
Citation: Jamil, U.; Vandewetering, N.;

Sadat, S.A.; Pearce, J.M. Wood- and

Cable-Based Variable Tilt

Stilt-Mounted Solar Photovoltaic

Racking System. Designs 2024, 8, 6.

https://doi.org/10.3390/

designs8010006

Academic Editor: Julian D. Booker

Received: 1 December 2023

Revised: 18 December 2023

Accepted: 5 January 2024

Published: 9 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Wood- and Cable-Based Variable Tilt Stilt-Mounted Solar
Photovoltaic Racking System
Uzair Jamil 1 , Nicholas Vandewetering 2 , Seyyed Ali Sadat 3 and Joshua M. Pearce 3,4,*

1 Department of Mechanical and Materials Engineering, Western University, London, ON N6A 3K7, Canada;
ujamil@uwo.ca

2 Department of Civil and Environmental Engineering, Western University, London, ON N6A 3K7, Canada;
nvandew@uwo.ca

3 Department of Electrical and Computer Engineering, Western University, London, ON N6A 3K7, Canada;
ssadat6@uwo.ca

4 Ivey School of Business, Western University, London, ON N6A 3K7, Canada
* Correspondence: joshua.pearce@uwo.ca

Abstract: The prohibitive costs of small-scale solar photovoltaic (PV) racks decrease PV adoption
velocity. To overcome these costs challenges, an open hardware design method is used to develop
two novel variable tilt racking designs. These are the first stilt-mounted racking designs that allow
for the manual change of the tilt angle from zero to 90 degrees by varying the length of cables. The
racks are designed using the calculated dead, wind, and snow loads for Canada as a conservative
design for most of the rest of the world. Structural capacities of the wooden members are then
ascertained and the resisting bending moment, shear force, tensile force, and compressive force is
calculated for them. A structural and truss analysis is performed to ensure that the racking design
withstands the applicable forces. Moreover, the implications of changing the tilt angle on the wooden
members/cables used to build the system are also determined. The systems offer significant economic
savings ranging from one third to two thirds of the capital expenses of the commercially available
alternatives. In addition, the racking designs are easy-to-build and require minimal manufacturing
operations, which increases their accessibility. The stilt-mounted designs can be employed for
agrivoltaic settings while allowing farm workers shaded, ergonomic access to perform planting,
weeding, and harvesting.

Keywords: open source; photovoltaic; racking; solar energy; biomaterials; wood; photovoltaic;
mechanical design; balance of systems; renewable energy

1. Introduction

Solar photovoltaic (PV) technology has been established as a means to maintain our
energy-intensive standard of living, while shifting society to a sustainable state [1]. The
primary impediment to this transition has been economic, but PV technology has consistently
dropped in price for decades [2,3] to the point that the solar levelized cost of electricity
(LCOE) [4] is the lowest-cost option at both small and large scales [5,6]. Low-cost carbon-free
solar electricity has made PV the most rapidly expanding source of electricity [6,7] and the
true dominant new source of power [8]. Although PV at the large-scale is often the core
focus of energy policy [9], to achieve the UN’s ‘Sustainable Energy for All’ goals, small-scale
single-family-home PV systems can play a major role [10] as they save consumers money [11].
The economics advantage of solar power is even more robust when the entire value of solar
(VOS) is determined [12,13]. Despite the fact that PV generally provides economic benefit, the
initial capital expenditures (CAPEX) of PV systems present a barrier to consumers in both
developing [14,15] and developed economies [16,17].

Although large-scale industrial-based PV costs have been the lowest and dominate the
market [9], small-scale, open-source, do-it-yourself (DIY) or even ‘plug-and-play’ solar [18]

Designs 2024, 8, 6. https://doi.org/10.3390/designs8010006 https://www.mdpi.com/journal/designs

https://doi.org/10.3390/designs8010006
https://doi.org/10.3390/designs8010006
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/designs
https://www.mdpi.com
https://orcid.org/0000-0001-6309-7530
https://orcid.org/0000-0003-3901-3127
https://orcid.org/0000-0001-9690-4239
https://orcid.org/0000-0001-9802-3056
https://doi.org/10.3390/designs8010006
https://www.mdpi.com/journal/designs
https://www.mdpi.com/article/10.3390/designs8010006?type=check_update&version=1


Designs 2024, 8, 6 2 of 35

can have costs that are lower than large scale systems. In general, the larger a system, the
lower the cost per unit power [19]. This is because a substantial fraction of a PV system’s
cost is still soft costs (e.g., regulatory costs) that are the same or similar regardless of scale.
Thus, there is a need to change the regulation in order to enable small-scale PV systems
to meet their full potential [20–22] as, in aggregate, such systems could have a massive
environmental and economic benefit [23].

Most of the de lines in PV system costs have come from the PV modules, while
there has been very little progression in the balance of systems (BOS), which includes
the racking, electronics, and wiring [3,24,25]. Simple mechanical racking dominates the
costs of small PV systems, and proprietary and costly aluminum extrusion profiles have
barely reduced costs [26]. To put this into perspective, PV module spot prices are currently
USD 0.125/W [27], so an approximately 1 kW system would cost USD 125 while a three-
module rack costs USD 459 [28], which is triple the PV cost, and a three-module pole mount
racking systems costs USD 1312 [29], which is nine times the cost of the PV modules.

These prohibitive costs of small-scale racks make it very challenging for small system
potential owners to participate in some of the most interesting and fastest growing areas of
PV like agrivoltaics [30,31]. Agrivoltaics is the dual use of land for the purpose of agriculture
and solar PV electricity generation [32–37]. The racking structures used for agrivoltaics,
such as the stilt-mounted configurations, increase the cost of racking structure [36,38],
which increases the differential cost per unit power between small and large system owners
even further. These racks require more material due to increased height, thus there is a
critical need to reduce the capital costs.

An effective means to reduce PV racking costs is to use open source hardware for
the distributed production of racking including: (i) low-tilt angle racks for mobile PV ar-
rays [39], (ii) cable-based X-wire PV racking systems for both flat commercial rooftops [40],
as well as (iii) ground-mounted PV systems near the equator [41], (iv) tensegrity-based
PV racking [42], (v) after-market building integrated PV (BIPV) [43], (vi) fixed-tilt ground-
mounted wood racking [44], (vii) variable-tilt wood racking [45], (viii) vertically mounted
wood racking PV systems [46], (ix) fence-based PV systems [47], (x) aftermarket floato-
voltaics [48], (xi) trellis-based agrivoltaics racking [49], and a (xii) cable- and pipe-based
mobile photovoltaic racking [50]. No racking design, however, has focused on agrivoltaics
as well as normal PV along with the flexibility of changing tilt angle manually with stilt-
mounted systems in the literature.

To fill this knowledge gap, this study proposes two novel low-cost, sustainable, easy-
to-build, variable tilt racking designs. These are the first stilt-mounted racking designs that
allow the manual change of tilt angle by varying the length of cables. The racks are designed
using the calculated dead, wind, and snow loads for Canada as a conservative design for most
of the rest of the world. Structural capacities of the wooden members are then ascertained
and the resisting bending moment, shear force, tensile force, and compressive force for them
are calculated. A structural and truss analysis is performed to ensure that the racking design
withstands the applicable forces. Moreover, implications of changing the tilt angle on the
wooden members/cables used to build the system is also determined. The results are reviewed
and discussed for the novel racking systems applications in agrivoltaics, fencing, and parking
lots/street parking as they can provide shade to automobiles.

2. Materials and Methods
2.1. Selection of Wood and Wire Rope

The primary construction materials for the racking design is wood due to its widespread
availability and sustainability [51]. While growing wood absorbs carbon dioxide, it can be
repurposed/recycled after its primary uses or can be utilized as biofuel [52]. In comparison
with other racking materials, wood has lower energy requirements for processing which
translates into a negative embodied energy and carbon footprint [53]. When compared to
a ton of steel, softwood required 24 times less energy for the same mass [53]. Aluminum,
a commonly used material for PV racks, has over five times the embodied CO2e/kg of
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wood [54]. Moreover, using wood as a construction material for PV module mounting structure
also has distinct economic benefits, especially in North America [55]. In addition, to hold as
well as to provide the option of changing the tilt angle of PV modules, wire rope is being used.
Wire has been used before in x-wire-based low-tilt angle racking systems [40] and tensegrity
racking [42]. Here, its primary function will be to vary the tilt angle of the array while enabling
flexibility to ensure smaller members are able to be used for a given wind load.

2.2. Dimensional and Mechanical Characteristics of Wooden Members and Cables

Table 1 provides a summary of the dimensional and mechanical properties of the
wooden members. It is of the utmost importance that, during construction, the base of any
member should be smaller than its height. This ensures that the lumber is loaded along its
strong axis, leading to an optimal moment of inertia and the first moment of area.

Table 1. Dimensional characteristics of wood used for the racking.

Lumber
Lumber

Breadth ‘b’
(m)

Lumber
Height ‘h’

(m)

Area ‘A’
(m2)

A = bh

Moment of Inertia ‘I’
(m4)

I = bh3/12

First Moment of Area ‘Q’
(m3)

Q = hA/8

2 × 12 0.038 0.286 0.010868 7.4079 × 10−5 3.8853 × 10−4

2 × 4 0.038 0.089 0.003382 2.2324 × 10−6 3.7624 × 10−5

2 × 6 0.038 0.140 0.005320 8.6893 × 10−6 9.3100 × 10−5

2 × 8 0.038 0.184 0.006992 1.9726 × 10−5 1.6081 × 10−4

2 × 10 0.038 0.235 0.008930 4.1096 × 10−5 2.6232 × 10−4

6 × 6 0.140 0.140 0.019600 3.2013 × 10−5 3.4300 × 10−4

Table 2 provides the breaking strength and work load for galvanized aircraft cable [56]
used as a construction material. Other cables with similar strength can also be used.

Table 2. Breaking strength and workload for galvanized aircraft cable in lbs and N in parentheses.

Diameter—Inches
(m)

Breaking Strength—lbs.
(N) Approx. Wt./1000 ft Workload Limit—lbs.

(N)

1/16 (0.0016) 480 (2135) 0.75 96 (427)
3/32 (0.0024) 1000 (4448) 16.5 200 (890)
1/8 (0.0032) 2000 (8896) 29 400 (1779)

5/32 (0.0040) 2800 (12,455) 45 560 (2491)
3/16 (0.0048) 4200 (18,682) 65 840 (3736)
7/32 (0.0056) 5600 (24,910) 86 1120 (4982)
1/4 (0.0064) 7000 (31,138) 110 1400 (6228)

5/16 (0.0079) 9800 (43,592) 173 1960 (8718)
3/8 (0.0095) 14,400 (64,054) 243 2880 (1281)

2.3. PV Racking Design Parameters

For designing the PV rack, 460 W rated 144 HC M6 Bifacial Module [57] is selected.
Using a bifacial PV module increases the electrical output [58,59], as well as assists clear-
ing snow on the front side of the PV module [60,61]. The modules have dimensions of
2108 mm × 1048 mm. If modules with different measurements are used, the design can be
adjusted to meet specific module requirements. The proposed racking design has a height
of approximately 1.8 m above the ground, ensuring a 500 mm ground clearance—sufficient
for snow sliding, even in the most extreme northern atmospheres [62]. A case study is
presented where the racking structure is specifically designed for London, Ontario, with a
latitude and longitude of 42.9849◦ N and 81.2453◦ W.

2.4. Main Design
2.4.1. T-Shaped Wood and Cable Design

The racking design consists of two posts, 140 mm × 140 mm in cross section. The
height of the posts is 1848 mm above the ground with approximately 1200 mm under the
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ground forming the foundation of the rack. One beam, 38 mm × 286 mm in cross section,
is attached to the posts to hold one end of the PV module. The other end of the module is
held via 3/8” galvanized aircraft cable from the two sides [63]. Changing the length of the
wire enables the change in the tilt angle of the modules. The analysis is performed with
cables that are assumed to be making a 15◦ angle with the horizontal. Two modules are
held between the two posts. Figure 1 shows the assembly of the structure with labelling.

Designs 2024, 8, x FOR PEER REVIEW 4 of 37 
 

 

of approximately 1.8 m above the ground, ensuring a 500 mm ground clearance—suffi-
cient for snow sliding, even in the most extreme northern atmospheres [62]. A case study 
is presented where the racking structure is specifically designed for London, Ontario, with 
a latitude and longitude of 42.9849° N and 81.2453° W. 

2.4. Main Design 
2.4.1. T-Shaped Wood and Cable Design 

The racking design consists of two posts, 140 mm × 140 mm in cross section. The 
height of the posts is 1848 mm above the ground with approximately 1200 mm under the 
ground forming the foundation of the rack. One beam, 38 mm × 286 mm in cross section, 
is attached to the posts to hold one end of the PV module. The other end of the module is 
held via 3/8” galvanized aircraft cable from the two sides [63]. Changing the length of the 
wire enables the change in the tilt angle of the modules. The analysis is performed with 
cables that are assumed to be making a 15° angle with the horizontal. Two modules are 
held between the two posts. Figure 1 shows the assembly of the structure with labelling. 

 
Figure 1. Wood- and cable-based variable tilt solar photovoltaic racking system. 

2.4.2. Cantilevered Carport Wood and Cable Design 
The structure consists of two posts, 184 mm × 184 mm in cross section. As for the T-

shaped design, the height of the posts is 1848 mm above the ground wit. One beam, 38 
mm × 140 mm in cross section, is attached to the posts to hold one end of the PV module. 
The other end of the module is held via 3/8” galvanized aircraft cable from the two sides 
[63]. Changing the length of the wire enables the change in the tilt angle of the modules. 
The analysis is performed with cables assumed to be making a 15° angle with the hori-
zontal. A single module is cantilevered between two posts. Figure 2 shows the assembly 
of the structure with labelling. 

Figure 1. Wood- and cable-based variable tilt solar photovoltaic racking system.

2.4.2. Cantilevered Carport Wood and Cable Design

The structure consists of two posts, 184 mm × 184 mm in cross section. As for the
T-shaped design, the height of the posts is 1848 mm above the ground wit. One beam,
38 mm × 140 mm in cross section, is attached to the posts to hold one end of the PV
module. The other end of the module is held via 3/8” galvanized aircraft cable from the
two sides [63]. Changing the length of the wire enables the change in the tilt angle of the
modules. The analysis is performed with cables assumed to be making a 15◦ angle with
the horizontal. A single module is cantilevered between two posts. Figure 2 shows the
assembly of the structure with labelling.
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Figure 2. Cantilevered system with single module.

A variation of this configuration is the two-module cantilevered design where the
modules are cantilevered on each side of the center joist. The same 184 mm × 184 mm
posts are used in this design as well; however, the center joist requires more strength. The
structural and truss analysis for this design becomes identical to the two module T-shaped
design where a 38 mm × 284 mm wooden member is used to hold the load acting on both
the modules. Refer to Figure 3 for the assembly of the racking structure.

For both the designs, changing the angle of wire rope influences the tension it expe-
riences. The cables are attached to the wooden members through sheep eye hook screws
while cable clamps are also used to close out the ends of the cables. Different lengths of
cables can be used to change the tilt angle of the solar modules, or a turnbuckle can also be
used for the same reason. The force experienced by the cable when tied at different angles
is ascertained for every 5◦ angle increment. Moreover, changing the tilt angle of modules
changes the loading on the structure, and its subsequent impact on wooden member(s)
used in each design is also determined.
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2.5. Bill of Materials (BOM)

The bill of materials (BOM) of the T-shaped design is shown in Table 3.

Table 3. Bill of materials (BOM) for wood and cable-based T-shaped variable tilt solar photovoltaic
racking system (horizontal modules with cable making 19◦ angle).

Member Name Piece 1 Cost per Piece
(CAD) 2 Quantity Cost (CAD)

Joists 2 × 12 × 8 35.00 1 35.00
Posts 6 × 6 × 10 52 2 104.00

Joist to Post Connection 2 × 4 Fence Bracket 0.43 2 0.86
7 × 19 PVC Coated and

Galvanized Aircraft Cable 3/8” 55.44 1 55.44

Connections 2-1/2” Brown Deck Screws 2.61 1 2.61
Cable Clamp 5/16” Wire Rope Clip—Zinc Plated 1.99 16 31.84
Turnbuckle 9-3/8 Turnbuckle 6.94 4 27.76

Hooks 4-3/8 Hooks 5.22 8 41.76
Washers 1/4 Washers 1.90 1 1.90
Eye Bolts 1/4 × 2 Eye Bolts 1.72 8 13.76
Hinges Light duty (2”) 2.69 4 10.76

Nut and Bolt 1/4 inch 2.78 1 2.78
Metal fixture 2” 8.49 1 8.49

Total Cost
with No Concrete 336.95

Concrete for Posts 30 MPa Quikrete concrete 6.38 10 bags 63.80

Total Cost: 400.75

1 All lumber is to be pressure treated, and all hardware is to be hot-dipped galvanized. 2 All costs are in Canadian
Dollars as of 15 October 2023, before tax.
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The bill of materials (BOM) of the carport design is given in Tables 4 and 5.

Table 4. Bill of materials (BOM) for wood and cable-based variable tilt carport design with one
module (horizontal modules with cable making 19◦ angle).

Member Name Piece 1 Cost per Piece
(CAD) 2 Quantity Cost (CAD)

Joists 2 × 6 × 8 12.78 1 12.78
Posts 8 × 8 × 10 125.33 2 250.66

Joist to Post Connection 2 × 4 Fence Bracket 0.43 2 0.86
7 × 19 PVC Coated and

Galvanized Aircraft Cable 3/8” 55.44 1 55.44

Connections 2-1/2” Brown Deck Screws 2.61 1 2.61
Cable Clamp 5/16” Wire Rope Clip—Zinc Plated 1.99 8 15.92
Turnbuckle 9-3/8 Turnbuckle 6.94 2 13.88

Hooks 4-3/8 Hooks 5.22 4 20.88
Washers 1/4 Washers 1.90 1 1.90
Eye Bolts 1/4 × 2 Eye Bolts 1.72 4 6.88
Hinges Light duty (2”) 2.69 2 5.38

Nut and Bolt 1/4 inch 2.78 1 2.78
Metal Fixture 2” 8.49 1 8.49

Total Cost
with No Concrete 398.45

Concrete for Posts 30 MPa Quikrete concrete 6.38 10 bags 63.80

Total Cost: 462.25
1 All lumber is to be pressure treated, and all hardware is to be hot-dipped galvanized. 2 All costs are in Canadian
Dollars as of 15 October 2023, before tax.

Table 5. Bill of materials (BOM) for wood and cable-based variable tilt carport design with two
modules (horizontal modules with cable making 15◦ angle).

Member Name Piece 1 Cost per Piece
(CAD) 2 Quantity Cost (CAD)

Joists 2 × 12 × 8 35.00 1 35.00
Posts 8 × 8 × 10 125.33 2 250.66

Joist to Post Connection 2 × 4 Fence Bracket 0.43 2 0.86
7 × 19 PVC Coated and

Galvanized Aircraft Cable 3/8” 110.88 1 110.88

Connections 2-1/2” Brown Deck Screws 2.61 1 2.61
Cable Clamp 5/16” Wire Rope Clip—Zinc Plated 1.99 16 31.84
Turnbuckle 9-3/8 Turnbuckle 6.94 4 27.76

Hooks 4-3/8 Hooks 5.22 8 41.76
Washers 1/4 Washers 1.90 1 1.90
Eye Bolts 1/4 × 2 Eye Bolts 1.72 8 13.76

Metal Fixture 2” 8.49 1 8.49
Nut and Bolt 1/4 inch 2.78 1 2.78

Hinges Light duty (2”) 2.69 4 10.76

Total Cost with
No Concrete 539.05

Concrete for Posts 30 MPa Quikrete concrete 6.38 10 bags 63.80

Total Cost: 602.85
1 All lumber is to be pressure treated, and all hardware is to be hot-dipped galvanized. 2 All costs are in Canadian
Dollars as of 15 October 2023, before tax.

Hardware components used to build the cable attachments are shown in Figure 4.
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2.6. Load Calculations

The load calculations including snow loads, wind loads, dead loads, and their combi-
nation are detailed in Appendix B. In addition, Appendix B provides the wooden members
structural capacity and the structural analysis for the T-shaped racking design.

2.7. PV System Simulations

PV system simulations for the advantage of different fixed tilt angle adjustments
throughout the year have been summarized previously [45].

2.8. Variables

All variables in this article are adopted from the Jamil et al. [49] trellis-based agri-
voltaics racking design.

2.9. Finite Element Analysis (FEA)

FEA is performed to ascertain if the racking design will result in stress that exceeds the
yield/design stress of the aluminum frame used to hold the PV modules on the mounting
structure. FEA was performed utilizing Abaqus/CAE 2022 on a computer equipped with
an eighth generation Core i7 CPU and 16 GB of RAM. The PV module FEA model similar
to [64] is considered, as it simulates a standard configuration, and encompasses a PV
aluminum frame, PV laminate (consisting of glass, solar cells, ethylene-vinyl acetate (EVA),
and back sheet), and rubber components. The simulation conducted in Abaqus resembles
the boundary conditions of three designs discussed in Section 2.4. The FEA analysis took
into account the behavior of the rubber within the PV module, incorporating material
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behaviors consistent with established research [65,66]. In the simulation, it was assumed
that the rubber was bonded to the aluminum frame through tie constraints in Abaqus and,
similarly, the laminate was attached to the rubber using tie constraints. Addressing the
fasteners, one side of the PV module’s length had the frame’s bottom constrained in the
Z direction to represent placement on a wooden rack, while a portion of the frame’s bottom
on the other side was fixed in the Z direction to simulate the fixture used for the PV module
as demonstrated in Figure 5. In another model, the boundary conditions for fixtures on the
PV module are removed to see how this affects the final results. In the main FEA model, the
bolts under the bottom of PV aluminum frame were simulated following a methodology
presented by [64] to model their boundary conditions. Also, in another simulation, in order
to analyze an alternative configuration for mounting PV modules with no fixtures, the bolts
were drilled from the sides of the PV frame as shown in Figure 6. The material properties
for all components used in the FEA are outlined in Table 6. The simulations considered the
weight of all components, acknowledging its significance in real-world applications.
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For meshing, linear hexahedral mesh elements were employed, aligning with prior
studies [64,66]. In all simulations, seed and element sizes were reduced as much as possible
to constrain computational time based on available computational resources. To enhance
the precision of the FEA results, various partitioning methods in Abaqus were utilized,
facilitating the application of sweep and structured techniques for meshing all parts more
efficiently. These methods were thoughtfully selected to eliminate any flawed or error-
associated elements from the simulations, thereby bolstering the reliability of the findings.
The collective considerations outlined above were implemented to ensure that the FEA
results would closely align with real-world conditions and provide accurate insights.

Table 6. Materials and mechanical properties of parts used in FEA simulations.

Material Thickness
[mm]

Density
[tonne/mm3]

Young’s
Modulus

[MPa]

Poisson’s
Ratio
[64,66]

Strength
[MPa]

Number of
Elements

Fr
am

e Aluminum
(Alloy 6063 [64]) 1.80 2.70 × 10−9 70,000 0.33 214 yield

241 tensile 15,980

Se
al

in
g Rubber

(Polyurethane elastomer [64]) 2.00 6.70 × 10−11 7.40 0.30 0.0814–103 3654

La
m

in
at

e

Glass
(soda-lime glass [64]) 3.2 0 2.50 × 10−9 70,000 0.20 Compressive

Strength = 274
64,288Solar cells

(Czochralski silicon [64]) 0.18 2.329 × 10−9 112,400 0.28 Compressive
Strength = 120

Encapsulation
(ethylene vinyl acetate [64]) 0.45 9.6 × 10−10 T-dep. 0.40 3.4–10

Back sheet (TPT [64]) 0.22 2.52 × 10−9 3500 0.29 Break stress = 132

3. Results
3.1. Loads
3.1.1. Snow Loads

The snow load for London, ON, comes out to be 1.771 kPa following Equation (A1) up
to a tilt of 15◦. The snow load changes when the tilt of the module’s changes. For a 30◦ tilt,
it is 1.334 kPa, for 45◦, it is 0.897 kPa and, for 60◦, it is 0.460 kPa.

3.1.2. Wind Loads

Using Equations (A2)–(A4), the external pressure, the internal pressure, and the total
wind load are found out to be −0.98 kPa, −0.68 kPa, and −1.66 kPa, respectively.

3.1.3. Dead Load

The CanmetENERGY research center at Natural Resources Canada [67] advises that
the dead load of PV systems, commonly known as the superimposed dead load, should be
accounted for as 0.24 kPa. For the weight of lumber, it is advisable to utilize the wooden
member weight supplied by the supplier and transform it into a uniformly distributed load
measured in kN/m.

3.1.4. Load Combination

The load combinations that yield the highest positive and negative values are given in
Table 7.

Table 7. Wind, Snow, and Dead Load Combination.

Load Combination Load [kPa] (up to 15◦) Load [kPa] (30◦) Load [kPa] (up to 45◦) Load [kPa] (60◦)

0.9D + 1.4W − 0.5S −2.99 −2.77 −2.56 −2.33
1.25D + 1.5S − 0.4W 3.62 2.96 2.31 1.65
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Given that all connections are capable of handling loads in both directions and all
members exhibit similar material properties in both directions, the analysis for the negative
case is essentially identical to the positive case. Consequently, there is no requirement to
specifically evaluate both the cases, and the analysis will only be performed for the case
which carries a higher load value.

3.2. Wooden Members Structural Capacity

In Canada, spruce pine fir grades 1 and 2 make up most of the pressure-treated wood
used for construction and its mechanical properties [68] are given in Table 8.

Table 8. Structural properties for spruce pine fir wood.

Factor Value (MPa)

fb 6.03
fv 0.93
ft 3.10
fc 7.93
E 9652.66

Emin 3516.33

Resistance factors are provided in Table 9.

Table 9. Resistance factors.

Factor Value

CD 1.15
CT 1.00
CM 1.00, 0.97 and 0.90
CL 0.64. 0.76
Cfu 1.2
Ci 1, 0.8 and 0.95
Cr 1.00
CF 1.10
CP 0.29

Following Equations (A5)–(A10), the factored properties of pressure-treated spruce
pine fir wood are given in Table 10. The table only shows the values for the most conserva-
tive case where the solar modules are placed horizontally.

Table 10. Factored structural properties for spruce pine fir wood.

Factored Capacities Value (MPa)

fb * 4.68
fv * 0.83
ft * 3.14
fc * 2.94
E * 8253.03

Emin * 3006.46
* represents the factored structural properties.

The resistance values are next determined using the factored capacities calculated
above as well as the dimensional properties of the lumber (Equations (A11)–(A14)). Table 11
summarizes the resisting values for differently sized wooden members when the solar
modules are held horizontally on the structure.
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Table 11. Resisting bending moment, shear force, tensile force, and compressive force for different
members of spruce pine fir wood.

Lumber Resisting Bending Moment ‘Mr’
(kN-m)

Resisting Shear Force ‘Vr’
(kN)

Resisting Tensile Force ‘Tr’
(kN)

Resisting Compressive Force ‘Cr’
(kN)

2 × 4 0.23 1.87 10.62 9.97
2 × 6 0.58 2.95 16.70 15.69
2 × 8 1.00 3.87 21.95 20.62

2 × 10 1.64 4.94 28.04 26.34
4 × 10 3.27 9.89 56.08 52.67
2 × 12 2.42 6.02 34.12 32.05
4 × 4 0.55 4.39 24.87 23.36
6 × 6 2.14 10.85 61.54 57.80

Subsequently, structural analysis is performed to ascertain optimal dimensions of
wooden members required for the construction of a functional system.

3.3. Structural Analysis
3.3.1. Joist

The joist connected with the two posts has a tributary width of 1.064 m for two module
T-shaped designs and 1.054 m for cantilever design.

Total uniformly distributed for the joist comes out to be 3.96 kN/m and 3.93 kN/m
for the two designs using Equation (A15).

Following Equation (A16), the maximum shear force or reaction is found out to be 4.18
kN for T-shaped variable tilt racking system and 2.05 kN for cantilever design (Figure 7).
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Moreover, the bending moment is determined as 2.20 kN m and 0.54 kN m for the two
structures from Equation (A17), as depicted in Figure 8.
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Finally, the maximum deflection using Equation (A18) is ascertained as 1.42 mm and
0.086 mm for the two designs (Figure 9).



Designs 2024, 8, 6 14 of 35

Designs 2024, 8, x FOR PEER REVIEW 15 of 37 
 

 

 
Figure 8. Bending Moment (a) T-shaped and cantilever two module design, (b) Cantilever one-mod-
ule design. 

Finally, the maximum deflection using Equation (A18) is ascertained as 1.42 mm and 
0.086 mm for the two designs (Figure 9). 

 
Figure 9. Maximum Deflection (a) T-shaped and cantilever two module design, (b) Cantilever one 
module design. 

Figure 9. Maximum Deflection (a) T-shaped and cantilever two module design, (b) Cantilever one
module design.

The structural analysis is performed for 30◦, 45◦, and 60◦ tilts of solar modules as well
using the respective snow loads. For the two module T-shaped variable tilt racking design,
the maximum shear or reaction is reduced to 3.44 kN, 2.96 kN, and 2.72 kN for the three
angles on the center joist. The bending moment comes out to be 1.81 kN-m, 1.56 kN-m, and
1.43 kN-m, whereas the deflection is calculated as 1.17 mm, 1.01 mm, and 0.93 mm, respectively.
This means that with 45◦ and 60◦ tilts, 2 × 10 pressure-treated wood can be used.

For the cantilever variable tilt racking configuration, the maximum shear or reaction
force on the middle joist alleviates to 1.70 kN, 1.35 kN, and 1.25 kN, respectively. The bend-
ing moment is calculated as 0.44 kN-m, 0.36 kN-m, and 0.33 kN-m, while the deflection
comes out to be 0.07 mm, 0.06 mm, and 0.05 mm for the three angles. This subsequently
allows using 2 × 4 wooden lumbers for 60◦ tilt design. For the remaining load scenarios,
a 2 × 6” wooden member shall be used.

3.3.2. Wire Rope

To determine the load on the wire rope, consider a tributary width of 0.534 m to
determine the uniformly distributed load (UDL) which comes out to be 2.03 kN/m using
Equation (A15). For the cantilever design, a tributary width of 1.054 m is considered and
UDL is found out to be 3.93 kN. The maximum shear or reaction comes out to be 2.14 kN
and 2.05 kN at the ends following Equation (A16) shown in Figure 10.

To determine the load on the wire rope, a truss analysis is performed, detailed in
Appendix C. The force on the wire cables connecting the modules from the top is considered
only. This is to make the analysis conservative, where the snow, wind, and dead load act
from the top. So, if the wires at the top survive, the bottom wires will perform satisfactorily
as well. Furthermore, 2.15 kN force will be acting vertically downwards on each wire rope,
as shown in Figure 7. The maximum tension in the wire rope comes out to be 8.30 kN.
Similarly, for cantilever design, a 2.06 kN force acts vertically downwards on the cable
which results in a maximum tension of 7.95 kN. The load is then transferred to the post.

Changing the angle of the wire cable reduces the force it experiences while holding
the modules. For horizontal modules, changing the angle from 75◦ to 15◦ varies the force
in the cable from 8.30 kN to 2.22 kN, respectively. A suitable cable can then be selected
based on the system design and parameters. Similar to the two-module design, an iterative
analysis for wire rope is performed for different angles. The calculations suggest that the
cable experiences 7.95 kN force when installed at a 75◦ angle which reduces to 2.13 kN
when the angle reduces to 15◦. Figure 11 represents a graphical account of the analysis.
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3.3.3. Posts

The allowable force for a 6 × 6 column 1848 mm in height comes out to be 223.43 kN,
while for an 8 × 8 column, it is calculated as 666.66 kN (Equation (A19)). From the truss
analysis (details in Appendix C), the load acting on the posts is determined to be 8.16 kN
(Figures 12 and 13).
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Regarding the ground, if the applied pressure surpasses the permissible limit, there
are two potential courses of action. Firstly, 150 mm of compacted clear stone gravel can be
added to the base of the footing. Alternatively, the diameter of the footing can be increased.

Figure 14 shows the FEA results of the PV module under the proposed configuration
and load combination of wind, snow, and dead load (3620 Pa). According to the FEA,
the maximum stress on the PV module (129.80 MPa placed on the middle of frame’s
width) is lower than strength of aluminum, proving the mechanical stability of PV module
under this configuration. Furthermore, using this type of installation and load for PV
modules will lead to the maximum displacement of 20.99 mm in the middle of PV module’s
laminate. Comparing these values with similar studies in the literature [64] reveals that PV
modules under the IEC 2400 Pa load exhibit the maximum stress from 78 MPa to 138 MPa
and the maximum deflection from 9.2 mm up to 18.6 mm. Considering the fact that in
this study, the net load of 3620 Pa is considered, results are in line with the literature
results. Excluding the fixture from the bottom of the PV module can increase the stress and
deflection of PV module, significantly leading to failure under the 3620 Pa load as shown
in Figure 15. Therefore, using the fixture is crucial as a support provider for the bottom
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of frame, preventing the maximum stress on the PV module to exceed the strength limit.
Similarly, FEA results for side bolts model presented in Figure 16 demonstrate instability
in this configuration, leading to exceeding the strength limit of aluminum considerably.
Using this design in the real world, in the presence of extreme weather conditions, can lead
to the failure of PV modules. Hence, modifications are needed for this design to make it
mechanically stable, such as adding a fixture under the bottom of PV module as a support
similar to what is presented in the main design.
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The racking design is competitive when compared to other racking designs as shown
in Table 12.



Designs 2024, 8, 6 21 of 35

Table 12. Economic Analysis of Different Wood-based PV Racking Designs.

Racking System Cost (CAD) Cost (CAD/Watt)

Fixed Racking Configuration [44] 426 (389) 0.35 (0.32) *
Variable Tilt Racking Configuration [45] 438 (406) 0.36 (0.34) *

Vertical Wood Racking Configuration [46] 371 (300) 0.15 (0.13) *
T-shaped Racking Configuration (2-module Design) 397 0.43
T-shaped Racking Configuration (4-module Design) 1155 0.63

Sloped Racking Configuration 372 0.40
Inverse Y Racking Configuration 427 0.46

Fixed Racking Configuration (Modified to 1.8 m with 6 × 6 columns) 526 0.44
Variable Tilt Racking Configuration (Modified to 1.8 m with 6 × 6 columns) 598 0.50

Cantilever Carport Racking Configuration (one module) 471 1.00
Cantilever Carport Racking Configuration (two modules) 612 0.66
Variable tilt Wood and Wire Rope T-shaped Configuration 410 0.44

* Originally reported values in publications in brackets lower because of economic cost changes.

4. Discussion
4.1. Wooden Racking Economics

The levelized cost of electricity (LCOE) is an excellent measure to show the influence
of transitioning from a fixed tilt racking design to a variable tilt racking configuration on
energy production. Although the initial investment for a fixed tilt system may be lower,
previous studies have indicated that the LCOE values for both the systems (fixed and
variable tilt) come out to be similar (~CAD 0.01/kWh) [45]. This aspect plays a crucial
role for the user/customer in determining which racking design was to be installed at
the location. The designs presented in this study are suitable for installations at various
locations and applications including carports, agricultural lands, etc.

These variable tilt racking structures using metal cables are cost effective when compared
to the ones commercially available. The racking systems presented in this study also present
similar functionality as those available in the market. Also, the racking design will require
minimal labor to be set up and installed. The system does not require any cutting as the
wooden members of the sizes mentioned in the BOM can be used. There are only two joists
to column connections, while the remaining connections are made through cable clamps
and eye hooks. The cost of typical ground mount commercial racking designs vary from
USD 0.68/W (CAD 0.92/W) to USD 1.15/W (CAD 1.55/W) for a 1 kW solar PV system [69].
Previously presented wood racking designs cost from around CAD 0.13/W to CAD 0.50/W.
These structures are generally fixed tilt; the only variable tilt design in the literature is a
low height conventional racking system. The configurations presented here provide a stilt-
mounted variable tilt racking, particularly useful to be used in carports and in any type of
agrivoltaics systems where equipment or livestock needs to traverse underneath the modules.
The carport racking designs commercially available range from CAD 1.30 to 1.50 per W [70].
According to Energy Sage, the average cost of a complete solar carport is USD 3.31/W, which
is approximately 18% more expensive than a normal rooftop installation [71]. SunWatts offers
carport racking designs (up to 16 kW rating) at a price of USD 1.56/W [72]. According to the
NREL report in 2021, the racking cost for a residential PV system is USD 0.08/W, a commercial
PV system is USD 0.11–0.17/W, while for a large scale solar farm, it is USD 0.12/W [73]. The
racking configuration discussed in this article can also be employed on pathways or walkway
awnings. The integration would certainly be beneficial as an energy generation source but
it might also give an aesthetic appeal to the structure while at the same time provide shelter.
Using semi-transparent PVs that allow diffused sunlight to pass through may further create a
visually captivating ambiance with novel racking structure.

For proof-of-concept, an agrivoltaic system was built with spectral-shifting semi-transparent
PV modules as shown in Figure 17. Turnbuckles and hooks are used at one end of the cable
(where it attaches with 6 × 6 column) while eyebolts are used at the other end. An angle iron
is attached to the solar modules to connect the eyebolts. Two light duty T-hinges (Figure 18)
are used for changing the tilt of the module as the turnbuckle is loosened/tightened; moreover,
different lengths of cables can also be used to change the tilt angle of the solar modules.
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4.2. Agrivoltaics

There is a growing concern among rural residents about large scale PV developments,
similar to what has been observed in conflicts over wind power siting [74,75]. The resis-
tance to large-scale PV deployment mainly arises from worries about reduced agricultural
productivity and subsequent employment impacts and potential food insecurity/raises in
food costs [76–79]. Thankfully, this conflict can be resolved by employing a dual land use
approach, allowing land to be utilized for both solar PV electricity generation and farming,
a concept known as agrivoltaics [32–35,37].

Agrivoltaics offer a wide range of benefits, including renewable electricity genera-
tion, reduced greenhouse gas emissions, enhanced crop yields, protection of plants from
excessive solar energy and inclement weather conditions, such as hail, etc., water conser-
vation, agricultural employment, local food production, and increased revenue [80]. The
variable tilt stilt-mounted racking systems analyzed in this study holds particular value for
agrivoltaics. The designs offer a very cost-effective solution tailored for agrivoltaic farms.
The modules are elevated to allow ease of agricultural operations including harvesting,
planting, or weeding. Crops including cucumbers, grapes, kiwi, melons, peas, passion
fruit, pole beans, pumpkins, strawberries, squash, tomatoes, etc., are well suited for this
racking configuration [49,81]. The tilt angle for solar modules can also be altered for plant
protection [81]. The adjustment of tilt angle requires minimal labor by using one of two
approaches. If the tilt angle adjustment is modest, then turning the turnbuckles will result
in a change of the tilt. If a large adjustment is needed in the tilt angle, then different lengths
of cables can be substituted for the cable lengths shown here to enable the change of tilt to
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be whatever angle is required over the entire range. The combination of farming and PV
electricity generation provides a dual revenue stream for farmers increasing profits per acre.
Deployment of agrivoltaics can also enhance the stability of rural electric grids. Finally, if
agrivoltaic systems incorporate storage, they can create emergency islanded power grids
to reduce outage impacts, a valuable feature for isolated communities [82,83]. The market
for agrivoltaics is expected to increase exponentially in the coming years. It is projected to
expand from USD 4.1 billion in 2023 to USD 8.9 billion in 2030 [30]. It has already surpassed
USD 3.5 billion in 2022 [30].

4.3. Wood Price Sensitivity

The system’s cost is significantly influenced by fluctuations in lumber prices. Record
volatility was observed in wood prices in 2021 [84]. The contract lumber’s commodity price
index chart, depicting the average rough framing lumber package, is a tool that assists
keeping track of the percentage increase/decrease in price over time [84]. In 2020, the
price index was 70% higher than 2019, while the first six months of 2021 showed 108%
increase [84]. When compared to 2015, the price of wood increased at least two-fold as
of 2021 [85]. Price volatility in wood products is mainly driven from conservatism, lack of
infrastructure, and emotional trading [86]. The expenses associated with this design will
also depend on the accessibility of the local wood market and, if imported, the applicable
taxes and import duties. Table 13 provides information about the standard prices of
construction-grade pressure-treated 2 × 4 × 8 lumber in different countries. A previous
study have revealed that wood-based racks were more cost-effective in North America and
certain South American nations, whereas metal proved to be a more economical choice in
Central and South America [55].

Table 13. Difference in wood prices in different parts of the world.

Country Price [CAD] 1 Source 2

Canada 7.69 The Home Depot, London, Canada
USA 6.62 The Home Depot, Detroit, USA

United Kingdom 5.84 B&Q, London, UK
Netherlands 16.04 Woodvision, Kampen, The Netherlands

Australia 13.29 Australian Treated Pine Pty Ltd., Melborne, Australia
Brazil 12.13 Fremade Madeiras, São Paulo, Brazil
India 12.45 IndiaMart, Uttar Pradesh, India

1 Priced as of 1 November 2023. 2 Prices at each source’s competition are approximately the same.

This is the first open-source wood-based photovoltaic racking that allows variation
in the tilt angle for a stilt-mounted structure. The designs offer several distinct attributes.
First, it is constructed from sustainable, locally available materials, thus promoting envi-
ronmental responsibility. Second, the design process is simple, only requiring very few
fabrication/construction steps. It can therefore be easily manufactured using basic hand
tools, making it accessible to an average user. Moreover, it aligns with the industry stan-
dard PV warranty by providing a 25-year lifespan. The racking configuration is robust
and resilient as it can withstand high windspeeds and significant snow loads, adapting
to specific regional conditions. Furthermore, it is cost-effective, making it an economical
choice. Lastly, it operates under an open-source license, facilitating widespread access for
self-fabrication and allowing companies to create customized versions for local markets.

4.4. Permits and Certification

Although roof-mounted PV systems require professional engineering stamps and
building permits to install, these ground-mounted systems do not require these. Rack-
ing only requires a professional engineer’s stamp of approval if the racking is not CSA
approved [87]. In the case of this system, all wood used is marked and graded as SPF
No.2 grade, which indicates CSA’s approval for structural use. The design complies with
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National Research Council’s National Building Code of Canada, which works together
with CSA, and the National Design Specification for Wood Construction, which follows
CSA O86:19 Engineering design in wood.

Most municipalities, such as the City of Toronto, do not require building permits for
ground-mounted PV systems of any size, and thus plans and calculations do not need to
be stamped and signed by a registered engineer [88]. Some municipalities, such as the
City of Waterloo, specify that building permits are not required such that the system is not
connected to water or heating resources [89]. Very few municipalities, such as the city of
London, only require a work permit if excavation is required, or if scaffolding and cranes
are used [90]. In all cases, these ground-mounted systems are an exceptional alternative to
roof-mounted systems because they avoid a lot of the red-tape associated with an existing
structure. This allows costs to remain low, construction to be completed quickly, and for
PV systems to remain a feasible option as a DIY alternative.

4.5. Future Work

The racking designs presented in the paper have the potential for further research and
innovation. Although the system integrates clean energy generation with sustainable con-
struction material (wood), an investigation needs to be undertaken looking into advanced
sustainable composite materials which are more resilient, weather resistant, and provide a
longer lifespan. More efficient and cost-effective designs for PV racking need to be further
explored. This can be done by optimizing manufacturing processes, reducing installation costs,
and increasing market awareness. Structural design optimization is key to further integrate
PV technology in the communities. Furthermore, a comprehensive life cycle analysis (LCA)
assessing the environmental impacts of wood-based PV racking systems similar to those gen-
erally conducted on PV should also be performed [91,92]. An overall evaluation of carbon
footprint and energy requirements of these designs compared to others can be made part of
such a study. Research focusing on understanding the maintenance and durability of these
racking designs should also be carried out and compared to those of the overall system [93,94].
This may include a monitoring system for the detection of issues and periodic replacement
of deteriorated wooden members. Another important aspect to be looked at includes the
development of guidelines, procedures, and standards for the responsible sourcing of wood,
which is utilized in the renewable energy industry. Moreover, innovative techniques to preserve
wood which can improve decay resistance properties of wood can also be explored.

5. Conclusions

This study outlined two novel open-source wood- and cable-based PV racking systems
with adjustable tilt angles that exceed Canadian building code standards and are thus
applicable to most of the world’s populations. These are the first stilt-mounted solar
photovoltaic racking designs that allow change of tilt angle by varying the length of
cables. The tilt angle can vary from 0◦ (horizontal) to 90◦ (vertical), thus offering a distinct
feature and flexibility not explored in the previous literature. The systems offer significant
economic savings and incur from approximately one-third to less than two-thirds of the
capital expenses of the commercially available variable tilt racking solutions. In addition,
the racking designs are easy-to-build and require minimal manufacturing operations.
These features indicate that they would be widely accessible throughout the world. The
economic analysis indicates that, in various scenarios, the new variable tilt rack offers
the most cost-effective option, but these results are heavily material, labor, and location
dependent. Ultimately, the innovative design of the variable tilt racking system presented
here has several distinct advantages over fixed tilt designs, especially in applications like
agrivoltaics. The stilt-mounted designs can be employed for agrivoltaic settings since the
solar modules are installed at increased height than conventional PV racking structures
and thus allow farm workers shaded ergonomic access to perform planting, weeding, and
harvesting operations. Future work is needed to determine the life cycle analysis of this
system including the results of long-term outdoor field trials.
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Appendix A. Design Analysis Assumptions

Here, several assumptions have been made to streamline the calculations, and they
have been deliberately kept conservative to ensure structural integrity under the most
extreme field conditions. To elaborate:

All applied loads are considered to act perpendicular to the module face, ensuring
that the middle joist undergoes the maximum flexural load.

All members are connected with pins and have no fixed end moments. This assump-
tion takes into account that joist hangers and brackets allow for rotation [95].

Following NBCC 4.1.6, the wind and snow load are assumed to be evenly distributed
across the module surface, as considerations for snow and wind accumulation apply
primarily to large structures [96].

The Heliene 144HC M6 module is specified to withstand a front load of up to 5400 Pa
and a rear load of up to 2400 Pa [57]. Given that the design loads will be significantly lower
than these values, the modules exhibit ample structural capacity.

Appendix B. Load Calculations

Appendix B.1. Snow Loads

The specified snow load is determined as per National Building Code of Canada
(NBCC) [96]:

S = Is[Ss(CbCwCsCa) + Sr] [kPa] (A1)

The importance factor for snow load (IS) is considered as 1.15 since the failure of PV
racking structure poses a risk to the life of people working underneath the structure. This
is a conservative estimate as a factor of 1.00 could be used since the risk of people being
under the racks in inclement weather, such as high winds and storms, is very low.

The 1-in-50-year ground snow load factor (SS) is dependent on the location where the
racking structure is being built. Using Table C-2 in NBCC for London, ON, a value of 1.90
is determined.

The basic roof snow load factor (Cb) is considered 0.80 if lc is less than or equal to the
factor (70/Cw

2). Here, Cw is the wind exposure factor and lc is the characteristic length of
the upper or lower roof. The value of lc is evaluated using the Equation 2w—w2/l where w
is the smaller plan dimension of the roof and l is the larger plan dimension of the roof. For
the design, lc is found out to be less than (70/Cw

2).
The wind exposure factor (Cw) is considered as 0.75 since our racking design will be

exposed to wind in all directions.
The slope factor (Cs) is dependent on the tilt angle of the system. Assuming the slope

is less than 15◦, Cs is taken as 1.
For calculations, the accumulation factor (Ca) is considered 1.00 for small single

slope structures.
The 1-in-50-year associated rain load (Sr) is dependent on the location where the racking

structure is built. Following Table C-2 of NBCC for London, ON, a value of 0.4 is ascertained.



Designs 2024, 8, 6 28 of 35

Table A1 summarizes the factors used for calculating snow load.

Table A1. Snow Load Factors.

Factor Value

Importance Factor (Is) 1.15
Snow Load Factor (Ss) 1.90

Basic Roof Snow Load Factor (Cb) 0.80
Wind Exposure Factor (Cw) 0.75

Slope Factor (Cs) 1.00, 0.67, 0.33 and 0
Accumulation Factor (Ca) 1.00
Associated Rain Load (Sr) 0.40

Appendix B.2. Wind Load

Using National Building Code of Canada (NBCC) 2020, the wind load is determined,
which is a summation of both external wind pressure as well as internal wind pressure.

W = p + pi [kPa] (A2)

where W is the total wind load in kPa;

p is the specified external wind pressure in kPa;
pi is the specified internal wind pressure in kPa.

The following equations govern the external and internal wind pressures:

p = IwqCeCtCpCg [kPa] (A3)

pi = IwqCeiCtCgiCpi [kPa] (A4)

The wind importance factor (Iw) is considered 1.15 as the failure of PV rack may risk
the life of people working underneath the structure.

The reference velocity pressure (q) is dependent on the location where the racking structure
is constructed. Following Table C-2 in NBCC for London, ON, a value of 0.47 is ascertained.

The exposure factor (Ce) is calculated using the expression (h/10)0.2. Here, h is
considered 6 m as the height of the structure is less than 20 m while it is also less than the
smaller plan dimension. The value of Ce is determined to be 0.90.

The topographic factor (Ct) is considered as 1.00.
The external pressure coefficient (Cp) and gust effect factor (Cg) are combined. Using

Table 4.1.7.6, the value of the product is found to be −1.30.
The exposure factor for internal pressure (Cei) is the same as the exposure factor ‘Ce’

since wind can attack the inside of the system in the same way as the outside.
The internal gust effect factor (Cgi) is taken as 2.00.
The internal pressure coefficient (Cpi) is taken as −0.70.
Table A2 summarizes the factors used for calculating snow load.

Table A2. Wind load Factors.

Factor Value

Wind Importance Factor (Iw) 1.15
Reference Velocity Pressure (q) 0.47

Exposure Factor (Ce) 0.90
Topographic Factor (Ct) 1.00

External Pressure Coefficient and Gust Effect
Factor ‘Cp.Cg’ −2.00

Exposure Factor for Internal Pressure (Cei) 0.90
Internal Gust Effect Factor (Cgi) 2.00

Internal Pressure Coefficient (Cpi) −0.70
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Appendix B.3. Dead Load

The structure’s dead load ‘D’ takes into account the PV module weight and the wooden
member weights and represents the weight of the structure itself. The weight of brackets
and fasteners is insignificant compared to the design load and can be considered negligible.

Appendix B.4. Load Combinations

To address the simplified assumptions made during the design, it becomes imperative
to include safety factors to the specified loads, aiming to minimize the probability of failure.
These adjusted loads (factored loads) are combined as principal loads and companion loads,
adhering to the load combinations outlined in Section 4.1.3.2 of NBCC. The calculations
must carefully consider the combination of principal loads and companion loads that yield
the highest net load. Principal loads constitute the essential loads requiring evaluation,
while companion loads are incorporated only if they act in the same direction as the
principal loads. It is crucial to highlight that the design wind load operates in the negative
direction, whereas the governing snow load is in the positive direction. Consequently,
combining these loads would reduce the net load and is therefore not recommended.

Appendix B.5. Wooden Members Structural Capacity

The National Design Specification for Wood Construction [68] provides reliable design
values for a variety of wood types.

Although these capacities have shown reliability, it is extremely important to incorpo-
rate resistance factors into these capacities to accommodate unforeseen vulnerabilities and
ensure an optimum, safe, and functional design.

The load duration factor (CD) is taken as 1.15 considering typical design load, i.e., the
governing load, as snow load.

The temperature factor (CT) is considered 1.00 since the racking structure is not
expected to be exposed to a temperature of above 100◦ F.

The wet service factor (CM) is found to be 1.00 for calculating factor fb, fc, and ft, 0.97
for factored fv, and 0.90 for factored E and Emin.

The beam stability factor (CL) is calculated as 0.64, 0.76, 0.97, and 0.98 according to the
guidelines in Section 3.3.3 of National Design Specification [68].

The flat use factor (Cfu) is considered as 1.20 and 1.15 as per Table 4B of NDS Supple-
ment [68].

The incising factor (Ci) is ascertained from Table 4.3.8 of NDS and comes out to be 0.8,
except for when determining factored E and Emin, where its value is considered 0.95, and
for fc, where its value is considered as 1 [68].

The repetitive member factor (Cr) is taken as 1.00.
The size factor (CF) is 1.10 as per Table 4A of NDS Supplement.
The compression factor (CP) (calculated using the dimensions of the posts) is calculated

in accordance with Section 3.7.1 of NDS and comes out to be 0.29 for 6 × 6 members.
The National Design Specifications for Wood Construction provide the formulae for

calculating the factored properties. The formulae are given below:

Factored bending stress = fb* = fbCDCMCtCLCFCfuCiCr [MPa] (A5)

Factored shear stress = fv* = fvCDCMCtCi [MPa] (A6)

Factored tensile stress = ft* = ftCDCMCtCFCi [MPa] (A7)

Factored compressive stress = fc* = fcCDCMCtCFCiCP [MPa] (A8)

Factored Elastic modulus = E* = ECMCtCi [MPa] (A9)

Factored Emin = Emin* = EminCMCtCiCT [MPa] (A10)
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Using the factored capacities calculated equations described above and the dimen-
sional properties of the wooden members, the resistance values arere finally ascertained.
The formulae are given below:

Resisting bending moment = Mr = (2fb*I/h) [kN-m] (A11)

Resisting shear force = Vr = (fv*Ib/Q) [kN] (A12)

Resisting tensile force = Tr = ft*A [kN] (A13)

Resisting compressive force = Cr = fc*A [kN] (A14)

To ensure the structural integrity of each member and circumvent system failure, the
following conditions must be satisfied:

The resisting bending moment (Mr) must equal or exceed the maximum applied bending
moment (Mmax).
The resisting shear force (Vr) must equal or exceed the maximum applied shear force (Vmax).
The resisting tensile force (Tr) must equal or exceed the maximum applied tensile force (Tmax).
The resisting compressive force (Cr) must equal or exceed the maximum applied compres-
sive force (Cmax).

Additionally, the maximum deflection (Dmax) should not surpass the member length
divided by 360, adhering to NBCC 9.4.3.

Appendix B.6. Structural Analysis for T-Shaped Racking

The net load is evenly distributed across the module’s dimensions. As specified by
modules’ supplier Heliene, the panels exhibit sufficient capacity to withstand these loads.
Subsequently, the load is transferred from the panels to the joist and then the wire rope.
The joist bears its own weight in the form of a uniformly distributed load, designated as ‘w’.

W = 1.25 (OW) [kN] (A15)

OW is the own weight of the member. The load is multiplied by a factor of 1.25 since
it is a dead load [97]. Moreover, to ascertain the uniformly distributed design load, the
design load is multiplied with the tributary width for the joist under consideration. Total
uniformly distributed load (UDL) is the sum of the own weight and design load.

The wood and cable design only uses one joist. A wooden plank with dimensions
of 2 × 12 × 8′ is considered for T-shaped variable tilt racking design and 2 × 6 × 8′ is
considered for cantilever racking configuration while 6 × 6 column is used for the posts for
each design. In case the applied values of bending moment, shear, compression, tension,
and deflection exceed the resistance values, a larger member should be evaluated.

The following formula is used to calculate the maximum shear force or the reaction
for the middle joist:

Maximum shear or reaction = Total UDL.L/2 [kN] (A16)

where L is the length of the joist.
The maximum bending moment is ascertain using the following equation:

Maximum moment = Total UDL.L2/8 ----- [kN-m] (A17)

The maximum deflection in the member is ascertained from the following formula:

Maximum deflection = 5.Total UDL.L4/384EI ----- [mm] (A18)

Analysis for the joist and wire rope is also performed using Clearcals.
Subsequently, the buckling check for the posts is performed using the Euler Buckling

equation given below:
Cbuckling = π2EIweak/(Lk)2 [MPa] (A19)
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where the effective length factor, k, is considered two for a column fixed at its base, and free
on the opposite end. Next, wire rope and the column are considered to be a truss structure
and a truss analysis is performed to determine the forces. The reaction forces from the joist
and solar module are considered the applied forces acting on the truss.

Appendix C. Truss Analysis

Appendix C.1. Calculations for 2-Panel T-Shaped Design

Appendix C.1.1. Point A

Using summation of forces as 0 across point A; the forces acting along the member
FAB and FAB is determined.

ΣFy = 0
−2.14 + FABcos(75) = 0
FAB = 8.30 kN

(A20)

Appendix C.1.2. Point B

ΣFy = 0
2FABcos(75) + 4.18 = FCOL
FCOL = 8.48 kN

(A21)

Appendix C.2. Calculations for Cantilever Carport Design

Appendix C.2.1. Point A

Using summation of forces as 0 across point A; the forces acting along the member
FAB and FAB is determined.

ΣFy = 0
−2.06 + FABcos(75) = 0
FAB = 7.95 kN

(A22)

Appendix C.2.2. Point B

ΣFy = 0
2FABcos(75) + 2.06 = FCOL
FCOL = 6.18 kN

(A23)
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