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Abstract

:

Although solar photovoltaic (PV) system costs have declined, capital cost remains a barrier to widespread adoption. Do-it-yourself (DIY) system designs can significantly reduce labor costs, but if they are not attached to a building structure, they require ground penetrating footings. This is not technically and economically feasible at all sites. To overcome these challenges, this study details systems designed to (1) eliminate drilling holes and pouring concrete, (2) propose solutions for both fixed and variable tilt systems, (3) remain cost effective, and (4) allow for modifications to best fit the user’s needs. The ballast-supported foundations are analyzed for eight systems by proposing two separate ballast designs: one for a single line of post systems, and one for a double line of post systems, both built on a 4-kW basis. The results of the analysis found that both designs are slightly more expensive than typical in-ground concrete systems by 25% (assuming rocks are purchased at a landscaping company), but the overall DIY system’s costs remain economically advantageous. Sensitivity analyses are conducted to show how modifications to the dimensions influence the weight of the system and thus change the economic value of the design, so users can trade dimensional freedom for cost savings, and vice versa. Overall, all wood-based PV racking system designs provide users with cost-effective and easy DIY alternatives to conventional metal racking, and the novel ballast systems presented provide more versatility for PV systems installations.
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1. Introduction


The primary impediment to a solar photovoltaic (PV)-powered society has been economics [1], but fortunately PV technology has enjoyed price declines for decades [2,3], so solar is now generally the lowest-cost electricity generation technology on both the small and large scales [4,5]. These new low costs and the fact that PV systems provide carbon-free electricity have enabled PVs to be the most rapidly-expanding electricity source [6,7]. At this point, PV systems are the dominant source of new power [8]. The PV industry continues to be primarily driven by large-scale centralized systems as these have been where energy policy is largely focused [9], but to achieve the U.N. ‘Sustainable Energy for All’ goals, it is clear that small-scale home-power PV systems can play a huge role [10,11]. These smaller systems can be both driven by the economic advantage for small prosumers to save money [12], but recent life cycle analysis also makes it clear that smaller systems are better for the environment [13]. Although even at the small-scale, PV systems are an economic benefit to the prosumer, the up-front investment for PV systems presents an economic barrier to consumers in the developing [14,15] and developed economies [16,17].



Most of the PV system cost reductions at any scale are due to PV module price drops, while price stagnation occurs in the balance of systems (BOS) costs (including racking, electronics, and wiring) [3,18,19]. For small-scale PV systems, racking costs are mainly driven by proprietary and costly aluminum extrusion profiles [20]. For example, PV module prices are around 0.125 USD/W [21], so the three modules for a 1 kW PV system cost USD 125 while a 3three-module rack costs USD 459 [22], which is three times the PV cost. More sophisticated racks cost even more as a three-PV module pole mount rack costs USD 1312 [23] (nine times the cost of the required PV modules).



The exorbitant costs of small-scale PV racks are an economic impediment for small-scale PV adoption as well as fast-growing areas of PV technology such as agrivoltaics [24,25] for small-scale farmers [26,27]. Agrivoltaics is the combination of agriculture and PVs on the same land to make solar electricity and grow food. Agrivoltaics proves to be efficient with a 35–73% increase in global land productivity [28], broadens the opportunities for PV systems [29], and can be combined with tracking systems to further increase productivity [30]. If the dual use of land and PVs was implemented worldwide, over 16,000 GWh of energy to meet the demands of over 15 million people can be generated [31]. Crops such as corn have been shown to yield great results [32], and it remains a viable option for most people as 80–90% of the land can be cultivated with standard practice and common machinery [33]. The solar PV racking structures used for agrivoltaics generally increase the cost of racking as they are higher off the ground, so they use more material [32,34], which again impedes the economics for small-scale PV prosumers. There is thus a critical need to reduce the capital costs of such racking systems.



One approach to reducing costs of small-scale PV systems is to use do-it-yourself (DIY) development of open source technologies [35]. This approach is well developed and there are open source hardware designs for the distributed production of PV racking of the following types of systems: (1) low-tilt angle PV racks for mobile arrays [36], (2) steel cable-based cross X-wire PV racking systems for flat commercial rooftops [37] and ground-mounted near the equator [38], (3) tensegrity-based solar PV racking [39], (4) after-market adaptions of conventional modules to allow for building-integrated PV (BIPV) [40], (5) fixed-tilt ground-mounted wood-based racks [41], (6) variable-tilt wood-based PV racks [42,43], (7) vertically mounted (sign-based) wood PV racks [44], (8) fence-based PVs for agrivoltaics on existing farm fencing [45], (9) aftermarket adaptation to make floatovoltaics (FPV) [46], (10) trellis-based agrivoltaics wood-based PV racks [47], (11) cable and pipe-based mobile photovoltaic racking [48], (12) cable based variable tilt racks [49], and (13) earth and shotcrete-based racking [50]. There are also many community-developed racking systems made from wood. Examples include simple two-by-four systems for quick and simple construction [51], a sturdier two-by-six system to stand up to Southern U.S. wind loads [52], a carport system to allow clearance for tractors [53], and a four-span system that can be made for as low as USD 130 [54]. Wood and metal hybrid systems provide longer spans and larger column spacing [55,56,57,58]. Metal temporary [59] and metal permanent [60,61] designs are also proposed on a DIY small scale. All of these systems can be constructed using common hand and power tools by individuals with minimal construction experience and ability, but none of them have been evaluated by peer-review nor have they had professional engineering evaluations. There are several DIY kits available [62,63,64,65]. All of these PV racks not attached to buildings, however, involve ground penetration. Holes must be 1.2 m into the ground to penetrate below the frost line and avoid heaving [66]. Typically, ground penetrating systems require renting an augur, which can cost over USD 100 a day [67], or require intensively shoveling, which may easily cost more than USD 100 in labor costs based on the size of the system. In both cases, even if labor costs are ignored the requirements of ground penetration provide barriers to adoption (e.g., renting the equipment can be expensive or shoveling can be too physically demanding in some soil types). In addition, concrete may take a day to solidify, and up to 28 days to reach its specified strength [68]. There is a need for open-source design adaptations that eliminate these barriers. No racking design, however, is available in the literature with the flexibility to be mounted in locations where ground penetrations are not technically feasible or too costly.



To fill this need, this study details a system designed to eliminate both drilling holes and pouring concrete into the ground for PV systems. Conventional concrete footings may be difficult or even impossible in northern regions as well as being suboptimal for agrivoltaics where farmers generally do not want the soil disturbed. Two different designs are investigated in this study to assess their structural integrity, constructability, and cost when fabricated with a ballast-supported foundation. Three trellis systems, adopted from Jamil et al. [47], minimize the number of required posts and thus provide sufficient clearance for agrivoltaic purposes [69]. A variable tilt system adopted from Vandewetering et al. [42] and Jamil et al. [49] allows the user to convert physical labor into useful energy by changing the tilt angle based on the season. Overall, all these wooden PV racking systems provide users with cost-effective and easy DIY alternatives to conventional metal racking, and ballast systems would allow for much more versatility in the way these PV systems can be installed. This study specifically analyzes the ballast-supported foundations for such wood-based systems by proposing two separate ballast designs: one for a single line of post systems, and one for a double line of post systems. Each type of ballast system is built on a 4-kW basis. The cost of each total system, along with the foundation costs are presented and compared to traditional ground penetrating concrete systems. Sensitivity analyses are conducted to show how modifications to the dimensions and weight of the system change the economic value of the design.




2. Materials and Methods


2.1. Renewable Materials Selection for Racking: Wood


Wood was selected as the primary building material based on its low cost, high availability, and ease of construction. Additionally, wood as a construction material for PV racking provides environmental advantages. Unlike other conventional materials, responsibly sourced wood is sustainable [70], renewable, and comprised of approximately half carbon, which was recently taken from the atmosphere. Wood has a negative combined embodied energy and embodied carbon over alternative racking construction materials. Aluminum, which is the most common PV racking material, has over 5 times the embodied CO2 e/kg of wood, even with 31% recycled content [71]. Wood construction may thus also be eligible for carbon credits [72,73].




2.2. Material Properties


Construction grade pressure-treated lumber and hardware purchased from typical hardware stores is used for this design. Different grades and species of lumber can be used based on the cost and availability in any specific region. The National Design Specification for Wood Construction [74] provides structural capacities for lumber of all dimensions and species. In London, ON, Canada, grade No. 2 spruce-pine-fir (SPF) lumber is the most commonly sold grade at typical hardware stores and is used for the design of these systems.




2.3. PV Racking Basic Design Parameters


Systems that can be built with a ballast foundation are broken down into two different categories: (1) systems with a single line of posts within an array, and (2) systems with two lines of posts within an array. The two ballast foundation designs are assessed by analyzing two different types of wood racking systems: the sloped T-shaped system, and the variable tilt system. Although all these systems serve different purposes, the foundations of all the single line of post systems have very similar foundation designs. The same is also the case for the double line of post systems. A breakdown of each system’s categorization is shown in Table 1.





 





Table 1. Categorization of single line of post systems and double line of post systems.






Table 1. Categorization of single line of post systems and double line of post systems.





	
System Type

	
System

	
Reference






	
Single Line of Posts

	
Sloped T-Shaped System

	
Figure 1 [47]




	
Inverse Y System

	
Figure 2 [47]




	
T-Shaped System

	
Figure 3 [47]




	
Swinging Vertical System

	
Figure 4 [44]




	
Wire Rope System 1

	
Figure 5 [49]




	
Single-Spot Carport System 2

	
Figure 6 [75]




	
Double Line of Posts

	
Variable Tilt System 1

	
Figure 7 [42]




	
Fixed Tilt System

	
Figure 8 [41]








1 Variable tilt angle system. 2 Although this system has two lines of posts, it requires the single line of posts ballast foundation to allow vehicles to enter and exit under it.











The wooden ballast racking is designed to be widely applicable and accessible for users with many different needs. These systems can be designed for any desired clearance to allow for agricultural growth and equipment mobilization. As expected, the tradeoff to this is that more clearance corresponds to a greater cost, so users can design a system to match their dimensional and economical constraints. Additionally, the systems can be built to any desired tilt angle to maximize the energy yield based on the geography. In this study as an example, 34° is the optimal tilt angle for London, ON, Canada [41], and is used for the design of these systems.




2.4. Design Analysis Assumptions


These systems are compliant with the National Building Code of Canada [66] for design loads of a structure to last at least 25 years, which conveniently matches the warranty and expected lifetime of many PV modules. The material properties of the wood used follow the values derived from the National Design Specification for Wood Construction [74].



Since the superstructure of these systems is inspired by the Vandewetering et al. [42] and Jamil et al. [47] designs, these ballast systems undertake the same design processes, and thus every component except for the footings will be designed the same way. Ballast systems take on the challenge of not being supported by fixed concrete footings. Instead, the system is supported by concrete deck blocks resting on the ground, which provide adequate bearing, but are subject to rotation and even tip-over. Therefore, the weight of each gabion required to support the system from tipping-over is critical and thus is calculated. A gabion is taken from the Italian gabbione meaning “big cage”, which is a cage or basket filled with rocks and is common in many types of landscaping and civil engineering projects.




2.5. Economic Analysis


The economic costs of these systems are obtained from local hardware stores and a local landscape supply company in London, ON, Canada. Vandewetering et al. address the cost and feasibility of obtaining these products throughout different parts of the world, suggesting that these products can be purchased almost everywhere, but users in the United Kingdom, for example, may pay up to double the price in lumber [42]. Nevertheless, this economic analysis methodology remains useful worldwide.



For the system to last the design life of 25 years, the foundations are required to withstand a worst-case wind force prescribed by the National Building Code of Canada. The Appendix A, Appendix B and Appendix C outlines how to calculate the weight of rocks required on both ends to resist the uplift induced by the wind force. SiteOne Supply is the supplier used for the building of these systems, which provides a cost per cubic yard for 2″ river stone. The cost is converted into a cost per lb, using the density (lbs/cubic yard) provided on the website, and is then multiplied by the total number of lbs required for each basket. The total cost of rocks is presented by multiplying the cost per basket by the number of baskets required to hold a 4-kW system.



A comparison between the single line of post systems and double line of post systems will be conducted by comparing the cost between the sloped T-shaped system and the variable tilt system. The bills of materials for the systems are also presented. Each system cost is based on a 4-kW system, where the total cost and the cost per W is provided. The total cost of the newly proposed ballast foundations is isolated and presented as well. In this study, the cost of ballast foundations is presented in three ways: (1) the total foundation cost, (2) the foundation cost as a percentage of the superstructure, and (3) the foundation cost as a percentage of the cost of a concrete foundation.



The number of rocks required, and thus the foundation cost, are highly variable based on the type of system, the location of the build, the desired vertical clearance, and the distance between the rock baskets. To account for this variability, a sensitivity analysis is provided to measure the effect of each of these variables on the final foundation cost. This includes a sensitivity for found rocks (e.g., some locations have abundant and free rocks available that can be used).



Furthermore, the final costs of these systems are subject to change based on the cost of lumber at the time of purchase and where the material is being purchased [76]. A sensitivity analysis is provided on both commodity wood pricing and location to provide a range of final costs and costs per W of each system.





3. Results


3.1. Foundation Weight Requirements


The Appendices outlines how to calculate the weight of rocks required on both ends to resist the uplift induced by the wind force. For the sloped T-shaped system, the required weight per typical inside basket is 590 lbs. For the variable tilt system, the weight is 1930 lbs per basket, or 193 lbs per m per side. SiteOne Supply charges CAD 70 per cubic yard, and states that 2–4″ river stone has a typical density of 2900 lbs per cubic yard [77]. This equates to a rate of CAD 0.024 per lb. The breakdown for the cost of rocks in Canadian Dollars (CAD) for these systems is provided in Table 2 and Table 3.




3.2. T-Shaped Fixed Tilt Rack


3.2.1. Bill of Materials (BOM) for Fixed-Tilt Rack


The BOM of a 4 kW sloped T-shaped fixed tilt design is shown in Table 4 in Canadian dollars sourced from Copp’s Build-All [78], London, and SiteOne Supply [77], London.




3.2.2. Sloped T-Shaped Fixed Tilt Assembly Instructions


The system requires at least 2 builders to install. The superstructure can be built in the same manner as outlined in Jamil et al. [47]. The posts can then be placed into the deck blocks. Space 2 posts far enough to fit in a frame, and temporarily brace the posts with diagonal members, such as unused 2 × 4 planks. This will ensure that the posts are stable while installing the frame, and to ensure the temporary construction does not blow over while being built.



Rock baskets can now be formed and installed onto the posts. A piece of ½″ pressure-treated plywood is cut to the desired basket dimensions. In this case, 600 mm × 600 mm pieces were used. Then, chicken wire is wrapped around the plywood to allow it to form into the shape of a basket with an opening on the top as shown in Figure 9. The basket must have a height at which rocks will not tumble out. Excess wire roll is cut with either tin snips or a metal grinder. Any openings in the chicken wire should be closed in by either tying the two ends of the wire together, or by connecting them with a loose metal tie.



A 2 × 6 diagonal is now set to the post and to the plywood. The 2 × 6 s are cut to the desired angle, such as 45 degrees, and a diagonal is connected to the middle of the plywood using two fence brackets as shown in Figure 10. This connection is duplicated for the post. If the chicken wire of the basket is in the way of the diagonal connecting to the post, an opening is cut in the basket to allow the 2 × 6 to pass through.



The contained rectangular basket of chicken wire is filled with a weight of rocks equal to the required design weight as calculated in the Appendices. The rocks should be 2″ or greater in size so they cannot fall through the gaps of the chicken wire. A completed ballast foundation is shown in Figure 11. This process is repeated for each required basket.





3.3. Variable Tilt Rack


3.3.1. Bill of Materials for Variable Tilt Rack


The BOM of a 4 kW variable tilt rack is shown in Table 5 in Canadian dollars sourced from Copp’s Build-All, London, ON, Canada, and SiteOne Supply, London, ON, Canada.




3.3.2. Variable Tilt Ballast System Assembly Instructions


Similar to the sloped T-shaped system, the variable tilt system requires at least 2 builders to install, and the superstructure can be built in the same manner as outlined in Vandewetering et al. [42]. For this design, the gabion baskets are installed throughout the length of the system with one continuous basket. Long strips of plywood can be used and can be butted together if they are connected with continuous chicken wire. Rocks should be equally spread throughout. If there is not a great enough length of chicken wire to make one continuous basket the whole way through, a second roll can be tied and secured to the first roll. The chicken wire is formed in the same manner as shown in Figure 9. The diagonals, which are now much shorter, are connected in the same way as detailed in Figure 10, but can be used with any scrap piece of lumber.





3.4. Economic Analysis


To compare the cost of ballast foundations to traditional foundations, the cost of concrete for each system scaled to 4 kW is provided in Table 6.



A comparison of a system built on concrete foundations compared to a system built as a ballast foundation is provided in Table 7.



Found materials could also be used to reduce the costs (e.g., in some areas rocks are abundant and free on site). In the case that the rocks can be acquired for free, a system comparison between free rocks and purchased rocks is shown in Table 8. As can be seen in Table 8, this drops the costs 8–14%. It should be noted that the ballast rock is simply providing weight, so specific types of rocks are not necessary. Found materials may not be available in all areas and some areas may not even have rock of any type available. In such locations other suitable ballasts may be found such as construction or demolition debris. Future work is needed to look at other solutions such as sand and waste plastic composites that could be adequate long-lifetime ballasts in such regions. In general, however, found ballast will be the most economic and rock is a relatively low-cost ballast material in most of the world.



Each of these system’s superstructure will reduce in cost per W if they are built larger in scale. This is because of the ratio of outside posts to inside posts. Outside posts carry the load for one half section, while inside posts carry the load for two half sections, which means that a system consisting of more inside posts is economically more efficient. The cost benefit of scaling, however, does not apply to the ballast foundations. This is because these are proposed as a per linear m or per basket basis. Therefore, doubling the size of the system effectively doubles the cost of the foundation with little to no savings.



The wind load, calculated using the process outlined in the National Building Code of Canada [66], is based on many parameters, one of them being the location of the system. Assuming all other factors are fixed, the 1-in-50-year wind pressure, q, linearly impacts the wind force on the modules, which linearly changes the weight of rocks required. A summary of the corresponding q values for locations throughout Canada and the resulting cost of rocks required for each type of system is provided in Table 8, Table 9 and Table 10. It is observed that there is minimal difference in foundation cost when installing a system in different interior cities, but major increases occur when this system is built on a windy rural coast. In the extreme case, such as Cape Race, Newfoundland, where the wind load is more than double that of typical urban cities, this system becomes challenging. The applicability of these systems worldwide [76], much like in Canada, is dependent on the calculated wind load, and the individual’s decision in deeming if the build is feasible based on the cost of rocks associated with this wind speed.



As shown in the Appendices, the distance to the center of the modules, d, has a direct correlation to increasing the price. A summary of varying clearances and their respective cost is provided in Table 11 and Table 12. In the single line of posts systems, the effect is linear, as in doubling the clearance requires double the weight of rocks. The impact is, however, magnified in the double line of posts system, as doubling the clearance actually results in the weight being multiplied by a factor of 2.62.



The last factor that has an impact on the total weight of rocks required is the distance between the baskets of foundations. As shown in the Appendices calculations, the baskets serve as a couple moment counteracting the wind force, and thus, the farther apart they are, the less force is required to counteract. The effect of increasing or decreasing these distances is shown in Table 13 and Table 14. Single line post systems have a linear relationship, as doubling the distance cuts the weight of each basket in half, while the double line of post has varying results when the distance is modified.



It should also be noted that hardware stores and suppliers may provide additional cost savings by purchasing in bulk. Furthermore, delivery charges for orders are typically a flat charge regardless of the order size, therefore it is in one’s best interest to scale these systems as large as possible to minimize the delivery costs.





4. Discussion


4.1. Limitations


4.1.1. Preservatives


Although no wood is in contact with the ground in any of these systems, it is advised to purchase pressure-treated lumber rated for ground contact. The higher the rating, the more preservative chemicals are in the wood, which provides a greater life expectancy but will typically cost more. In North America, typically one grade of ground contact pressure-treated lumber, and one grade of in-ground rated posts are exclusively sold. If a non-treated system was used, the system cost is roughly 60% of the cost of a treated system but will not have nearly the same life expectancy and is therefore not recommended. A treated wood solar rack can last a lifetime common to the PV warranties of 25 years if installed in accordance with the manufacturer’s instructions [79]. Since the posts are supported on concrete deck blocks, the system is not in direct contact with the ground, making it comparable to typical in-ground concrete foundation systems. Particular care, however, should be taken if the build is in a high wood deterioration zone. The Forestry Chronicle provides a decay hazard map that presents high hazards of decay in British Colombia, for example [80]. Treated wood must be disposed of properly once it comes to the end of its service life, which currently usually means taking it to a landfill or transfer station as it should not be burned. Future work should be conducted to create an environmentally benign method of recycling this wood such as low temperature pyrolysis [81].




4.1.2. Wood Species Alternatives


If using pressure-treated lumber is not preferred, there are species that offer natural decay resistance. White cedar and western red cedar are commonly sold as alternatives in the North for roughly 2.5 times the cost of pressure-treated lumber. Cedar has a slightly higher structural capacity compared to SPF pressure-treated lumber [74], and may have a longer life expectancy.




4.1.3. Soil Conditions


The problems that arise with installing the system exclusively on the ground are the problems that come with the properties of the topsoil, and the possibility of weak underlying soil. Topsoil is typically a weak material subject to local settlements. Additionally, since wooden racking systems are much lighter than the metal counterparts, the system can be subject to frost heave and result in local uplifts at certain footings. If the land that these systems are installed on consists of soft soils and organic topsoil, it is advised to bear the deck blocks on a pad of gravel to provide drainage and minimize settlement and frost heave [82]. A conservative estimate on the bearing capacity can be made by selecting the appropriate soil classification and its respective bearing capacity using Table 9, from 4.4.1 of the National Building Code of Canada [66]. For a small-scale system, it is not economically practical to conduct a soil analysis, so if the soil classification is unknown, the bearing capacity can safely be taken as 75 kPa. Even for softer clays, the size of the rock basket foundations are more than large enough to ensure there is no bearing failure under the proposed loads; however, in extreme cases where highly organic marshes are being loaded, larger-area rock baskets can be formed to reduce the bearing pressure on sensitive soils, or additional pads of gravel can be installed under the rock baskets.




4.1.4. Uneven Land


If larger systems are built that span long distances, it can be expected that the ground level on one end of the system may not match the other. If the change in grade is dramatic, this can result in an unserviceable system. This issue may be resolved in two different ways; the land can either be cut and filled to provide an even grade, or the much less labor intensive and more cost-effective alternative is to rest the deck blocks on lower ground and install longer posts to offset the difference. It should be noted that longer lengths, typically limited to 16′, are more costly, and require reanalyzing the post’s structural capacity. Therefore, it is advised to plan to install these systems on the most even grade of land possible or to break the systems into smaller sections to minimize these issues.




4.1.5. Construction Staging


Since this system is built above the ground, there is a significant lack of stability in the system up until the rock foundations are installed. This may result in premature mid-construction failures, even from mild breezes of wind. To prevent this failure from occurring, extra lumber, such as scrap 2 × 4 planks, should be used as temporary lateral bracing until construction is complete. Although using 2 × 4 planks for temporary use can be seen as an additional cost, this significantly outweighs the additional cost associated with replacing a failed structure, receiving fines from authorities, and from injuring a builder. Temporary diagonal members attached between each post prevent the system from tipping over and can globally stabilize the system to also make installation much easier.




4.1.6. Safety


In many locations including Canada, safety is a major concern for DIY systems. Those that build these systems or others should follow reasonable safety precautions as they would for any other DIY project but should not have undue fear for several reasons. First, as was already pointed out, there are no necessary construction standards for this type of PV racking as the safety risks associated with this type of fabrication would be similar to that of making a picnic table (a common final project for boy scouts). The calculations to ensure mechanical and load-related safety are presented in this manuscript. In terms of fire and electric safety, the electrical connections to a PV system (assuming it is grid-integrated) still undergo the same inspections that a conventional system installer would need to undergo. So, for example, in the U.S. the electrical system would normally be inspected by the electric utility and the municipality. In Ontario, Canada, a third completely redundant inspection takes place to obtain the Electrical Safety Authority’s (ESA) approval as well. This extra inspection only increases the cost of PV systems in Ontario with no demonstrated benefits as there is no evidence in the literature that redundant safety inspections result in more safety (e.g., reduces mortality or injuries) nor is there any evidence that ESA-approved electrical devices are safer in any way than jurisdictions using other safety standards in the rest of Canada, the U.S., Europe, or Asia. Future work should quantify how the ESA system is both a drag on innovation in Ontario, but also a barrier to renewable energy deployment for marginalized communities and the poor as the fraction of a PV system cost due to ESA inspection costs and equipment costs increases as the size of the PV system decreases. Lastly, it should be stressed that the tie into the grid needs to be performed by a licensed electrician in most jurisdictions. So again, the parts of a PV system installation where there is any substantial risk of harm/electrocution would be completed by a professional.





4.2. Wood Price Sensitivity


Open-source wood-based PV racks provide substantial savings in Canada, but the benefit in building a system in other countries depends on the lumber availability in each region [76]. Previous work investigating the economics of racking in the Americas has shown that wood-based PV racking was economically advantageous in all of North America (Canada, U.S., and Mexico) as well as countries such as Argentina, however, in other South American countries, metal racking was advantageous [76]. Thus, it is very clear that this approach is highly dependent on the price differential of building materials in different countries. As this system is mostly wood-based, the system is highly sensitive to the price of lumber, which recently has been volatile because of the COVID-19 pandemic. Supply shortages from 2020–2022 resulted in major price fluctuations shown in Figure 12. The market has caught up since then, however, and is beginning to reach equilibrium once again now that prices are approaching the prior 20-year average.



This system is designed to meet Canadian standards, which are higher for construction than most of the world due to the combination of snow loads and high wind loads. In Canada, although roof-mounted PV systems require professional engineering stamps and building permits to install, these ground-mounted systems do not require these. This makes this approach accessible to unskilled labor. Racking only requires a professional engineer’s stamped approval if the racking is not CSA approved [84]. 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 the 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 [85]. 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 [86]. 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 [87]. In all cases, these ground-mounted PV systems are an exceptional alternative to roof-mounted systems because they avoid a lot of the red tape and costs associated with tying to an existing structure. This allows costs to remain low, construction to be completed quickly, and PV systems to remain a feasible option as a DIY alternative. It should be stressed here that for regions where the wood cost is lower than the metal cost, even if PV system owners are not personally adept enough for DIY building, cost savings carry through for this design if the same labor costs are used for metal- and wood-based racking.



For agrivoltaic applications, the use of pressure-treated lumber can pose the threat of introducing toxic chemicals into the vegetation. Historically, pressure-treated lumber contained chromated copper arsenate to protect the wood from rotting, which caused major health and environmental concerns, but has been discontinued and replaced with copper azole preservative since 2004 [88]. Copper azole is a much safer alternative because it removes exposure to chromium and arsenic, and copper is already abundant in soil and groundwater; however, high doses of copper can result in severe liver and kidney damage [89].



Therefore, if this system is in close contact with vegetation, it is highly advised to prevent pressure-treated lumber from contacting the soil. The designs here can be made to avoid contact with the soil. In addition, natural alternatives such as cedar lumber can be used, but the cost is approximately 2.5 times that of pressure-treated wood. The best solution to eliminate soil contact completely is to place an additional layer of rocks under the rock baskets to ensure that no pressure-treated plywood is in close contact with the soil.





5. Future Work


In some regions, wind loads can be substantial and thus the weight of rocks required to support the system may be too large and labor-intensive. Therefore, a rotating alternative can be built that is designed to fail after a certain wind speed and begin spinning the modules. Shear blocks, pins, or other component couplings may be installed on the system to support the frame and fix it at a desired tilt angle. Then, once a 1-in-100-year wind speed occurs, the shear blocks break, and the frame may begin to spin. This will allow the foundations to be designed for a much lower wind speed, and thus a much lower weight of rocks, while still being able to stand up to virtually any wind speed. In addition, other sources of ballast can be investigated including designs that can use soil or sand, as well as waste materials such as mine tailings, stamp sand [90], or waste-plastic sand composites [91,92].



Most ballast systems are used for roof-mounted racks [93,94,95,96,97]. Although these systems would be built in the same manner as ground-mounted systems, these designs require building permits and structural engineering stamps as they now impose an additional load on a building. Innovations have been made to help minimize the wind load and thus the weight of ballasts [98,99], but installing solar power on rooftops can increase the wind load on the roof by a factor of two based on the tilt angle and location [100]. Currently, there is no simplified method of assessing the feasibility of installing ballast systems on standardized structural systems for rooftops, and structural approval is completed on a building-by-building basis, and can cost anywhere from CAD 900 [101] to CAD 5000 or more per rooftop. Future work should be conducted to eliminate the need for case-by-case engineering approval of PV ballast systems so that newly built rooftops can automatically be built with PVs, and existing standardized rooftops can implement PVs such that they surpass a specific structural condition. This necessary future work perhaps underscores a trend in global society towards professionalization of every aspect of human life. In the distant past, all humanity was capable of fabricating their personal needs (e.g., shelter, clothing, tools, foods, etc.) and then the industrial revolution tipped the economic advantage to specialization and mass manufacturing. Today, most of the developed world is completely dependent on this specialization/mass manufacturing system for all of their needs. The advent, however, of mass sharing of information enabled by the Internet and the rise of open-source technological development (first in software and now fully entrenched in hardware) has enabled a new path that makes the DIY of a vast array of products accessible to moderately technically sophisticated people [102]. The development of digital manufacturing technologies (e.g., 3D printers, laser cutters, CNC mills, etc.) and their reduced costs have enabled a massive resurgence of DIY in the modern maker movement [103,104]. The results here indicate an economic advantage and increased flexibility even for products such as PV racking manufactured by hand, but future work is needed to determine if such designs would be scaled laterally by large numbers of users. Substantial future work is also needed to determine if these trends in manufacturing, fabrication, and construction are reversing themselves to make a DIY producer society [105] or if the DIY/maker culture has only limited reach to the technically sophisticated. This work will necessitate investigating these trends globally to determine if the availability of high-quality DIY designs such as those provided in this study provides a means of presumption to lift local populations out of poverty [106] and is a rich area of future research.




6. Conclusions


Ballast systems prove to be a viable racking alternative, especially when drilling holes into the ground is not possible or economically prohibitive. Rock basket weights can easily be calculated to build a system to last 25 years that is compliant with building code standards and is scalable to systems of any size. Two designs were proposed to accommodate systems with a single line of posts, and systems with two lines of posts. For 4 kW systems, the single and double line of posts systems were priced at just over 0.34 CAD/W and 0.32 CAD/W, respectively, and remove the labor costs involved with renting an auger and shoveling post holes. Where rocks can be acquired for free, users can see system savings of 14.3% for the single line of post systems, and 7.9% for the double line of post systems. The location, dimensions, clearance, and rock basket distance of the system have a large influence on the weight of rocks required due to the wind speed each location experiences. Ballast systems are shown to remain economical in almost all locations in Canada with the exception of the windy coasts. It should be pointed out that wood-based ballast foundation systems cost 24–26% more than wood-based in-ground concrete foundations. Thus, if the location allows for ground penetration, concrete footing is economically advantageous using a DIY wood-based structure. If it is not, in North America and other regions where the differential price of wood compared to metal is favorable, the DIY wood-based ballast system provides the lowest capital costs. Future investigation is to be conducted to assess the potential of ballast systems with rotating frames to substantially reduce the basket weights, system cost, and thus provide more opportunities for DIY photovoltaic builds.




7. 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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Nomenclature




	BIPV
	Building Integrated Photovoltaics



	BOM
	Bill of materials



	BOS
	Balance of Systems



	CSA
	Canadian Standards Association



	DIY
	Do-it-yourself



	FPV
	Floatovoltaics



	NBCC
	National Building Code of Canada



	OSHWA
	Open Source Hardware Association



	PV
	Photovoltaic



	SPF
	Spruce-pine-fir



	U.N.
	United Nations



	CAD
	Canadian dollars



	b
	Member breadth



	C
	Compression force



	d
	Distance between baskets



	E
	Modulus of elasticity



	F
	Force



	h
	Height to the center of modules



	I
	Moment of inertia



	M
	Moment



	q
	Wind pressure



	V
	Wind speed



	W
	Self-weight



	   θ   
	Tilt angle



	   μ   
	Coefficient of static friction



	ρ
	Air density



	   ∅   
	Diagonal angle








Appendix A. Foundation Design Load Calculations


Since the designs of these systems are similar to those from Vandewetering et al. [42] and Jamil et al. [47], the structural analysis and wood selection process can be replicated. The foundation designs of the ballast designs are unique, and the weight of rocks required can vary based on the system tilt angle, the height above the ground, and the location wind speed.



Calculating the wind load applied to the structure follows the same procedure as described in Vandewetering et. al. If the wind pressure, q, is not readily tabulated, it can be calculated using the wind pressure Equation (A1) shown below,


  q =   1   2   ρ   V   2    



(A1)




where ρ is the density of air, and V is the 1-in-50-year wind speed. NBCC suggests taking a ρ value of 1.29 kg/m3 [56].



Once a wind load is calculated, it can be broken into individual point loads to assess the required weight for each rock basket. The point load, F, for either an interior or exterior basket is calculated using Equations (A2) and (A3) below. It should be noted that point loads on the inside of the system will have double the tributary area of the point loads of the outside, so outside point loads will be half the value, meaning that the rock baskets on the outside must only be half the weight of those on the inside.


    F   I n t   = W i n d   L o a d × M o d u l e   A r e a    



(A2)






    F   E x t   = W i n d   L o a d ×   M o d u l e   A r e a   2      



(A3)







For the two line of post systems, the rock baskets are continuous and are not separated, but the weight is still assessed on a per module area basis.



F is applied perpendicular to the face of the modules. This point load can be broken into two components, one component providing a lateral force, and another providing a downwards/uplift force. These components are calculated using Equations (A4) and (A5).


    F   U p / D o w n   = F s i n ( θ )    



(A4)






    F   L a t e r a l   = F c o s ( θ )    



(A5)




where   θ   is the tilt angle of the modules. The system must now be checked to ensure it does not fail from sliding and overturning.




Appendix B. Single Line of Post Foundation Design Weight Calculations


Appendix B.1. Sliding


Although it should not typically govern the design of the rock baskets, the system must be checked to ensure that the lateral load does not push the system forward. The lateral load, Fcos(  θ )  , must be resisted by the frictional force as shown in Figure A1, which is calculated using Equation (A6) below.
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Figure A1. Sloped T-shaped sliding free body diagram. 






Figure A1. Sloped T-shaped sliding free body diagram.



[image: Designs 08 00017 g0a1]







    F   F r i c t i o n     = ( 2     W e i g h t   B a s k e t   μ +   W e i g h t   S y s t e m   μ )    



(A6)




where   μ   is the coefficient of static friction. The coefficient is based on the type of soil the system bears on, and can be selected using the minimum value found on StructX [107].




Appendix B.2. Overturning


The overturning of the system about the post footing will typically govern the required weight of the rock baskets. The compressive load of the rocks is assumed to be sufficient to carry any load from the rack. Overturning is assessed by providing the system with a resisting moment, Mr, to the factored moment induced by the wind load, Mf. The free body diagram of the system is provided in Figure A2.
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Figure A2. Sloped T-shaped overturning free body diagram. 






Figure A2. Sloped T-shaped overturning free body diagram.
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Since the system will have a smooth transfer from the rocks to the wooden diagonals, the tensile resistance force is equal to the weight of the rocks in a basket. The wind load can be converted into an equivalent applied bending moment, Mf, calculated using Equation (A7).


  M f = F c o s θ h  



(A7)







This moment is counteracted by the resisting moment created from the rocks, Mr, thus Mr and Mf are equal. On one side, the rocks will provide a compressive force, C, and on the other side, the rocks will provide a tensile force, T. These forces must be equal and opposite, and therefore they are couple forces to create a couple moment. These forces are calculated using Equation (A8).


  T   o r   C = M r / d  



(A8)







It is assumed that the rocks have enough capacity to carry the compressive force, as the system will always fail via overturning before the rocks will ever crush under the applied load. Therefore, the compressive resistance of the rocks can be neglected. The tensile force, T, is what is required for design, and is simply equal to the weight of the rocks.



Although the uplift force, Fsin(  θ  ), does not contribute to the overturning moment because it acts upon the centroid of the system, it increases the tensile force required to keep the system down. Each rock basket will hold down half of the uplift force. The net amount of weight per basket required is finally calculated using Equation (A9).


  T =   F c o s θ h   d   +   F s i n θ   2    



(A9)







For the sloped T-shaped system in London, ON, Canada, typical interior rock baskets require a weight of at least 590 lbs, and outside baskets require 295 lbs of rocks.



Appendix B.2.1. Diagonal Design


The diagonals connected from the post to the basket should be checked to ensure that they do not experience a tensile failure or a compressive failure. The tensile/compressive force that these members experience are calculated using Equation (A10).


  T f   o r   C f =   T   o r   C   s i n ∅    



(A10)




where   ∅   is the angle of the diagonal as shown in Figure A2. The tensile capacity for wooden members is outlined in Jamil et al. [47], and it should be ensured that a member with capacity greater than the force demand is selected.



Since these members are rather slender and have a far unsupported length, the buckling capacity is checked using the Euler buckling Equation (A11) with the moment of inertia upon the weak axis, Iweak, found in Equation (A12).


  C b u c k l i n g =     π   2   E   I   w e a k       L   2      



(A11)






  w h e r e     I   w e a k   =   1   12   h   b   3    



(A12)








Appendix B.2.2. Global-Lateral Foundation Design


The system must also be designed to resist the lateral wind loads as shown in the free body diagram in Figure A3. The same sliding and overturning checks must be used for this case, however the weight of rocks required will be must smaller as there is now a much smaller wind area acting on a much deeper section.
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Figure A3. Sloped T-shaped global-lateral free-body diagram. 






Figure A3. Sloped T-shaped global-lateral free-body diagram.
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This design process is replicable for any of the single line of post designs.



For vertical rotating systems, the modules are free to swing as the wind attacks them. Therefore, the stress induced on the system only results from wind attacking the wood structure and inertia forces from swinging modules. The loads acting on the system are assessed in Vandewetering et al., and the weight of rocks is calculated in a similar manner. Solving for T, the weight of rocks required for a system in London, ON, Canada, is 590 lbs per typical inside basket.






Appendix C. Double Line of Posts Foundation Design Calculations


For the double line of posts systems, the sliding check is the same as the single line of post check. The overturning design is slightly different from the single line of post process because the uplift force now contributes an additional moment because it is no longer concentrated at the tipping point, and the self-weight of the system counteracts overturning. The free-body diagram of this system is shown in Figure A4, where O represents the tipping point at the post base.
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Figure A4. Variable tilt system free-body diagram. 






Figure A4. Variable tilt system free-body diagram.
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The moment from the own weight, Mow, is equal to the weight of the system times the distance from the tipping point to the center of the system. The uplift moment is calculated using the same distance since this force acts at the same location. The uplift moment is added to Mf and the own weight moment subtracts from it. The design of this system now uses the same equations and process as outlined in the single line of post design.



The weight of rocks is solved in the same manner as the single line of post systems, but now as a per module basis. The total amount of weight required per side is calculated by multiplying the weight per module by the number of modules.
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Figure 1. Sloped T-shaped ballast system. 
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Figure 2. Inverse Y ballast system. 
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Figure 3. T-shaped ballast system. 
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Figure 4. Swinging vertical ballast system. 
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Figure 5. Wire rope ballast system. 
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Figure 6. Single spot carport system. 
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Figure 7. Variable tilt ballast system. 
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Figure 8. Fixed tilt ballast system. 
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Figure 9. Rock basket formed using plywood and chicken wire. 
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Figure 10. Diagonal connecting to the post and the basket’s plywood. 
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Figure 11. Completed ballast foundation. 
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Figure 12. Lumber prices [USD] in the U.S. over the last decade [83]. 
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Table 2. Breakdown of the total cost of rocks for the sloped T-shaped ballast system.






Table 2. Breakdown of the total cost of rocks for the sloped T-shaped ballast system.












	Basket Type
	Weight of Rocks Required per Basket [lbs]
	Number of Baskets
	Cost of Rocks per Basket [CAD]
	Total Cost of Rocks [CAD]





	Inside
	590
	6
	14.16
	113.28



	Outside
	295
	4
	7.08
	56.64



	Lateral
	45
	2
	1.08
	2.16



	
	
	
	Total Cost of Rocks
	CAD 172.08







Note: This system spans in multiples of two; thus, a six-parking-spot system is used for this analysis.













 





Table 3. Breakdown of the total cost of rocks for the variable tilt ballast system.






Table 3. Breakdown of the total cost of rocks for the variable tilt ballast system.












	Basket Type
	Weight of Rocks Required [lbs]
	Number of Baskets
	Cost of Rocks per Basket [CAD]
	Total Cost of Rocks [CAD]





	Continuous
	1939
	2
	46.54
	93.07



	Lateral
	45
	2
	1.08
	2.16



	
	
	
	Total Cost of Rocks
	CAD 95.23







Note: This system spans in multiples of two; thus, a six-parking-spot system is used for this analysis.













 





Table 4. A 4 kW sloped T-shaped system bill of materials.






Table 4. A 4 kW sloped T-shaped system bill of materials.












	Member Name
	Piece 1
	Cost per Piece 2
	Quantity
	Cost [CAD]





	Joists
	2 × 10 × 8
	24.92
	15
	373.80



	Beams
	2 × 10 × 8
	24.92
	10
	249.20



	Cross Braces
	2 × 10 × 8
	24.92
	2
	49.84



	Posts
	4 × 4 × 8
	16.78
	6
	100.68



	Outside Joist Connection
	2 × 4 Fence Bracket
	0.43
	20
	8.60



	Cross Braces Connection
	2 × 4 Fence Bracket
	0.43
	20
	8.60



	Middle Joist Connection
	2 × 6 Joist Hanger
	1.82
	10
	18.20



	Beam to Post Connection
	½″ Carriage Bolt (10″)
	5.37
	6
	32.22



	Beam to Post Connection
	½″ Nut
	0.79
	6
	4.74



	Beam to Post Connection
	½″ Washer
	0.80
	6
	4.80



	Tension Based Connections
	2-1/2″ Brown Deck Screws
	49.99
	1
	49.99



	Shear Based Connections
	1-1/2″ Joist Hanger Nails
	4.19
	3 lbs
	12.57



	Diagonal From Post to Basket
	2 × 6 × 8
	12.60
	6
	75.60



	
	
	
	Superstructure Cost
	988.84



	Post Block
	4 × 4 Deck Block
	10.45
	6
	62.70



	Gabion Wire Basket
	1″ × 36″ × 25′ Chicken Wire
	37.99
	2
	75.98



	Plywood on Gabion Basket
	4 × 8 × 1/2″ Plywood
	71.95
	1
	71.95



	Gabion Rocks
	Large Riverstone (2+″)
	172.08 3
	1
	172.08



	
	
	
	Foundation Cost
	382.71



	
	
	
	Total Cost
	1371.55



	
	
	
	Cost/W
	0.3429







1 All lumber is to be pressure treated, and all hardware is to be hot-dipped galvanized. 2 All costs are in Canadian Dollars (CAD) as of 13 October 2023, before tax. 3 Total amount from Table 2.













 





Table 5. A 4 kW variable tilt system bill of materials.






Table 5. A 4 kW variable tilt system bill of materials.












	Member Name
	Piece 1
	Cost per Piece [CAD] 2
	Quantity
	Cost [CAD]





	Outside Joists
	2 × 6 × 8
	12.60
	2
	25.20



	Inside Joists
	2 × 8 × 8
	18.87
	9
	169.83



	Beams
	2 × 8 × 10
	23.58
	8
	188.64



	Front Posts
	4 × 4 × 10
	20.99
	4
	83.96



	Joist to Beam Connection
	2 × 4 Fence Bracket
	0.43
	22
	9.46



	Back Supports
	2 × 4 × 8
	7.47
	10
	74.70



	2 × 4 Hinges
	8″ Gate Hinges
	16.99
	10
	169.70



	4 × 4 to Beam Hinges
	6″ Gate Hinges
	11.99
	6
	71.94



	Beam to Post Connection
	½″ Carriage Bolt (6″)
	4.44
	6
	26.64



	Beam to Post Connection
	½″ Nut
	0.79
	6
	4.74



	Beam to Post Connection
	½″ Washer
	0.80
	6
	4.80



	Tension-Based Connections
	2-1/2″ Brown Deck Screws
	49.99
	1
	49.99



	Shear-Based Connections
	1-1/2″ Joist Hanger Nails
	4.19
	3 lb
	4.19



	
	
	
	Superstructure Cost
	883.79



	Post Block
	4 × 4 Deck Block
	10.45
	12
	125.40



	Gabion Wire Basket
	1″ × 36″ × 25′ Chicken Wire
	37.99
	3
	113.97



	Plywood on Gabion Basket
	4 × 8 × 1/2″ Plywood
	71.95
	1
	71.95



	Gabion Rocks
	Large Riverstone (2+″)
	95.23 3
	1
	95.23



	
	
	
	Foundation Cost
	406.55



	
	
	
	Total Cost
	1290.34



	
	
	
	Cost/W
	0.3226







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 13 October 2023, before tax. 3 Total amount from Table 3.













 





Table 6. Concrete foundation costs for a 4-kW system in CAD.
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	S