the distance to the live electrode, the
conductivity of the extinguishing agent and the properties of the extinguishing stream (Figure 4-10).
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Measurement series with a commonly used CM multipurpose nozzle and a C hollow jet nozzle were
performed. The tests were performed with different jet settings, in each case with water. For the purpose
of comparison, a further series was performed with foam.

Extinguishing agent
1

CM
Nozzle type multipurpose

nozzle

1
C hollow jet
nozzle

Tree

Distance

I_I_II_I_I

et shape

Figure 4-11: Test path for conductivity measurement with water as extinguishing agent

5m

analogous to
CM nozzle

The level of the leakage current via the water jet depends on the voltage of the sprayed installation
parts, the human bodily resistance (including transition resistance) and other types of resistance in the
circuit, the conductivity of the extinguishing agent and the properties of the spray jet (Figure 4-5). The
greater the distance of the electrode, the greater is the fanning of the extinguishing agent jet and the
lower its electrical conductivity. The distances as per DIN VDE 0132 are such that no hazardous currents
can be transmitted via the extinguishing agent jet.

Expected results

For all measurement values of the leakage current, non-critical values were expected from general
experience with electrical installations.

The expectation value for full jet and 1 m distance was comparatively the highest. With increasing
distance (5 m) and/or fanning (spray jet position), the leakage currents should be lower, if measurable
in the first place.

Multipurpose nozzle

Figure 4-12 shows the measured leakage currents when the CM multipurpose nozzle is used with a
nosepiece. The most important result of the measurements: all measured leakage currents that could
flow hand-to-foot through the C body of the firefighter in the worst case lie in the non-critical range < 25
mA (Table 4-5).
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30
> 25 mA
o5 Severe muscle contraction possible
2-25mA &

20 I Muscle contractions possible
<
S
£ 15
GC) E Current with full jet [mA]
g 10 11 Current with spray jet [mA] |
©)

5 ‘H

0

1m 5m

Distance of nozzle tip to plat

Figure 4-12: Leakage currents with C hollow jet nozzle (water)

As expected, at 1 m distance the currents at the spray jet setting (15° spray angle, striped bar) were
somewhat lower than at the full jet setting (solid bar). Unexpected, on the other hand, were the larger
currents measured for both stream types at a distance of 5 m compared with 1 m. At 5 m distance, the
measurement values for the spray jet setting exceed the values of the full jet setting. Even given the
fluctuation in measured values during the tests in the £ 2 mA range (the water stream is not a constant
electrical conductor), the measured differences are significant (see discussion of the results).

Hollow jet nozzle

Figure 4-13 shows the measured leakage currents when the C hollow jet nozzle is used with a
nosepiece. Here again are the most important results of the measurements: all measured leakage
currents that could flow hand-to-foot through the body of the firefighter in the worst case lie in the non-
critical range < 25 mA (see Table 4-5).
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30
> 25 mA
o5 Severe muscle contraction possible
2-25mA
20 1 Muscle contraction
E possible
£ 15 T
o E Current with full jet [mA]
8 10 - 11 Current with spray jet [mA] ]
5
0
5m
Distance of nozzle tip to plat

Figure 4-13: Leakage currents with C hollow jet nozzle (water)

At the full jet setting, the measured values here at a 5 m distance were, as expected, lower than at a
distance of 1 m, even if quantitatively low. Surprisingly, the measurements at spray jet setting (60° spray
angle, striped bar) at both distances showed in each case higher leakage currents than at the full jet
setting. At a distance of 5 m the measured value for the spray jet is greater than at 1 m distance.

As expected, the comparative measurements with the use of a foaming agent showed somewhat higher
currents than with water.

Discussion of the results

At the greater distance of 5 m to the live electrode, both nozzles yielded in part significantly greater
measured values for the leakage currents than expected. Most likely, fault currents related to the
practical test setup occurred and were also measured. Possible sources of faults (bypass function)
therefore received particular attention:

1. Asthe test period progressed, a continuous sheet of water from the quench water run-off formed
on the ground (asphalt).

2. Increasingly severe rainfall during the measurements also soaked the entire test setup, so that
the desired insulated installation of the electrode and nozzle could no longer be ensured.

3. Spraying the electrode (perforated plate) caused partial run-off of the quench water at the plate
along the ground, so that a low-impedance connection could be formed here under certain
circumstances.

4. The greater the spray angle, i.e. the more widely the water stream fanned over the perforated
plate electrode, the more conductive water tracks formed.
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Figure 4-14: Run-off water forming conductive tracks to the wet ground i here full jet

Figure 4-15: Run-off water forming conductive tracks to the wet ground i here spray jet

We must therefore assume that fault circuits existed between the electrode and nozzle that decreased
in impedance independently of the specific spray shape as the duration of the test progressed.

We further assume that these fault currents add to the actually occurring leakage currents and are
measured along with them. Figure 4-16 shows this schematically.
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Electrode (perforated plate)

Water jet

Nozzle

Current
measurement

-------

. . resistance
Resistance in fault

circuit

Figure 4-16: Circuit and fault circuit

Since the total resistance with a parallel connection of resistors is less than both individual resistors, the
resistance Rr in the fault circuit will act more on the measured total current the lower its impedance. The
effective parallel resistance between electrode and nozzle decreases and the current flow therefore
becomes greater. The greater currents measured during the course of the test can thus be explained
by comparison with the expected values.

Additional contributing factors are also effective, such as actually significantly greater bodily resistance
and additional transition resistance from protective clothing like gloves and boots. The actual leakage
currents that could flow through a firefighter must therefore be assumed to be less than the measured
values generated in the present test setup, which represent a worst case scenario. In actual operations
a conductive floor covering can also formwithafi b y p a s s pacdse(imvolungatily) covered by the
performed tests. The results consequently lie on the safe side.

Series of tests conducted at later times (2012, 2014) by other institutions yielded significantly smaller
leakage currents in the range of approximately 1 mA or less (cooperative project by OVAG and vfdb).

Another electrode type i metallic grid 1 and greater distance of the electrode from the ground allowed
significantly less quench water to run directly onto the ground (in this case, a lawn). This test
arrangement evidently allowed significantly lower fault currents to develop. Before and after each test,
these currents were measured separately, which however predominantly fell below the measurement
value threshold in the PA range. As a qualification, it must be noted that the possibly conductive water
streaks form only directly during the test itself. In the left photo the measurement is performed with water
at a spray setting of 45° i no water streaks form. The situation is different with the use of foam, for
example with a spray setting of 120°, as shown in the photo on the right. Here a conductive covering
forms on the ground. Foam sprayed past the electrode and also running off onto the electrode forms
possible bypass connections to the spray jet.
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Figure 4-17: Measurement leakage currents when Figure 4-18: Measurement of leakage currents,
extinguishing live electrical installations. Tests extinguishing with foam under spray setting. Tests
conducted on the premises of OVAG in 2014, conducted on the premises of OVAG in 2014
cooperative project of OVAG and vfdb

Conclusion

All currently known measurement series pertaining to this subject yielded very low to non-
critical leakage currents via the extinguishing jet in the range below 25 mA.

Given compliance with the recommended extinguishing distances of 5 m at full jet and 1 m
with spray jet as per DIN VDE 0132, no leakage currents hazardous to rescue workers
occurred when the water was used as the extinguishing agent.

4.5.1.7 Electrical properties of the turn-out gear

This test series investigated the additive protective effect of the turn-out gear against electric shock.
Direct contact with a live DC cable was simulated. The employed turn-out gear was tested both dry and
wet.
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Test setup

A life-sized dummy (75 kg) simulated the human body. The dummy was covered by an electrically
conductive aluminum layer and fitted with measuring contacts. The bodily resistance for the different
current paths was adjusted with a resistor plate and the dummy then dressed with a complete set of
firefighting protective clothing. The dummy stood on a grounded steel plate. Voltage was applied to the
surface of the protective clothing by means of metal contacts (Figure 4-19).

Generator
Resistivity

Protective clothing
resistance

Total bodily resistance

Shoe resistance and
ground transition
resistance

Figure 4-19: Test arrangement with dummy and schematic circuit diagram

The tests measured the currents for three different current paths. The current along the hand-to-hand
and hand-to-one-footc ur r ent paths was measured at a bodi
hand-to-both-f eet current path was measured at a bodi
been specified. The first contact point was located directly at the glove and the second at the sleeve of
the protective jacket. To check the protective effect, the gloves and boots were in part left out. A DC
voltage of 1,000 V was applied at the contact points.

As the substitute circuit diagram shows, resistances are serially connected here. The individual
resistance values sum to a total resistance and limit the current.

In the dry state, very high resistance values are expected, whereas in the wet condition the resistances
drastically decrease and the current should therefore increase. The protective boots should yield the
highest value among the resistance series, so that omission of the boots would lead to a very sharp
increase in the current.

In the dry state of the turn-out gear, all measured values lay in the range of measurement uncertainty.

Merely very | ow currents under 1 €A were measured

Table 4-7 and Table 4-8:

y
Iy

resi

resi

Wi

t
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Table 4-7: Dry clothing, hand to feet

Table 4-8: Dry clothing, hand to hand

Parameters Parameters
Protective clothing Dry Protective clothing Dry
Gloves On Gloves On
Boots Off Boots Off
Contact point Sleeves Contact point Sleeves
Electrode Electrode
Current path Hand-feet Current path Hand-hand
Bodily resistance 43082 Bodily resistance 555 Q2

Generator voltage Bodily current
[Vl [nA]

Generator voltage

[V]

Bodily current
[nA]

1000 0,54

1000

0,45

When the turn-out gear was wet, considerable currents were measured in part depending on the current
path and contact point. While the current from one hand to one foot lay in the noticeable but non-critical
range, life-threatening high currents in the ampere range were measured in a hand-to-hand current path,

as the following tables (Table 4-9, Table 4-10 and Table 4-11) show.

Table 4-9: Wet clothing, hand to foot

Table 4-10: Wet clothing, hand to hand

Parameters Parameters
Protective clothing Wet Protective clothing Wet
Gloves On Gloves On
Boots On Boots On
Contact point Gloves Contact point Gloves
Electrode Electrode
Current path Hand-foot Current path Hand-hand
Bodily resistance 55502 Bodily resistance 555Q

Generator voltage Bodily current
[Vl [nA]

Generator voltage
V]

Bodily current
[nA]

1000 3,66

1000

1,50
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The drastic difference in resistance values were conjectured to lie in the protective boots. They were
therefore removed for a further hand-to-foot measurement. The currents now measured also lay in the
life-threatening range:

Table 4-11: Wet clothing without boots

Parameters
Protective clothing Wet
Gloves On
Boots Off
Contact point Electrode Gloves
Current path Hand-foot
Bodily resistence 555 Q
Generator voltage Bodily current
[Vl [A]
500 0,85
700 1,21
800 1,40
900 1,57

The following two photos (see Figure 4-20) show the effects of the currents on the contact surfaces. In
a human body current marks would occur at these points due to the high heat build-up at the current
entry and exit points. Burn holes from the heat appeared on the gloves.

Figure 4-20: Effects of the current on the contact surfaces, burn hole from action of current

The test results agree with the theoretical expectations. Dry turn-out gear has a very high resistance,
whereas soaked clothing affords no protection against electric shock. In a current path running from one
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hand to the other hand and given a bodily resist ance of 555 q, a very |l ow resi
exists at the wet glove, where contact with a 1,000 V DC cable can cause a life-threatening current of
1.5 A to run through the human body (see Table 4-10)

The high resistance at the boots and the related protection against electric shock became evident from
the tests. Despite wet clothing, hardly noticeable currents were measured with the protective boots on.
Without boots, the bodily current drastically increased and at 1,000 V exceeded the hazardous limit.

A linear relationship between current and voltage can be observed. With wet clothing and an assumed
bodily resi st a-threaenimgfcurrénts dvergl50 miA icain already flow through the human
body along a current path from hand to hand or from hand to the feet without boots at 100 V DC (see
Table 4-11).

Conclusion

The measurements show that contact with a live DC cable of a photovoltaic system with
complete and dry turn-out gear being worn poses no risk of electric shock.

On the other hand, soaked turn-out gear affords practically no protection against hazardous
bodily currents if the current path runs from one hand to the other hand.

If the current path runs from both hands to the feet, as typically occurs at the nozzle during
extinguishing operations, the high resistance at the protective boots will allow non-critical
currents to flow through the human body at a level that is just noticeable.

45.1.8 Live cablein water

The test (see Figure 4-21) served the determination of the intensity of possible currents flowing through
a human body in the case of a flooded space, gi ven
simultaneous contact with a grounded part of a building.

The measurements were performed with the aid of a 3 x 2 m water-filled pool and 160 cm tall wooden
dummy. Metal plates were attached to the feet and lines routed with copper wires. In the water lay a live
cable, with the dummyds shoulder connected to the gro
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—Wooden dummy

__|Metal plate|
A
\

Figure 4-21: Wooden dummy in test pool and schematic test setup

Performance of test

A live cable was i mmersed in the pool with/an(@ater
20 °C). The voltage was adjusted to between 500 V and 900 V (DC). The wooden dummy was placed

in the pool and the bodily current measured at three different distances of 0.5 m, 1 m and 2 m from the

live cable. Owing to the high conductivity of the water, we expected a relatively high current flow in this
experiment. Increasing the distance from the live cable should have reduced the current.

Table 4-12: Results of test 3

Water properties
Counductivity 630 uS/cm
Temperature 20°C
Water level 60 cm
[ Distance to electrode I 0.5m |
[TGen, nominal UgGen.actual Bodily current
V] V] [A]
500 500 1.02
800 800,87 1.64
850 851,87 1,74
Distance to electrode | 1m |
500 500.33 1.02
800 801.04 1.62
850 851,54 1,72
Distance to electrode | 2m |
500 499,98 0,99
800 801.12 1.57
850 851.54 1,67
900 901,67 1.77

The test results show that all measured bodily currents lie in the ampere range and therefore in the life-
threatening range. As expected, the dummy experiment showed a linear relationship between current
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and voltage, which only roughly reflects reality, given the voltage-dependence of human bodily
resistance (Table 4-5). The given experimental arrangement with the given resistance values already
attained the hazardous range as of a voltage of 75 V.

Increasing the distance from the live cable led only to a slight drop in current. At 800 V, the difference
in current between the values at a distance of 0.5 m and at a distance of 2 m was merely 70 mA, or
about 3%.

Important for the assessment is that this test considered the worst case. The ground conductor lies
outside the water, so that here the entire current flows to the ground through the wooden dummy.
Otherwise, only partial amounts would still flow through the human body. Given the level of the
measured values even at distances of several meters, an all-clear is not possible.

Conclusion

For rescue workers in flooded basements there is a serious risk of electric shock from
damaged DC cables hanging down!

Hazardous currents may flow through the body even at low voltages of around 100 V.

45.1.9 Concluding discussion

The studies on conductivity and possible leakage currents through nozzles have shown that when
extinguishing fires near photovoltaic systems rescue workers are exposed to no serious danger from
the leakage currents via the quench water exist at 1,000 V DC, if the safety distances as per DIN VDE
0132 are maintained.

The employed nozzles had different spray patterns and accordingly different electrical properties as
well. Especially different technical versions and designs of high-jet nozzles can produce significant
differences in the formation of the water stream. The new standard, DIN EN 15182, no longer provides
for electrical testing of the nozzles. For characterizing the hollow jet nozzles in terms of their electrical
properties individual verifications are necessary.

The employed turn-out gear is a good insulator when dry and protects rescue workers against
dangerous electric shocks. Soaked clothing no longer provides protection, so that at high voltages and
a hand-to-hand current path life-threatening currents can flow through the human body. This would be
the case if both terminals of the DC lines were touched at the same time. Since fire departments are
required to always maintain a safety distance of at least one meter from live installation parts, this
scenario is improbable, but nevertheless quite possible in practice under conditions of poor visibility and
smoke.

Flooded basements pose a potentially considerable danger for rescue workers. Sagging and damaged
cables from a PV system, or any other electrical home installation, can cause current to flow through
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the water if grounded systems are touched simultaneously. Given the high conductivity of the water, life-
threatening currents in the ampere range can thus occur even at distances of several meters.

The described series of tests always considered the worst case. In real-life cases, the resistance values
of the people will be significantly higher, especially given clothing or protective clothing and shoes,
reducing the risk of dangerous electric shock.

4.5.1.10 Relevance for standardization

A The test series findings regarding safety and nozzle distances confirm the specifications of VDE
132. A brief summary of the test series has been forwarded to the working group of the DKE K
213 on AFirefighting at electrical installations
extended to a voltage range of up to 1500 V DC, since this voltage limit in the module and PV
system sector could be of greater interest.

A Within DIN EN 15182, electrical testing of the nozzles is no longer provided. The
characterization of the hollow jet nozzles requires separate verifications of their electrical
properties, however, as the aforementioned series of tests show. The water trajectory properties
and therefore the conductivities of an extinguishing stream differ among the tested nozzles (CM
multipurpose and C hollow jet).

High-speed cameras enabled observation of the disintegration properties of the droplets on
exiting the different types of nozzles. From this information we may conclude that the
conductivity properties and measurements do not hold across the board for all nozzles.
Supplementation of the new standard by suitable electrical testing of the nozzles would
be appropriate and should be discussed by the corresponding standardization committee.

Recommendation for standardization:

DIN EN 15182 no longer provides for electrical testing of the nozzles. The characterization
of the hollow jet nozzles requires separate verifications of their electrical properties,
however, as the aforementioned series of tests show. Supplementation of the new
standard by suitable electrical testing of the nozzles would be appropriate and should be
discussed by the corresponding standardization committee.

4.5.2 Electrical safety situation with effects of artificial lighting

Series of tests at the Photovoltaic Institute of the Bern University of Applied Sciences, with support from
the fire department, have shown that spotlights, such as those used by the fire department or the Federal
Agency for Technical Relief during nighttime operations, can generally produce DC currents of
significant levels in PV modules [43]. Minimum distances are therefore recommended for the spotlights
to be erected. The measurements were conducted with halogen spotlights at an installed pilot plant with
longitudinally oriented strings of crystalline PV modules, based on the usual PV system sizes and
interconnections of roof-mounted systems on single-family houses.
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A larger PV system will not lead to higher currents given the equally greater inhomogeneity of the
irradiation. A more compact design (interconnection), on the other hand, can theoretically generate
higher currents. Other practical studies, such as those by Underwriters Laboratories [44], led to the
result of a theoretically possible electrical hazard for rescue workers from artificial lighting.

To obtain generally applicable information on a minimum safety distance, the project carried out
additional series of tests covering

(1) the spotlight types commonly used by rescue workers
(2) the different types of modules mounted on German roofs
(3) the most critical case of compact design (string)

(4) the most critical case at largely normal incidence

Consideration of the worst-case combination to be defined here should yield a generally
applicable recommendation including a safety supplement.

The spotlight selection considered only technologies applied in the German hazard prevention sector.
The Cologne Professional Fire Department, the Cologne Volunteer Fire Department, the Porz-Langel
Fire Brigade and the Siegburg section of the Federal Agency for Technical Relief supported the studies
with loans of spotlights and construction of the desired combinations.

A survey of professional fire departments in Germany as well as various hazard prevention organizations
found that primarily spotlights with halogen bulbs with an output of 1,000 or 1,500 W are used. These
spotlights are generally mounted on extendable tripods and on light trusses on lamp poles, turntable
ladders and work cranes. Depending on the version, however, use as ground spotlights is also
conceivable. Halogen spotlights with an output above 1,500 W are rarely encountered. Generally several
spotlights mounted on light trusses are used, typically up to 8 or 10 units per structure. Besides halogen
emitters, in individual cases spotlights with halogen-metal vapor lamps (HM), high-pressure sodium
lamps (HS) and high-pressure mercury lamps (HM) are used on tripods and light trusses. Here the
power input generally lies at 1,000 W per lamp, and seldom higher.

The aforementioned lamp types are those most often used at the scene of a fire and designed for use
under difficult conditions, although they require a very high power infeed. For this reason, spotlights with
LED and xenon technologies are also being increasingly used. At present, LED spotlights with a power
input of up to 150 W are in use. Xenon spotlights, on the other hand, are mostly used for 360° lighting
on emergency vehicles and are rather untypical for the study.

A multi-staged study was conducted:

1. Determination of the most critical spotlight technology i module technology pairing according
to the light spectra relevant in each case (worst-case pairing)

2. Studies on the homogeneity of the light cones of the spotlights

3. Measurements on compact module arrangements (approximately square form, with
comparatively highest attainable homogeneity in spotlight emittance 1 worst-case
arrangement)

4. Determination of the dependence of the generated electrical currents and voltages on the
distance of the light source to the module field and on the power level of employed spotlight
or spotlight combination (here with worst-case technology pairing)
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45.2.1 Worst-case pair

All spotlights were spectrally measured, whereby it was found that the spectral composition of the light
did not depend on the power category and was largely independent of the particular manufacturer; see
also Figure 4-22 in the case of 5 different halogen spotlights.
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Figure 4-22: Light spectra from halogen emitters from different manufacturers and of different power categories.

By comparison, the spectral sensitivities of the different commercially available module technologies
should be considered (Figure 4-23) and superimposed with the determined light spectra of the spotlight
technologies. Figure 4-24 shows the results of all combinations of spotlight types and module types.
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Figure 4-23: Spectral sensitivities of different module technologies
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Figure 4-24: Generated short-circuit currents in different spotlight type i module type combinations

The result determined was worst-case pairing of halogen emitter and crystalline module as per
the above composition i that is, precisely the pair that is most commonly encountered in
practice at present. The results also indicate that the increased use of LED spotlights to be
expected in the future will significantly reduce the danger potential.

Although the CIGS technology can accommodate an equally large spectral width, the measured currents
are significantly lower than those in crystalline modules because of the considerably lower rated output
of a thin-film module.

4.5.2.2 Homogeneity studies

The studies showed that the homogeneity of the produced light increases with the distance. On the
other hand, the illumination intensity on the module sharply decreases as the distance increases
(theoretically under idealized conditions in proportion to the square of the distance). The most critical
case given the attainable current intensity is thus the combination of an emitter with a module, which
while not practically relevant can be used to validate the worst-case scenario.

The practical testing comprised 2 series of tests:

In a first step, the generated currents and voltages were measured in a single module, in a second step
in a string of 6 serially connected modules in a maximally compact design (2 x 3 modules stacked atop
one another). The construction was specially manufactured by Energiebau Solarstromsysteme
(Cologne) for this purpose; see Figure 4-25 and Figure 4-26.
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Figure 4-25: Halogen operational emitters of TH
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Tests were conducted with distances of 5 to 20 m with different lamp technologies (also combined, e.g.
halogen, metal vapor). For the sake of simplicity, the short-circuit current was used for assessing the
danger potential. Owing to the flat I-U characteristic of the PV module, this current is slightly higher than
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Figure 4-27 shows the measured values of the test series with a compact string of 6 modules. The
intersections with the limits laid down by IEC 60479-1 regarding effects on the human body show us the

minimum distances to be set.

1000

0 1 [a-KILOOO[W]HM  -A-K61.000[WIH I

T | =A=K2 140 [W] Xenon  =#=K7 2.000 [W] H |

b A K370 [W] Xenon  =4=K84.000 [W] H :

e epe KA 2,000 [W] H £-K9 4.000 [W] H + HM |

h - - T~ -r -r [1

100 | IEC60479-1 |- 1--j = t__.1 [#-K56.000[WIH+HM S |

| Sector3 ! - i i i i ; i i i

T 1 1EC 60479-1 | o C i —
E 10 - Sector2 --4---1'}---'"--', iy R Ry e e

= H i i i i i . i i ; i i i i

| . | . . . | | LA i | | . . 0 )

T | | o | — R R A

IEC60479-1 | | | DT

1 1 sector 1 e S e s —— —

01 —=—F——F—F ot v {0 bbb b b b b b b b b

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

d[m]

Figure 4-27: Short-circuit current measured and extrapolated with irradiation by halogen emitters of different
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4.5.2.3 Recommendation for minimum distances

The analysis and extrapolation of the measured values yielded the following derived relationship
between total output of the emitters and the distance to the module field with an assumed limit value of
Isc =25 mA:

Basic distance with total power input of the emitters up to max. 1 kW:
d pinp=1kw = 10 m [1]
Distance formula with emitter power input greater than 1 kW:
d Pinp>1kw= 10 m + Pinp ey X 1.5 m/kW [2]
with

d = minimum distance between spotlight and module surface
Pinp = total emitter power input in KW

With an emitter power of 4 kW, a distance of 10 m + 4 kW x 1.5 m / kW = 16 m must therefore be
maintained. The following table lists the minimum distances according to the above formula for some
typically used operational emitter power levels.

Table 4-13: Examples of recommended minimum distances for commonly used emitter power levels.

Emitter power in kW Recommended minimum
(power input) distance in m
1 10
2 13
4 16
6 19
8 22

4.5.2.4 Assessment of admissibility or safety factors:

The calculation formula incorporated an additional safety factor, i.e. all actual measured values in fact
lie below the distances computed with the formula. Additional safety factors were also used owing to
deliberately chosen worst-case conditions; see Table 4-14:



































































































































































































































































































































































































































































































