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LOCAL WIND LOADS ON ROOF-MOUNTED
SOLAR ENERGY SYSTEMS

Chris P.W. Geurf®, Carine A. van Bentufn

& Architecture Building and Planning, Eindhoven University of Technology, the Netherlands
b TNO, Delft, the Netherlands, chris.geurts@tno.nl

1. Introduction

The debate on climate change and its impact onctirssequences on our living
circumstances highlight the need for measures tigaé the causes and to adapt to
possible changes in climate. The production of wexide energy is undoubtedly one of the
key solutions, not only for the climate change peoh but also for the oncoming scarcity
of fossil fuels. Solar energy systems transformstblar radiation into either hot water (solar
thermal systems), or electricity (photovoltaic syss or PV systems). Applications of these
systems on or nearby buildings provide a situatibere energy production is very close to
energy consumption, which is very efficient in terwf energy losses, and creates novel
opportunities with respect to product developmerat awnership of produced energy. Solar
energy systems can be found on flat and pitchefsram integrated in facades. These
systems should be able to carry the wind loadsargsproduct applied in the building
envelope. This paper uses a classification of setergy systems mounted on pitched or
flat roofs. The work is mainly based on researchpbatovoltaic panels; however, values
given are generally valid for solar thermal systeaaswell, since both systems consist of
plate like structures. Based on the knowledge abka| guidance for design of these
systems is provided, and directions for future wand presented.

2. Classification of systems

Roof- or building-mounted solar energy systems, amdparticular photovoltaic
systems, can be divided into two general categofies term building-integrated photo-
voltaics (BIPV) is used when PV panels are an matiegl part of the building envelope.
These panels often are multifunctional, e.g. tHay p role as a rain screen. Building-added
photo-voltaics (BAPV) is the term applied to PV pEnwhich are placed on top of a roof,
or attached to the roof and facade, not being & gfathe building envelope, so these
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systems only function as energy delivering devicegeneral, BAPV is applied when
existing buildings are retrofitted with solar engergystems. BIPV is more often, but not
exclusively, found in newly designed buildings.

Building integrated and building added PV incre#ise overall value of roofs and
facades. This will, in general, induce an incregisiak, where risk is defined as probability
of failure times consequences of failure. The wiratls are without doubt one of the main
actions to consider, when dealing with these risks.

The wind loading on solar energy components igelalt of a pressure difference over
the products applied, usually plate like structuiidee load is described by a peak dynamic
pressure, e.g. defined in the Eurocode, and thedgeamic coefficient, in case of solar
energy systems represented by a net pressuredieefti, . The peak dynamic pressure is
usually taken at roof height. The aerodynamic d¢oiefit depends on the following aspects:

* Shape, dimensions and lay out of the solar ensgess;

e Shape and dimensions of the building on which tis¢esns are mounted;
* Location of the systems on the building;

« Permeability of the layers of the building envelope

The first three aspects determine the value forpttessure or force coefficients. The
fourth aspect determines the extent to which thelosl on the outer layer is reduced by
pressure equalisation. Current guidelines and cddesot give explicit values to account
for these aspects. The values depend on the wagyB¥é¢ms are installed. With respect to
the wind effects on solar energy systems, the oayegf BAPV can be divided into two
classes. The first is probably the most relevanérwhelated to the quantity of installed
power: Solar systems on top of flat roofs, wherme thofs usually are fully covered with
solar energy systems. The solar energy systenma@uwated on a substructure, which is held
in place by either ballast or mechanical fixingeTsecond group is where (existing) pitched
roofs, covered with e.g. roofing tiles or metal estireg, are equipped with panels parallel to
the roof. Typical examples of these solutions amiged in Figure 1.

Figure 1: typical xamples of Building Added Photoltdics; left hand side: retrofit systems on
pitched roofs; right hand side: systems placed fhat aoof.
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The category of BIPV can also be divided into tiasses: The first class is the group
of solutions where the PV is mounted as a permealnier layer with a watertight inner
layer. The other group are the solutions wherePt¥ias an integral part of the outer layer.
Typical examples of these solutions are givengark 2.

> 7(‘/, -
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Figure 2: typical examples of Building IntegratecdbRhVoltaics; left hand side: PV as integral part
of outer layer; right hand side: PV installed abexagertight layer.

In case of a product integrated in the roof of éding the following different situations
occur:

« Roofs consisting of one, impermeable, skin; Example glass roofs, where solar
energy products are directly integrated. The laadsthe same as for a glass roof
without additional functions.

* Roofs consisting of one layer, which is water tighit air permeable. Examples
are roofs of attics or shelves with roofing tileishout under-roof .

« Roofs consisting of at least two layers, whereathter layer is air permeable, and
the inner layer is impermeable (or has a permégbilhich is much less then the
outer layer). An example is a roof with roofingeti| and a under-roof , consisting
of wooden panels or otherwise. Within this clas® subclasses are defined:

0 the under-roof is stiff;
o the under-roof is flexible.

* Roofs consisting of at least two layers where theewolayer is a flexible, airtight
layer. Examples are flexible roof covering produstsch as EPDM, bitumen and
PVC. This type has two subclasses:

o the under-roof is air impermeable;
0 the under-roof is air permeable.

These situations should be dealt with by guideliioeghe fixing of conventional roof
covering products. The loads do not depend onatiewhether or not a solar energy system
is present, and these situations are not discudastheér in this paper.

For the other situations, specific values are lagkn our current generation of building
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standards. These situations are described as follow

1: BAPV on pitched roofs: Solar energy systems atached to a building, without
being part of the roof covering. Usually a tradiéb roof is available with roofing tiles or
metal sheeting. The solar energy products are raduparallel to the roof surface. Rain
water will drain between the panels towards theveational roofing products. The
aerodynamic coefficient of these products depemdthe position on the building, distance
between roof and solar systems and

2: The flat roof systems where additional structuaee made to carry solar energy
systems. The pitch angle of these systems vanebttas depends on the targets for the
solar energy production, but range between 0 (lghral the roof) and 35 degrees for the
north-western European countries.

3: Building Integrated products which fulfil alsa@or more of the traditional functions
of the roof covering. These products usually forpeameable outer layer. In this case, the
amount of pressure equalisation is relevant foigtesf fixings etcetera. These products are
typically found in pitched roofs or facades.

In the next chapters, recent research results iges @nd proposals for guidelines are
presented. Missing knowledge is identified, so psabs for future work can be formulated.

3. Application of wind loading codes.

Current wind loading codes, e.g. the Eurocode E®lL1B4 [1], define wind loads as a
dynamic pressure multiplied by one or more aerodyoacoefficients and by correction
factors that account for effects like resonant oesp. The dynamic pressure contains the
effect of wind statistics and terrain effects, atepends on geographical location, terrain
roughness and height above ground. Different dedim of the dynamic pressure may be
used, depending on averaging time and referencghtheThe aerodynamic coefficients
depend on shape of the building and shape and diorenof the structural element (e.g.
solar energy system) under consideration. The gaeadic coefficients in building codes
are defined with respect to the definition of thgnamic pressure in the same code.
Correction factors are applied to account for tfiece of e.g. dynamic response. Finally, a
partial safety factor is given. The expression df E991-1-4 for the specification of the
design value for the wind effedf is in case of net pressures:

1
Wd = ywzp‘/gce(z)cp,netcscd = Va4 pCp,netCst (1)
In which:
Wy is the design value for the wind effect, in tbése the design net pressure over
a solar energy system;
Ko is the partial safety factor for wind loads, foriethin the Eurocode national

choice is allowed;
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Conet IS the aerodynamic coefficient for net pressure;

Cs is a size factor, taking the lack of correlatiohtibe wind pressures on a
building into account. Usually, this factor is efjto 1 for roof components,
and will not be discussed further in this paper;

Cq is the dynamic factor, taking the effects of resure into account. This factor
is explicitly defined for the overall load bearistructure of a building. For
local loads, this factor is usually equal to 1, #md factor will not be discussed
further in this paper;

Ce is the exposure factor, in which the effects ofaéia roughness are included;
Vi is the basic wind velocity, provided in the NatbAnnexes to EN 1991-1-4;
p is the density of air, with a value of about 1k2fnT.

1, .
Up is ceE,ovb is the peak dynamic pressure.

The peak dynamic pressure follows directly from ithies given in EN 1991-1-4. The
partial safety factor is defined in EN 1990, andioral annexes need to give explicit
values. Solar energy systems which are mountediabiwoif pitched roofs can occur both as
stand alone systems on dwellings as well as usedaimy rows on large roofs, so called
solar energy plants. There is a large potentidbaih existing and new roofs. The wind
loads are described with the following expressfotipwing from Equation 1:

1
W =Ce(2)Cpna 5 PV (2)

For roofs and walls with multiple layers, pressegeialisation of the external pressures
may become important. In this paper, the pressiiferehce over the outer layer, where
building integrated solar energy systems are mairigeexpressed by the external pressure
coefficientcy, and a pressure equalisation faadgr

Cp,net™= CpeCeq 3

This pressure equalisation factor is defined agdtie between the representative value
for the net wind induced pressure on the elemedéunonsideration and the representative
value for the external wind induced pressure. Téisor was defined initially in the Dutch
code NEN 6702 [2]. EN 1991-1-4 gives rough guidataccount for this effect, but no
specific values are given.

Values forc, e, both for typical applications on flat roofs aslivas pitched roofs, are
not given in current building standards. Here geheules are derived, and some
quantitative information on these coefficients ige@. An extended overview of the wind
loads on the classes of solar energy componegtgds in [3].
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4. Systemsplaced on flat roofs

Solar energy systems on flat roofs are usuallygulaan top of the waterproofing layer. Flat
roof systems look like small canopy roofs mountedtop of buildings, mostly with an
inclination towards the sun. Wind loading codesndb give any values specific for these
cases. These systems cannot be treated as frekngtaanopies, since the effect of the
building induced separation and reattachment, dsaseeffects of shielding by upstream
rows, is not been taken into account in these stalsd On the other hand, rules for flat
roofs can not be used, since these structures sarally ventilated structures, and their
position is lifted with respect to the roof, whialey have a large effect on the net wind
loads.

Wind tunnel experiments on solar energy systems baen carried out on project basis
by many institutes the past decennia. Quite a numbthese data have not been published
for commercial reasons. A large group of experimediata comes from free standing
structures, i.e. not mounted on a building. Thailtesof such measurements only have a
very limited applicability to roof mounted structs; because the effects of building
induced turbulence caused by separation alongutigitg edges is not included.

Only a few sensitivity studies on roof mounted eyst have been published so far.
Tieleman et.al. [4] presented an extensive windhelistudy into the wind loads on solar-
collector installations, mounted on various typésboildings. Measurements have been
performed for collectors mounted on single familyetlings, with pitch roofs; for so-called
berm units, for multi-row installations and for alar attic house. Mean as well as peak
pressure coefficients have been presented. Additigrfull scale measurements on a solar
collector installed on a 30 degree pitch roof ofexperimental building have been carried
out. Local pressure coefficients for both the tagd hottom surface of the solar collector as
well as the local net pressure coefficients havenbebtained, and have been well
documented in the report. The data presented nmag ss a valuable reference source for
similar studies. It is concluded that the peak sues coefficients are usually negative for
inclinations of the solar collectors of less thahdegrees. When the inclination is higher,
positive peak coefficients may occur.

Radu and Axinte [5] presented model experimentsalar systems placed in rows on
flat roofs. They investigated the applicabilityarea averaged pressure measurements, and
measured the effects of different types of parapetey found reductions of the force
coefficients on the solar collectors until 45% lué toefficients found without parapets.

Wood et.al. [6] presented a wind tunnel study efwind loads on solar energy panels
mounted on flat roofs. A scale model 1:100 was uséith full scale dimensions (height x
width x depth) of the building of 12 x 41 x 27 ne=tr The panels in this study are mounted
parallel to the flat roof surface. Peak pressuedfmients have been presented for a variety
of configurations. The distance between roof arstesys was varied between 0.6, 1.0 and
1.4 metres in full scale. Also, the gaps betweensystems have been varied. No parapet
was applied to the roof of the model. The net pressoefficients of the panels have been
compared with the peak pressures on the roof withanels. In all cases, the peak negative
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net pressure coefficients found are lower thanpisak pressure coefficients on top of the
roof, even very close to the roof edges. However peak positive net pressure coefficients
are significantly higher than the peak pressurdfiotent for the roof without solar panels.

A study carried out by Geurts et.al. has been ptedein detail in [7, 8]. The wind
loads on solar energy systems on flat roofs haea Istudied on a model scale of 1:50 of a
building with rectangular plan, with full scale gbt of 10 metres, width of 30 metres and
depth of 40 metres. The roof of this building wasdid into four quarters to make optimal
use of symmetry. One of these quarters was notredweith solar energy systems, but with
pressure taps in the roof, as a reference to canrtpardata with existing standards. Solar
energy systems have been modelled with a dimensfod,20 meters deep, and an
inclination angle of 35 degrees. Both measurementsoofs with and without a parapet
have been performed.

Values obtained so far have been used to defingrdaeges for systems placed on flat
roofs in the Netherlands and the UK [9, 10]. NVN@Z3] givesc,n« values, as a function
of position on the roof, and with and without tiflliience of parapets. The zones defined
for the wind loads on flat roofs have been usedstdar energy systems as well. The data
given in this prestandard are given in tables 1arfor systems with a small pitch, in table
1, values which are assumed safe have been appladthis group of systems, when
properly designed and detailed, pressure equalisathay reduce the overall loads.
However, no explicit values are available to takis into account. For steeper systems,
values from wind tunnel work have been taken anchded off to conservative design
values in table 2. Finally, table 3 provides valf@msthe loads on systems with a closed
substructure.

The values in NVN 7250 and BRE Digest 489 are bamedhe relatively limited
amount of freely available data, and on safe assanmgp Therefore these data have limited
applicability and may be uneconomic. There iseadrtowards lower pitch angles for solar
energy products on flat roofs, and the applicatam very large roofs is becoming
increasingly popular, especially in countries vaghpropriate subsidies for large scale solar
energy plants. Values for these systems have ridigen obtained explicitly, and are not
given in the current guidelines. Knowing the wimdd in detail would enable optimizing
the structures with respect to material necessarhe structural safety.
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Table 1: NVN 7250: Values fax, e, Solar energy systems on flat roofs with pitchlamgwer than 10
degrees.

Roof zone hid,< 1 h/g> 2
uplift downward load uplift downward load
Corner -2,5 0,2 -2,0 0,2
r (edge) -2,0 0,2 -1,5 0,2
p (around attic) -1,2 0,6 -1,2 0,6
t (middle) -1,0 0,2 -1,0 0,2

Note 1: These values correspond to the externakpre coefficients for flat roofs in NEN 6702 and
are assumed to be safe for this situation. No eixgkperimental data are used to obtain this table

Note 2: For 1 < h/d< 2 linear interpolation should be applied; h islding height; d is the smallest
horizontal dimension of the building.

Table 2: NVN 7250: Values fax, e, Solar energy systems on flat roofs with pitchwisetn 10 and 40
degrees, and open substructure.

Roof zone Roof parapet < 100 mm Roof parapet > 200 mm
uplift downward load uplift downward load
Corner -1,8 1,2 -1,5 1,0
Edges -1,6 1,2 -1,2 1,2
around attic -1,6 1,2 -1,2 1,2
Centre -0,6 0,6 -0,6 0,6
Centre, sheltered -0,4 0,4 -0,4 0,4

Table 3a: Values for, for the upper surface of solar energy systems elised substructure and pitch
between 10 and 40 degrees.

Roof Zone Roof parapet < 100 mm Roof parapet >ra60

uplift downward load uplift downward load
Corner -1,7 0,5 -1,7 0,5
Edges -1,6 0,5 -1,4 0,5
Centre -1,0 0,5 -1,0 0,5
Centre, sheltered -0,5 0,5 -0,5 0,5

Note 1: For intermediate heights of the roof patajpeear interpolation should be applied.
Note 2: The downward load includes=-0,3 to take the internal pressure within thiesstucture into
account.

Table 3b: Values fot, for the vertical surface of solar energy systevits closed substructure and pitch
between 10 and 40 degrees.

Roof Zone Roof parapet < 100 mm Roof parapet >r260
Underpressure Overpressure Underpressure Oveunpgess

Corner -1,2 0,7 -1,2 0,7

Edges -1,1 0,5 -1,0 0,5

Centre -1,0 0,3 -1,0 0,3

Centre, sheltered -0,5 0,3 -0,5 0,3

Note 1: For intermediate heights of the roof patajpeear interpolation should be applied.
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This raises new questions with respect to the Wwoads and their effects. Besides the
loads on the systems themselves, the amount ofreeqballast also increases the total
vertical load on the underlying structure. Prodietelopment with respect to these systems
focuses very much on decreasing the wind loadss tlat needing to apply additional
ballast. Additionally, the horizontal component the loads on the systems induces an
additional horizontal load on the structure, retéva the design of the overall stability of
the building. Buildings with a large number of sadarays may be loaded by an additional
horizontal force in the same order of magnitud¢hefhorizontal force found without solar
energy systems. These effects should be carefullgstigated, and an optimum between
safety and economy should be realized.

Nowadays producers of substructures for solar grarg to minimize the wind load on
the systems and influence these loads by tryinggtmlize the loads over the panels, thus
creating a very low net load.

Wind tunnel experiments are the most importantrigghe to obtain design data. These
experiments should be carried out carefully. THevant requirements for testing are well
known. For solar energy systems, the following nejuents are relevant.

1: The solar energy system should be properly nedi@h the experiment. When a full
scale experiment is performed (sometimes the ptadwimply placed in the wind tunnel),
this usually is the case. When a scaled experimsarmged, the effects of edge details, small
joints and other openings should be consideredseaaldd properly.

2: All situations relevant for the design shouldtaken into account. This is partially
subjective, but at least the following should basidered:

« Different angles of attack could be relevant amalifthbe considered.

e The effect of the building induced turbulence skdo¢ modelled properly for
roof mounted structures.

* The flow effects on different positions on the rabbuld be known. Systems
placed near a corner experience other loads thetersg placed in the centre
of the roof.

e The effects of pressure equalisation through joamtd vent holes should be
modelled properly.

3: Wind loads should be based on analysis of exdsampressures or forces, not on the
means. Quasi steady theory can not be appliedeirs¢paration zones of roofs, since the
building induced turbulence is dominating the vélo@and pressure fields. Extremes in
pressure could be much higher compared to the gmeelicted from the means. Appropriate
measurement and analysis should be based on theadh as defined by Cook.

4: when studying the resistance of the structine appropriate reliability levels should
be considered. In Europe, these are defined in B8D,1and especially the clauses on
‘design by testing’ are relevant. The evaluationhef strength of a structure usually requires
a series of (destructive) tests, or a design caticul according to the codes for the
structural material applied. A single test withdailure does not include the information
about the relevant failure mechanisms and scattstriictural strength.
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The requirements for setting up and execution ofdviunnel experiments are given in
various guidelines [11, 12, 13]. Requirements Far analysis of data are usually not given
in these documents. Wind tunnel institutes appéyrtbwn procedures, and a general basis
is lacking. Within the Netherlands, the wind tunmestitutes, checking authorities and
structural engineers agreed to a guideline [11hiich strict rules for wind tunnel testing,
including analysis methods and reporting requirdgmare given.

The above demands are not only valid for experialembrk but also for numerical
simulation by application of CFD. The requiremenbgse results on extremes is difficult to
achieve with current CFD codes, and such claimsiirega thorough validation with
experimental work. CFD may play a role in underdiag phenomena, and for a first
optimisation of the products, but the final chetik seeds proper experimental work.

Products are being advertised to withstand the Waads without additional weight or
fixing. Often these claims are based on simple exmntal testing or numerical modelling
and some of these claims are based on researchisyesbich do not answer to all
requirements for preparation, execution, analysigl application of wind tunnel
experiments. Examples are experiments based on preasures instead of peak values;
tests where building induced turbulence is not taikkéo account; and tests where only a
few wind directions are considered. Usually, tegiarts supporting these claims are not
freely available. A guideline for experimental deteation of the wind loading on solar
energy systems would help to increase the quatityta decrease storm damage to roof
mounted structures.

5. Solar Energy Systemson pitched roof

A frequently applied group of systems are the dedaetrofit systems for pitched
roofs. These systems are mounted by applicationetél hooks to the under-roof, carrying
the load through the roofing tiles. The solar epesgstems are mounted parallel to the
existing roofs, with a typical distance betweenfraad solar energy system in the order of
100 to 200 mm. An example is given in figure 2. Thied loads on these systems is related
to the wind loads on the existing roof. Howeveramihe corners and edges, such systems
may be prone to extra wind loads due to local weffécts around these corners. These
effects are not yet very well understood, and ateéntluded in current codes and guidance.

Here, the values for the wind loading are also raefi using expression 2. For this
situation, current wind loading standards do neegialues forc,«. No experimental data
are available. BRE Digest 489 [10] recommends uding following net pressure
coefficients for modules in the central roof aréasthe design of modules mounted above
and parallel to pitched roofs:

Where the module is > 300 mm from the roof surface:

- Cpnet fOr wind uplift = -0.7

- Cpnet fOr downward pressure = 1.0

Where the module is < 300 mm from the roof surfacevhere the space between the
roof and underside of the module is blocked oreahisr any possibility of it becoming
blocked by leaves or other debris:
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- Cpnet fOr wind uplift = -1.3

- Cpnet fOr wind pressure = 1.0

These pressure coefficients are assumed valid fadufes mounted in the central
regions of a pitched roof. If the module is closdhe roof periphery (eaves, ridge or gable),
the wind loads are likely to be significantly highBlo values are given for those situations.
In current standards, this periphery has typicalyidth of about 1 meter.

The values given above are asumed to be safe ydluefor economical reasons, more
specific values are necessary. In the framewortkke@fEur Active Roofer project [14], both
a full scale and a wind tunnel test were perforniResults have been given in [15]. These
tests were done on single panels mounted on aepitcbof with tiles. Wind induced
pressures were measured on the top and bottontearéd two dummy photovoltaic (PV)
panels. Measurements were performed simultaneotls twe on site wind speed and
direction. A view of this experiment is given igtire 3.

Figure 3: Pictures of the experiment on retrofiteyns on pitched roofs:

Upper: (left): view of full scale set up; (rightjew of wind tunnel experiment.

Lower: (left) Panel 1, located on southern roofipit(right) Panel 2, located on western roof pitch.
The gray boxes under the gutter contain the predsamsducers. Pressure taps are present at the
vertical centre line, at ¥, ¥ and % of the heighhe panel, both on top and on the bottom
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For the situation studied, values @y, in the order of -0,3 are found to be safe for
uplift loading. These values indicate that a sigaifit reduction of the loads can be found,
compared to the current guidelines. However, tiRjseeament does not cover all relevant
situations, including effects of systems near thaf edges, different spacings between roof
and solar energy systems and the application dipteisystems on a roof surface.

Solar energy systems can also be an integral painecouter layer, thus replacing the
conventional roof covering such as roofing tileslas panels require ventilation underneath
to prevent overheating, so these systems usualynaunted with a batten space, and gaps
for ventilation. These gaps enable the wind indupesksures to equalize. In this way a
relatively small pressure difference is found other outer layer, i.e. the solar panel. Based
on previous experience about roofing tiles, andoaparative experiment where the
pressure differences over solar panels and rodfleg have been measured, pressure
equalisation coefficients, see equation 3, hava bletermined.

Figure 4: full scale experiment on solar panelsgrdted in tiled roofs.

It was concluded that the differential pressuresrdiie solar panels studied did not differ
significantly from the differential pressures owamventional roofing tiles, provided that
there is an airtight, stiff underroof and that #uwar energy systems is not mounted in the
edges and corner regions of the roof. The pressgyualisation coefficients as used in the
Dutch National Annex for EN 1991-1-are used forstheystems, which is equal to 0,33 for
the central regions of the roof, so the net loadrahe systems is equal to 1/3 of the
external pressures.

6. Concludingremarks

Solar energy is becoming increasingly popular. Bldding sector provides large
potential surfaces for installation of both photitaie and solar thermal systems. The wind
loads on these systems are the major design load.

Current guidelines for wind tunnel research prowideful directions how to carry out
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model tests. However, effects of very small detafsluding vent holes and open joints,
can hardly be modelled on scale. A mix of measurgsnen a 1 to 1 scale, small model
tests and possibly CFD simulations may be the weawdrd in the design of effectively
wind resistant solar energy systems on roofs.

Values for roof mounted solar systems are availabl®a some studies; however, these
do not cover all aspects relevant in design. Oely few systematic studies are available to
properly include values in design guidelines. Mangject-based wind tunnel experiments
are carried out, especially on flat roof systema,Unfortunately little knowledge is shared.
The effects of building shape and dimensions, ositg on the roof, inclination relative to
the roof, and the shape and dimensions of theragstmder consideration are not yet fully
known. These should all be considered to find ther@priate wind loads for a safe and
economic design. Both wind tunnel and full scalasuements as well as CFD simulations
are useful tools to find these values.
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