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Abstract

:

Fixed-tilt mechanical racking, consisting of proprietary aluminum extrusions, can dominate the capital costs of small-scale solar photovoltaic (PV) systems. Recent design research has shown that wood-racking can decrease the capital costs of small systems by more than 75% in North America. To determine if wood racking provides enough savings to enable labor to be exchanged profitably for higher solar electric output, this article develops a novel variable tilt angle open-source wood-based do-it-yourself (DIY) PV rack that can be built and adjusted at exceptionally low costs. A detailed levelized cost of electricity (LCOE) production analysis is performed after the optimal monthly tilt angles are determined for a range of latitudes. The results show the racking systems with an optimal variable seasonal tilt angle have the best lifetime energy production, with 5.2% more energy generated compared to the fixed-tilt system (or 4.8% more energy, if limited to a maximum tilt angle of 60°). Both fixed and variable wooden racking systems show similar LCOE, which is only 29% of the LCOE of commercial metal racking. The results of this study indicate that the novel variable tilt rack, whether used as a small-scale DIY project or scaled up to fulfill larger energy demands, provides both the lowest cost option even when modest labor costs are included and also may provide specific advantages for applications such as agrivoltaics.
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1. Introduction


Solar photovoltaic (PV) technology is a well-established distributed sustainable energy technology [1]. There have been massive PV price declines in the last decade [2,3], which have reduced the levelized cost of electricity (LCOE) [4] to generally be the least-cost option on a large scale [5,6]. In turn, this has made PV the most rapidly expanding electricity generation source (notably the former dominant source, coal is in decline) [6,7]. Worldwide dominance of solar PV as a source of electricity continues to be an economic cost [8]. There is some evidence that at least part of this economic barrier continues to be the focus on large-scale PV deployments [9]. This is despite the fact that small solar home systems can play an important role in achieving the U.N.’s ‘Sustainable Energy for All’ goals [10]. For grid-tied PV systems that have a lower LCOE than the retail rate of grid electricity (e.g., surpassing grid parity), there is massive interest among consumers because they can save money with lower-cost solar electricity [11]. This is particularly true if real net metering is maintained (where prosumers are credited an equivalent economic amount for the electricity they use and send to the grid even if it is not the full value of solar electricity) [12]. Despite clear lifetime economic benefits, the capital expenditures (CAPEX) of PV systems can be challenging for many non-wealthy consumers, both in developing [13] and developed countries [14].



Historically, large-scale centralized PV costs were lower than small-scale distributed costs, and this type of growth continues to dominate the market [9]. The use of small open-source do-it-yourself (DIY) or plug-and-play solar [15,16] has lower costs per unit power than possible for large-scale systems [17]. Among residential systems in the U.S., 8–10 kW systems were roughly 16% less expensive than 2–4 kW systems, and non-residential systems over 1000 kW were 43% less expensive than systems under 10 kW [18]. This small-scale approach deserves appropriate regulation [16,19,20,21] as it could have a substantial economic impact [22]. (Part of the reason small-scale PV systems can be more economic than large-scale industrial PV deployments is that DIY or plug-and-play systems avoid most of the soft costs associated with PV systems. They still have a large CAPEX for many individuals (e.g., even with a ~9-year simple payback period for PV systems under warranty for 25 years that provide an internal rate of return in the double digits, some consumers cannot afford to buy 9 years of electricity upfront even if they receive ‘free’ electricity for another 16 years or more)).



The majority of PV system cost declines have focused on the modules themselves (historically the largest component cost), but now the relative cost of the balance of systems (BOS) made up of racking, electronics, and wiring has become more important [3,23,24]. For the smallest systems, the simple mechanical racking, made up of various proprietary and costly aluminum extrusion profiles that have barely reduced costs [25], can dominate the cost of a whole system. For example, PV module spot prices are currently USD 0.19/W [26], so three 400 W modules cost USD 228 while a three-module rack costs USD 535 (list price USD 635) [27] (e.g., ~2× the cost of the PV) and a three-module pole mount is selling for USD 1194 [28] (e.g., ~5× the cost of the PV).



To combat the distorted market for small-scale PV systems, there has recently been several open-source hardware-based PV racks described, including low-tilt angle arrays, small-scale mobile PV arrays [29], cable-based systems for flat roofs [30], ground-mounted systems at the equator in the developing world [31], tensegrity structures [32], and post-market building-integrated PV (BIPV) [33]. These are all fixed-tilt systems, which are common for industrial PV. This is because simply cleaning large-scale systems can cost anywhere from USD 15 to USD 35 per module [34], so additional labor-intensive work, such as adjusting the tilt of multiple arrays, may be cost-prohibitive. A system in Ontario that is manually adjusted to the optimal tilt angle twice a year generates revenue of USD 1.90 per module each year [35]. All of these systems are fixed-tilt, based on the assumption in the large-scale PV industry that it does not make economic sense to pay people to seasonally adjust the tilt angle of modules. Manual variable-tilt small-scale PV systems exist but have high racking costs and are limited in availability. Therefore, historically, it has generally not been worth hiring personnel to adjust tilt angles. Is this still true, however, if the CAPEX of racking can be radically reduced? More recently, a fixed-tilt wood-based PV DIY rack showed decreases in costs between 49% and 77% compared to proprietary small-scale metal racks [36].



To determine if there has been a shift in the economics of manual tilt adjustment for PV with lower-cost racking, this article develops a variable tilt angle open-source wood-based PV rack following the evolution of the design in [36]. The complete designs and bill of materials (BOM) of the variable tilt angle rack are provided along with basic instructions and are released with an open-source license that will enable anyone to fabricate this rack in their community. A detailed energy production analysis is performed after the optimal monthly tilt angles are determined for a case study location, London, Ontario. The economic analysis accounts for the cost of wood, purchased locally. Then a careful study of the energy production of DIY tilt angle adjustment is run over sensitivity of tilts per year. The energy analysis and economics analysis are combined to evaluate the levelized cost of electricity (LCOE) of the multi-tilt wood racking. The LCOE of the multi-tilt wood racking is then compared to the LCOE of fixed-tilt wood racking, fixed-tilt commercial metal racking, and single-axis tracking commercial metal racking. A sensitivity analysis is then run on the maximum achieved tilt angle as well as the labor cost involved in building the system. The results of this study are discussed in the context of upending the assumption that large scale leads to better economic performance when using open-source DIY design for increasing PV deployments.




2. Materials and Methods


All variables in this report adopt the same abbreviations from Appendix A of the [36] design.



2.1. Material Properties


Construction-grade pressure-treated lumber and hardware purchased from typical hardware stores were used for this design. Material properties from the design in [36] were used for the build of this system. The resisting capacities of each of the wooden members can be calculated by following Appendix A of the design in [36]. Throughout the structural analysis of this design, the limitations outlined in [36] shall not be exceeded.




2.2. Material Stability


Most softwoods are natural organic material subject to deterioration under high moisture conditions, making them an inadequate building material for outdoor use. Some species of wood, such as mahogany and redwood, can naturally fight against decay but are too expensive to be used for outdoor structural use. The best alternative is pressure-treated SPF (Spruce, Pine, Fir) lumber, which offers effective moisture resistance, high availability, and low costs, thus making it an ideal material for structural use in wet climates. Pressure-treated lumber can last upwards of 40 years depending on the moisture conditions [37], making it suitable to use for PV modules with a warranty and expected life of 25 years.



Metal racks are also subject to material degradation that shorten their lifespan due to cross-sectional rusting and corrosion under moist conditions. To account for degradation, engineers apply specified resistance factors that reduce the capacities of both metal and wood structures based on material imperfections under wet conditions. The resistance factors for steel and aluminum are outlined in their respective engineering design handbooks, and the resistance factors for wood are detailed in Appendix A of the design in [36]. Compared to steel and aluminum, wood is a much weaker material, meaning that thicker structural members are required to carry the same loads. Therefore, by designing around the factored capacities of pressure-treated wood, it is possible to design a wooden rack to stand as long as a metal rack under the same weather conditions by building with larger structural wooden members. It should be noted, however, that it makes the most economic sense to only design a rack to match most modules’ warranty and an approximate lifetime of 25 years.




2.3. Energy and Economic Analysis


The energy production analysis of the system is performed using the System Model Advisor (SAM) software [38,39]. A base model is created in SAM with the parameters in Table 1 for a multi-tilt system located in London, Ontario, Canada. A comparative analysis is run between the multi-tilt wood rack in this study and the fixed-tilt wood rack proposed by [36]. The purpose of the energy simulation is to determine the optimal energy production of the system if the tilt angle is adjusted with varying time steps throughout the year. Therefore, a first simulation is run to determine the best tilt angle for each month of the year. To find the best simulation parameters, all the parameters in Table 1 are maintained, except the value of the tilt angle, which is varied from 0° to 90°. The resulting hourly energy production for the first year is aggregated by month and for each tilt angle. The dependence of the maximum monthly energy production on the tilt angle is then analyzed to determine the best tilt angle for each month. The best monthly tilt angles are then used as seasonal tilt angle parameters to determine the lifetime energy production of the system.



Three different energy simulation scenarios are analyzed. The first scenario considers that the racking system is adjusted monthly using the optimal angles. The second scenario explores the case where the maximum angle that can be reached is 60°. In the second scenario, any month with a tilt angle greater than 60° is capped at 60°. As a result, in the case of London, Ontario, the tilt angles of January, February, November, and December are set to 60° instead of the values. Lastly, the third case scenario is the optimal yearly fixed tilt angle (34°), as analyzed by [36].



A detailed economic analysis based on the bill of materials is conducted. The cost of the multi-tilt wood racking system is based on local purchases, and since the system is a DIY system, the labor cost is not factored into the base case study. The lifetime energy production of the PV system and the cost of the racking is used to determine the levelized cost of electricity (LCOE) of the multi-tilt wood racking system, which is then compared to the LCOE structural BOS in fixed-tilt wood racking, commercial fixed-tilt metal racking, and commercial single-axis tracking metal racking. As the system is designed to be DIY and only the racking cost is being analyzed, the discount factor is not included in the calculation of the LCOE (see Equation (1)).


  L C O E     C A D $ / k W h   =   N e t   R a c k i n g   C o s t     C A D $     L i f e t i m e   E n e r g y   P r o d u c t i o n     k W h      



(1)







Finally, sensitivity analyses are conducted to assess the power output and system cost in different regions of the world. Simulations are run for multiple locations with various latitudes to determine if a user in different regions can yield the same technical benefit. Furthermore, the cost of pressure-treated wood in different countries is compared to determine if this system can truly provide an economic benefit outside of Canada.




2.4. Design Analysis Assumptions


The same design analysis assumptions from the design in [36] were used for this system, including the specified snow, wind, and total design load.





3. Results


3.1. Bill of Materials


The bill of materials (BOM) of the multi-tilt system is shown in Table 2 in Canadian dollars sourced from Copp’s Build-All and The Home Depot, London.



The modules used for this racking design are LG 400 W NeON2 modules. The approximate dimensions of the modules are 1 × 2 m. If modules with different dimensions are to be used, then the specifications in the assembly instructions in Section 3.2 can be scaled up or down to fulfill the given module size requirements. Resizing the system will change the loads applied to the wood, which means smaller systems reduce costs by selecting smaller structural members such that no limits are exceeded when conducting the structural analysis outlined in Appendix A.




3.2. Variable Angle Installation Instructions


To begin, four holes at least 250 mm in diameter are dug at least 1.2 m into the ground, as shown in Figure 1a, to prevent frost heaving of any soil type, according to Table 9.12.2.2 in the National Building Code of Canada (NBCC) [40]. The 4 × 4 posts should have a center-to-center spacing, as described in Figure 1b, all cut to 1.825 m.



A 2 × 8 × 10 beam can then be installed onto the back posts, as shown in Figure 2. The overhang beyond each post is 0.5 m. The beam is to be installed to the posts with 3″ brown deck screws and one galvanized nut, bolt, and washer per post. If the posts are subject to ground movement, temporary 2 × 4 bracing can be installed to hold the system up during construction, as shown below. These braces can then be removed once the footings are stiff and secure.



Once the base is installed, the frame can then be assembled, as shown in Figure 3a, using 2 × 6 outside joists and 2 × 8 inside joists connected to 2 × 8 beams. Connections, as shown in Figure 3b, should be assembled using fence brackets and 1-1/2″ joist hanger nails. Additionally, 4 3″ brown deck screws per joist should be installed to further sink the joist into the beam and to improve load transfer between the members.



The frame can then be connected to the two front posts using 3-1/2″ traditional gate hinges. The 2 × 8 of the frame should be connected to the top of the post, as shown in Figure 4.



Three 2 × 4 s should then be cut to a length of 2 m. This will allow for a maximum tilt angle of 60 degrees. These 2 × 4 s will be used as the adjustable back supports for the system. Three galvanized gate T hinges will be connected between the joists on the frame, and another three will be connected on the beam, as shown in Figure 5.



Holes of 1/4″ should be drilled in the 2 × 4 s based on the desired tilt angle, as shown in Figure 6a. Align the frame hinges with the hole for the given tilt angle, and secure the connection with a 1/4″ nut, bolt, and washer, as shown in Figure 6b. While drilling the 2 × 4 s, temporary supports or extra helpers should be used to hold the frame up to prevent damage.



Once the joists are installed, scrap pieces of lumber can be cut into blocks and installed onto the joists with two screws, as shown in Figure 7a. These blocks serve as the connection between the module and the lumber and can be adjusted to match the holes of the module frame. The overhang of these blocks shall not exceed 100 mm. Once these blocks are installed, the modules can be placed onto the blocks. Drill a ¼″ hole through the block and insert a ¼″ × 2-1/2″ galvanized bolt from under the system. Then, place the module onto the bolt, and secure the connection with a nut and washer, as shown in Figure 7b. To enhance the load transfer to the joist, place another block under the overhanging block, and screw the second block into the joist, as shown in Figure 7c.



Once all connections are secured, the build is complete (Figure 8a). The system can then be disassembled in the reverse order it was initially constructed. Figure 8b provides a detailed back view to ensure all components of the system are present.



Annually, the bolt connections should be checked to ensure loose nuts are retightened. When possible, it is best practice to brush off snow from the modules to minimize creep in the lumber.




3.3. Build Time


The system requires at least two builders for installation. Refer to Table 3 for the typical time to complete each component per two builders.



To adjust the angle of the system, the nuts on the 2 × 4 s should be loosened, and the bolts should be taken off the hinges. It should be noted that once all the bolts are taken off, the system is free to fall and damage the racking frame. Approximately 150 lbs of force is required to keep the frame and modules from falling. Thus, temporary supports or extra help should be used to hold the frame up while repositioning the system to a new angle. Lift or drop the frame to the desired angle, then align the hinges with the drilled holes designated to that angle. The tilt angle can be found by using an angle level or by calculating the arctan of the frame’s rise divided by the run. Secure the connection with the nut, bolt, and washer. For higher angles, it can be difficult to lift the system, and thus, more help may be required. Refer to Table 4 for approximate adjustment times and recommended number of workers based on the desired tilt angle.



Following the calculations shown in Appendix A for the structural analysis, the forces and deflections of the system, specifically for the London, Ontario, system, have been summarized in Table 5. These values represent the worst-case scenario that governs the design of this system. When constructing a system, it is important to follow the structural design process in Appendix A to ensure the system can withstand the design load outlined in Appendix A. Depending on the design load, smaller members can be selected, and thus the net cost of the system can be reduced such that the maximum shear, moment, deflection, and axial forces are less than the capacities shown in Appendix A.




3.4. Energy Simulation Results


The results of the base model simulation are displayed in Figure 9, which shows the monthly energy production of the system during the first year for different tilt angles ranging from 0° (horizontal modules) to 90° (vertical modules) in steps of 1° for the city of London, ON, Canada.



The bell shapes of the monthly energy production curves show the value of the optimal angle for maximum energy generation each month. The monthly optima tilt angles are reported in Table 6. According to the values in Table 6, the system is at its highest tilt angle (79°) at the beginning of the year. The system has to be lowered every month until it reaches its lowest optimal tilt angle in July (16°) and has to be lifted again between August and January.



Three different energy simulation scenarios are analyzed. The first scenario results are shown in Table 6, the second scenario results cap the maximum adjustable tilt angle at 60°, and the third scenario fixes the optimal yearly tilt angle at 34°. The results of the simulations of the three scenarios are shown in Figure 10.



The results clearly show that the multi-tilt system produces more energy every month than the fixed-tilt as it uses seasonal tracking to optimize the solar energy harvested throughout the year. The maximum energy production gain of the optimum tilt angle system compared to the fixed-tilt racking system was 17% in December. Even in April, where the graph shows a similar energy production trend for the two systems, there is a small production gain from the multi-tilt of 0.13%. Furthermore, capping the maximum angle of the multi-tilt system to 60° only has a noticeable impact on the energy production of the system during January and December in the case of London, Ontario. During these months, the production is expected to be lower because of snow-related losses in Canada [41] and Ontario in particular [42,43], even if somewhat mitigated with bifacial PV modules [44]. Although, it should be pointed out that with the impacts of climate change, these losses are expected to decrease in the future [45].




3.5. Economic Analysis Results


The economic analysis of the system is shown in Table 7. As can be seen in Table 7, the open-source design provided in this study costs less than a third of the commercial equivalent variable tilt angle racking system.



The results in Table 7 show the lifetime energy production of the PV system, the racking cost, the LCOE of the racking, and the cost of each racking system per Watt. The racking systems (metal or wood) with an optimal variable seasonal tilt angle show the best lifetime energy production (42.15 MWh), which is 5.2% more energy generated by the fixed-tilt system (40.07 MWh). Even when the maximum angle of the wooden racking with variable tilt is limited to 60°, it generates 4.8% more energy (42.0 MWh) than the fixed-tilt system. In terms of LCOE, the wooden racking systems show similar LCOE (~CAD 0.01/kWh), and their LCOE represents only 29% of the LCOE of a commercial metal racking (CAD 0.033/kWh) serving the same purpose.





4. Discussion


4.1. Wooden Racking for Agrivoltaic and Impact of Labor Cost


The impact of the increase in energy production from the fixed-tilt wooden racking system to the variable angle wooden racking is seen in the LCOE of the two systems. Despite the wooden fixed-tilt system having a lower capital cost than the variable tilt wooden racking, they both have similar LCOE (~CAD 0.01/kWh). This is a crucial argument in determining which racking system to adopt. Specifically, the variable angle wooden racking design proposed in this study and the fixed-tilt wooden racking proposed by [36] are suitable for providing standalone clean solar PV energy to remote locations.



When the variable tilt wooden racking is compared to a commercial metal racking serving the same purpose (variable seasonal tilt angle) and purchased in Canada [46], the two systems have the same lifetime energy production. Nevertheless, the wooden racking is less costly than the commercial metal racking. In this study, data have been collected regarding the manpower and time needed for changing the angle of the proposed system seasonally (see Table 4). When the numbers in Table 4 are applied to the case of London, Ontario, the total annual labor time for changing the tilt of the wooden racking system is 1.9 person-hours/year, representing 47.5 person-hours during the lifetime of the wood racking system (25 years). Therefore, even when the labor cost for changing the tilt angle is factored into the wooden racking system’s cost, it remains economically more feasible than the commercial metal racking as long as the labor cost does not exceed CAD 21/hour. CAD 21/hour is 50% higher than CAD 14/hour, which is the average minimum wage across Canada [47]. Furthermore, this assumption is conservative as there is no information regarding the manpower required to change the tilt angle of the commercial metal racking. Hence, if the commercial metal racking requires more than one person to operate, the economic advantages of the variable tilt wooden racking system will be increased. On the other hand, when the labor cost is considered in the calculation of the variable angle wooden racking (as high as CAD 0.20), then the fixed-tilt wooden system is economically more viable. This does not, however, account for the additional benefits provided by the variable angle racking for specific applications such as agrivoltaics (see Section 4.2).



It should also be pointed out that there are several circumstances where the labor cost is effectively zero. For small-scale DIY systems [17], where prosumers are not charging themselves to vary the tilt angle of their own system or there is no opportunity cost to invest the few minutes once a month to change the tilt angle, the effective cost is zero, similar to businesses with salaried employees or even hourly employees where there is no cost to reassigning a few minutes once a month (e.g., secretaries manning a phone).




4.2. Agrivoltaics


Agrivoltaics in farmlands is a promising strategy for the co-development of land for both PV electrical generation and agriculture [48,49]. Services provided by agrivoltaics include: (i) renewable electricity generation, (ii) decreased greenhouse gas emissions, (iii) increased crop yield, (iv) plant protection from excess solar energy, (v) plant protection from inclement weather such as hail, (vi) water conservation, (vii) agricultural employment, (viii) local food, and (ix) increased revenue [50]. Benefits (i) and (ii) are well-established for all PV systems as they produce renewable electricity, which can offset greenhouse gas (GHG) emissions from fossil fuel-based electricity production [51]. From a farmer’s perspective, agrivoltaics also ensure that land remains productive during the winter by generating electricity year-round. Strikingly, agrivoltaics actually increase crop yield for a variety of crops [52,53,54,55,56], which along with solar electricity generation, substantially increases land-use efficiency [57]. Crops grow better with some PV-related shading because the PV array creates a microclimate beneath the modules that alters air temperature, relative humidity, wind speed, wind direction, and soil moisture [58]. Agrivoltaics also protects crops not only from excess solar energy preventing heat stress but also from inclement weather such as hail, while the PV performance can increase because of lower operating temperatures caused by the plants [54,59,60]. Combining PV and agriculture has the potential to increase global land productivity by 35–73% [61] while minimizing agricultural displacement for energy production [49,61,62]. Additionally, the microclimate created by agrivoltaics provides more efficient use of water and water conservation [63,64,65,66]. Furthermore, the novel variable tilt racking system analyzed here is particularly useful from an agrivoltaic perspective. The variable angle system will allow having the same LCOE as the fixed-tilt but will offer additional advantages specific to agrivoltaic farms, such as raising the modules to the selected highest angle to facilitate harvesting, planting, or weeding. In addition, the tilt angle can be lowered to protect the plants, for example, if a hail warning is issued. The labor involved with this tilt angle changing is trivial compared to that of farming, and additional farm labor is not always seen as a negative. By maintaining the land for use in agriculture, employment of farmers remains intact, and these farmers provide local sources of food along with all of the concomitant benefits [67,68]. Thus, agrivoltaics is looked at favorably not only by the PV community [69] but also by farmers [70] and farming communities [71]. The combination of farming and PV electricity generation increases revenue per acre for the farmer, and the local community also benefits from protecting access to fresh food and renewable energy [72]. Advanced inverter management can also provide stability [73] to rural electric grids and improve their power quality [74,75,76] if used in agrivoltaic systems. Finally, if the agrivoltaic system also includes storage, it can be used to create emergency islanded power grids that can reduce outage impacts [77,78], which may be particularly useful for isolated communities. For all these reasons, the system described here is perhaps best suited for small-scale agrivoltaics.



Lastly, the impact of the microenvironment for this type of racking system should be considered in the performance of the PV. Considerable work has been conducted to show that cooling PV modules with water by humidification by placing wet sacks at the back end of the PV module, water cooling by flowing the water on the front end of the module, and the combination of these two strategies improve performance in warm and humid climates [79]. Similarly, it is well-established that agrivoltaics create a microclimate under the PV modules that have similar but lesser PV performance benefits from direct intervention measures [80,81,82]. Although the wet sack method is not easily integrated into agrivoltaic wood-based racking systems because of compromising the agricultural potential, there is a potential for future work to consider the use of front-side cooling of agrivoltaic PV by integrating it into the irrigation of the crops (e.g., water is first used to cool the PV and then collected and dispersed to water the crops. Future work is needed to explore this potential both technically and economically.




4.3. System Location Sensitivity


The energy production of the system is simulated for different locations in the northern hemisphere to assess and compare the energy production performance of the fixed-tilt wooden racking proposed by Vandewetering et al. [36] and the variable tilt wooden racking proposed in this study. The location considered for the simulation and the latitude of those locations are shown in Table 8.



Figure 11 shows the comparison of the annual energy production during the first operational year for the locations shown in Table 8. The results in Figure 11 show clearly that wherever the two systems are located, the variable tilt system will produce more energy than the fixed-tilt racking for the same operational conditions. Nevertheless, it is necessary to mention that the actual LCOE of the two systems is highly dependent on the local wood prices. This sensitivity is briefly discussed in Section 4.4, and a more detailed wood price sensitivity analysis is available in previous work [36].




4.4. Wood Price Sensitivity


The system is highly sensitive to the price of lumber, which has shown to be volatile in the sensitivity analysis in the design in [36].



The costs of this design will also be dependent on the local sources of wood being available and, if imported, the taxes and import duties. Refer to Table 9 for the typical price of a construction grade pressure-treated 2 × 4 × 8 in various countries.



This open-source wood PV rack is (1) made from locally accessible, sustainable, renewable materials, (2) can be fabricated using simple hand tools by the average consumer, (3) has a 25-year lifetime to be equivalent to common PV warranties, (4) is structurally sound in order to weather high wind speeds and major snow loads (depending on the region), (5) has a low cost and (6) that is shared using an open-source license so that many people can fabricate it themselves, or companies can make versions to offer in their local markets.




4.5. Limitations


This system is entirely built with materials available at local hardware stores and requires a few hours of labor to complete the build. Since the multi-tilt system is not pre-assembled, this system is mainly targeted toward do-it-yourselfers (DIYers). The limitation to DIY multi-tilt racking is that many people, such as the elderly or physically disabled, may have to hire a general contractor to build the system, which adds a labor cost to the system build. Depending on the location and labor rates, this would diminish the economic advantages shown here. Nevertheless, metal racking systems also require initial labor costs if not built by the owner, thus making the cost comparison between wood and metal racking still valid.



The primary benefit of this design is to convert physical labor into electrical power, but on a three-panel array, the difference in power remains small. By making many replications of this three-panel array, the benefit can be scaled up to produce significantly more power for the owner. Table 10 summarizes the amount of extra energy generated in a lifetime from monthly tilt adjustments in many scenarios, where this system is scaled up to satisfy the energy demand of practical applications. By scaling up the number of three-panel arrays, both the generated power and economic benefit of monthly adjustments proportionally scale up. It should be noted that costs can further be reduced in scaled-up systems since many hardware stores honor a contractor discount to those who purchase orders in bulk. This makes all economic estimates used in this study extremely conservative for any form of scale up case.



Despite the technical and economic benefits the multi-tilt system provides, it is more difficult to install compared to fixed-tilt systems. Not only does it require more time to install, but it is also more labor-intensive, especially when measuring and drilling holes into the 2 × 4 s while holding the large frame in place. To mitigate this, extra lumber to serve as temporary bracing and support can be used to hold the frame and posts up while measurements and cuts are being made.



For agrivoltaic applications, the use of pressure-treated lumber can pose the threat of introducing toxic chemicals into the vegetation. Since the 1930s, 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 [85]. Copper azole is a much safer alternative since it removes exposure from chromium and arsenic, and copper is already abundant in soil and groundwater, but high doses of copper can result in severe liver and kidney damage [86]. Therefore, if this system is in close contact with vegetation, it is highly advised to prevent pressure-treated lumber from contacting the soil. Natural alternatives such as cedar lumber can be used, but the cost is at least 2.5 times that of pressure-treated. The best solution to eliminate soil contact is to extend the concrete footing up and above the ground. This may require using an extra bag of concrete in each footing to ensure enough mix reaches a significant level above the ground. Future work in sand and acrylonitrile styrene acrylate waste composites [87] or other plastic composites may serve as a less permeable alternative to concrete footings to further prevent soil contamination in some applications.





5. Conclusions


This study detailed the designs of a novel variable tilt angle open-source wood-based PV racking system. The system costs less than one-third of the CAPEX of variable tilt angle commercial racking solutions. These lower costs make it economical in some contexts for labor to be exchanged profitably for higher solar electric output. The results of this study show that the racking systems with an optimal variable seasonal tilt angle present the best lifetime energy production, with 5.2% more energy generated compared to the fixed-tilt system (or 4.8% more energy, if limited to a maximum tilt angle of 60°). Thus, a few minutes of labor per kW can be traded for about 5% more annual solar electricity production. Both fixed and variable wooden racking systems show similar LCOE of less than 1 cent, which is only 29% of the LCOE of commercial metal racking. The economic analysis found that in several contexts, the novel variable tilt rack provides the lowest cost option even when modest labor costs are included. Finally, the novel variable tilt racking design shown here has several specific advantages over fixed-tilt designs for applications such as agrivoltaics.
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Appendix A. Variable Tilt System Structural Analysis


It can be difficult to determine the specified design load for this system because the design load is dependent on the tilt angle, which will vary throughout the system’s life cycle. For the purpose of analysis, the angle that produces the heaviest combined wind and snow loads is any angle between 30 and 45 degrees, as suggested by the NBCC wind and snow design load procedure [40]. For London, Ontario, design loads of 1.80 and −0.81 kPa are yielded when following the procedure outlined in the design in [36]. To ensure that the system will not unexpectedly fail, the applied shear forces, bending moments, and deflections shall not exceed the limits of each structural member outlined in the National Design Specification for Wood Construction [88].



The net load is distributed evenly throughout the surface of the modules. As per the supplier of the modules [89], it is assumed that the panels have sufficient capacity to carry these loads. The load is then transferred from the panels to the joists. Each joist carries its own weight as a uniform distributed load, w, and four-point loads that represent the block connections. w is calculated using Equation (A1),


  w = 1.25   O W    



(A1)







OW represents the own weight of the member, which needs to be multiplied by a factor of 1.25 because it is a dead load [90]. Since the required dimensions of lumber to carry the load is unknown, an assumption needs to be made (for example, assume 2 × 8) to carry out the analysis. If the assumption results in the maximum applied value being greater than the resistance values, then a larger member needs to be used.



The point loads can be calculated by dividing each joist’s tributary loading into four points because it is assumed that the load is distributed evenly throughout the modules. The tributary area represents how much width of the panels each joist is responsible for carrying. For example, in this three-module system, which is 3 m wide, the middle joists have a tributary width of 1 m (0.5 m on each side), and the end joists have a tributary width of 0.5 m (only one side). The value for each point load on the joists is calculated using Equation (A2),


  P o i n t   L o a d =   D e s i g n   L o a d × T r i b u t a r y   A r e a  4   



(A2)







Once w and the point loads are calculated, the free body diagram shown in Figure A1 for each joist can be made.
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Figure A1. Free body diagram of joists. Note that the two outside joists will have half the tributary area of the inside joists and thus will carry approximately half of the load. 






Figure A1. Free body diagram of joists. Note that the two outside joists will have half the tributary area of the inside joists and thus will carry approximately half of the load.
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Each joist is supported a beam on each end. The reaction and thus the load that each joist transfers to each beam is calculated using Equation (A3),


  R e a c t i o n =   4 ∗ P o i n t   L o a d + w L  2   



(A3)







The shear force diagram throughout each joist is seen in Figure A2.
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Figure A2. Joist shear force diagram. 






Figure A2. Joist shear force diagram.
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The maximum shear force occurs at the supports, and thus, the maximum shear is calculated as the reaction shown above.



The bending moment diagram in each joist is seen in Figure A3.
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Figure A3. Joist bending moment diagram. 






Figure A3. Joist bending moment diagram.
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The maximum bending moment of the joists occurs at the midspan. The maximum bending moment can easily be calculated using Equation (A4),


   M  m a x   =   w  L 2   8  +   3   P o i n t   L o a d   L  5   



(A4)







The deflection diagram throughout each joist is plotted in Figure A4.
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Figure A4. Joist deflection diagram. 






Figure A4. Joist deflection diagram.
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The maximum deflection of the joists occurs at the midspan. For simplicity of analysis, assume the four-point loads serve as a uniform distributed load, and calculate the maximum deflection using Equation (A5),


   Δ  m a x   =   5 ( w + 2   P o i n t   L o a d    L 4    384 E I    



(A5)







In the frame, half of the load will be transferred to the front 2 × 8, and the other half to the back 2 × 8. The free body diagram for the front 2 × 8 is shown in Figure A5.
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Figure A5. Beam free body diagram. 






Figure A5. Beam free body diagram.
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Due to the symmetric loading of the beams, the post loads or the support reactions are described in Equation (A6),


  R e a c t i o n =   (   ∑   k = 1  4  J o i s t   R e a c t i o n s ) + w L  2   



(A6)







The shear force diagram for the beams is described in Figure A6.
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Figure A6. Beam shear force diagram. 






Figure A6. Beam shear force diagram.
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The maximum shear forces occur on the inside of the reactions and are calculated using Equation (A7)


  V m a x = R e a c t i o n − J o i s t   L o a  d 1  −   w L  6   



(A7)







The bending moment diagram for the beam is shown in Figure A7.





[image: Designs 06 00054 g0a7 550] 





Figure A7. Beam bending moment diagram. 






Figure A7. Beam bending moment diagram.
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The maximum moment occurs at the supports and can be found by integrating the shear force throughout the first sixth of the beam, as described in Equation (A8) or by simply finding the area under the shear force diagram.


  M m a x =   ∫  0  L / 6   V  x  d x =   J o i s t   L o a  d 1     L 6  +   w  L 2    72    



(A8)







The deflection diagram is shown in Figure A8.
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Figure A8. Beam deflection diagram. 






Figure A8. Beam deflection diagram.
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The maximum deflection occurs at the midspan and can be solved using the differential Equation (A9) and initial conditions below or by using the moment area theorem or virtual work method described in many structural engineering textbooks.


          d 2  Δ   d  x 2        =   M  x    E I      Δ    L 3    = 0     Δ ′     L 2    = 0   



(A9)







The back 2 × 8 in the frame is then supported by three hinges. The free body diagram for the beam is shown in Figure A9. This is an indeterminate structure, meaning that it has too many supports to be solved with static analysis and thus cannot be expressed with generalized equations. The structure can be solved by using finite element analysis or by an analytical method such as the moment distribution or slope-deflection method.
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Figure A9. Beam free body diagram for variable angle rack. 






Figure A9. Beam free body diagram for variable angle rack.
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The shear force diagram for each beam is shown in Figure A10.
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Figure A10. Beam shear force diagram. 






Figure A10. Beam shear force diagram.



[image: Designs 06 00054 g0a10]





The bending moment diagram for each beam is shown in Figure A11.
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Figure A11. Beam bending moment diagram. 






Figure A11. Beam bending moment diagram.



[image: Designs 06 00054 g0a11]





The deflection diagram for each beam is shown in Figure A12.
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Figure A12. Beam deflection diagram. 






Figure A12. Beam deflection diagram.
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The load is then transferred to the supporting 2 × 4 via the T hinges. Since these hinges are free to rotate, the 2 × 4 s can be idealized as truss members in pure compression (the moments are released). The compressive force is equal to the reaction supporting the beam. These back supports are slender and thus should be checked for buckling using Equations (A10) and (A11).


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



(A10)






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



(A11)







After confirming that both Cbuckling and Cmax are less than Cr, the load can then be transferred to the bottom beam with the free body diagram shown in Figure A13.
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Figure A13. Bottom beam free force diagram. 






Figure A13. Bottom beam free force diagram.
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The shear force diagram is shown in Figure A14.





[image: Designs 06 00054 g0a14 550] 





Figure A14. Bottom beam shear force diagram. 






Figure A14. Bottom beam shear force diagram.
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The bending moment diagram is shown in Figure A15.
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Figure A15. Bottom beam bending force diagram. 






Figure A15. Bottom beam bending force diagram.
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The deflection diagram is shown in Figure A16.
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Figure A16. Bottom beam deflection diagram. 






Figure A16. Bottom beam deflection diagram.
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The load is then transferred to the posts. It should be noted that the posts are not loaded purely in compression; an eccentricity, e, described in the free body diagram in Figure A17, induces a bending moment.
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Figure A17. Post free body diagram. 






Figure A17. Post free body diagram.
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The compressive load of the column is equal to the beam reaction solved above. Along with this compressive load comes a shear loading that is induced by wind and snow loads. This loading can act in either the left or right direction, but the load should be analyzed in the direction that induces bending in the same direction as the beam reaction. The magnitude of this shear load in each post is described in Equation (A12),


  S h e a r   L o a d =     D e s i g n   L o a d   cos  θ   4   



(A12)




where θ is the tilt angle of the system. For conservative analysis, assume the lowest tilt angle of 0 degrees to maximize this load calculation. The post will serve as a determinant beam column. The shear force diagram is shown in Figure A18.
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Figure A18. Post shear force diagram. 






Figure A18. Post shear force diagram.
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The maximum shear can be calculated using Equation (A13),


  V m a x = S h e a r   L o a d i n g  



(A13)







The bending moment diagram can be found in Figure A19.
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Figure A19. Post bending moment diagram. 






Figure A19. Post bending moment diagram.
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The maximum bending moment can be calculated using Equation (A14).


   M  m a x   = S h e a r   L o a d i n g ∗ L + B e a m   R e a c t i o n ∗ e  



(A14)







The deflection diagram is shown in Figure A20.
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Figure A20. Post bending moment diagram. 






Figure A20. Post bending moment diagram.
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The maximum deflection can be calculated using Equation (A15).


   Δ  m a x   =   S h e a r   L o a d i n g ∗  L 3    3 E I   +   B e a m   R e a c t i o n ∗ e ∗  L 2    2 E I    



(A15)







Once all components of the post have been analyzed, the load will finally transfer itself to the ground. Table 9.4.4.1 of the NBCC provides maximum allowable bearing pressures for different types of soil and rock. In the worst case, soft clays support a maximum bearing pressure of 75 kPa [40]. To ensure, that the ground is not overloaded and settles, the bearing pressure can be calculated with Equation (A16),


  B e a r i n g   P r e s s u r e =   P o s t   C o m p r e s s i o n    π 4    (  D  F o o t i n g   )  2     



(A16)







If the applied pressure is more than the allowable, 150 mm of compacted clear stone gravel can be added to the bottom of the footing, or the footing diameter can be increased.



Throughout the system, each connection transfers the load from one member to another via a shear force within the fasteners that compose that connection. For bolts complying with ASTM A307A, the shear resistance of a ½″ carriage bolt holding the beams is about 23.8 kN, and the shear resistance of a ¼″ carriage bolt holding the modules is 5.21 kN [91], both of which are beyond the demand of these systems, and thus will not be critical to the design.
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Figure 1. (a) Foundational installment of vertical posts, and (b) center-to-center spacing of vertical posts. 
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Figure 2. The 2 × 8 beam installed between the back posts, with temporary 2 × 4 lateral bracing installed between the left and right posts. 






Figure 2. The 2 × 8 beam installed between the back posts, with temporary 2 × 4 lateral bracing installed between the left and right posts.
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Figure 3. (a) Frame composition consisting of two 2 × 8 outside joists, two 2 × 8 inside joists, and two 2 × 8 beams, and (b) each joist connected with fence brackets, 1-1/2″ joist hanger nails, and 3″ brown deck screws. 
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Figure 4. Installation of the frame onto the front posts using galvanized gate hinges. 
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Figure 5. The spacing of 2 × 4 s on the system. 
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Figure 6. (a) 1/4″ holes drilled based on preferred tilt angle, and (b) the 2 × 4 connected to the frame via a nut, bolt, and washer. 
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Figure 7. (a) Extra lumber made into blocks that line up with the module’s holes, (b) A bolt inserted from under and secured with a nut and washer, and (c) extra blocks placed under the overhanging block to enhance load transfer to the joist. 
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Figure 8. (a) Finished system, and (b) detailed back view of the final system. 
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Figure 9. Monthly energy production during the first operational year of the 1200 W bifacial PV system for different tilt angles in London, Ontario. 
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Figure 10. Monthly energy production during year 1 of the simulations’ three scenarios. 
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Figure 11. Comparison of the energy generated during the first year of operation by the fixed-tilt racking to the energy generated by the variable tilt racking for different locations in the northern hemisphere. The percentages on top of the bar plot represent the energy gain by using the variable tilt racking instead of the fixed-tilt racking. 
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Table 1. Parameters used in the PV system energy production simulation in SAM.
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	System Parameter
	Value





	Modules DC Power (WDC)
	1200



	Inverter AC Power (WAC)
	1225



	DC to AC Ratio
	0.98



	Azimuth (°)
	180



	Lifetime (years)
	25



	Annual PV Degradation Rate (%)
	0.5
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Table 2. Variable angle rack list of materials.






Table 2. Variable angle rack list of materials.












	Member Name
	Piece 1
	Cost per Piece 2
	Quantity
	Cost





	Outside Joists
	2 × 6 × 8
	$16.12
	2
	$32.24



	Inside Joists
	2 × 8 × 8
	$22.75
	2
	$45.50



	Beams
	2 × 8 × 10
	$28.50
	3
	$85.50



	Posts
	4 × 4 × 10
	$21.95
	2 3
	$43.90



	Joist to Beam Connection
	2 × 4 Fence Bracket
	$0.36
	8
	$2.88



	Back Supports
	2 × 4 × 8
	$9.99
	3
	$29.97



	2 × 4 Hinges
	8″ Gate Hinges
	$11.96
	6
	$71.76



	4 × 4 to Beam Hinges
	4″ Gate Hinges
	$9.51
	2
	$19.02



	Beam to Post Connection
	1/2″ Carriage Bolt (6″) Nut, & Washer
	$4.44 4
	2
	$8.88



	Tension Based Connections
	3″ Brown Deck Screws
	$9.99
	100 Pack
	$9.99



	Shear Based Connections
	1-1/2″ Joist Hanger Nails
	$3.62
	1 lb
	$3.62



	Module to Block Connections
	1/4″ Carriage Bolt (2-1/2″), Nut, and Washer
	$0.48 4
	27
	$12.96



	
	
	
	Total Cost with No Concrete
	$366.22



	Concrete for Posts
	30 MPa Quikrete concrete
	$4.98
	8 bags
	$39.84



	
	
	
	Total Cost:
	$406.06







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 December 2021, before tax. 3 One piece to be cut to serve as two posts. 4 Cost per connection (1 bolt, 1 nut, 1 washer).
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Table 3. Time invested in building the multi-tilt racking system.
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	Task
	Typical Time to Complete 1





	Hole digging and post installation with temporary bracing
	3.0 h 2



	Frame Installation
	1.0 h



	Back Support Drilling and Hinge Installation
	3.0 h



	Block Installation
	0.5 h



	Module Installation
	1.0 h



	Total Time
	8.5 h







1 Assuming 2 builders with some construction experience. Not including time to gather materials, acquire equipment, etc. 2 Not including curing time for concrete/footing mixture. Refer to the supplier’s instructions for suitable curing time before continuing to construct.
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Table 4. Number of workers and time required for changing the tilt angle in different cases.
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	Tilt Angle (Degrees)
	Typical Time Spent (Minutes)
	Number of Workers





	0 to 35
	3
	2



	35+
	4
	3
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Table 5. Forces and deflections of structural members for the variable angle rack in London, Ontario, under the worst-case design load.
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	Member Name
	Shear (kN)
	Moment (kNm)
	Deflection (mm)
	Tension/Compression (kN)





	Outside Joists
	0.95
	0.45
	3.30
	N/A



	Inside Joists
	1.90
	0.90
	1.65
	N/A



	Beams
	1.90
	0.50
	2.73
	N/A



	2 × 4 Back Supports
	N/A
	N/A
	N/A
	−2.22



	Middle Back Support
	N/A
	N/A
	N/A
	−1.31



	Back Beam
	0.70
	0.70
	0.65
	N/A



	Back Posts
	0.45
	0.43
	0.80
	−2.70 1



	Front Posts
	0.45
	0.51
	0.90
	−2.70 1







1 For a 250 mm diameter hole, bearing pressure is equal to 55 kPa.
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Table 6. Monthly optimal tilt angles in London, Ontario.
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	Month
	Optimal Tilt (°)
	Maximum Energy Generation during the First Operational Year (kWh/Month)





	January
	79
	114



	February
	71
	133



	March
	46
	153



	April
	30
	164



	May
	19
	182



	June
	13
	192



	July
	16
	206



	August
	28
	186



	September
	41
	160



	October
	54
	119



	November
	64
	96



	December
	76
	87
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Table 7. Cost analysis of each racking system with a set of 3 PV modules of 400 W each, the total system installed DC power is 1200 W, assuming no construction labor costs.






Table 7. Cost analysis of each racking system with a set of 3 PV modules of 400 W each, the total system installed DC power is 1200 W, assuming no construction labor costs.





	Racking System (3 Modules)
	Lifetime Energy (kWh)
	Racking Cost (CAD)
	LCOE (CAD/kWh)
	Cost per W (CAD/W)





	Wood Fixed Tilt [36]
	40,065
	388.78
	0.0097
	0.32



	Wood Optimal Variable Tilt
	42,152
	406.06
	0.0096
	0.34



	Wood Optimal Tilt with Max Angle Capped at 60°
	41,997
	406.06
	0.0097
	0.34



	Metal Optimal Commercial Variable Tilt [46]
	42,152
	1399.99
	0.0332
	1.17
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Table 8. Cities and corresponding latitudes that were considered for the location sensitivity analysis.
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	Cities
	Mexico
	Cairo
	Boulder, Colorado
	L’Anse
	Winnipeg
	Helsinki





	Latitude (°)
	19.45
	30.05
	40
	46.77
	49.89
	59.97
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Table 9. The typical price of a pressure-treated 2 × 4 × 8 in various countries converted to USD.
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	Country
	Price (USD) 1
	Source 2





	Canada
	$8.46
	The Home Depot



	USA
	$9.68
	The Home Depot



	Togo
	$21.67
	Collected Locally



	United Kingdom
	$15.70
	B and Q



	Netherlands
	$10.32
	Woodvision



	Australia
	$13.92
	Bunnings



	Brazil
	$12.03
	Fremade Madeiras



	India
	$4.96 3
	IndiaMart







1 Priced as of 2 April 2022. 2 Prices at each source’s competition are approximately the same. 3 Price before pressure-treating, which is expected to cost at least double to treat.
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Table 10. The additional energy generated over the lifetime of a system for scaled up applications, assuming monthly tilt adjustments, capped at 60°.






Table 10. The additional energy generated over the lifetime of a system for scaled up applications, assuming monthly tilt adjustments, capped at 60°.





	Application
	System Size
	Number of Systems

Required
	Additional Energy Generated over

Lifetime





	Base System
	1.2 kW
	1
	1.93 MWh



	Typical Residential Home in Ontario 1
	7.2 kW
	6
	11.58 MWh



	Small Business 2
	21.6 kW
	18
	34.74 MWh



	Agrivoltaics
	100 kW
	84
	160.19 MWh







1 Assuming an energy consumption of 9500 kWh/year [83]. 2 Assuming an energy consumption of 30,000 kWh/year [84].
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