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Preface and Acknowledgements

This document was developed by the Structural Engineering
Association of California’s (SEAOC) Solar Photovoltaic
Systems Committee (PVV committee), a subcommittee of the
SEAOC Wind Committee. The PV committee was formed in
September 2011 on the initiative of building code officials,
structural engineers, and solar industry representatives. The
principal goal in forming the committee was to address the
lack of clarity and specific requirements in applying structural
building code provisions to solar photovoltaic systems. The
committee began its work with discussions that led to identi-
fying (a) the types PV support systems that were most
prevalent and most in need of clarification regarding their
structural design, and (b) the key structural engineering issues
in the design of such arrays.

The structural engineering issues identified in these dis-
cussions included:

e The question of acceptability of unattached rooftop
solar arrays in relation to seismic design requirements
and objectives;

e The question of applicability of component and
cladding wind loads to many solar array types;

e Recommendations and necessary requirements for
wind-tunnel testing of solar arrays (testing which is
typically done for a type of PV support system rather
than a specific site location and installation);

e  The question of applicability of code minimum wind
loads to solar arrays designed based on wind-tunnel test
results; and

e The potential development of code wind loads
specifically applicable to solar arrays.

While there is a growth of solar installations of several types,
including residential and ground-mounted installations, many
of the engineering issues identified were most relevant to low-
profile photovoltaic installations on commercial flat roofs.
The committee chose to direct its initial efforts on such
systems, considering both seismic and wind structural design
issues. The work of the committee then focused on the
production of two reports;: Report PV1-2012, addressing
seismic-structural design, and Report PV2-2012, addressing
wind design. Joe Maffei directed the development of the PV1
report and Ron LaPlante directed the development of the PV2
report. It is our hope and that of SEAOC that these documents
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provide valuable information to ASCE-7 and other standards
writing groups.

The PV committee intends to continue its work on the timely
issues related to the structural design of solar installations.
Future activities may include updates to the PV1 and PV2
reports and new efforts addressing quality assurance and roof
live load issues. Comments on the documents can be sent by
e-mail to ron.laplante@dgs.ca.gov and
jmaffei@ruthchek.com.

We would like to express our appreciation to the SEAOC
Board, the SEAOC SSC committee, chaired by Kevin Moore,
and the SEAOC Wind Committee, chaired by Ken Lutrell,
who oversaw and supported the work of the PV Committee.
In particular for Report PV2, we would like to thank Dr. David
Banks from Cermak Peterka Petersen (CPP) and Dr. Gregory
Kopp from The University of Western Ontario for their
invaluable contribution on the development of the wind loads
figure from wind tunnel test data. Also, thanks to David
Carpenter and David Banks from CPP for use of CPP figures
and write-up on the wind flow characteristics on flat roofs.
Special thanks to Karl Telleen from Rutherford & Chekene
and Adam Saidel from Unirac for their efforts in developing
the example problem in the Appendix and to Paul Rooney
from DSA for drawing Figure 29.9-1 countless times.

We also are grateful to the SEAOC Seismology Committee,
chaired by Geoff Bomba, for their thoughtful review of the
PV1 report; their comments improved the document. Finally,
we express our gratitude and appreciation to the members of
the PV Committee, who dedicated their time—in more than
twenty online meetings and in reviews of numerous drafts—to
shaping the two reports that are now completed. The
committee members brought diverse backgrounds and
perspectives to the discussion, and the resulting works reflect
a range of knowledge and understanding that is much greater
than could come from any one individual. In directing this
effort, we deeply grateful for all that we have learned, and for
the good will and dedication of so many contributors who
came together to produce these documents.

Sincerely,
Ron LaPlante and Joe Maffei
August 2012
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1. Abstract:

The design wind loads for solar photovoltaic arrays on flat roof
low-rise buildings are not covered by the prescriptive methods
contained in ASCE 7 Minimum Design Loads for Buildings and
Other Structures. This report describes the wind flow
characteristics of rooftop solar photovoltaic (PV) arrays and the
development of this information into a figure similar to that
used in the prescriptive methods contained in ASCE 7 using
the same design methodology. The report also addresses
requirements for wind tunnel studies, effective wind area
computation, and the wind loads on the roof itself.

2. Introduction:

In the absence of detailed guidance from ASCE 7 for wind
loads on photovoltaic arrays on flat roof low-rise buildings,
designers often attempt to use a hybrid approach of the ASCE
7 components and cladding tables for enclosed buildings and
main force resisting system tables for open structures, or they
use the wind tunnel procedure of ASCE 7. The hybrid
approach can lead to unconservative results, particularly when
considering the size of the edge and corner roof zones. The
wind tunnel procedure can be costly and time consuming,
particularly for small or single-use projects. Furthermore, there
are no code-based index values for the wind pressure
coefficient GCr, with which to compare those developed from
wind tunnel studies. The solar industry and code enforcement
agencies are in need of a prescriptive method similar to that
provided in ASCE 7.

Recognizing that the solar industry and code enforcement
agencies are in need of these design provisions, SEAOC
formed the Solar PV committee to develop this report and
provide these interim guidelines.

This report describes the wind flow characteristics for solar
photovoltaic panels on flat roofs and provides a figure similar to
that used in the prescriptive methods contained in ASCE 7,
using the same design methodology to generate GC, values
that are consistent with the design equations contained in
ASCE 7. The intent is for this method to be used with either
ASCE 7-05 or ASCE 7-10; where necessary, this report
provides a distinction in applicability between the two
standards.

ICC AC 428 “Acceptance Criteria for Modular Framing
Systems Used to Support Photovoltaic (PV) Modules” may be
used to determine the wind loads for freestanding ground-
mounted systems and flush-mounted systems. Freestanding
ground-mounted systems are stand-alone systems and may
use the open buildings prescriptive method contained in ASCE
7; this procedure is not applicable to rooftop installations on
buildings. Flush-mounted systems are installed parallel to the
roof surface of a building, within 2 to 10 inches of the roof
surface, and may use the enclosed building components and
cladding prescriptive method contained in ASCE 7.

The focus of this report is on low-profile photovoltaic arrays on
flat or low-slope roofs of low-rise buildings, and not on ground-
mounted systems or roof-mounted systems on other roof
shapes (e.g. hip, gable, saw-tooth, etc.).

Proposed changes to ASCE 7-10 include:

e adding Section 29.9 to address solar arrays on flat roofs

e modifying Table 29.1-1 to include solar arrays

e adding Figure 29.9-1 to determine pressure coefficients for
solar arrays

e adding a definition of Effective Wind Area for solar arrays

e adding Section 31.6 to address wind tunnel testing of solar
arrays

Throughout this document, where ASCE 7-10 changes are
being proposed, the existing unmodified language in ASCE 7-
10 is italicized, whereas the proposed changes are italicized
and underlined. Following each proposed code change, the
report typically includes a commentary providing background
information.

3. Prescriptive GCm Values for Solar Arrays
Mounted on Flat Roofs

This section presents code language and a figure similar to
that used in the prescriptive methods contained in ASCE 7 for
wind loads on low-profile rooftop solar photovoltaic arrays
installed on flat roofs.

3.1. Proposed Code Changes

The following code language and figure provide an ASCE 7
based prescriptive method for determining the GC,,, values and
wind loads for solar photovoltaic panels installed on flat roofs.
This method is applicable to the conditions illustrated in the
figure with corresponding limitations. No extrapolation beyond
the limitations shown shall be made. The equations and
methodology in ASCE 7 for determining the velocity pressures
and associated site coefficients shall be used with the GC,
values shown herein.

The proposed code language uses the term “panel” to mean a
planar assembly of solar photovoltaic (PV) modules. The term
PV “modules” refers to manufactured, environmentally
protected units of solar cells that form the basic unit of solar
photovoltaic arrays. This terminology is consistent with
Section 690 of the 2011 National Electrical Code.

The following is the proposed code language corresponding to
ASCE 7-10. The figure references both ASCE 7-05 and ASCE
7-10 sections where applicable.

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs
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29.9 Rooftop Solar Arrays for Buildings with 8<7°

The design wind pressure for rooftop solar arrays located on
buildings with a slope 0<7 degrees and a mean roof height h
< 60 ft (18.3 m), or where mean roof height h > 60 ft (18.3 m)
provided that the building is wider than it is tall, shall be
determined by the following formula:

P =an(GCrm) (Ib/ff) (N/m®) (29.9-1)

where

gn_= velocity pressure evaluated at mean roof height
of the building

(GCr) = combined net pressure coefficient for solar
panels, determined from Figure 29.9-1

The following are the proposed changes (indicated via
underline) to Table 29.1-1 of ASCE 7-10:

Table 29.1-1 Steps to Determine Wind Loads on
MWFRS Rooftop Equipment and Other Structures

Step 1. Determine risk category of building or other
structure, see Table 1.5-1

Step 2: Determine the basic wind speed, V, for applicable
risk category, see Figure 26.5-1A, Bor C

Step 3: Determine wind load parameters:

Step 4:
Step 5:

Step 6:

Step 7:

>

>

Wind directionality factor, K4, see Section
26.6 and Table 26.6-1

Exposure category B, C or D, see Section
26.7

Topographic factor, K. see Section 26.8
and Figure 26.8-1

Gust Effect Factor, G, see Section 26.9

Determine velocity pressure exposure coefficient,
K; or Kn, see Table 29.3-1

Determine velocity pressure q, or qn, See Eq
29.3-1

Determine force Coefficient, Ci:

>

>

>

>
>

Solid freestanding signs or solid freestanding
walls, Fig. 29.4-1

Chimney, tanks, rooftop equipment Fig.
29.5-1

Open signs, lattice frameworks Fig. 29.5-2
Trussed towers Fig. 29.5-3

Rooftop solar arrays Fig. 29.9-1

Calculate wind force, F, or pressure , p:

>
>

>

Eq. 29.4-1 for signs and walls

Eq. 29.5-2 and Eq. 29.5-3 for rooftop
structures and equipment

Eq. 29.5-1 for other structures

Eq. 29.9-1 for rooftop solar arrays

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs
Report SEAOC PV2-2012

August 2012
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Design Wind Loads

Figure 29.9-1 |
Enclosed, Partially Enclosed Buildings
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Design Wind Loads h <60 ft, or all heights if A < W
Figure 29.9-1(cont.) I Roof Mounted Solar Panel Arrays ROOfS Q <-7 0
Enclosed, Partially Enclosed Buildings -

Notes:

1. (GC,,) acts towards and away from the panels top surface.

2. There shall be a minimum air gap around the perimeter of each solar module of 0.5 inches or between
rows of panels of 1 inch to allow pressure equalization above and below panels.

3. Alternatively, for @ = 0°, b, < 10", and air gap per note 2, use components and cladding procedure per
ASCE 7-10 30.4 (ASCE 7-05 6.5.12.4).

4. Array should not be closer than 2( 4, - h) or 4 feet, whichever is greater, from roof edge.

5. Roof structure area covered by solar array need not to be designed for simultaneous application of solar
array wind loads and roof components and cladding wind loads. As a separate load case, roof structure
shall also be designed for full roof components and cladding wind loads assuming PV panels are not

present.
6. Notation:
A: Effective wind area for structural element being designed, in ft.”
A Normalized wind area, equal to ( 1000 ) A
(max (a,,, 15ft)
a,: 0.5 JW , but need not exceed 4, in ft.

d: Horizontal distance measured orthogonal to the panel edges in the north ( d,), south (dj), east
(dy), and west (d,) direction, from panel being evaluated to adjacent panel or building edge,
whichever is closer, ignoring any rooftop equipment, in ft. For panels in a row, d; and d;, are
measured from the end of the row in their respective direction. E; and E, apply only to the
panels within 5 ft of each end of the row on their respective side, and panels greater than 5 ft
from both ends of their row shall have d; and dj, =0.

E: Array edge factor calculated for each panel area in each principle direction at a time, equal to
maximum of Ey, E, E;, Ey. If panel area being evaluated is located in zone 2 or 3 and dy
measured to building edge ignoring all other panels is greater than 3 a,,, then E, for that panel
area need not exceed 1.5. If panel area being evaluated is located in zone 2 or 3 and dj, d;, or
dy measured to building edge ignoring all other panels is greater than 3 a,,, then Ej, Ej, or Ey for
that panel area in only that respective direction need not exceed 1.0.

(GC»):  Net pressure coefficient, equal to ¥, E[(GCra)nom(Y. )]

(GCmhon: Nominal net pressure coefficient.

h: Mean roof height above ground, except for monoslope roofs use maximum roof height, in ft.
h: Solar panel height above roof at low edge, in ft.

hy Solar panel height above roof at raised edge, in ft.

h: Characteristic height, equal to min( 4;, 1ft)+/;sin(w), except when evaluating E toward a

building edge unobstructed by panels, then 4.=0.1a,, for that panel in that direction, in ft.

h L Mean parapet height above adjacent roof surface, in ft.

L Chord length of solar panel, in ft.

W : Width of overall building on longest side, in ft.

W : Width of overall building on shortest side, in ft.

v Panel chord length factor, equal to 1.0 for « < 5°, equal to 0.6 + 0.06/, for @ >15° but shall not
be less than 0.8. For 5°< w < 15°, apply v, only to 15° 35° (GC,,)wn figure values and prior to
interpolating.

% Parapet height factor, equal to 1.0 for h,<4 ft, equal to the smaller of 0.25 A, and 1.3 for
hx>4 ft.

o: Angle of plane of roof from horizontal, in degrees.

@: Angle of plane of panel to roof, in degrees.

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs August 2012
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3.2. Commentary

3.2.1. Procedure for Using Figure 29.9-1
In order to simplify the use of the figure, the following is a step
by step procedure.

Step 1: Confirm applicability of the figure to the solar
installation and building.

Step 2: For panels parallel to the roof surface and height
above roof less than 10 inches, the alternate
procedure using components and cladding
procedure per Note 3 is an option.

Step 3: Confirm that layout provides minimum distance
from roof edge per Note 4.

Step 4: Compute a,y for the building.

Step 5: Determine roof zones with respect to solar array
layout.

Step 6: Determine effective wind area for each element
being evaluated.

Step 7:  Compute (GCr)nom from applicable chart.

Step 8: If using 15 to 35 degree chart, apply chord length
adjustment factor, vc.

Step 9: For tilt angles between 5 and 15 degrees,
interpolate for tilt angle.

Step 10: Apply edge factors to edge rows, sides, and all
rows where space between rows exceeds 2*hc.

Step 11:  Apply parapet height factor, v,.

Step 12: Calculate GCi, using vp, E, and y¢*(GCrm)nom.

Step 13: Go to ASCE 7-10 Table 29.1-1 to complete
calculation.

An example calculation has been performed on a typical solar
photovoltaic array and provided in Appendix A to further clarify
the use of the figure.

3.2.2. Wind Flow Characteristics on Roofs

Low-rise buildings are generally wider than they are high. As
wind flow approaches the side of these buildings, the structure
forces the wind to flow up and over the top, as illustrated in
Figure 1. The air does not, however, flow smoothly over the
roof. Instead, it breaks away at the leading edge of the roof
causing a shear layer and leaving a zone of swirling air
beneath it.

Figure 1:
courtesy Cermak Peterka Petersen)

Flow separation and reattachment (Diagram

This zone of swirling air is called a flow separation. If the
building is wide enough the wind above the building eventually
comes back down and meets the roof. The point at which this
happens is called the reattachment point, and although this
point shifts around during a high wind event, on average it is
located about twice the building height from the roof edge.
Beyond the reattachment point, the wind once again flows
approximately parallel to the roof. (6)

Now consider winds approaching the building obliquely, toward
one of the corners. Oblique or cornering winds generate
conical vortices above the roof. These vortices originate at the
corner of the roof and radiate toward the middle of the roof
(see Figure 2 & 3). Most solar panels mounted on the roof are
highly vulnerable to the speed and direction of the wind
approaching the panel. The cornering vortices reattach to the
roof with higher wind speeds than the approach flow, and also
significantly increase the vertical component of the wind. This
results in wind loads on solar panels in the corner zones much
greater than those in the middle of the roof. [(6), (11)]

Figure 2: Corner vortices o'rT a roof top (Photo courtesy-

Cermak Peterka Petersen)

Flat Roof Wind Environment:
Cornering winds create conical vortices

Vortex Core Axis Line Vortex Core Axis Line

e F‘W’?j/)

o
7

Wind from 45°

Figure 3: Corner vortices on a roof top (Figure courtesy
Cermak Peterka Petersen)

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs
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Figure 4a shows a wind zone map for the roof of a typical low-
rise building. The wind flow in the yellow edge and red corner
zones are caused by flow separations and conical vortices. If
we are concerned about loads on the roof itself, each of these
zones is about half as wide as the building is high (a = 0.4), as
depicted in Figure 4a. However, if we are interested in solar
panels mounted on top of the roof, the zones are typically
about twice as wide as the building is high (a = 2h), as
depicted in Figure 4b.

Figure 4a: Wind zones for a flat roof using standard
components and cladding figures in ASCE 7 (Diagram
courtesy Cermak Peterka Petersen)

The zones for the roof itself and for roof-mounted solar panels
are of different widths because the two are vulnerable to
different phenomena. The roof is mainly vulnerable to the
difference between the pressure within the building and that
above the roof. Higher wind loads in the edge regions are
caused by high suction forces in the core of the vortex being
transferred to the roof surface [(4),(11)].

Solar panels mounted on the roof, on the other hand, are
vulnerable not only to the suction in the vortex core
(particularly lower tilt panels) but also to the speed and
direction of the wind approaching the panel. Higher tilt panels
are particularly vulnerable to the vertical component of the
swirling winds in the reattachment and especially near the
corner vortices. Therefore, the edge zones for roofs and for
solar panels are different. [(5) (6)].

It is important to note that because of the sensitivity of tilted
roof-mounted panels to the swirling wind flows near the
building edges, the aerodynamic forces on roof-mounted
arrays are completely different from those on the ground.

Figure 4b: Wind zones for a flat roof for solar photovoltaic
array wind loading (Diagram courtesy Cermak Peterka
Petersen)

In Figure 4b, the roof has been split up into three distinct
zones: interior zone, edge zone, and corner zone. The interior
zone is set back from the building edges approximately two
building heights. Beyond this point the air flow is increasingly
beyond the flow reattachment so that the flow travels parallel to
the roof surface. The edge zones are those areas within two
building heights of the building edge and air flow is
characterized by flow separation and vortex formation. The
corner zones are located in the building corners within two
building heights and the air flow is characterized by the most
severe effects of the corner vortices.

Based on the wind flow characteristics described in this
section, it has been shown that the wind loading on solar
photovoltaic panels is affected by different phenomena than
that of the roof members themselves. It is not appropriate to
use the ASCE 7 components and cladding roof loads to
estimate loads on tilted solar panels (10). However, the
process followed in creating the figure, described in the next
section, was used to mimic the same enveloping procedure
used to obtain the wind loads and roof zones in ASCE 7.

3.2.3. Development of Wind Loading Figure Based on
ASCE 7

3.2.3.1. General:

The development of a wind loading figure for roof mounted
solar photovoltaic arrays that corresponds to the prescriptive
method in ASCE 7 is challenging due to the complexities of the
wind flow characteristics on a roof and the numerous possible
array layouts, configurations, and geometry. The goal is to
make a simple, easy-to-use figure that fits most low-profile
solar photovoltaic installations within the range of sizes and

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs
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configurations most commonly used. Care was taken to not
expand the range of application; otherwise the values in the
figure could become overly conservative for lower profile
systems. With this caveat in mind and considering the range
of wind tunnel data available, it was determined that the
maximum height above the roof surface (hz) for the solar
panels should be limited to 4 feet and the panel chord length
(Ip) should be limited to 6 feet 8 inches. Wind tunnel data show
that increasing the overall height above the roof or panel chord
length increases the wind loads, so the wind load values from
the figure should not be applied to higher profile or larger chord
length systems. Likewise, the height of the gap between the
panels and the roof surface (h¢) should not exceed 2 feet,
otherwise the wind flow under the panels can cause excessive
uplift, beyond that covered in the figure. For roof-mounted
solar photovoltaic installations that do not fall within the
parameters of the wind loading figure or footnotes contain
therein, wind tunnel testing in accordance with Section 5 is
necessary to determine the pressure coefficients.

A reduction factor, vc, is included in the figure to reduce the
wind loads for shorter chord lengths. The reduction factor
scales down linearly from a factor of 1 to 0.8 for chords 6 feet 8
inches long to 3 feet 4 inches, respectively. This factor only
applies to the higher tilt angle (15 to 35 degrees) (GCrn)nom
curves since change in chord length has little effect at low tilt
angles (less than 5 degrees). If interpolating between 5 and 15
degrees, the reduction factor must be applied to the higher tilt
angle (GCm)nom curves prior to interpolating.

The intent of the figure is to be applied to low-rise buildings,
which are buildings less than or equal to 60 feet high.
However, the behavior and physics of the wind flow contained
herein can also be applied to buildings of any height provided
the building is at least as wide as it is tall. The normalized
wind area will account for increase wind loads of larger
buildings as described in Section 3.2.3.4

3.2.3.2. Roof Wind Zones:

As noted in a previous section, there are three distinct regions
or zones on the roof where the wind flow characteristics and
resulting wind loading on solar panels are different. They are
the interior (1), edge (2), and corner (3) zones. In the northern
hemisphere, most solar arrays are oriented such that the
panels are facing the south, which leaves the north edge of the
panel elevated and exposed to northern winds. Wind tunnel
test data have shown that the cornering winds from the
northeast and northwest create the most severe loading in
these respective corners due to the effects of the cornering
vortices on exposed northern edge. The data also show
vortices in the southwest and southeast building corners,
although the effects are less severe. The effects of the
cornering vortices and accelerated flow extend further into the
building on the northern corners than the southern corners for
south facing panels. In order to simplify the use of the figure
and the assignment of corner zone regions, all corner zones
were made the same size.

The size of the corner zones is directly proportional to the
magnitude of the cornering wind vortices formed. Wind tunnel
test data shows that the magnitude of the cornering wind
vortices is proportional to the building height; however, for
buildings where the width is shorter than approximately four
times the building height, the full strength of the cornering
vortices cannot be generated. The dimension of the corner
zones is set at a length of two times the building height from
each corner and scales down proportionally for buildings
whose width is shorter than four times the building height.

The edge zones are a continuation of the corner zones around
the perimeter of the building where the wind loads are
generally smaller than the corners zones. Some clarifications
have been made where building setbacks occur and when the
formation of another corner zone should occur. Interior
reentrant corners do not require a corner since cornering
vortices only form at outward or protruded corners. Similarly,
irregularly shaped buildings with outward corners at angles
greater than 90 degrees tend to weaken the vortices. As this
angle becomes more obtuse, the building corner begins to
flatten out and resemble more of an edge condition. The roof
zoning diagram indicates that corner zones can be designed
as edge zones where the building corner angles exceeds 135
degrees.

The interior zone is set back from the edges and corners and is
where flow reattachment occurs with air flowing parallel to the
roof surface, and wind loads are lower. For very large
warehouse type buildings, there is a deep interior zone with
further reduced wind loads, and this area has been denoted as
zone ‘0.

3.2.3.3. Building Edge and Parapet Effects

As noted in a previous section, as the wind flows up and over
the top of the building, the air breaks away at the leading edge
of the roof causing a shear layer. Above this shear layer is
very high wind acceleration. For that reason, solar panels
need to be kept below this shear layer, otherwise the wind
loads will significantly increase above those indicated in the
figure. The shear layer ascends off of the roof edge at a slope
of approximately 26 degrees (2:1 horizontal to vertical) toward
the building. As such, solar panels should never be placed
closer than two times the panel height (h2) from the roof edge
(4). Where parapets occur, the shear layer is raised and
panels can be placed closer to the roof edge. There is also an
absolute minimum set back of 4 feet, which is due to the
availability of test data (i.e., there is no test data available
closer to a roof edge than this). These minimum setbacks are
typically less than the fire marshal setback requirements to
allow fire fighter roof access.

Parapets typically worsen the wind loads on solar panels,
particularly on wider buildings. The parapets lift the vortices
higher above the roof surface and push them closer together,
inward from the edges. It is not clear at this time why the vortex
effects are more severe in this situation, but tests have shown
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that this can result in wind loads that are 50% greater than in
the absence of a parapet, particularly for unprotected tilted
panels. (4). As such, the figure limits the parapet height to 4
feet unless the (GCm)nom Values are increased by a 1.3 factor.

3.2.3.4. Nominal Net Pressure Coefficient, (GCn)nom

The nominal net pressure coefficient (GCi)nom curves were
generated based on wind tunnel test data within the range of
parameters allowed by the figure. These curves were created
based on the same methodology as those shown in ASCE 7
for components and cladding. The nomenclature used in the
figure is intended to be the same as that used for rooftop
structures in ASCE 7-10 Chapter 29, where GC;, applies to net
pressure coefficient. The net pressure coefficients shown in
the design curves of the figure are denoted (GCi)nom Since
these values are nominal values that generally are applicable
to sheltered panels and need to be adjusted for array edge
conditions, parapet size, and solar panel length.

One important difference in this figure from those in ASCE 7 is
that the effective wind area on the horizontal axis is changed to
normalized wind area. This represents a shift in methodology
from that in ASCE 7. The wind tunnel test data indicates that
larger buildings have larger (GCu)nom Values than smaller
buildings. When enveloping data to create these curves, it is
quite apparent that taller low-rise buildings skew the (GCrn)nom
curves higher when compared to lower low-rise buildings. This
effect is not currently addressed in ASCE 7 components and
cladding figures. In order to not over-penalize shorter or
smaller buildings, the use of a normalized wind area is used.
The normalized wind area is approximately equal to the
effective wind area for 33-foot high buildings. For shorter
buildings, the normalized wind area will be larger than the
effective wind area, thereby sliding to the right on the figure
and reducing the (GCin)nom values or wind load. Taller
buildings have the opposite effect. A lower limit on the height
of the building used in computing the normalized wind area has
been set at 15 feet, otherwise the calculated wind loads
become lower than the data supports.

The ASCE 7 components and cladding GC, curves all max out
and remain constant at effective wind areas less than 10
square feet. When using normalized wind area, the GC,
values cannot be capped since the factor of 10 is not an
absolute area; it is a factor. Taller buildings will use the
normalized wind area values in the 1 to 10 range for much of
the components and cladding loads. Therefore (GCn)nom
values are instead capped at normalized wind areas of less
than 1.

The (GCr)nom curves in the figure cover the range of panel tilt
angles from 0 degree to 35 degrees since this is the practical
range of inclination for typical installations. For panels parallel
to the roof surface, ICC AC 428 can be utilized which allows
the panels to be designed as components and cladding in
accordance with the ASCE 7 figures. The wind tunnel data
available cover panel tilt angles up to 30 degrees, and since

the change in wind loads on the steeper panel tilt angles is
small, the extrapolation to 35 degrees is rational.

The wind tunnel data indicate that the (GCn)nom values are not
linearly related to the panel tilt angle over the full tilt angle
range. The data indicate that there is a relatively small change
in (GCn)nom values for the lower tilt panels in the 1- to 5-degree
range. Then there is a rapid increase in (GC)nom Values from
5 to 15 degrees. There is again a relatively small change in
(GCr)nom values for higher tilt panels in the 15- to 35-degree
range, because, for the higher tilt angles, upstream panels
create turbulence which increases the wind loads on all
downstream panels (9). Thus, the figure was created with two
(GCm)nom curves to address this phenomenon; a (GCrn)nom
curve for low tilt panels in the 0- to 5-degree range and another
for high tilt panels in the 15- to 35-degree range. For panel tilt
angles in the 5- to 15-degree range, interpolation is permitted.

The (GC)nom curves are shown for each of the distinct roof
zones previously noted. Based on the wind tunnel data, the
values for zones 2 and 3 are approximately 1.3 and 1.5 times
higher than zone 1 wind loads, respectively. At small and very
large effective wind areas, these factors diverge from these
constants as illustrated in the (GCin)nom curves. The (GCin)nom
data has been typically rounded to the nearest tenth to allow
easier extraction of the data off of the curves.

(GCrm)nom values are for both positive and negative values.
Wind tunnel test data shows similar positive and negative
pressures for solar panels, which is very different than typical
roof member design wind loads.

3.2.3.5. Shielding within an Array

Solar panels are typically installed in large arrays with closely
spaced rows. When the wind traveling above the roof surface
approaches the array, the wind generally travels up and over
the array. As the wind accelerates over the first panel at the
array edge, it causes a large wind load on this edge panel. As
the wind continues across the array, it tries to reattach to the
roof, but if the panels are in closely spaced rows, the wind
cannot fully recover and it rolls over the top of the remaining
downwind panels in a turbulent manner. Wind tunnel tests
have shown that the edge panels can have wind loads in
excess of two times that of closely spaced shielded panels.

A typical array consists of closely spaced panel rows that are
sheltered by perimeter edge panel areas that have increased
loading. In the development of the figure, the (GCin)nom Curves
were chosen for sheltered panel areas since this represents
the typical condition in large arrays. To account for the higher
loading at the perimeter edge panel areas, an array edge
increase factor needs to be applied. As noted earlier, most
solar arrays in the northern hemisphere are oriented such that
the panels are facing south, which leaves the north edge of the
panel elevated and exposed to northern winds. As such, the
edge effects on the northern edge row are significantly higher
than that on the southern edge row and east and west sides of
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the array. The figure has two different edge factors to account
for this phenomenon.

In order to take full advantage of the shielding effect between
panel rows, the space between rows needs to be less than
twice the panel characteristic height (hs). As the space
between rows increases, the wind loads on the panels
increase. The same phenomenon occurs where there are
open spaces on the roof between adjacent arrays. As the
open space between panels approaches approximately 8 times
the panel characteristic height (hc), all sheltering has fully
dissipated and practically full reattachment of the wind to the
roof surface occurs. As such, the edge factors in the figure
increase linearly as spacing increases from 2 panel
characteristic heights to 8 panel characteristic heights.

As noted in a previous section, the shear layer of wind coming
up and over the edge of a building takes a long distance to
reattach to the building roof surface. This begins to occur at
approximately 80 percent of the building wall height, including
the parapet. As a result, when edge panels are placed in this
region, where flow reattachment has not occurred, the edge
increase factor is less than the maximum value. To address
this issue, hc is set equal to 0.1*apy for a panel when evaluating
the array edge factor toward a building edge unobstructed by
panels. For the same panel, h. used for the other directions,
not toward a building edge unobstructed by panels, is a
function of the adjacent panel heights above the roof.

The array edge factors have a maximum cap of 2.0 when
evaluating the north direction, and 1.5 when evaluating the
south, east, and west directions. The array edge factors are
further capped at 1.5 and 1.0, respectively, where panels are
located more 3*a,y, from the building edge in the direction being
evaluated and when they are located in roof zones 2 or 3.
Since roof zones 2 and 3 extend 2*a,, from the building edge,
this condition occurs on panels that are located in roof zone 2
or 3 on the opposite side of the building in the direction being
evaluated. This lower cap is placed on the array edge factor to
address an unnecessary compounding effect of factors that
occurs when a panel is being penalized for both array edge
effects and building edge effects when, in the direction being
analyzed, the panel is far from building edge effects. This
lower cap only applies to the array edge factor evaluation in
the direction that is greater than 3*a,, from the building edge.

Rooftop equipment, such as HVAC units, penthouses, and
other roof objects can provide some sheltering benefits to solar
arrays located directly downwind of the object, however, due to
varied wind flow directions, the regions around edges of the
units can have accelerated wind flow. (11) Due to the
uncertainty in the wind direction and impact these objects have
on the solar arrays, it is indicated in the figure to ignore these
objects and design the surrounding panels as edge panels with
the edge increase factor calculated as if the objects do not
exist. This results in the panels adjacent to rooftop objects
being designed for higher wind loads to account for the
accelerated wind flow.

3.2.3.6. Design of Roof Supporting Solar Array

Wind tunnel studies have shown that the wind loads on rooftop
solar arrays need not be applied simultaneously to the roof
components and cladding wind loads. These design checks
should be carried out separately. Where a portion of the span
of a roof member is covered by a solar array and the
remainder is not covered, then the roof member should be
designed with the solar array wind load on the covered portion
with simultaneous application of roof components and cladding
load on the uncovered portion. In a separate load case, the
member should also be checked for typical components and
cladding wind loads assuming that the photovoltaic panels are
not present. For installations of new panels on existing
buildings, this separate load case to check the capacity of the
existing roof structure to resist the roof components and
cladding wind loads applied over the entire roof area (i.e.
assuming that the solar panels are not present) is not required.
A note has been added to Figure 29.9-1 to address these roof
design issues.

Wind tunnel studies have shown that mechanically attached
flush-mounted solar panels will not increase the wind load on
the roof structure itself. The roof load remains roughly the
same, with some fraction acting on the panels.

4. Effective Wind Area

The following is proposed code language to amend ASCE 7-10
Section 26.2 (ASCE 7-05 Section 6.2) by adding the definition
of effective wind area for roof mounted solar arrays.

EFFECTIVE WIND AREA, A for solar arrays: The area used
to determine GC,, per Fiqure 29.9-1 is equal to the tributary
area for the structural element being considered, except that
the width of the effective wind area need not be less than
one-third its length. For a fastener attaching solar modules,
the effective wind area shall not be greater than the area
tributary to the individual fastener.

Commentary:

The definition of effective wind area for solar arrays is similar to
that for components and cladding. As with components and
cladding, the width of the effective wind area need not be less
than one-third its length (which is typically equal to the span of
the framing element being considered). The induced wind
pressure is calculated per Figure 29.9-1 using this effective
wind area, and the wind pressure is then applied over the
actual area tributary to the element.

Effective wind area is equal to tributary area except in cases
where the exception is invoked that the width of the effective
wind area need not be less than one-third its length. In such
cases the effective wind area will be larger than the tributary
area.

The use of effective wind area in wind design is based on the
phenomenon that the highest wind pressures come from
instantaneous gust effects that are concentrated on small
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areas. Larger areas have lower design pressure because wind
pressures over the entire area do not peak at the same time
(13). The concentrated pressures from gusts tend to be
circular or elliptical in shape and are very unlikely to occur in
an elongated shape directly over the span of a long framing
member. Thus if the tributary area of a member is more
elongated than a 3:1 ratio of length to width, the effective wind
area can be increased to that corresponding to a width equal to
1/3 the length of the effective wind area. Further discussion is
provided in Section 9.2.3 of (13).

Tributary area for a spanning structural member of a solar
array depends on the span length of that member times the
perpendicular distances to adjacent parallel members. For a
support point or fastener, tributary area depends on the span
of members framing into that support point.

Tributary area (and effective wind area) can depend on the
characteristics of the solar array support system and the load
path. For a roof bearing system having different load paths for
upward, downward, and lateral forces, the appropriate effective
wind area for each direction of forces is used.

If the support system for the solar array has adequate strength
and interconnectedness to span across a support or ballast
point that is subject to yielding or uplift, the tributary area (and
effective wind area) can be correspondingly increased,
provided that strengths are not governed by brittle failure and
that the deformation of the array is evaluated and does not
result in adverse performance. See the “Load-sharing and
more detailed calculations” section near the end of the
example in Appendix A which illustrates this approach.

The requirements and commentary above differ from the
provision of IBC 2012 (14) Section 1509.7.1, which states,
“Rooftop mounted photovoltaic systems shall be designed ...
using an effective wind area based on the dimensions of a
single unit frame.” It is the consensus opinion of the SEAOC
Solar Photovoltaic Systems Committee that this provision is
not appropriate for many types of systems and parts of solar
arrays. The provision can be un-conservative for a fastener
with tributary area less than a “single unit frame” and is overly
conservative for elements of a solar array, such as main
supports or members that have a tributary area of several solar
modules. The provision may also be overly conservative if
applied to a framing member of a building supporting multiple
attachments from a solar array.

5. Wind Tunnel Tests per ASCE 7

The following is proposed code language to address specific
issues related to wind tunnel studies applied to roof mounted
solar panels. The proposed code language is adapted from
ASCE 7-10 Section 31.2, but is equally applicable to ASCE 7-
05 and is denoted as such in parentheses where applicable.

31.6 WIND TUNNEL PROCEDURE FOR ROOF MOUNTED
SOLAR PANELS

31.6.1 Wind Tunnel Model

When using the wind tunnel procedure to develop
generalizable _wind _loads for rooftop solar _photovoltaic
arrays, the wind tunnel model shall include to scale the array
configuration and layouts placed on the roof of a building
that properly models the rooftop wind flow environment in
accordance with ASCE 7-10 Section 31.2 (ASCE 7-05
Section 6.6.2), and in accordance with the requirements in
ASCE 49, “Wind Tunnel Testing for Buildings and Other

Structures” (3).

The model shall include various building features that affect
the wind flow _environment on the roof. The testing and
instrumentation shall be designed to determine the wind load
effects in different roof zones (corner, edge, center, etc.).
Modeling _site-specific _buildings is not necessary; rather
generic models with buildings large enough in plan area to
capture the wind flow environment over different roof zones

may be used.

The wind tunnel testing shall _use an arrangement of
pressure taps or other instrumentation methodology that is
sufficient to establish design wind forces on solar panels and
the variation of such forces as a function of effective wind
area.

Wind tunnel results shall not be extrapolated to other panel
geometry, panel inclination angle, panel row spacing, panel
elevation above roof surface, or other roof shape types (e.q.
gable, hip, barrel, flat, etc.) that were not part of the wind
tunnel study. For _moderate changes in _panel angle, row
spacing, or other parameters, reasonable _interpolation
between two or more tests is permitted. The limitations of
any wind tunnel study, such as the range of array and
building geometry parameters that were tested, shall be
clearly reported along with the results. The wind tunnel
results shall provide wind demands for the design of each
structural element of the PV support system, such as by
providing design wind pressures as a function of effective
wind area.

31.6.2 Minimum Design Wind Loads for Rooftop Solar
Panels

For solar photovoltaic systems that meet the limitations and
geometry requirements of Figure 29.9-1, the minimum
design wind load based on a wind tunnel study shall be 50%
of the values resulting from Fiqure 29.9-1. For solar
photovoltaic _systems that exceed the limitations and
geometry requirements of Fiqure 29.9-1, the minimum
design wind load based on a wind tunnel study shall be 65%
of the values resulting from Figure 29.9-1. The minimum
design wind force based on a wind tunnel study for roof
mounted solar _panel systems need not comply with the
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minimum net pressure of 16 psf per ASCE 7-10 Section

30.2.2 (10 psf per ASCE 7-05 Section 6.1.4.2).

31.6.3 Peer Review Reguirements for Wind Tunnel

Studies of Roof Mounted Solar Panels

Wind load values lower than the minimums indicated in

Section 31.6.2 may be used when an independent peer

review is performed in accordance with this section.

The independent peer review is _an objective, technical

review by knowledgeable reviewer(s) experienced in

performing wind tunnel studies on buildings and similar

systems, in properly simulated atmospheric boundary layers.

The minimum qualifications for the peer reviewer shall be as

follows:

The peer reviewer shall be independent from the wind
tunnel laboratory that performed the study and
prepared the report and shall bear no conflict of
interest.

The peer reviewer shall_ have technical expertise in
the application of wind tunnel studies on buildings
similar to that being reviewed.

The peer reviewer shall _have experience _in
performing or evaluating boundary layer wind tunnel
studies and shall be familiar with the technical issues
and requlations governing the wind tunnel procedure
in ASCE 7 as it is applied to systems similar to solar
photovoltaic arrays that use generalized wind tunnel

data for design.

The peer reviewer shall review the wind tunnel report,

including, but not limited to, data collection methods, data

analysis, boundary layer modeling, array and building

modeling, resulting wind loads and their relationship to

effective wind area, conversion of data into GC, values, and

conditions of applicability of results to different buildings

types, array geometry, etc. The peer reviewer shall prepare

a written report to the client. Such report should include, at a

minimum, statements reqarding the following:

Scope of peer review with limitations defined.

The status of the wind tunnel study at time of review.
Conformance of the wind tunnel study with the
requirements of ASCE 7-10 Section 31.2 (ASCE 7-05
Section 6.6.2).

Presentation of the conclusions of the reviewer
identifying any areas that need further review,
investigation and/or clarification.

Recommendations.

Whether, in the reviewer’s opinion, the wind loads
derived from the wind tunnel study are in
conformance with ASCE 7 for the intended use(s).

Commentary:

The wind tunnel provisions in ASCE 7 prescribe the test
conditions for developing wind loads for a specific building
located at a specific site. Typically this is done by modeling
the surrounding buildings and topography and its effect on a
specific building. When applying the wind tunnel procedure for
solar panel installations, a different approach is necessary.
For solar panel installations, it is necessary to model a generic
building with the solar array on the roof of a scaled building,
then generate GC, pressure coefficients that are applicable to
any site, a wide range of building sizes, and varied array
layout. This can be challenging since there is little literature on
using the wind tunnel provisions to obtain generalized data,
and ASCE 7 and ASCE 49 do not fully clarify the parameters
and approach necessary to do this. The approach needs to be
similar to that used to develop the GC; figures in ASCE 7 by
modeling generic buildings with various features to capture a
wide range of effects. References (8) and (10) provide
guidance on how to apply the wind tunnel procedure to obtain
generalized wind design parameters for solar arrays.

In order for the results of a wind tunnel study to be applicable
to a wide range of installation conditions, the building model
must to be large enough to generate the proper wind flow
environment on the roof. Typically this is done with 1:25 to
1:50 scale building models that are at approximately four times
the model height in length to capture cornering vortices and
flow reattachment that governs roof zoning, as the roof zoning
indicated in ASCE 7 for components and cladding is not
applicable to tilted solar arrays on flat roofs. The wind tunnel
study should also provide recommendations for setback
distances from larger rooftop equipment, penthouses,
clerestories and other building features.

The minimum components and cladding wind load pressures
indicated in ASCE 7 are primarily applicable to the building
envelope and are not entirely applicable to rooftop solar arrays.
The limitations contained herein are to establish the lower
bound wind pressures for wind tunnel studies of conditions
similar to those addressed by Figure 29.9-1. The values of
50% and 65% were chosen considering the factor of safety
included in the ASCE 7 design methodology, whereas, if a
wind tunnel study were erroneous in some way that was not
captured or identified, then these thresholds should be in a
range to prevent a gross under-design. These thresholds are
in the same range as those indicated in ASCE 7-10 31.4.3.

Solar panels systems that have aerodynamic devices or more
efficient profiles can have wind tunnel based wind loads less
than the lower bound thresholds indicated. In order to use
these lower values, a peer review is required. The peer
reviewer qualifications and requirements are included herein to
promote consistencies among the various jurisdictions and so
once a peer review is performed, it could be accepted by
multiple enforcement agencies so as not to require a peer
review for every submittal. It should be noted that if the scope
of applicability of a particular project exceeds that contained in
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the wind tunnel study or peer review, a particular enforcement
agency may require further peer review.

The peer reviewer qualifications are intended to be those of a
wind tunnel expert familiar with wind tunnel testing of buildings
and the applicability of the ASCE 7 provisions to determine
generalized wind design coefficients for roof mounted solar
arrays. A source for peer reviewers is the American
Association for Wind Engineering’s (AAWE) boundary layer
wind tunnels list (http://www.aawe.org/info/wind_tunnels.php).
The following is a summary of the AAWE list with other known
boundary layer wind tunnels added. This is not a
comprehensive list, but is provided as an aid.

Cermak Peterka Petersen (CPP), Inc.

Colorado State University

Concordia University, Montreal

Force Technology

I.F.1. Institute

Rowan, Williams, Davies & Irwin (RWDI)

Texas Tech

University of California, Davis

University of lowa

University of Maryland

University of Minnesota

University of Washington

University of Western Ontario
Other sources of peer reviewers are the ASCE “Wind Loads on
Solar Collectors Subcommittee” or the voting members of the
ASCE 7 “Subcommittee on Wind Loads”.
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Appendix A: EXAMPLE WIND LOAD PROBLEMS:
WIND LOADS ON LOW-PROFILE SOLAR PHOTOVOLTAIC SYSTEMS ON FLAT ROOFS
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hye = 2 ft * Attachment of PV Support System to Roof 10 f£ x 10 ft Skylight _
V = 110 mph (#) Example Calculation Number 5ft x 10 ft Air Handling Unit
Ky =1.0 I Example Calculation for Module Fasteners [0] 4ft x4 ft ExhaustFan
Risk Category: I1 == Example Calculation for PV Support System Framing
Wind Exposure Category: C ® Example Calculation for Attachment to Roof PV Panel inter-row spacing: 2 ft or 4 ft
(ASCE 7-10) i | Example Calculation for Ballasted Array

Example Calculations Part I: Wind loads for
designing fasteners of PV modules to support
systems

Given Figures 1 and 2 with the site specifications above, determine
the maximum wind load on each PV module fastener to the
supporting racking system. Each module is connected at four
locations (Figure 2). Assume all module fasteners are the same.

Igigu re2
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Locations 1 through 8 were selected for Part | of the example to demonstrate the various features that affect the wind loads
indicated in Figure 29.1-1. The following briefly describes the key design issues at each location:

e Location 1: Panel is located in zone 3 (corner) and has a long distance toward the north to the next array row (dn)
resulting in a higher north edge factor (En).

e Location 2: Panel is located in zone 3 (corner) and has larger inter-row spacing (dn, ds) that results in north and
south edge factors (En, Es) greater than 1. However, the panel is located on the end of a row resulting in a higher
west edge factor (Ew) that governs the design.

e Location 3: Panel is located in zone 3 (corner) and has a long distance from the north to the next array row (dn)
resulting in a higher north edge factor (En). The panel is also located on the end of a row resulting in a higher east
edge factor (Eg).

e Location 4: Panel is located in zone 1 (middle), and has larger inter-row spacing (dn,ds) that results in north and
south edge factors (En, Es) greater than 1. The panel is further than 5 feet from the end of its row, so the east and
west edge factors (Eg, Ew) are 1.

e Location 5: Panel is located in zone 2 (edge) and has small inter-row spacing (dn,ds) that results in north and south
edge factors (En, Es) equal to1. The panel is further than 5 feet from the end of its row, so the east and west edge
factors (Eg, Ew) are 1.

e Location 6: Panel is located in zone 3 (corner) and has unobstructed building edges to the south and east that affect
the characteristic height calculation in these directions. The panel has a long distance from the north to the next
array row (dn) that would result in a higher north edge factor (En). However, since the panel is greater than 3a,, from
the north edge of the building and is located in zone 3, Ex need not exceed 1.5, and this governs the design.

e Location 7: Panel is located in zone 3 (corner) and has an unobstructed building edge to the north that affects the
characteristic height calculation to the north. The panel is also located on the end of a row that would result in a
higher west edge factor (Ew). However, since the panel is more than 3a, from the west edge of the building and is
located in zone 3, the west edge factor (Ew) need not exceed 1.

e Location 8: Panel is located in zone 3 (corner) and has a long distance from the south to the next array row (ds) that
would result in higher south edge factor (Es). However, since the panel is greater than 3ap, from the south edge of
the building and located in zone 3, the south edge factor (Es) need not exceed 1.0, and this governs the design.

Calculations follow the steps outlined in Section 3.2.1 of the SEAOC document and are based on ASCE 7-10 load
combinations, where nominal wind loads are strength design loads. To convert to ASCE 7-05 allowable stress design wind
loads, multiply the resulting wind loads by 0.6.

For this example, conditions exist where:

e The applicability of Figure 29.9-1 required by Step 1 is satisfied. The array geometry and building dimensions are
within the limits of Figure 29.9-1, and the required minimum air gaps around each PV module are provided.

e The use of the components and cladding procedure is not allowed as referred to in Step 2.

e The dimensional requirement of Step 3 is fulfilled since no array edge is closer than 4 feet from any roof edge.
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Step 4: Determine apy
ay, = 0.5/ kW, but need not exceed h

= 0.5,/20 ft x 182 ft
=30 ft
Since a,, is not to exceed h, a,, = h,

Step 5: Determine Roof Zones: (See Figure 3 below)

e 2a,, =40 ft: Roof Zone 2 and 3 setback (indicated by dotted lines in Figure 3).
e Panels located beyond 40 ft setback are in Roof Zone 1.
» Roof Zone 0 is not applicable to this application since no condition exists where a setback is > 5a,,, = 100 ft.

e Note that Roof Zone 3 does not exist at the obtuse angle along the west roof edge since it is greater than 135°, nor
does it exist at the reentrant roof corner along the east roof edge since reentrant corner is less than ap,.

‘0—0—'—]—.—0—0—0—0—17_1
1/32=1 \ 1 &
L 400 TvP—
Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs August 2012
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Step 6: Effective Wind Area (4) of a module fastener:

1 1
A= ZX lmeodule = ZX 50ft X 2.5 ft

A =3.13 f?

For application to the (GC,y,)nom Ccharts in Figure 29.9-1, calculate the Normalized Wind Area (4,,):
_ 1000 _ (1000 2

An = ((max(ap,,,15 ft))2>A - ((zomz) x31ft

A, =17.75

Step 7: Compute (GCpy)nom from applicable chart in Figure 29.9-1:

e Determine (GC,)nom Values at 4,, = 7.75 in both charts in Figure 29.9-1 and then use linear interpolation to find each

value at 10°:
Table 1: (GCrp)pom at An=7.75, by Roof Zone and Interpolated for 10°
o o o o o o . Step 9: (GCrp)nom(Ye) interpolated for 10°
Roof Zone 0°<w<5 15°<w <35 (15° < w <35°) Xy, (See caleulations in Table 2)
1 1.12 1.52 1.37 1.25
2 1.49 2.16 1.94 1.72
3 1.71 2.61 2.35 2.03

* Step 8: Find chord length adjustment factor (y,) for use as the (GC,.,)om Multiplication factor for 15° < w < 35° chart in
Figure 29.9-1 before interpolating: y, = 0.6 + 0.061,, = 0.6 + 0.06 X (5 ft) where 08<y.<1.0 ; [y.=0.90

Table 2: To aid in the interpolation of the above (GC,,)n.mValues, the following are the equations for charts in Figure 29.9-1:

Roof Zone
w A, 3 2 1 0
0° —5° 1-500 | —0.6669l0g(4,) + 2.300 | —0.5743log(4,) + 2.000 | —0.4261log(4,) + 1.500 | —0.1853log(4,) + 0.800
0°—5° | 500-5000 | —0.3500l0g(4,) + 1.445 | —0.3000log(4,) + 1.260 | —0.2500log(4,) + 1.025 | —0.2000log(4,,) + 0.840
15° — 35° 1-500 | —1.0004log(4,) + 3.500 | —0.8337log(4,) + 2.900 | —0.5372log(A4,) + 2.000 | —0.2223log(4,) + 1.100
15° — 35° | 500-5000 | —0.3000log(4,) + 1.610 | —0.2500log(4,) + 1.325 | —0.2500l0g(4,) + 1.225 | —0.2500l0g(4,) + 1.175

** Roof Zone 0 equations do not apply to this example but can be used for reference in other applicable projects.

Step 10: Determine Edge Factors (E ):

e h,=min(hy,1ft) +1,sinw
=min(0.5 ft,1 ft) + (5 ft) sin 10°
[hc = 1.37 ft]except when evaluating a panel toward a building edge unobstructed by panels, then...

e h.=0.1a,,=0.1x20ft
h, = 2.0 ft|when evaluating E toward a building edge unobstructed by panels.

(Continued in Table 3 on next page)
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Step 11: Determine parapet height factor(y;). Referring to Figure 29.9-1, Note 6:

since h,, < 4 ft

(Step 12: The calculation of GC,, in contained within Table 4 below)

To complete the calculation of the_maximum wind load on each PV module fastener to the supporting racking system, first
determine velocity pressure (q;):

qn = 0.00256K,K,.K,;V? (ASCE 7-10, Equation 29.3-1)

K, =09 (ASCE 7-10, Table 29.3-1 for Exposure C at z = h = 20 ft)
K, = 1.0

K; =0.85 (ASCE 7-10, Table 26.6-1)

V =110 mph

qn = 0.00256 X 0.9 X 1.0 X 0.85 x (110 mph)?

g, = 23.70 tbs/f¢?

A =313 ft? (Step 6)
¥p = 1.0 (Step 9)
Ve = 0.9 (Step 8)

Problem 1 Solution: Table 4: Load (F) on each PV module fastener for locations 1-8:

] Step 12: (6C,y) = qu(GC,,,) (Ibs/ft? F=pxA
Location E Roof Zone | (GCrpnom(¥e) | _ VoE[GCr)om (V)] p ng{:lé) m()AESD) ) (Ibs) -pLRFD
1 2 3 2.03 4.06 96 57 301
2 15 3 2.03 3.05 72 43 225
3 2 3 2.03 4.06 96 57 301
4 1.15 1 1.25 1.44 34 20 106
D) 1 2 1.72 1.72 41 24 128
6 15 3 2.03 3.05 72 43 225
7 1.21 3 2.03 2.46 58 34 182
8 1 3 2.03 2.03 48 28 150

(LRFD Pressures (p) for all panel areas are illustrated on the next page in Figure 5)
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Example calculations Part II:
wind Loads for designing structural elements of PV support systems, ballasts, and
attachments to roof

The following examples calculate design wind loads on PV panels for designing structural elements of the PV support system
(in this case, beams above the roof) and ballasts or attachments of the PV support system to the roof. These elements have
different effective wind areas, so the design wind pressures are different from those used for the design of module fasteners,
calculated previously in Part |. Calculations follow the steps outlined in Section 3.2.1 of the SEAOC document and are based
on ASCE 7-10, which uses strength design wind loads. To convert to ASCE 7-05 allowable stress design wind loads, multiply
resulting wind loads by 0.6.

Previous calculations
It is assumed in these examples that calculations that do not depend on effective wind area (Steps 1 to 5, 8, 10, 11, and 13)
have already been performed, as shown in the previous example calculations of wind forces on module fasteners to the PV
support system. From Part I:
e The solar arrays are within the dimensional and geometric limitations of applicability of Figure 29.9-1 (Steps 1 and
2).
The minimum required setback distance from the roof edge is satisfied (Step 3).
apy = 20 ft. (Step 4)
Roof zones are as shown in Figure 3 (Step 5).
7= 0.9 (Step 8)
Edge factors are as shown in Figure 4 (Step 10).
= 1.0 (Step 11)
gn = 23.7 (Step 13)

PV support system description

The PV support system in this example consists of two beams above the roof spanning east-west along each row of panels —
one beam along the north edge of the modules, one along the south edge (Figure 2). Attachments between the beams and
the roof are located at a regular spacing in the east-west direction. The spacing is different on different parts of the roof
(Figure 1). Beams are continuous across attachments.

For the PV support system in this example, the load path is from module fasteners to east-west spanning beams to regularly-
spaced roof attachments. Other PV support systems (not shown in this example) may provide different load paths (such as
north-south spanning elements) and load paths that are different for upward and downward forces (such as compression-only
supports). For a given project, the engineer should evaluate the load path and structural characteristics of the particular PV
support system being designed.

One array in this example, located in the north-middle portion of the building (designated Location 9 in Figure 1), is a
ballasted array (no attachments to the roof). Ballasts are located between rows of panels and along the north and south
edges of the array. Ballasts are spaced at 2.5 ft. on center, such that each corner of each module is connected to a ballast,
and each ballast is connected to four modules (if located between rows at the interior of the array), two modules (if located
along the north, south, east, or west edges of the array), or one module if located at the array corner. Alternative designs with
ballasts spaced at 5 ft. on center are also evaluated to show the effects of effective wind area, wind tunnel testing, and load-
sharing on the design of ballasted systems.

Locations of example calculations

Example calculations are provided at the following locations (Figure 1), chosen to illustrate concepts:
e Location 1: 5-ft. spacing of attachments, greatest wind pressures

Location 2: 6-ft. spacing of attachments, different pressures on tributary modules

Location 4: 10-ft. spacing of attachments, least wind pressures

Location 6: 4-ft. spacing of attachments

Location 7: 5-ft. spacing of attachments, cantilever beam condition
e Location 9: 2.5-ft. (and 5-ft.) spacing of ballasts

For project design, all worst-case locations on the array would need to be checked (not shown here).
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Load-sharing between ballasts or attachments

For simplicity in this example, forces at ballasts and attachments to the roof are calculated assuming no load-sharing
between ballasts or attachments. As discussed in Section 4 of the SEAOC document, more detailed analysis of the strength
and stiffness of the array framing may justify use of reduced forces at attachments or ballasts. This concept is discussed in
the section “Load-sharing and more detailed calculations” at the end of the example.

Example calculations
Tables 5 and 6 summarize the calculations for each of the locations listed above. The following sections discuss key aspects
of each location.

Location 1

Location 1 consists of a beam spanning 5 ft. between roof attachments, near the middle of a row of panels (Figure 1). The
design wind pressure on this panel area is greater than most other parts of the solar array because this location is in roof
Zone 3 (Figure 3), and it has a large edge factor E because the north raised edge is exposed to a long open fetch of roof
(Figure 4). The tributary area for the beam is 5 ft. by 2.5 ft. (Figure 6a), and the tributary area for the attachment is also 5 ft.
by 2.5.ft. (Figure 6b). The tributary width (2.5 ft) is greater than one-third the tributary length, so the effective wind area (A) is
equal to the tributary area (A;).

Step6: A=A =5ftx25ft =125

Using this effective wind area, the design wind pressure p is calculated following the same steps as shown in previous
example calculations for module fasteners.

1000 1000 2
= 5 |A=| ———> [125ft" =313
(max(a py 15 ft)) (20ft)
Step 7: (GCm )nom = 1.30 for 0° < @< 5° Zone 3 in Figure 29.9-1
2.00 for 15° < w< 35° Zone 3 in Figure 29.9-1
step8: (GCrn )om(7c) = 200x0.9 =1.80 for 159 < o< 35°
10° -5° .
Step 9: (GCm )nom (?’C ) =13+ 16 _5° (1.8 - 1.3) =155 interpolated for &= 10°

Step 12: GCpy = 7pE[(GCm Jnom (7 )] = 1.0 x 2,00 x1.55 = 3.10

Step 13: p =y, (GCpy ) = 23.7psf x 3.10 = 73ps (LRFD)

For the beam, design wind pressure is multiplied by the tributary width to determine a distributed load (w) on the beam.
(Depending on the location of module fasteners along the beam, it may be appropriate to apply point loads to the beam, but a
distributed load is used for clarity in this example.)

w = p x tributary _ width = 73 psf x 2.5 ft = 183 plf

The wind pressure may act towards or away from the surface of the panels.

When the design wind pressure acts on the span being evaluated, pressure on adjacent spans will be lower (because peak
wind pressures on adjacent spans tend not to occur at the same time), as shown in Figure 6a, which affects the distribution of
moments along the continuous beam. Also, a high wind pressure could instead occur over the attachment, as shown in
Figure 6b, resulting in a greater moment at the support. For simplicity, this example does not explicitly calculate the design
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pressure (pr, and the resulting distributed load w; in Figure 6) on adjacent spans but instead uses a conservative assumption
for the distribution of moments. Alternatively w, could be calculated as described in the section “Load sharing and more
detailed calculations” at the end of this example. This example calculation conservatively considers a maximum moment and

shear equal to
w2 183plf x (51t)
5 -

M = =572Ib. ft

v _ WL 183plf x5ft
ST

= 458Ib

For the attachment, the distributed load (w) is multiplied by the tributary span (L) to determine a force (F) on the attachment.

F = wL = 183plf x5ft = 915Ib

Again, wind pressures can act towards or away from the surface of the panels, so, for the PV support system considered
here that is rigidly attached to the roof, the force F can act upwards or downwards on the roof.

5ft 51t
PV array beam: Attachment to roof:
Tributary area = 12.5 sf Tributary area = 12.5 sf
Effective wind area = 12.5 sf Effective wind area = 12.5 sf\
) )
———-o——-———o————ll- —— = — =4 —_— - — —|— — _jf"__ ——|—— -9
2,51t 251t
< < <
———— . — — — — —-————— —_————— - —— | — — —  — —
2 / / #
PV module
PV array beam
attachment to roof
A%k 7{«%{4
W = (P12561)(2.5 ft) W = (P12.567)(2.5 1)
w, w,
NTT31183818703 7131333333370 1313183333733 TTT3T38T33870,
< A A < a A A y B

Figure 6: Location 1. (a) Tributary area and wind loads on beam. (b) Tributary area and wind loads on attachment to roof.

Location 2
Location 2 consists of a beam spanning 6 ft. between attachments (Figure 1). At this location, the edge factor (E) from Figure

4 is different for the panel area on the west end of the span than on the east end (because the last 5 ft. of the row is exposed
to the west), so the distributed load along the beam consists of two different values of w (Figure 7 and Table 5). To calculate
moment and shear on the beam and the force at the roof attachment, this example conservatively applies the larger
distributed load over the entire beam span. Alternatively, these elements could be designed with more detailed calculations
considering the two different values of w over the appropriate portions of the span.

Because the attachment resists wind loads from the 6-ft. span as well as the adjacent 2.5-ft. cantilever, the force (F) on the
attachment is calculated as
2 2
L w(ly + L))" 135plf (25t + 6 ft)
2L2 2x6ft

= 813lb
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where L is the cantilever length
L, is the backspan length

This formulation considers only one backspan, but more detailed calculations could consider the presence of additional
continuous spans and could explicitly calculate the load w, on adjacent spans.

In addition to the 6-ft. span checked in this example, the moment and shear on the beam would also need to be checked (not
shown in this example) for the adjacent cantilever span, similar to the calculation shown in the example at Location 7.

L 6 ft L 25ft, 3ft
PV array beam: Attachment to roof:
Tributary area = 15 sf Tributary area = 13.75 sf
Effective wind area = 15 sf\ Effective wind area = 13.75 sf)
) )
———0———-——-)—0—— ————r—— ———‘———-—— /0-— ———— — —
4 i2.5 ft ] iZ.S ft
< <
- — ! o —|—— - — e+ —— -—_——— | — e} ——
" E=15 E=1.15  E=15 E=1.15
) L . Alternatively, oL L, _ Alternatively,
§ w conservatively assume § vﬂv 7 conservatively assume
- W, w =w, over length L. 3 W, W = w; over length L,+L,.
W, Wy
§T3 7 T5313880333333D T3 30333833388333839
A < A A <

Figure 7: Location 2. (a) Tributary area and wind loads on beam. (b) Tributary area and wind loads on attachment to roof.

Location 4

Location 4 consists of a beam spanning 10 ft. between attachments, near the middle of a row of panels (Figure 1). The
design wind pressure on this panel area is less than on most other parts of the solar array because this location is in roof
Zone 1, and this panel area has only limited edge effects. (E = 1.15 because of the large 4-ft. spacing between rows at this
location.) The calculation is similar to that for Location 1, except that the lesser wind pressure allows a greater spacing of
attachments. Also, because the tributary area is long and narrow (10 ft. by 2.5 ft.), the width of the effective wind area is
taken as one-third the span (3.3 ft. in lieu of 2.5 ft.), as shown in Figure 8 and Table 5.
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L 10 ft L L 10 ft
PV array beam: Attachment to roof:
Tributary area = 25 sf Tributary area = 25 sf
Effective wind area = 33 sf Effective wind area = 33 sf

<
+-—-r -t} | |-t | —— 1 &
/|I, L /II/ /II/ L /II/
W = (P3361)(2.5 ft) W = (P3361)(2.5 ft)
W, W,
N TTTTTTT §3T3TTFTH XITTTITTITT TTITTTTT
Y \ \‘ ‘ ‘\

Figure 8: Location 4. (a) Tributary area and wind loads on beam. (b) Tributary area and wind loads on attachment to roof.

Location 6

Location 6 consists of a beam spanning 4 ft. between attachments, with an adjacent 1.5-ft. cantilever. The calculation for the
4-ft. span is similar to that for Location 1, and the calculation for the attachment is similar to that for Location 2. The moment
and shear on the beam would also need to be checked (not shown in this example) for the adjacent cantilever span, using an
approach similar to the calculation shown in the example at Location 7. While the design pressure is relatively high at this
location (because it is in roof Zone 3 and exposed on the north, south, and east sides), the close spacing of attachments
results in a smaller design force (F) than at other locations.

Location 7

Location 7 consists of a beam cantilevering 3.75 ft. past an attachment, with a 5-ft. backspan (Figure 1). The tributary area for
the cantilever beam is equal to the cantilever span, multiplied by the tributary width, and the beam is checked for the moment
and shear from the cantilever span (Figure 9). The force F at the attachment is calculated similar to that at Location 2 (Figure

7b).

3.751t

PV array beam:
Tributary area = 9.38 sf
Effective wind area = 9.38 sf )

-+ ——<1 o+ —"—+——
=1 iZ.Sft

——1

L
F—k

W = (Pg 3857)(2.5 1)

Wy
[EEEEEEEEEEEEEEEEEEEEER)
A A N

A
Figure 9: Location 7. Tributary area and wind loads on cantilever beam.

Wind Design for Low-Profile Solar Photovoltaic Arrays on Flat Roofs

Report SEAOC PV2

August 2012
Page 30



STRUCTURAL ENGINEERS ASSOCIATION OF CALIFORNIA

CALIFORMIA

Table 5: Summary of calculations for wind loads on beams of the PV support system and attachments to the roof.

a,, 20 ft (Step 4)
g 23.7 psf (Step 13)
Beams Step 5 Step 6 Step 7 Step8 Step 9 |Step 10 Step 11 Step 12 Step 13
Location | Zone nf‘ B {:'i’b’ Wi A A (GC ) som { ¥ E 7% 6w p  w MV
ft ft ft sf 0°to5” 15°to 35° ¥ 10° psf plf Ib-ft Ib
1 3 5 2.5 2.5 125 313 1.30 2.00 0.9 1.55 2.00 1.0 3.10 73 184 574 459
2 (west 2.5 ft) 3 4] 2.5 25 15.0 375 1.25 193 0.9 1.49 1.50 1.0 2.24 53 133 597 398
2 (east 3.5 ft) 3 6 2.5 2.5 15.0 37.5 1.25 1.93 0.9 1.49 1.15 1.0 1.72 41 102
4 1 10 25 33 333 83.3 0.68 0.97 0.9 0.78 1.15 1.0 0.89 21 53 661 265
6 3 4 2.5 2.5 10.0 25.0 1.37 2.10 0.9 1.63 1.50 1.0 2.45 58 145 290 290
7 3 3.75 2.5 2.5 9.38 23.4 1.39 2.13 0.9 1.65 1.21 1.0 2.00 47 119 834 445
“ At spans between attachments M = wl ‘,,’8 (conservative). At cantilevers (Location 7),M = wlL ’jz.
” At spans between attachments V = wlL /2. At cantilevers (Location 7),V = wL.
Attachments Step 5 Step 6 Step 7 Step 8 Step 9 |Step 10 Step 11 Step 12 Step 13
; L w max ;
Location Zone (trib)  (trib) (W, L/3) A A, (GC 1) nom [ ¥e) E y GC p w F
ft ft ft sf 0°to5” 15°to35° 10° psf plf Ib
1 3 5 2.5 25 12.5 313 1.30 2.00 0.9 155 2.00 1.0 3.10 73 184 918
2 (west 5 ft) 3 5.5 2.5 2.5 13.8 34.4 1.28 1.96 0.9 1.52 1.50 1.0 2.28 54 135 814
2 (east 0.5 ft) 3 5.5 2.5 2.5 138 344 1.28 1.96 0.9 1.52 1.15 1.0 1.75 41 104
4 1 10 2.5 33 333 833 0.68 0.97 0.9 0.78 115 1.0 0.89 21 53 529
6 3 35 2.5 2.5 8.75 219 141 2.16 0.9 1.68 1.50 1.0 2.52 60 149 564
7 3 6.25 2.5 2.5 15.6 39.1 1.24 1.91 0.9 1.48 1.21 1.0 1.79 42 106 812

© At attachments in the middle of a row of modules,F = wL . At attachments supporting cantilevers (Location 2, 6, 7),F = w(L ; +L ;) ’,"(ZL 2), where L ; is the cantilever length and L ; is the
backspan length.

Location 9
Location 9 consists of a ballasted array (no attachments to the roof). For ballasted arrays, two limit states are evaluated for
wind forces:

1. Uplift of individual ballast

2. Sliding of the entire array
(Sliding would also be evaluated for seismic demands, but seismic demands are beyond the scope of this example.)The
beams would be evaluated using an approach similar to that described in the attachment example calculations, but these
calculations are not repeated in this example.

It is assumed in this example that the array is interconnected such that all modules must slide together, but that connections
between modules are somewhat flexible in the vertical direction, such that a small portion of the array could lift slightly off the
roof without lifting the entire array. For uplift of an individual ballast, we consider a higher wind pressure acting on a small
tributary area. For sliding of the entire array, we consider a lower wind pressure acting over a large tributary area. For this
example, it is assumed that the weight of the array — excluding ballast, but including modules, framing, supports, deflectors,
etc. — is an average of 45 Ibs per module, or 3.6 psf over the module area. The coefficient of friction (x) between the array
and the roof surface is assumed to be 0.4.

B 45lbs / module

=———————=3.6psf Dead load (psf) of the array (excluding ballast) over module area
Pb = 1255t fmodule P (psf) y( g ballast)

w=04 coefficient of friction between the array and the roof surface
Calculations for each of these limit states are described below. Comparing the sum of individual ballast weight requirements

for uplift (Figure 10) to the total ballast weight for the array needed to resist sliding (Figure 11), we see that sliding does not
govern the ballast design in this case.
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1. Uplift of individual ballast

For uplift of an individual ballast, the design wind pressure is based on the effective wind area corresponding to the tributary
area to that ballast. As shown in Figures 10a and 10b, ballasts in this example have different tributary areas depending on
the spacing between ballasts (2.5 ft in Figure 10a, 5 ft in Figure 10b) and whether they are located between rows of panels,
along the edges of the array, or at the corners of the array. Based on these tributary areas, the design wind pressure (p) is
calculated following the same steps as shown in previous example calculations.

Similar to the attachment examples, the design wind pressure (p) is multiplied by the tributary area (A;) to determine a force
(F) on the ballast. The force (F) consists of a vertical component F.ex = Fcos(w) and a horizontal component Froriz = Fsin(w),
where wis the tilt angle of the solar panels. (It is also assumed for simplicity in this example that the roof surface is not
sloped. On a sloped roof, the roof slope would need to be considered in calculating Fert, Froriz, and the components of the
ballast weight on the roof surface.)

For each ballast, the required weight is equal to the vertical component of wind force (F.er) to that ballast, reduced by the
dead load (excluding ballast) of the array tributary to that ballast, using the load combinations in the governing building code.

Using strength design per the load combinations of ASCE 7-10 Section 2.3.2(6):

F -09p
Required ballast weight at a given location = vert DAt (LRFD)

0.9

Using allowable stress design per the load combinations of ASCE 7-10 Section 2.4.1(7), the load factors of 0.6 cancel
because they are the same for dead load and wind:

Required ballast weight at a given location = Fap — pDAt (ASD)

where A:is the tributary area (sf) to the ballast being evaluated

Table 6 summarizes these calculations, and Figures 10a and 10b show the required ballast weight at each location,
assuming no wind tunnel testing and no load-sharing between ballasts. Figure 10c shows example designs with reduced
ballast weight, assuming that wind tunnel testing is used to justify reduced design wind pressures and that structural analysis
demonstrates adequate strength and stiffness to enable load-sharing between ballasts; these examples are discussed at the
end of this section. ASD load combinations result in less required ballast weight than LRFD, so the ASD values are used in
the design for this example.

2. Sliding of the entire array

For sliding, the design wind pressure is based on the effective wind area of the entire array (Figure 11). (It is assumed in this
example that the array is interconnected such that all modules must slide together. For arrays where this is not the case,
sliding should be checked for each separate part of the array, using the design wind pressure corresponding to the effective
wind area for that part.) Based on this effective wind area, a design wind pressure (p) is calculated using the same steps as
in previous examples, and the forces F, Fuert, and Froriz are calculated using the pressure (p) multiplied by the tributary area
(A;) of the entire array.

The total ballast weight of the entire array must be adequate to resist (by friction) the horizontal component of wind force
(Fhoriz) on the entire array, in combination with the vertical component (F,e) on the entire array (which reduces the normal
force), using the load combinations in the governing building code.
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Using strength design per the load combinations of ASCE 7-10 Section 2.3.2(6):

F._ .
horiz
+Fyert —0.9pp A
Total ballast weight for entire array > (LRFD)
0.9

Using allowable stress design per the load combinations of ASCE 7-10 Section 2.4.1(7), the load factors of 0.6 again cancel
because they are the same for dead load and wind:

F_.
Total ballast weight for entire array » _horiz. + Fyert — Pp A (ASD)

where A is the tributary area (sf) of the entire array

Table 6 summarizes these calculations. As mentioned above, the sum of individual ballast weight requirements for uplift
(Figure 10) is greater than the total ballast weight for the array needed to resist sliding (Figure 11), so sliding does not govern
the ballast design in this case.

Discussion

The required ballast weight shown in Figures 10a and 10b is high, demonstrating that fully-ballasted arrays may not be
feasible in all conditions, depending on the wind climate, the aerodynamic and structural properties of the array, and the
location of the array on the roof. In the example with 5-ft spacing (Figure 10b), the total ballast weight is decreased somewhat
because the effective wind area to each ballast is greater than for the 2.5-ft spacing, but the resulting ballast weight would still
be impractical for most buildings.

For this reason, fully-ballasted systems are typically designed using wind tunnel testing to justify lower design wind pressures
than those from Figure 29.9-1. Whereas Figure 29.9-1 is based on a conservative envelope of potential PV support systems,
favorable aerodynamic properties of a particular PV support system can result in lower wind pressures. Figure 10c shows an
example design assuming that appropriate wind tunnel testing of a particular PV support system demonstrates that design
wind pressures can be reduced by 50% compared to Figure 29.9-1. This example using wind tunnel studies requires the
same calculations and approach as described for Figures 10a and 10b — checking uplift of individual ballast with appropriate
tributary area, and sliding of the entire array — except that the design wind pressures are reduced.

Also, for arrays with a robust structural framework, more detailed structural analysis can demonstrate that the PV support
system has adequate strength and stiffness to enable load-sharing between ballasts. This type of structural analysis is
described in the next section. The two alternative designs in Figure 10c show reduced ballast weight based on assumed wind
tunnel testing (left side of Figure 10c) as well as further reductions from structural analysis (right side of Figure 10c).
Comparing Figure 10c with Figure 11, we see that for this example, sliding still does not govern the ballast design when wind
tunnel testing is used, but the required ballast for sliding and uplift are much closer when a robust structural framework
enables load-sharing between ballasts.
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Table 6: Summary of calculations for required ballast weight for the array at Location 9.

Po 3.6 psf (dead load of array, excluding ballast, over module area)
u 04 (coefficient of friction between array and roof surface
Individual
Step 6 Step 7 RF A
ballast (uplift) Step 5 ep ep Step 8 Step 9 |Step 10 Step 11 Step 12 Step 13 LRFD SD
. T w max Ballast Ballast
A, GC ) nom ( ¥ Yo GC,, F Foert
Condition Zone (wib) (trib) (W, L/3) A ( Jnom( ¥e) 3 Te P req'd req'd
f f ft sf 0°t0o5° 15°to35° 7. 10° psf Ib Ib Ib Ib
Interi th 2 2. 2.5 12.5 313 14 16 0.9 31 21 1.0 1. 8
.°=° nterior nor 5 5 1 1 5 13 1.2 59 3 430 423 425 178
& Interior south 2 5 2.5 25 125 313 1.14 1.65 0.9 1.31 1.00 1.0 131 31
.gi g North edge 2 2.5 2.5 25 6.25 156 131 1.90 0.9 1.51 1.21 1.0 1.83 43 271 267 274 244
g E South edge 2 25 25 25 6.25 156 131 1.90 0.9 151 | 100 1.0 151 36 224 220 222 198
pelll
= 2 End north 2 5 1.25 1.7 8.33 208 1.24 1.80 09 143 1.21 1.0 1.73 41 234 231 238 208
nE End south 2 1.25 1.7 833 208 1.24 1.80 0.9 143 | 1.00 10 1.43 34
g North corner 2 2.5 1.25 13 3.13 78 1.49 2.16 0.9 172 | L.21 1.0 2.08 49 154 152 157 140
Z  South corner 2 2.5 1.25 1.3 3.13 7.8 1.49 2.16 0.9 1.72 | 1.00 1.0 1.72 41 127 125 128 114
"a Interior north 2 5 5 5.0 250 625 0.97 1.40 09 112 1.21 10 1.35 32
730 718 709 629
'& Interior south 2 5 5 5.0 250 625 0.97 1.40 0.9 112 | 100 1.0 1.12 26
'='i g North edge 2 5 25 25 125 313 1.14 1.65 0.9 131 | 1.21 1.0 1.59 38 470 463 470 418
E E South edge 2 5 2.5 25 12.5 31.3 114 1.65 09 131 1.00 1.0 1.31 31 389 383 380 338
w 2 End north 2 S 2.5 25 125 313 1.14 1.65 09 131 | 1.21 1.0 1.59 38
4 4 4 7.
i E End south 2 5 2.5 2.5 12.5 313 1.14 1.65 0.9 131 1.00 1.0 1.31 31 20 = = 378
E North corner 2 25 2.5 25 6.25 156 131 1.90 09 151 | L21 10 183 43 271 267 274 244
Z  South corner 2 2.5 2.5 25 6.25 156 131 1.90 0.9 151 | 1.00 1.0 1.51 36 224 220 222 198
a Interior north 2 5 5 5.0 250 625 16 365 359 300 269
£ Interior south 2 5 5 5.0 250 625 13
g’ 'g';' North edge 2 5 2.5 25 125 313 19 235 232 212 187
T =
g g South edge 2 B 15 45 11 s Design wind pressure p taken as 50% of the values above. 16 194 151 At 144
2 E End north 2 5 2.5 25 125 313 19 218 212 150 167
Boo End south 2 5 2.5 25 125 313 16
é North corner 2 25 25 25 6.25 156 22 135 133 126 111
South corner 2 2.5 2.5 2.5 6.25 15.6 18 112 110 100 88
“w  Interior north 2 15 5 5.0 75.0 1875 0.35 0.51 0.9 0.40 1.21 1.0 0.48 11
ki 7
.g Interior south 2 15 5 5.0 75.0 1875 0.35 0.51 0.9 0.40 1.00 1.0 0.40 9 B e A9% 168
nzi 5 North edge 2 15 2.5 5.0 75.0 1875 0.35 0.51 09 0.40 1.21 1.0 0.48 11 430 423 112 96
§ % South edge 2 15 2.5 5.0 75.0 1875 0.35 0.51 09 040 | 100 10 040 9 355 350 85 72
[
c End north 2 5 2.5 25 125 313 0.57 0.83 09 066 | 121 10 079 19
= 215 212 190 167
" 5 End south 2 5 2.5 25 125 313 0.57 0.83 09 066 | 100 10 066 16
g North corner 2 2.5 2.5 25 6.25 156 0.66 0.95 09 076 | 121 10 091 22 135 133 126 111
2 South corner 2 2.5 2.5 2.5 6.25 156 0.66 0.95 09 076 | 100 10 076 18 112 110 100 88

? Example design assuming no wind tunnel testing and no load-sharing between ballasts.

¥ Example design assuming that wind tunnel testing demonstrates a 50% reduction in design wind pressure compared to Figure 29.9-1. Assumes no load-sharing between ballasts,

¢ Example design assuming that wind tunnel testing demonstrates a 50% reduction in design wind pressure compared to Figure 29.9-1, and that structural analysis demonstrates that the PV
support system framing is adequate to engage 3 ballasts, justifying use of a larger effective wind area. (See discussion of load-sharing in the next section.)

“ For ballasts between rows of modules, the tributary area consists of a portion of the module(s) on the north row and a portion of the module(s) on the south row. For this example, the
tributary width is taken as half of the module length to the narth plus half of the module length to the south (not including the spacing between rows).

| Ball.
I::::in'; 3t | steps Step 6 Step7 Step8 Step 9 |Step 10 Step 11 Step 12 Step 13 LRFD  ASD
Ballast Ballast
= A GC C e F noriz
Condition Zone A " (GCotoom(7e) 3 Yo GCm P F o - req'd req'd
sf 0°to5° 15°t035° 7. 10° psf Ib Ib Ib Ib Ib
North row 2 350 875 | 038 0.59 09 046 | 121 10 055 13
South row 2 350 875 | o038 059 09 046|100 10 o0as 11 173 4112 735 5321 4664
3 fothrow |~ 2 350 875 | pacign wind pressure p taken as 50% of the values above. 7 2088 2056 362 2031 1702
South row 2 350 875 5
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244 |
244 |
244 |
244 |
140 |

ballast with tributary area = 2 x (1/4 module) = 1/2 module = 6.25 sf

ID| ballast with tributary area = 4 x (1/4 module) = 1 module = 12.5 sf

! ballast with tributary area = 1 x (1/4 module) = 1/4 module = 3.13 sf

19:

‘ 114J

HEHEEHEEEEEEREE

| Total ballast weight for entire array = 11,600 |b |

module

(a) Ballast design with 2.5 ft spacing, assuming no wind tunnel testing and no load-sharing between ballasts. The resulting
ballast weights would be impractical for most buildings, so fully-ballasted systems are typically used with wind tunnel testing,
structural analysis to demonstrate load-sharing, or less-severe wind conditions. See discussion.

< o] [l o] [l [l [ [<]
<t Ll Ll - - i - =t
~N < < <t < < <t ~ p
1T T T T 11T ballast with tributary area = 4 x (1/2 module) = 2 modules = 25 sf
—
HE a1 B/ BUC R T [ batast witn ; - 1 module = 1255
> o - S o o o & ballast with tributary area = 2 x (1/2 module) = 1 module =12.5 s
==/ | Sl I — Sl T ac el = —
i - ] 4 . L ballast with tributary area = 1 x (1/2 module) = 1/2 module = 6.25 sf
0 ©0 ||co| 0 0 ||co| 0 0 _—
[=)] m m m m m m [=)]
-~ o o m (22} m (a2} -
T T Bl T Bl o module
[ Total ballast weight for entire array = 9,950 Ib |

(b) Ballast design with 5 ft spacing and PV system framing_spanning east-west between ballasts. Total required ballast weight
is decreased because the effective wind area to each ballast is greater, but still impractical. See caption (a).

— -
p 3 3 3 3 3 3 p = 2 2 Gl Gl o o pav
= N = -
= = S n
—5 — —31 ] — =
M~ M~ ] -] o0 o0 -] 2] M~
== _1_] Iy Bl . - L1 == == _1_ L . — |- -+ __-__J
—f= = ] — e = e o — - i g 11 — - — Tt —tr— 1 — —— =
0 (V=) [Ye] [Ye] 0 (V) o~ o~ ~ ~ o~ o~
2 s gl S S |3| < 2 ] N |r-- [N [N |r--| N 3
| Total ballast weight for entire array = 4,010 Ib | | Total ballast weight for entire array = 2,414 |b |

(c) Ballast designs assuming that wind tunnel testing demonstrates a 50% reduction in design pressure compared to Figure
29.9-1. Left: Assuming no load-sharing between ballasts. Right: Assuming structural analysis demonstrates that the PV
system framing is adequate to engage 3 ballasts. (See discussion of load-sharing in next section.)

Figure 10: Location 9, considering four different designs. For checking uplift of individual ballast, use the effective wind area
corresponding to the tributary area to that ballast. Resulting required ballast weight (Ib) indicated at each location.
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o T = = N N A R _'|=_—'|_-.._'—='_ — L =
ballasts use effective wind area of entire array = 28 modules = 350 sf
1 Iqg=T 1SS 1T =17+ &=
module
-]t |- -] =
T _j_ ] j--—E__r_l_'_“Tj_ _j _[

Total ballast weight for entire array
> 4664 |b (assuming no wind tunnel testing)
> 1702 Ib (assuming wind tunnel testing)
Does not govern compared to uplift of individual ballast.

Figure 11: Location 9. For checking sliding (assuming the array is interconnected such that all modules must slide together),
use the effective wind area of the entire array. (The result is the same for 2.5 ft spacing and 5 ft spacing.)
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Load-sharing and more detailed calculations

As mentioned at the beginning of this example, the calculations shown here assume no load-sharing between attachments or
ballasts (except in the ballasted example in the right side of Figure 10c). This assumption is effective for illustrating the
concepts of tributary area and effective wind area, and it is appropriate for PV support systems that are rigidly attached to the
roof, with the same load path for upward and downward forces. It can also be used for ballasted systems if each ballast is
designed for uplift pressure corresponding to the effective wind area of that single ballast, as in the example above.

More detailed analysis, considering the strength and stiffness of the array framing to distribute locally high wind pressures
over multiple ballasts or attachments, may justify the use of reduced attachment forces and reduced ballast weight. Such an
analysis would be specific to the structural characteristics of the PV support system being designed, including load path,
members, and connections. As illustrated in Figure 12, for this example PV support system, analysis would involve first
checking the ability of the beam to span and engage additional ballasts on either side of the uplifting ballast, and then
checking the array to resist wind pressure for a larger effective wind area. Theoretically, this process could be repeated for
larger and larger areas because any such wind load pattern could occur on the array. In practice, the case with the smallest
area of high pressure is likely to govern the design of PV system framing members and connections in the example shown
here. Finally, the array is checked to resist a uniform wind pressure corresponding to the effective wind area of the entire
array, similar to the check of sliding of the entire array in the example above.

For analysis, it is necessary to calculate the design pressure p, (and the resulting distributed load w; in Figure 12) to be
applied concurrently outside the tributary area of the ballast(s) being evaluated. p; is determined such that the total wind uplift
force on the entire interconnected array is consistent with the design pressure from Figure 29.9-1 corresponding to the
effective wind area of the entire interconnected array:

pA_array(At_arrayj N pA_ballast[At_baIIast) 50

pl’ = 2
(At_array) - (At_ ballast)

where At aray is the tributary area (sf) of the entire interconnected array
At paiiast iS the tributary area (sf) to the ballast(s) being evaluated
PA_array is the design wind uplift pressure corresponding to A; array
PA baiiast is the design wind uplift pressure corresponding to A¢ pafiast
pris the design wind uplift pressure to be applied at panel areas outside of At paast

Alternatively, p, could be conservatively taken equal to pa_array-
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For this example PV support system, which consists of continuous framing in the east-west direction but no north-south
framing, At aray is equal to length of the row multiplied by 2.5 ft. The array framing should have adequate stiffness so that the

uplift displacement necessary to engage adjacent ballasts would not adversely affect the aerodynamics of the array.

, 5ft , 5ft 5ft

Ballast: Tributary area
=12.5 sf for one ballast
= 37.7 sf for three ballasts

R R
Inuwuwnl

ballast
*Note that effective wind area for three ballasts may be further increased such that width = 1/3 length: 15 ft. x 5 ft. = 75 sf

1) Check the load case with wind pressure corresponding to the tributary area of one ballast. If the ballast uplifts, check the
beam to span and engage additional ballasts on either side of the uplifting ballast:

Wy = (Pro561)(2:5 )

Wy
A O O A O
ES)

T
i\

0 0 O
== =

2) Check the load case with wind pressure corresponding to the cumulative tributary area of the engaged ballasts (3 ballasts
in this example):

W, = (Prss1) (2.5 1)

Wrp

2 =

] E=S] E=S] E=)

3) Check the load case with uniform wind pressure corresponding to the effective wind area of the entire interconnected array
(similar to the check of sliding of the entire array described in the example above):

WA_array = (pA_array)(2-5 ﬂ)
R 0 0 A Y
St = = = =t

Figure 12: More detailed analysis to evaluate load-sharing between supports.
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