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Abstract

:

Vertical bifacial solar photovoltaic (PV) racking systems offer the opportunity for large-scale agrivoltaics to be employed at farms producing field crops with conventional farming equipment. Unfortunately, commercial proprietary vertical racks cost more than all types of conventional PV farm racking solutions. To overcome these cost barriers, this study reports on the development of a new wood-based PV racking design. The open-source design consists of a hinge mechanism, which reduces mechanical loading and enables wood to be used as the main structural material, and is the first of its kind. This open-source vertical wood-based PV rack is (i) constructed from locally accessible (domestic) renewable and sustainable materials, (ii) able to be made with hand tools by the average farmer on site, (iii) possesses a 25-year lifetime to match PV warranties, and (iv) is structurally sound, following Canadian building codes to weather high wind speeds and heavy snow loads. The results showed that the capital cost of the racking system is less expensive than the commercial equivalent and all of the previous wood-based rack designs, at a single unit retail cost of CAD 0.21. The racking LCOE is 77% of the cost of an equivalent commercial racking system using retail small-scale component costs, and is 22%, 34%, and 38% less expensive than commercial metal vertical racking, wood fixed tilt racking, and wood seasonal tilt racking costs, respectively. Overall, wooden vertical swinging PV racking provides users with a low-cost, highly available alternative to conventional metal vertical racking, along with a potential increase in energy yield in high wind areas thanks to its unique swinging mechanism.
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1. Introduction


The cost declines of solar photovoltaic (PV) systems have resulted in solar electricity routinely being the lowest-cost source of power [1]. Solar PV is a net energy producer [2], able to reproduce the energy invested in its manufacture in less than a year of deployment [3]. With growing interest in using low-cost sustainable energy from PV to power high-population-density cities, there has been increasing pressure to establish large-scale PV tracts in rural agricultural areas [4]. When wind power, the other large-scale and scalable source of renewable energy, gained economic superiority, it created siting conflicts [5,6]. Similarly, siting conflicts are becoming an issue for large-scale PV, because when it is practiced conventionally PV interferes with agricultural production [7,8]. There is some public distrust of large-scale energy projects on agricultural land because of the energetically questionable practice of sequestering carbon with biomass growth [9] and ethanol fuel production. This practice has increased global food costs and world hunger [10,11,12], causing a negative perception from the public [13,14,15].



Fortunately, a new concept has begun to take hold that allows for PV production and society to ‘eat its cake too’: agrivoltaics, defined as the co-development of land for both agriculture and solar PV electrical generation to meet strategic goals [16,17]. Agrivoltaics have several advantages, including (1) providing sustainable renewable electricity generation [18], (2) decreasing greenhouse gas emissions by offsetting fossil fuels [19], (3) increasing crop yield [20,21,22,23,24], (4) providing crop protection from excess solar energy and destructive weather, such as hail, by creating a microclimate [25], (5) conserving water [26,27,28,29], (6) maintaining agricultural employment, local food production and its benefits [30,31,32] and (7) increasing revenue for farmers [33]. In addition, agrivoltaics have secondary health benefits [34,35]. Overall, agrivoltaics have the potential to increase land use efficiency [36] and global land productivity by 35–73% [37]. As PV needed for agrivoltaics are a capital asset, they have a unique economic role to play for owners. They can be used as a hedge against inflation during times of high inflation [38]. Agrivoltaics could even be used for the production of nitrogen fertilizer for farm use on the farm [39], renewable fuels such as anhydrous ammonia [40] and hydrogen [41,42,43], and, of course, for electricity for charging on- or off-farm electric vehicles [44]. Not surprisingly, because of the myriad benefits of agrivoltaics, it is considered favorably by farmers [45], communities [46] and the PV industry [47].



Agrivoltaics are growing rapidly [48], but they still represent a large capital expenditure for farmers that are already in debt, in both the US [49] and Canada [50]. One way to reduce the cost of capital is to have PV systems that farmers could install themselves using open-source designs able to be fabricated from locally available (domestic) materials and components. Recent works have leveraged open-source hardware design principles to reduce costs for PV racks, including low-tilt angle solar PV arrays for small-scale mobile applications [51], flat roof tops [52], equatorial ground-mounted systems in the developing world [53], solar PV fences [54], tensegrity structures [55], and after-market building integrated PV (or BIPV) [56], vehicle canopies [57] and fixed [58] and variable tilt systems [59] with wood. These approaches using wood were particularly promising in North America, as fixed tilt wood-based solar PV DIY racks showed decreases in costs between 49% and 77% compared to proprietary small-scale commercial metal racks [58]. These racks, however, are not appropriate for all conventional farming activities.



To plant and harvest field crops with conventional farming equipment, east–west-facing vertically mounted bifacial solar PV modules have been proposed as the preferred fixed tilt racking method used for agrivoltaics applications [60]. In addition, because larger boom sizes are often used for large-scale farms, increasing row spacing is needed. This increases the solar flux in the crop growth areas (although it does reduce electric output per unit area and thus revenue) [61]. A thorough review of the literature yielded very little information on the cost of vertical PV racking in agrivoltaics [62,63]. According to the report, vertical PV metal racking costs CAD 0.27/W, which is more expensive than conventional commercial metal racks (CAD 0.23/W) [64].



To overcome these cost challenges for vertical agrivoltaics racks in farming, this study provides the first wood-based vertical PV racking design. The open-source design consists of a hinge mechanism that reduces wind loads on the wood members to minimize their size, and thus their cost. The system is ideally meant for connecting to the grid, but can also be used for off the grid functions. The full bill of materials (BOM) is provided, along with guidance on how these capital costs change with the size of the array. The energy performance of the vertical systems is simulated. The energy results are combined with economic analysis in order to carefully evaluate the full levelized cost of electricity (LCOE) of the vertical wood racking. This racking LCOE is then compared to the full LCOE of the open source fixed-tilt and variable-tilt wood racking, as well as proprietary vertical metal racking. The results are discussed in the context of the potential for farmers to implement agrivoltaics on their farms alongside field crops.




2. Materials and Methods


2.1. System Design and Assembly


2.1.1. Material Selection


For the design of these racks, pressure treated SPF (Spruce, Pine, Fir) is used as a low cost and durable material for outdoor use. Moreover, wood is comprised of 1/5 of the embodied CO2e/kg of aluminum, and actually has negative combined embodied energy and carbon over alternative racking [65]. The lifetime of the system is dependent on varying weather conditions, but pressure-treated lumber can be expected to last up to 40 years with little to no signs of material decay [66]. To ensure the wood stands for 25 years without the need of replacement, the system must be designed according to the load and deflection limitations outlined in the National Design Specification for Wood Construction [67].




2.1.2. Bill of Materials


The BOM for a single-section system is shown in Table 1. All values are provided in Canadian dollars and the components were sourced from Home Depot, London or Copp’s Build-All, London.




2.1.3. Assembly Instructions


To begin, 6 × 6 × 16 posts must be sunk at least 1.2 m into the ground to prevent frost heaving of any soil type. This is carried out according to the National Building Code of Canada (NBCC) Table 9.12.2.2 [68]. Each post should then be standing 3.65 m above the ground. Each hole should be spaced at 2.4 m, as shown in Figure 1. Holes should be at least 250 mm in diameter. Two bags of 30 kg Quikrete ready-mix concrete can be mixed with water in a wheelbarrow to make footings. Once each hole is filled, the previously removed topsoil can be used to cap the hole. This should be carried out in order to ensure that water runs down the slope away from the footing.



Once the footings have cured and the posts are secured into the ground, 2 × 4 × 8 s can be installed between each post without needing to make any cuts. Each row of 2 × 4 s should be spaced 1.2 m apart, as described in Figure 2a. The 2 × 4 s are installed on the center of the front face of each post with two screws spaced diagonally as shown in Figure 2b. The two 2 × 4 s connected at the interior post’s center should have a small gap between each other to allow room for expansion.



Two 3–½″ outdoor gate hinges are then to be installed along each 2 × 4, as shown in Figure 3a. Install only the top flange to the wood with the screws provided with the hinges. The top flange of the hinge should be installed such that the pin is below the 2 × 4, as shown in Figure 3b. This allows for the full rotation of the bottom flange holding the modules.



Once the hinges are installed, a 1 m × 2 m module can be installed between each row of hinges. Line up each hole of the module with the middle hole of each bottom flange. Replace the hinge screws with ¼″ × 1-1/2″ galvanized carriage bolts to go through the hinge and modules, as shown in Figure 4. The connection can then be secured with a nut and washer on the other side.



The build is complete when all connections are secured as shown in Figure 5. For the end of life, or to move the system, it can then be disassembled in reverse order.





2.2. Energy Performance and Cost Analysis


The energy performance of the proposed system is evaluated using the open source System Advisor Model (SAM) software [69,70]. SAM is preferred as a simulation tool for the proposed PV system energy performance because it is open-source and has been validated against real-world data. It is updated regularly and integrates the latest PV energy calculation methods, such as irradiation models, cell temperature models, inverter models, and different types of losses [71].



The energy performance assessment is conducted for London, Ontario, Canada. In this analysis, the wind speed’s effect on the module is neglected and the modules are assumed to be in a vertical position (90° tilt angle) throughout their lifetime. With this assumption, the system was supposed to have a lower soiling level than a standard fixed tilt system during the simulation, and there was no mutual shading between modules. Additionally, the system’s orientation was considered east–west (90° azimuth angle in London, Ontario) to maximize the incident irradiation on the PV system [72]. The technical performance simulation parameters are shown in Table 2.



The cost analysis relies on the cost per watt. The cost is calculated using 2 = two sections of the proposed vertical wood racks, and then the footing cost is added. Additionally, the energy performance results are used to calculate the levelized cost of electricity (LCOErack) of the racking system. The LCOE is calculated using Equation (1) [77]:


    L C O E   r a c k      (  $ / k W h  )  =   N e t   P r e s e n t   V a l u e   o f   t h e   R a c k i n g    ( $ )    N e t   P r e s e n t   V a l u e   o f   P V   E n e r g y    (  k W h  )     



(1)







Here, the cost of the system is used as the net present value of the racking and the energy generated over the system’s lifetime is used as the net present value of energy. The cost per watt and the LCOE of the proposed racking are compared to commercially available vertical metal racking systems. The commercially available racking system cost used in this study is provided by a report on the German market [63]. Additionally, the system cost is compared to other wooden racking systems proposed in the literature for fixed tilt and seasonally adjustable tilt [58,59].





3. Results


3.1. Cost with Scaling


It should be noted that outside posts carry the load for one half section, while inside posts carry the load for two half sections. Therefore, the more inside posts there are relative to outside posts, the more economically efficient the system becomes. The cost per kW (before footing costs), can be calculated using Equation (2), where S is the number of sections, CostSection is the cost of each section, found in Table 1, Costpost is the cost of each post, and kWSection is the amount of PV power installed on each section.


   C  k W      (   $  k W    )  =   C o s  t  S e c t i o n   × S − C o s  t  P o s t   ×  (  S − 1  )    k  W  S e c t i o n   × S    



(2)







Figure 6 graphs this function, which shows the economic benefit of building such a system on a large scale. A system consisting of ten or more sections shows savings of over 30% compared to a system of just one section. Therefore, this system is most desirable to build for large-scale applications. These costs do not consider the additional discount that many hardware stores may honor for purchasing on such a large scale. As the graph tends to infinity, the cost is slightly above CAD 150 per kW (CAD 0.15/W).




3.2. Energy Performance and Cost Analysis Results


Figure 7 shows the monthly aggregated energy performance of the bifacial vertical tilt PV system during the first operation year. As expected, the system generates more energy during the summer than it does during the winter. The maximum monthly energy production is 373 kWh in July, and the minimum monthly energy production is in November, with 107 kWh. The annual energy generated during the first year is 2938 kWh and the 25-year lifetime energy is 68,940 kWh.



Table 3 shows the cost analysis results of a two-section system made of six PV modules (2.4 kW). The results show the lifetime solar electricity production of the compared systems, as well as the racking cost, the racking LCOE, and the racking cost per watt. The vertical systems generate the least amount of lifetime energy (69 MWh), but are less expensive to install. Fixed-tilt wooden racking and seasonal-tilt wooden racking have a higher racking cost, but they also have a higher energy production than the two vertical systems. Even though the LCOEs of fixed-tilt and seasonal-tilt racks (~CAD 0.01/kWh) are close to the commercial metal vertical racking, the proposed vertical wooden system has an overall lower LCOE (~CAD 0.007/kWh). Additionally, the proposed system has the lowest cost per rack (~CAD 0.21/W). CAD 0.21/W is 22%, 34%, and 38% lower than the commercial metal vertical racking, the wood fixed tilt racking, and the wood seasonal tilt racking costs, respectively. As a result, the proposed vertical free-swinging wood racking appears to be the least expensive racking system in terms of cost per watt to date.





4. Discussion


4.1. Limitations and Future Work


The results shown for both the mechanical analysis (that the system should meet/exceed all Canadian building standards) as well as the base economics make this open-source vertical racking design promising for agrivoltaic applications as well as the potential to be used in other vertical applications. Some examples include privacy screens, fences [54,79,80], and highway sound barriers [81,82,83,84]. There are several areas of important future work. First, this was a theoretical design study and future work is needed to experimentally test the systems in the field and catalog for what farming equipment and crops the systems are appropriate/inappropriate in real-world conditions. Conventional agrivoltaics studies need to be run on this racking system with a wide range of field crops. In particular, the agricultural community would benefit from the knowledge of the impact on crops as a function of the distance from the vertical arrays (e.g., if they function as windbreaks with their concomitant benefits [85,86,87,88]). This knowledge will also assist in choosing optimum spacing between rows, while keeping in mind the energy values and farm equipment spacing requirements.



The second main limitation of this study involves the assumptions used for the modeling. It is well-established that spectral albedo has a large impact on PV performance [89,90]. The spectral albedo is particularly important for bifacial PV modules, as proposed in this work [91,92]. In this study, none of these considerations were included in the simulations. Future work could install an experimental vertical rack and utilize an open-source spectral albedometer [93] to quantify the potential positive impact different types of field crops would have on this system. Finally, a limitation of this study was assuming that the system would always have a vertical position. This is the case in low-wind velocity areas. Other areas, however, that experience increased wind velocities would have the PV at non-vertical tilt angles during operation. In general, this would be expected to increase the performance, so the assumptions used here should be considered conservative and likely to underestimate the total yield. Future work could propose a SAM extension to account for the velocity-dependent tilt angle of this system, as well as providing guidance for which side should be the ‘front’ for bifacial modules in a given location, given the mismatch between the front and the back [94,95,96].



Regarding vertical racks for agrivoltaics with rows spaced further than conventional solar farms, it is expected that the capacity factor would be increased due to freer air flow, resulting in lower operating temperatures as well as radically reduced row-to-row shading. Contrariwise, a small increase in the DC losses would be expected because of longer cable lengths. Further work is needed to determine the cost benefit of changing the energy density for this type of vertical agrivoltaics systems compared to conventional solar farms. These advantages can be added to the capital costs found in this study. Finally, some social science future work is necessary to evaluate the potential for broader acceptance, and thus more total land area will become available with this approach.




4.2. Wood Price Sensitivity


The economics of this vertical wood-based racking system are particularly promising in North America, where it was designed. It should be pointed out, however, that the economics are very sensitive to the commercial price of lumber. This price is known to be volatile, as shown in the sensitivity analysis in the [36] design.



In addition to the global price fluctuations, the BOM costs will also be dependent on the prices at the local sources of wood, whether it is available at all, and, if imported, the taxes and import duties.



Given the variance in wood costs, future work can also investigate designing and building a vertical PV rack made from other materials, using these designs as a baseline (e.g., waste plastic lumbar, metal, etc.).





5. Conclusions


This open-source vertical wood-based solar PV rack is (i) made from locally accessible (domestic) renewable and sustainable materials, (ii) can be made with hand tools by average farmers on their farms, (iii) has a lifetime of 25 years to match those of PV module warranties, (iv) is structurally sound, following Canadian building codes to withstand high speeds and heavy snow loads, (v) has a relatively low capital cost compared to commercially available offerings and (vi) is shared using a free and open source license so that individuals or companies can make it for themselves or others. Others are particularly encouraged to make versions to offer people in their local markets. This study provided an open-source wood-based solar PV racking design that successfully overcame the cost challenge of proprietary vertical commercial racks. The results showed that the capital cost of the racking system is less expensive than the commercial equivalent, and all of the previous wood-based rack designs. The racking cost is CAD 0.21, even at the single system scale using retail costs of materials. The racking LCOE is 77% of the cost of an equivalent commercial racking system. The open-source design consists of a hinge mechanism, which is the first of its kind.




6. OSHWA Certification in Place of Patents


Upon acceptance, the designs will be OSHWA certified and the number will be added here.
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Appendix A. Specified Loads


Vertical modules supported by joists and posts can best be represented as a simple sign structure, and thus it is best practice to consult MTO’s Sign Support Manual [97] and ASCE 7–16 Section 29.3 Design Wind Loads for Solid Signs [98] to obtain the design load for a given location.



The design wind load can be calculated using Equation (A1).


  D e s i g n   W i n d   L o a d = 1.4 q  K z   K  z t    K d   K e  G  C f   



(A1)







As per the NBCC 4.1.3.2 [68], a safety factor of 1.4 must be applied to specified wind loads to reduce the probability of failure.



The velocity pressure, q, will be taken as 455 Pa for London, Ontario, as per Table A2.9(b) of MTO’s Sign Support Manual [97].



Kz is the velocity pressure exposure coefficient, which can be taken as 0.85 for structures less than 15 feet tall in open terrain.



Kzt is the topographic factor, which can be taken as 1.00 for structures not placed near large hills or escarpments.



Kd is the directionality factor, which can be taken as 0.85 if the structure serves as an open frame.



Ke is the ground elevation factor, which can be taken as 1.00 for all elevations as a conservative assumption.



G is the gust-effect factor, which can be taken as 0.85 for rigid structures not subject to high-rise dynamic oscillation.



Finally, Cf is the force coefficient, and experimental testing suggests that 1.30 can be taken for open space frame structures [99].



Inputting all the factors into Equation (A1) produces a design wind load of 0.51 kPa.



The value of each coefficient is the same for all locations, with the exception of the velocity pressure, q,. If this pressure is not readily tabulated, it can be calculated using the wind pressure Equation (A2) shown below:


  q =  1 2  ρ  V 2   



(A2)




where ρ is the density of air taken as 1.225 [68], and V is the 1-in-25-year wind speed.



The velocity pressure of 455 Pa satisfies the wind speed design requirements for over 95% of Ontario [97], and over 85% of Canada (including territories and coasts) [68].




Appendix B. Vertical System Structural Analysis


Since the modules are connected to the 2 × 4 s via hinges, the wind force will rotate the modules rather than strain them, and thus there is no static load to be applied to the modules. Both the lateral wind loads and downwards gravity loads must be analyzed, and the combination of these loads using a stress analysis must be used. Throughout this process, the structural capacities of lumber outlined in Vandewetering et al. [58], which summarizes the design requirements of the National Design Specification for Wood Construction [67], shall not be exceeded.



First, the wind load will attack the 2 × 4 s upon the weak axis. Each 2 × 4 will serve as a simply supported beam carrying a uniform distributed wind load. The magnitude of the distributed load is calculated using Equation (A2):


  w = D e s i g n   W i n d   L o a d ∗ M e m b e r   W i d t h  



(A3)







For 2 × 4 s, the width being attacked by wind is 89 mm, or 0.089 m. The free body diagram of each 2 × 4 as shown in Figure A1 below.





[image: Designs 07 00034 g0a1 550] 





Figure A1. The 2 × 4 Wind Load Free-Body Diagram. 






Figure A1. The 2 × 4 Wind Load Free-Body Diagram.
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The shear force diagram of each 2 × 4 is seen as in Figure A2.
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Figure A2. The 2 × 4 Wind Load Shear Force Diagram. 






Figure A2. The 2 × 4 Wind Load Shear Force Diagram.
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The maximum shear force occurs at the supports, which can be calculated using Equation (A3).


  V m a  x  2 × 4 W i n d   =   w L  2   



(A4)







The bending moment diagram of each 2 × 4 is seen as in Figure A3.
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Figure A3. The 2 × 4 Wind Load Bending Moment Diagram. 






Figure A3. The 2 × 4 Wind Load Bending Moment Diagram.
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The maximum bending moment occurs at midspan. The maximum bending moment can be calculated by Equation (A5).


  M m a  x  2 × 4 W i n d   =   w  L 2   8   



(A5)







The deflection diagram throughout each 2 × 4 is seen as in Figure A4.





[image: Designs 07 00034 g0a4 550] 





Figure A4. The 2 × 4 Wind Load Deflection Diagram. 






Figure A4. The 2 × 4 Wind Load Deflection Diagram.
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The maximum deflection occurs at midspan and can be calculated using Equation (A6).


  Δ m a  x  2 × 4 W i n d   =   5 w  L 4    384 E I    



(A6)







On the strong axis of each 2 × 4, the self-weight and the weight of two modules must be carried. This loading can be modelled with a uniform distributed self-weight, and the two point loads from the weight of the modules are as shown in Figure A5.
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Figure A5. The 2 × 4 Weight Free Body Diagram. 






Figure A5. The 2 × 4 Weight Free Body Diagram.
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The shear force diagram is shown in Figure A6.
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Figure A6. The 2 × 4 Weight Shear Force Diagram. 






Figure A6. The 2 × 4 Weight Shear Force Diagram.
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The maximum shear force can be calculated using Equation (A7).


  V m a  x  2 × 4 W e i g h t   = 1.25  (  S i n g l e   M o d u l e   W e i g h t +   o  w  2 × 6   × L  2   )   



(A7)







The bending moment diagram is shown in Figure A7.
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Figure A7. The 2 × 4 Weight Bending Moment Diagram. 






Figure A7. The 2 × 4 Weight Bending Moment Diagram.
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The maximum moment occurs at midspan, and is calculated using Equation (A8).


  V m a  x  2 × 4 W e i g h t   = 1.25  (   ∑    S i n g l e   M o d u l e   W e i g h t  2  ∗ x +   o  w  2 × 6   ×  L 2   8   )   



(A8)




where 1.25 is taken as the factor of safety for dead loads [68].



The deflection diagram is shown in Figure A8.
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Figure A8. The 2 × 4 Weight Deflection Diagram. 






Figure A8. The 2 × 4 Weight Deflection Diagram.
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Additionally, the maximum deflection is calculated using Equation (A9).


  Δ m a  x  2 × 4 W e i g h t   =   5 o  w  2 × 6    L 4    384 E I   +   P o i n t   L o a d ∗ x ∗  (  L − x  )    6 E I L    (     L 2   4  +  x 2  −  L 2   )   



(A9)







Since the 2 × 4 s serve as beams carrying biaxial bending, the combination of gravity and wind stresses must be less than the maximum bending capacity, as described in Equation (A10).


   M  f W e i g h t   +  M  f W i n d   ≤ f  b *   



(A10)







The bending stress due to gravity can be calculated using Equation (A11).


   M  f W e i g h t   =   6 M m a  x  2 × 4 W e i g h t     b  h 2     



(A11)







The bending stress due to wind can be calculated using Equation (A12).


   M  f W i n d   =   6 M m a  x  2 × 4 W i n d     h  b 2     



(A12)







The load is then transferred to the 6 × 6 posts, which can be idealized as a cantilever beam column carrying a uniform distributed wind load, a series of point loads from the 2 × 4 wind loads, the weight of the system, and the post’s own weight. The uniform distributed load, w, is calculated the same way as the 2 × 4 s, but now with a member width of 140 mm, or 0.14 m. The magnitudes of the point loads are equal to the reactions from each 2 × 4, which conveniently equals the shear force of each 2 × 4 carried, Vmax2×4. It should be noted that each inside post carries a 2 × 4 from two sections, so the magnitude of each point load is twice the magnitude of the outside posts. The free body diagram of each post is described in Figure A9.
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Figure A9. The 6 × 6 Free-Body Diagram. 






Figure A9. The 6 × 6 Free-Body Diagram.
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The shear force diagram is seen in Figure A10.
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Figure A10. The 6 × 6 Shear Force Diagram. 






Figure A10. The 6 × 6 Shear Force Diagram.
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The maximum shear force occurs at the footing, and can be calculated using Equation (A13).


  V m a  x  6 × 6   =  ∑  V m a  x  2 × 6 W i n d   + w L  



(A13)







The bending moment diagram of each post is shown in Figure A11.
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Figure A11. The 6 × 6 Bending Moment Diagram. 






Figure A11. The 6 × 6 Bending Moment Diagram.
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The maximum bending moment occurs at the footing, and can be calculated using Equation (A13).


  M m a  x  6 × 6   =  ∑  ( V m a  x  2 × 6 W i n d   ∗ x ) +   w  L 2   2   



(A14)




where x is the distance from the footing to each of the 2 × 4 reactions.



The deflection diagram is shown as in Figure A12.
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Figure A12. The 6 × 6 Deflection Diagram. 
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The maximum deflection occurs at the top of the post, and can be calculated using Equation (A15).


  Δ m a  x  6 × 6   =  ∑    V m a  x  2 × 4      ( x )   2    6 E I    (  3 L − x  )  +   w  L 4    8 E I    



(A15)







The compression load throughout the post varies as shown in Figure A13.
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Figure A13. The 6 × 6 Compression Diagram. 
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The maximum compression occurs at the base, and has a max value given by Equation (A16).


  C m a x = 1.25 o  w  6 × 6   +  ∑  V m a  x  2 × 6 W e i g h t    



(A16)







The combination of axial compression and bending cause requires a combined loading stress analysis to ensure the fibers in compression do not exceed the wood’s capacity. The load combination limit is described in Equation (A17).


    C m a x   f  c *    +    M  f W i n d     f  b *    ≤ 1.00  



(A17)







The resulting shear, moments, deflections and stresses for a design load of 0.51 kPa have been summarized in Table A1.
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Table A1. Forces, deflections and stresses of structural members.






Table A1. Forces, deflections and stresses of structural members.





	Lumber
	Shear [kN]
	Moment [kNm]
	Deflection [mm]
	Compression [kN]
	Stress [MPa]





	2 × 4 Wind
	0.05
	0.03
	22.24
	N/A
	1.47



	2 × 4 Weight
	0.13
	0.07
	2.92
	N/A
	1.56



	Outside 6 × 6
	0.41
	0.83
	0.02
	0.39
	1.93



	Inside 6 × 6
	0.58
	1.26
	0.01
	0.79
	2.80








The system can also be analyzed using FEA software such as SAP2000 to ensure that the wood does not exceed the maximum allowable stress. The stress contour of a two-section model is shown in Figure A14. The percentage difference between the analytical hand calculation approach and the FEA approach is less than 2.5%.
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Figure A14. Stress contour of a two-section system, where the max stress of 2.81 MPa occurs at the base of the interior post. 
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Figure 1. Post arrangement of a 2-section system. This arrangement can be continued to include as many sections as desired. 
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Figure 2. (a). The 2 × 4 × 8 spacing between each post, and (b) each 2 × 4 being connected to the center face of 6 × 6 s with two 2-1/2″ brown deck screws spaced diagonally, where inside 2 × 4 connections should have a small gap to allow expansion. 
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Figure 3. (a). Four hinges are to be installed 1m apart on each 2 × 4, and (b) top flanges installed using screws included, allowing for the pin and bottom flange to hang freely. 
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Figure 4. Module hole aligning with the middle bottom flange hinge hole, which is held by ¼″ × 1-1/2″ galvanized carriage bolts, where connections are secured with a nut and washer. 
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Figure 5. Completed 2-section system. The installation process can be continued for systems with more than two sections. 






Figure 5. Completed 2-section system. The installation process can be continued for systems with more than two sections.



[image: Designs 07 00034 g005]







[image: Designs 07 00034 g006 550] 





Figure 6. System cost per kW, before tax and footing costs, as a function of the number of 1.2 kW sections. 
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Figure 7. Monthly aggregated energy production of the vertical wood rack bifacial PV system during its first operation year. 
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Table 1. List of materials for one section of a system.
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	Member Name
	Piece 1
	Cost per Piece 2
	Quantity
	Cost





	Posts
	6 × 6 × 16
	CAD 93.00
	2
	CAD 186.00



	Beams
	2 × 4 × 8
	CAD 10.54
	3
	CAD 31.62



	Module to 2 × 4 Hinges
	3-1/2″ Gate Hinges
	CAD 9.51
	6
	CAD 57.06



	2 × 4 to Module Connections
	¼″ Carriage Bolt (1-1/2″), Nut, and Washer
	CAD 0.48
	6
	CAD 2.88



	2 × 4 to Post Connections
	2-1/2″ Brown Deck Screws
	CAD 0.04 3
	12
	CAD 0.48



	
	
	
	Total Cost Without Concrete
	CAD 278.04



	Concrete for the Posts
	30 MPa commercial

Quikrete concrete
	CAD 5.40
	4 Bags
	CAD 21.60



	
	
	
	Total Cost:
	CAD 299.64







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 5 June 2022, before tax. 3 Assuming a pail of 1175 screws to be purchased at CAD 38.99.













[image: Table] 





Table 2. Parameters used in the energy performance simulation of vertical bifacial PV.
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	Parameter
	Value
	Reference





	PV Module
	LG Electronics Inc. LG400N3C-V6
	[73]



	Cell Type
	Monocrystalline Silicon (Bifacial)
	[73]



	Number of Modules
	6
	This Study



	Tilt Angle
	90°
	This Study



	Azimuth
	90°
	[74]



	DC Power Rating
	2.4 kW
	This Study



	Inverter AC Power
	2.5 kW
	[70]



	DC to AC Ratio
	0.96
	This Study



	Soiling Losses
	1%
	This Study



	DC Power Losses
	4.44%
	[70]



	Lifetime
	25 years
	[75]



	Annual PV Degradation Rate
	0.5%
	[76]



	Shading
	No
	This Study
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Table 3. Cost comparison of the proposed racking system and a commercial racking system.
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	Racking System (2.4 kW)
	Lifetime Energy (kWh)
	Racking Cost (CAD)
	Racking LCOE (CAD/kWh)
	Racking Cost per Watt (CAD/W)





	Wood Fixed Tilt [58]
	80,130
	CAD 768.00
	CAD 0.0096
	CAD 0.32



	Wood Seasonal Tilt [59]
	84,304
	CAD 816.00
	CAD 0.0097
	CAD 0.34



	Commercial Metal Vertical Tilt 1 [63]
	68,940
	CAD 656.00
	CAD 0.0095
	CAD 0.27



	Proposed Vertical Wood Racking
	68,940
	CAD 505.08
	CAD 0.0073
	CAD 0.21







1 The racking cost per watt of the commercial vertical tilt was originally in euros and converted to CAD with the rate of 5 June 2022 (EUR 1 = CAD 1.35) [78].
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