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Abstract: To control the volatility and reduce the electricity costs for indoor farming, the agrivoltaics 
agrotunnel introduced here uses: 1) high insulation for a building dedicated to vertical growing, 2) 
high-efficiency LED lighting, 3) heat pumps (HPs), and 4), solar photovoltaics (PV) provide known 
electric costs for 25 years. In order to size the PV array, this study develops a thermal model for 
agrotunnel load calculations and validates it using the Hourly Analysis Program and measured data 
so the effect of plants’ evapotranspiration can be included. HPs are sized, plug loads (i.e., water 
pump energy needed to provide for the hybrid aeroponics/hydroponics system, DC power running 
the LEDs hung on grow walls, and dehumidifier assisting in moisture condensation in summer) are 
measured/modeled. Ultimately, all models are combined to establish an annual load profile for an 
agrotunnel that is then used to model the necessary PV to power the system throughout the year. 
The results find that agrivoltaics to power an agrotunnel range from 40 to 50kW and make up an 
areas from 3.2 to 10.48 m²/m² of an agrotunnel footprint. Net zero agrotunnels are technically viable 
although future work is needed to deeply explore the economics of localized vertical food growing 
systems. 

Keywords: aeroponics; agrivoltaics; agrotunnel; hydroponics; photovoltaic; solar energy; vertical 
farming  

1. Introduction

Agriculture has enormous negative impacts on the natural environment (22% of 2019 global 
greenhouse gas emissions) [1], but indoor growing can significantly reduce the environmental impact 
of agriculture, especially by minimizing transportation emissions [2,3]. Moreover, indoor growing 
can drastically reduce water usage compared to traditional farming methods [4]. Indoor farming also 
allows increased crop productivity per unit area and reduces the time required to reach plant 
maturity [4]. Indoor growing can reduce and in some cases eliminate the use of harmful herbicides 
or pesticides promoting healthier produce [5]. Unlike traditional outdoor farming, indoor growing 
enables year-round production, ensuring a consistent food supply regardless of seasonal changes or 
weather conditions [6,7]. The technology also provides spatial efficiency and land use optimization 
[7]. With advancements in LED lighting technology and optimized envelope, indoor growing 
operations can minimize energy consumption, mitigating their carbon footprint [8,9]. Closed-loop 
systems in indoor growing can minimize waste production by recycling water, nutrients, and organic 
matter, contributing to a circular economy model [10,11]. Indoor growing also helps preserve 
biodiversity by allowing for more diverse and resilient ecosystems in agricultural regions [12]. 
Unfortunately, indoor growing in general has a major problem: increased energy costs have forced 
many indoor growing operations into bankruptcy [3], which hits vertical growers particularly hard 
[13]. High energy costs and energy price volatility have made even startups with hundreds of 
millions of dollars of funding go bankrupt [14]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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To overcome electrical costs for indoor farming, the agrivoltaics agrotunnel introduced here uses 
four approaches: 1) high insulation for a building dedicated to vertical growing, 2) high efficiency 
light emitting diodes (LEDs) for lighting, 3) the use of heat pumps (HPs), and 4) to control the 
volatility and reduce the electricity costs, solar photovoltaics (PV) provide for a known LCOE and a 
25-year lifetime. All these approaches have been combined in an agrivoltaics agrotunnel where 
agrivoltaics arrays on the outside provide power for the grow lights and water pumps and other 
electrical equipment on the inside. The core concept involves either an earth and vegetation-covered 
tunnel (Figure 1a) or a mobile unit (Figure 1b) housing high-density vertical aeroponic-hydroponic 
hybrid systems illuminated by high-efficiency LED grow lights. Next to the agrotunnel fixed/variable 
tilt agrivoltaics PV arrays [15] are shown, which provide all of the power necessary to operate the 
agrotunnel. 

 
(a) 

 
(b) 

Figure 1. Agrivoltaic agrotunnel: (a) subterranean agrivoltaic agrotunnel; (b) semi-mobile agrivoltaic 
agrotunnel. 

PV technology has declined in price for decades [16,17], making it the lowest-cost electricity 
generation technology [18,19]. This provides an opportunity to control the costs of indoor growing. 
Already because of this cost advantage, PV is the most rapidly-expanding electricity source [20,21] 
and dominates new sources of power [22]. With the growth of PV, which demands large surface areas 
to provide large amounts of energy there have been land-use conflict associated with installing PV 
plants on farmland [23–26]. Fortunately, this can be rectified with agrivoltaics, which refers to the 
dual use of land for clean electricity generation with PV and agriculture [27–31]. This increases land 
efficiency [32,33] and agrivoltaic systems have proven to be economically viable as they provide 
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farmers with dual stream of revenue – one through generation of electricity and one through the 
produce/crop yield [30,34–38]. To push this concept further this paper investigates the potential of 
using agrivoltaics to power the even more land use efficient indoor growing inside an agrotunnel. 

In order to size the net-zero agrivoltaics array that is necessary to support an agrotunnel, this 
study first develops a thermal model for load calculations in agrotunnel, which has been validated 
using the results of a commercial building’s load calculation with the Hourly Analysis Program 
(HAP). Using measured data, the effect of plants’ evapotranspiration is included subsequently as it 
is not incorporated in HAP software. The size of heat pumps (HPs) needed to maintain a constant 
temperature in the agrotunnel is determined in the next step. Next, plug loads (i.e., water pump 
energy needed to provide for the hybrid aeroponics/hydroponics system, DC power running the 
LEDs hung on the grow walls, and dehumidifier assisting in moisture condensation in summer) are 
measured/modeled. Ultimately, all models are combined to establish an annual load profile for an 
agrotunnel (also verified based on two month performance) that is then used to model the necessary 
PV to power the system throughout the year. The results are discussed, and future work is outlined 
to completely solarize agrivoltaics agrotunnels. 

2. Agrivoltaic Agrotunnel 

The agrotunnel (Food Security Structures Canada (FSSC) [39], London, ON) presents a solution 
to combat food insecurity by offering an easily assembled, scalable, and sustainable indoor vertical 
farming structure. It is designed to withstand extreme climate conditions and can be adapted to 
various locations. FSSC uses fiber reinforced polymer (FRP) construction to enhance portability, 
strength, and lightweight design to reduce the embodied energy and emissions for transportation. 
This innovative growing chamber enables precise control of light, humidity, and temperature, 
facilitating year-round cultivation of hybrid-aeroponic fruits and vegetables in harsh environments. 
Assembling the 1.2 m × 2.4 m panels allows for easy transportation of components. The detailed 
dimensions and thermal resistances of the agrotunnel envelope are illustrated in Figure 2. 

 
Figure 2. The CAD model including the dimensions and the thermal resistances of the envelope. 

The agrotunnel under study is located at the Western Innovation for Renewable Energy 
Deployment (WIRED) in London, Ontario (Figure 3a). As shown in Figure 3b, the design is composed 
of two sections (grow room and monitoring room). 8 grow walls, each with two sides and two mini 
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walls for each side are installed in the growing room in addition to 6 grow bins. Utilizing the same 
growing technology as the grow walls featuring adjustable lighting brackets, the grow bins offer an 
ideal growing setting for root vegetables and other plants that demand greater space. 

 
(a) 

 
(b) 

Figure 3. The Agrotunnel under study: (a) actual structure established at WIRED; (b) Detailed model 
(Top view). 
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All the growing facilities are fed by low wattage and low voltage LED lights produced by Better 
Grow Lights [40]. These commercial lights are specifically designed for high density plant spacing 
and come with three 180 ° (BGL180A), 180 ° (BGL180C), and 360 ° (BGL360A) designs. BGL180A 
lights are hung on the side aisles as well as top of the grow bins, and BGL360A are hung on the center 
aisles, as shown in Figure 4. BGL180C are horizontally hung on top of the grow bins. In the 
agrotunnel, there are 28 BGL180A each with 75 W, 42 BGL360A each with 100 W, and 12 BGL180C 
each with 30 W wattage (11 in grow room and 1 in monitoring room). 

  
(a) (b) 

 
(c) 

Figure 4. The location of lights and their applications inside the agrotunnel: (a) BGL180A on the side 
aisles; (b) BGL360A on the center aisles; (c) BGL180C on the grow bin. 

3. Methodology 

The agrotunnel’s load is made up of four sub systems: lights, water pumps, heat pump (HP), 
and a dehumidifier. A dehumidifier is operated to assist HPs in maintaining the relative humidity 
(RH) at a desired level. The HP is the major component in meeting the thermal (sensitive and latent) 
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loads of the system. Artificial lighting also has a major contribution to increasing the temperature of 
the agrotunnel’s microclimate. All these loads are characterized as shown in Figure 5. Sizing all the 
thermal and electrical equipment would be done based on the loads as the results of the structure’s 
specifications and the circumstances the plants will grow under. 

 
Figure 5. Schematic of the agrotunnel integrated with the energy provision equipment. 

3.1. Thermal Model 

The load calculations of the agrotunnel are estimated using the following thermal model 
developed. It is assumed that all the lights are on and planted crops are mature enough. Meanwhile, 
one person is doing some non-strenuous work such as planting, harvesting, watering, etc. in the 
building. The following sub-models are developed based on the load calculation principles [41]. 

3.1.1. External Loads 

CLTD/CLF method, described in the 1997 AHSRAE Fundamentals [42], is used to calculate the 
transmission load of the agrotunnel, which is the most practical method for sizing the HVAC 
equipment while being simple. 

Equation (1) is used for calculating the heat gains through the walls, the roof, and the floor. 
Cooling load temperature difference (CLTD) considers the collective impact of variations in indoor 
and outdoor temperatures, daily temperature fluctuations, solar radiation, and heat retention within 
the building structure. The values are determined using the tables provided in Chapter 28th of 
ASHRAE Fundamentals Handbook [42]. 𝑄ሶ௖௖ = ∑ ஺ೖோ೟೚೟,ೖ 𝐶𝐿𝑇𝐷 + ஺೑೗೚೚ೝோ೟೚೟,೑೗೚೚ೝ (𝑇௢ − 𝑇௜), (1)

where, 𝑄ሶ௖௖ represents the heat losses due to the conduction and convection transmission through 
the envelope. 𝐴௞ is the surface area of each part of the envelope (m2 or ft2) except for the floor and 𝐴௙௟௢௢௥ stands for the surface area of the floor. 𝑅௧௢௧,௞ corresponds to the conduction and convection 
thermal resistance of each part of the envelope (m2.K/W or hr. ft2.F/Btu), which can be calculated by 
Equation (2) [43]: 𝑅௧௢௧,௞ = 𝑅௖௢௡௩,௢ + 𝑅௖௢௡ௗ + 𝑅௖௢௡௩,௜, (2)𝑇௜ and 𝑇௢ are the indoor design temperature and the outdoor temperature (°C or °F), respectively. 
As the ASHRAE tables offer hourly CLTD values based on a standard scenario, such as an outdoor 
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maximum temperature of 95 °F, mean temperature of 85 °F, and a daily temperature range of 21 °F, 
Equation (1) is modified through Equations (3-5) to accommodate correction factors for situations 
deviating from this base case. CLTD values of the base case for the material used in the envelope are 
tabulated in Table 1. 𝑄ሶ௖௖ = ∑ ஺ೖோ೟೚೟,ೖ 𝐶𝐿𝑇𝐷௖௢௥௥௘௖௧௘ௗ + ஺೑೗೚೚ೝோ೟೚೟,೑೗೚೚ೝ (𝑇௢ − 𝑇௜), (3)

𝐶𝐿𝑇𝐷௖௢௥௥௘௖௧௘ௗ = 𝐶𝐿𝑇𝐷 + (78 − 𝑇௜) + (𝑇௢,௠௘௔௡ − 85), (4)𝑇௢,௠௘௔௡ = 𝑇௢,௠௔௫ − ஽ோ்ଶ , (5)

the daily range of temperature (DRT) indicates the difference between the maximum and the 
minimum temperature within 24 hours. For the floor transmission, (𝑇௢ − 𝑇௜) will be simply used. 

Table 1. CLTD values of the base case for the material used in the agrotunnel's envelope *. 

Hour Roof North South East West 

1 37 17 21 20 35 

2 32 15 18 17 30 

3 27 13 15 14 25 

4 23 11 12 12 21 

5 19 9 10 10 17 

6 15 7 8 8 14 

7 12 5 6 6 11 

8 10 4 5 5 8 

9 9 4 4 7 7 

10 10 4 3 12 6 

11 12 5 4 19 6 

12 17 7 6 26 7 

13 23 8 10 32 8 

14 30 10 14 36 10 

15 37 12 20 37 12 

16 44 15 25 37 16 

17 50 17 29 37 22 

18 55 19 33 36 30 

19 57 21 34 34 37 

20 58 22 34 33 44 

21 56 23 32 31 48 

22 52 23 30 29 48 

23 47 22 27 26 45 

24 42 20 24 23 41 
* The values must be used in calculations in IP units. 

The sensible and latent loads caused by infiltration can be calculated using Equations (6) & (7), 
respectively. 𝑄ሶ௦௘௡௦,௜௡௙ = 𝑛஺஼ு𝑉஺்𝜌௔𝐶𝑝௔(𝑇௢ − 𝑇௜), (6)
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𝑄ሶ ௟௔௧,௜௡௙ = 𝑛஺஼ு𝑉஺்𝜌௔(𝜔௢ − 𝜔௜)ℎ௙௚, (7)

here, 𝑉஺் is the total volume of the agrotunnel (m3 or ft3). 𝜌௔ and 𝐶𝑝௔ are the air density (kg/m3 or 
lbm/ft3) and specific heat capacity (kJ/kg.K or Btu/lbm.F), respectively. 𝑛஺஼ு indicates the infiltration 
rate in ACH (hr-1), which usually is 0.25 for a newly constructed and well-insulated building [44]; for 
this specific building without any windows and completely sealed walls, however, 0.1 will be a 
rational assumption. Also, 𝜔௜ and 𝜔௢ denote the indoor and outdoor humidity ratio in (kgw/kgda or 
lbm,w/lbm,da), respectively, and ℎ௙௚ corresponds to the enthalpy of vaporization of water in (kJ/kg or 
Btu/lbm). 

3.1.2. Lights 

The waste heat dissipated by the LED lights mainly depends on their power and the cooling 
load factor (𝐹஼௅ி,௟௜௚௛௧ ), which can vary within a day based on the operating schedule of lights. 𝐹஼௅ி,௟௜௚௛௧ would be 1 for the case lights are on for 24 hours. Otherwise, Table 2 will be used for one 
story building [42]. 

Table 2. Cooling Load Factor (CLF) for lights [42]. 

Number of hours after lights 

turned on 

Hours lights on 

8 10 12 14 16 

1 0.72 0.73 0.74 0.75 0.77 

2 0.8 0.81 0.82 0.84 0.85 

3 0.84 0.85 0.86 0.87 0.89 

4 0.87 0.87 0.88 0.89 0.91 

5 0.88 0.89 0.9 0.91 0.92 

6 0.89 0.9 0.91 0.92 0.93 

7 0.9 0.91 0.92 0.92 0.93 

8 0.91 0.92 0.92 0.93 0.94 

9 0.23 0.92 0.93 0.94 0.95 

10 0.15 0.93 0.94 0.94 0.95 

11 0.11 0.25 0.94 0.95 0.95 

12 0.09 0.16 0.95 0.95 0.96 

13 0.08 0.13 0.26 0.96 0.96 

14 0.07 0.11 0.18 0.96 0.97 

15 0.07 0.09 0.14 0.27 0.97 

16 0.06 0.08 0.12 0.19 0.97 

17 0.05 0.08 0.1 0.15 0.28 

18 0.05 0.07 0.09 0.13 0.2 

19 0.05 0.06 0.08 0.11 0.16 

20 0.04 0.06 0.08 0.1 0.13 

21 0.04 0.05 0.07 0.09 0.12 

22 0.03 0.05 0.06 0.08 0.11 

23 0.03 0.04 0.06 0.08 0.1 

24 0.03 0.04 0.05 0.07 0.09 
* The values must be used in calculations in IP units. 
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Equation (8) gives the waste heat dissipated by lights in (W or Btu/hr). 𝑛௟௜௚௛௧௦, 𝑃௟௜௚௛௧௦, 𝐹௟௨, and 𝐹௔ are the number of lights used, the power of lights used in (W), the lights use factor, which can be 
assumed to be 1, and the ballast allowance factor, which can be assumed 1 for LED lights [45]. 𝑄ሶ ௟௜௚௛௧௦ = 𝑛௟௜௚௛௧௦𝑃௟௜௚௛௧௦𝐹௟௨𝐹௔𝐹஼௅ி,௟௜௚௛௧, (8)

3.1.3. People 

Each person working in agrotunnel brings in both sensible and latent loads. Sensible and latent 
heat gained by a person who is doing sedentary (standing or walking slowly) or some light works 
are 92.4 W (315 Btu/hr) and 95.3 W (325 Btu/hr), respectively [42]. Total cooling load caused by the 
presence of the people in agrotunnel can be calculated using Equation (9): 𝑄ሶ௣௘௢௣௟௘ = 𝑄ሶ௦௘௡௦,௣௘௢௣௟௘ + 𝑄ሶ ௟௔௧,௣௘௢௣௟௘ = 𝑛௣௘௢௣௟௘ × (315 × 𝐹஼௅ி,௣௘௢௣௟௘ + 325 × 𝐹஼௅ி,௟௔௧,௣௘௢௣௟௘), (9)

where, 𝑛௣௘௢௣௟௘ represents the total number of people who are working in agrotunnel, and 𝐹஼௅ி,௣௘௢௣௟௘ 
stands for the cooling load factor of people, based on the number of hours they work each day. In the 
basic scenario in the present study, it is assumed that one person is working 8 hours 7 days of week 
from 9 AM to 5 PM. Therefore, using Table 3, the 𝐹஼௅ி,௣௘௢௣௟௘ will be extracted. 𝐹஼௅ி,௟௔௧,௣௘௢௣௟௘ includes 
either 0 or 1 to consider the effect of the grower’s presence. 

Table 3. Cooling Load Factor (CLF) for people [42]. 

Number of hours after 

entry into the space 

Hours in space 

4 6 8 10 

1 0.59 0.6 0.61 0.62 

2 0.67 0.67 0.68 0.69 

3 0.13 0.72 0.73 0.74 

4 0.09 0.76 0.77 0.77 

5 0.08 0.2 0.8 0.8 

6 0.06 0.16 0.83 0.83 

7 0.05 0.13 0.26 0.85 

8 0.05 0.11 0.2 0.87 

9 0.04 0.1 0.17 0.3 

10 0.04 0.08 0.15 0.24 

11 0.03 0.07 0.13 0.2 

12 0.03 0.06 0.11 0.17 

13 0.02 0.05 0.09 0.15 

14 0.02 0.05 0.08 0.13 

15 0.02 0.04 0.07 0.11 

16 0.01 0.03 0.06 0.1 

17 0.01 0.03 0.05 0.08 

18 0.01 0.03 0.05 0.07 

19 0.01 0.02 0.04 0.06 

20 0.01 0.02 0.03 0.05 

21 0.01 0.02 0.03 0.05 

22 0.01 0.01 0.03 0.04 

23 0.01 0.01 0.02 0.04 
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24 0 0.01 0.02 0.03 
* The values must be used in calculations in IP units. 

3.1.4. Evapotranspiration of Plants 

There are many models of evapotranspiration [46,47], which incorporate the effect of various 
parameters, interpretation of which is beyond the scope of this study. In this case 8 walls each with 
720 pots for a total of 5,760 all of which are being watered aeroponically at potentially different stages 
of growth and different species present an enormously complicated system. A more straightforward 
way to estimate the evapotranspiration load in a grow room involves calculating the net water 
consumption of plants. This entails measuring the volume of irrigation water introduced into the 
agrotunnel and subtracting the volume of water drained away [48]. The average amount of water 
consumed (𝑚ሶ ௪௔௧௘௥ ) can be estimated in (kg/s or lbm/hr). Hence, the heat of vaporization will be 
calculated using Equation (10): 𝑄ሶ௘௩௔௣ = 𝑚ሶ ௪௔௧௘௥ℎ௙௚ (10)

During this process, the moist of soil and plants’ leaves absorb heat from the environment, 
causing a temperature drop (sensible heating load), then evaporate. The energy absorbed is converted 
to latent heat of vapor in the air, which causes an increase in the humidity level of the microclimate 
(the latent cooling load). This transfer in energy leads to a constant enthalpy process, which is shown 
in Figure 6. Since the evapotranspiration of mature plants in a fully planted agrotunnel can be 
significant, it is assumed that the sensible heating load caused by the evapotranspiration of plants on 
the warmest day of the year will be met by the HP and the latent part is met by the dehumidifier. 
This is a rational assumption according to the experience of growers in similar facilities [49]. 

 

Figure 6. The isenthalpic process of evapotranspiration taken place by humid air. 

Total sensible and latent thermal loads of the agrotunnel will be calculated using Equations (11) 
& (12), respectively. 𝑄ሶ௧௢௧,௦௘௡௦ = 𝑄ሶ௖௖ + 𝑄ሶ௦௘௡௦,௜௡௙ + 𝑄ሶ ௟௜௚௛௧௦ + 𝑄ሶ௦௘௡௦,௣௘௢௣௟௘ − 𝑄ሶ௦௘௡௦,௘௩௔௣ (11)𝑄ሶ௧௢௧,௟௔௧ = 𝑄ሶ ௟௔௧,௜௡௙ + 𝑄ሶ ௟௔௧,௣௘௢௣௟௘ + 𝑄ሶ ௟௔௧,௘௩௔௣ (12)

The following assumptions are taken into account to run the simulation: 
• It is assumed that the growing room and the monitoring room are at the same temperature such 

that no heat transmission occurs between them. 
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• It is assumed that the air inside the agrotunnel is uniformly mixed, which is appropriate as the 
HP locations and clearance over the grow walls ensure paths of airflow. 

• The design conditions of agrotunnel are the temperature of 22 °C, and the relative humidity (RH) 
of 68%. 

• The thermal resistance of the still air (𝑅௖௢௡௩,௜) on the vertical walls is 0.12 m2.K/W [44]. 
• The thermal resistance of the still air (𝑅௖௢௡௩,௜) on the ceiling is 0.11 m2.K/W whenever the indoor 

temperature is higher than the outdoor temperature, and is 0.16 m2.K/W when the indoor 
temperature is lower than the outdoor temperature [44]. 

• The thermal resistance of the still air (𝑅௖௢௡௩,௜) on the floor is 0.16 m2.K/W whenever the indoor 
temperature is higher than the outdoor temperature, and is 0.11 m2.K/W when the indoor 
temperature is lower than the outdoor temperature [44]. 

• The thermal resistance of the outdoor moving air (𝑅௖௢௡௩,௢) is 0.029 m2.K/W [44]. 

3.1.5. Maximum Heating Load Model 

In order to size HP, the maximum cooling load obtained by CLTD method will be compared to 
the maximum heating load under the worst-case scenario. The worst-case scenario for heating load 
estimations is defined for an evacuated agrotunnel, where conduction and convection heat transfer 
along with the infiltration losses are the only factors included. Total sensible heat loss from the 
agrotunnel is calculated by Equation (13) in (W or Btu/hr) [44]: 𝑄ሶ௦௘௡௦,௛௘௔௧ = 𝑄ሶ௖௖,௛௘௔௧ + 𝑄ሶ௦௘௡௦,௜௡௙,௛௘௔௧ = ∑ ஺ೖோ೟೚೟,ೖ (𝑇௜ − 𝑇௢) + 𝑛஺஼ு𝑉஺்𝜌௔𝐶𝑝௔(𝑇௜ − 𝑇௢), (13)

Total latent heat loss through infiltration is calculated using Equation (7). Accordingly, the 
maximum total heating load will be calculated by Equation (14): 𝑄ሶ௧௢௧,௛௘௔௧ = 𝑄ሶ௖௖,௛௘௔௧ + 𝑄ሶ௦௘௡௦,௜௡௙,௛௘௔௧ + 𝑄ሶ ௟௔௧,௜௡௙,௛௘௔௧ (14)

3.1.6. Heat Pump Model 

The black box heat pump model is created by utilizing the performance datasheet of GSZ16 
Goodman Air-Air Split heat pump (16 SEER and 9 HSPF) for both heating and cooling functions [50]. 
A supervised regression approach is implemented in Python to derive mathematical functions for 
the COP (Coefficient of Performance) of heat pumps within a nominal capacity range of 18,000-60,000 
BTU/hr. Drawing from Li et al.'s correlations for load demand and COP of an air-conditioning heat 
pump [51], it is anticipated that the COP regressions would follow a second-degree polynomial 
pattern based on indoor and ambient temperatures. 

3.1.6.1. Heating Mode 

The correlation of COP is dependent on the ambient temperature (To) in (°C) as Equation (15): 𝐶𝑂𝑃௛௘௔௧௜௡௚ = 𝑏଴ + 𝑏ଵ𝑇௢ + 𝑏ଶ𝑇௢ଶ, (15)

the coefficients 𝑏଴ − 𝑏ଶ are extracted using the polynomial curve fitting technique and are shown for 
all rated capacities of GSZ16 Goodman Heat Pumps in Table 4 for heating mode. The fitting curve of 
heating COP for 18,000 BTU/hr heat pump is shown in Figure 7a. 

Table 4. Coefficients of polynomial correlations of COP in heating mode. 

Rated Capacity (Btu/hr) COP coefficients 

b0 b1 b2 R2 

18,000 3.202 0.0887 0.000386 99.55 

24,000 3.202 0.08879 0.000348 99.53 

30,000 3.232 0.09092 -0.00048 99.11 
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36,000 3.197 0.08875 0.000523 99.66 

42,000 3.093 0.0737 0.000217 99.44 

48,000 3.273 0.08474 -0.00024 99.13 

60,000 2.967 0.07639 0.000272 99.43 
 

  

(a) (b) 

Figure 7. Fitting curves of COP for 18,000 Btu/hr heat pump: (a) heating mode; (b) cooling mode. 

3.1.6.2. Cooling Mode 

The manufacturer's datasheet for cooling mode were created considering fluctuations in 3 
variables (ambient temperature, indoor dry bulb temperature, and indoor wet bulb temperature) [50]. 
Hence, the regression is carried out in two steps: first, fitting a 2D curve as a function of indoor dry 
bulb and wet bulb temperatures, second, fitting a 3D surface as a function of first formulation and 
the outdoor temperature. Figure 6b depicts the fitting surface for the COP of an 18,000 Btu/hr HP in 
cooling mode. The COP for the cooling mode is determined using Equation (16). 𝐶𝑂𝑃௖௢௢௟௜௡௚ = 𝑏௢ + 𝑏ଵ𝑇௜ + 𝑏ଶ𝑇௜௪௕ + 𝑏ଷ𝑇௢ + 𝑏ସ𝑇௜𝑇௜௪௕ + 𝑏ହ𝑇௜𝑇௢ + 𝑏଺𝑇௜௪௕𝑇௢ + 𝑏଻𝑇௜ଶ + 𝑏଼𝑇௜௪௕ଶ + 𝑏ଽ𝑇௢ଶ+ 𝑏ଵ଴𝑇௜ଶ𝑇௢ + 𝑏ଵଵ𝑇௜௪௕ଶ 𝑇௢ + 𝑏ଵଶ𝑇௜𝑇௜௪௕𝑇௢ (16)

Table 5. Coefficients of polynomial correlations of COP in cooling mode. 

  Rated Capacity (Btu/hr) 

  18,000 24,000 30,000 36,000 42,000 48,000 60000 

Coefficients 

of COP 

b0 10.45648 9.14469 10.80332 10.66776 11.1678 10.7799 10.48214 

b1 -0.11064 0.012049 -0.13687 -0.12536 -0.14811 -0.12931 -0.12989 

b2 -0.21069 -0.21788 -0.18697 -0.19849 -0.208 -0.1978 -0.18888 

b3 -0.17693 -0.15915 -0.18717 -0.18142 -0.19111 -0.18515 -0.18156 

b4 -0.00038 -5E-05 -0.00024 -0.00012 8.46E-05 -0.00013 -0.00014 

b5 0.001363 -0.00014 0.001632 0.001463 0.001723 0.001535 0.001532 

b6 0.002596 0.002523 0.002229 0.002317 0.002419 0.002348 0.002227 

b7 0.002739 -0.0001 0.003153 0.002864 0.003197 0.002939 0.00295 

b8 0.008582 0.008251 0.007745 0.007893 0.00789 0.00791 0.007562 
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b9 0.000623 0.000609 0.000722 0.000671 0.000727 0.000694 0.000706 

b10 -3.4E-05 1.16E-06 -3.8E-05 -3.3E-05 -3.7E-05 -3.5E-05 -3.5E-05 

b11 -0.00011 -9.6E-05 -9.2E-05 -9.2E-05 -9.2E-05 -9.4E-05 -8.9E-05 

b12 7.73E-06 9.2E-07 4.63E-06 2.34E-06 -1.6E-06 2.54E-06 2.61E-06 

R2 99.96 99.98 99.97 99.98 99.98 99.98 99.98 

When the maximum heating and cooling load of the agrotunnel on the coldest/warmest day of 
the year is calculated, the size of HP can be determined. After selecting the HP, its COP correlation is 
used to calculate the power consumption in kW. 

3.2. Electrical Loads 

The power demanded by the lighting system and the HPs can be calculated as mentioned in the 
previous section. The load imposed by the water pumps and dehumidifier is included in this section. 

3.2.1. Water Pump 

Water pumps are integrated into the grow walls, and they operate 2-4 times per day (1 minute 
each time) based on the requirements of the plants according to their stage (seedlings or mature). 
Therefore, the average power consumption of water pumps is reported based on the data recorded 
by clamp meter [52]. The average power demand by the water pumps is 0.038 kWh, as reported in 
the data logger (Figure 8). 

 
(a) 

 
(b) 

Figure 8. Water pump: (a) integrated into the grow wall; (b) the hourly data recorded using a clamp 
meter. 
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3.2.2. Dehumidifier 

A commercial 23.7 L/day (50 pits/day) refrigerant dehumidifier with the integrated energy 
efficiency (IEF) of 1.9 L/kWh is being used in cases the heat pump cannot meet the latent load inside 
the agrotunnel [53]. Based on previous work it is assumed that if the latent load of the agrotunnel is 
higher than one third (which can be usually provided by HPs) of the maximum sensible load, the rest 
will be met by dehumidifier [54]. To be conservative, it is considered that all the grow walls are filled 
with mature plants. Table 6 reports the average water added to each pot of a mature plant during a 
week, which is measured in the agrotunnel under study. In the basic scenario, it is assumed that all 
pots are equally allocated for planting four types of crops. 

Table 6. Water demand of the mature crops in the agrotunnel (per pot per week). 

Crop Water demand (mL/pot/week) 

Kale 315 

Lettuce 210 

Herbs (Basil, Parsley, Oregano, Mint) 236 

Fruits and Vegetables (tomatoes, beans, strawberries) 183 

3.3. Solar PV Sizing 

PV system sizing was carried out by determining the 1-kW PV potential using the open-source 
System Advisor Model (SAM) [55] for each of the six locations: Albany, Edmonton, Houston, London, 
Montreal and San Francisco. Using the total annual electrical energy required for agrotunnel 
operation (EAnnual load in (kWh)) in each location and the annual energy potential of 1-kW PV system 
determined from SAM (EAnnual load, 1kW in (kWh)), the total PV system size (PVSys.Capacity) required to meet 
the annual electrical load is ascertained. The formula for the determining the PV size in (kW) is given 
by Equation (17): 𝑃𝑉ௌ௬௦.஼௔௣௔௖௜௧௬ = 𝐸஺௡௡௨௔௟ ௅௢௔ௗ𝐸஺௡௡௨௔௟ ௅௢௔ௗ,ଵ௞ௐ (17)

The PV system capacity determined through the estimate calculation is then used as input in 
SAM to run a detailed simulation at the appropriate scale. The simulations are run for each location 
and double checked if they meet the annual electrical load of the agrotunnel. Additionally, the land 
area required for PV systems, considering their modules’ transparency levels ranging from 0% 
(conventional silicon modules) to 69% (semi-transparent modules) will be reported. Table 7 details 
the assumptions used to perform the final modelling in SAM. A novel fixed-tilt racking design, 
adaptable into a variable-tilt racking system [15], is considered for use in this research. Soiling losses, 
DC power losses and AC power losses are kept as default. 

Self-consumption (SC) and self-sufficiency (SS) are important metrics for assessing the energy 
performance of distributed energy systems at the local level [56]. SC measures the proportion of 
locally produced energy that is consumed locally, calculated as the energy generated by the PV 
system (EPV) minus the energy sent to the grid (Etogrid), divided by the total energy generated by the 
PV system (EPV) as seen in Equation 18. SS, on the other hand, indicates the extent to which local 
energy production meets local energy demand, calculated as the energy generated by the PV system 
minus the energy sent to the grid, divided by the local energy consumption (Eload) (Equation 19). Both 
metrics exclude nighttime hours when the PV system is not operational, and all energy is sourced 
from the grid, thus SC and SS are set to zero during these times. These metrics can be formulated 
through Equations (18) & (19) [57,58]. 𝑆𝐶 = 𝐸௉௏ − 𝐸௧௢௚௥௜ௗ𝐸௉௏ × 100 (18)
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𝑆𝑆 = 𝐸௉௏ − 𝐸௧௢௚௥௜ௗ𝐸௅௢௔ௗ × 100 (19)

Table 7. Input parameter for SAM for PV system sizing for the agrotunnel. 

Parameters London Albany Edmonton Houston Montreal San Francisco 

PV module Heliene 144HC-460 Bifacial [59] 

Module type Mono Crystalline Silicon - Bifacial 

Tilt angle 34o [60] 34o [61] 53o [62] 27o [63] 30o [64] 32o [65] 

Azimuth 180o 

Soiling losses 5% 

DC Power losses 4.44% 

AC Power losses 1% 

3. Results 

The assessment of thermal loads will account for the impact of various geographical locations, 
including London, ON; Montreal, QC; Edmonton, AB; Albany, NY; San Francisco, CA; and Houston, 
TX. Additionally, a sensitivity analysis will be performed to examine the effects of key variables such 
as envelope thermal resistance, number of lights, crop type, and indoor design conditions. 

3.1. Validation 

The methodology for both the CLTD and the maximum heating requirement model is validated 
against the results obtained from HAP. For the minimum dry bulb and wet bulb ambient 
temperatures of -19.4 °C and -20.22 °C, respectively, and the maximum dry bulb and wet bulb 
ambient temperatures of 29.44 °C and 21.67 °C, respectively, the heating and cooling loads of the AT 
in London, Ontario, Canada will be obtained using current model, as shown in Figure 9. According 
to this figure, the average deviation of calculated heating and cooling loads from the HAP simulation 
results is 5.0 % and 4.3 %, respectively. The present model provides more conservative results for 
sizing the HVAC systems. 

 
Figure 9. The results of the present model vs those of HAP model for calculation of heating and 
cooling loads. 
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Likewise, the HP model's verification involves comparing it with the manufacturer datasheet of 
the GSZ16 series Goodman Air-Air heat pump. The average variance of the matched outcomes for 
heating COP with the manufacturer's datasheet is determined to be 2.48%. Meanwhile, the average 
variance of the matched outcomes for cooling COP stands at 1.26%. 

The total power demand of the agrotunnel has been verified using data recorded by a power 
clamp meter. Recording began in mid-February 2024, and as of mid-June 2024, data is available for 
March, April, and May 2024. March data, however, showed inconsistencies in both the climatic 
conditions of the agrotunnel and the data recording procedure. Therefore, the monthly power 
consumption of the entire system has been verified according to the conditions of April and May, 
reported in Table 8. Figure 10 illustrates the similarity between the modeling results and the recorded 
data, with an error ranging from 5.5% to 7.5%. The sources of error include real-world operational 
variations such as changes in planted crop types, RH setpoints, and the number of operating lights 
as experiments are adjusted. Additionally, temporary additions or removals of some equipment, such 
as water transfer pumps, contribute to these variations. Despite these factors, the current model tends 
to overestimate the total energy required, making it a more conservative estimate. 

Table 8. Conditions considered in the experimental verification of monthly total power demand. 

Conditions Values  

 April May 

Number of BGL180A lights 28-32 32 

Number of BGL180C lights 2 2 

Temperature (°C) 20 19.5 

RH (%) 59 55 

Ambient conditions 
London, ON Airport 

meteorological data [66] 

London, ON Airport 

meteorological data [66] 
 

 
Figure 10. Monthly power demand of the agrotunnel reported for April and May 2024 (modeling vs. 
experimental data). 

3.2. Thermal/Electrical Load Analysis 

Initially, the year-round heating and cooling load of the agrotunnel is simulated based on the 
climatic conditions of the six selected case study locations. This section evaluates solely the sensible 
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and latent loads induced by envelope transmission and infiltration, aiming to compare the impact of 
geographic location while disregarding constant thermal loads such as people, crops, and lights. 
Figure 11 illustrates the results of this comparison. As can be seen in Figure 11, Edmonton exhibits 
the highest total load (sensible heating load of 9,370 kWh, latent heating load of 38,035 kWh, and the 
sensible cooling load of 603.5 kWh), whereas San Francisco displays the lowest (sensible heating load 
of 2,255 kWh, latent heating load of 36,680.5 kWh, and the sensible cooling load of 1050.5 kWh), which 
aligns with their distinct climates as expected. San Francisco's climate during the year undergoes less 
fluctuations such that the microclimate of the agrotunnel located there will have the least deviation 
from the outdoor conditions. Cities with the highest sensible heating loads demonstrate the lowest 
sensible cooling loads, and vice versa. Notably, a significant portion of the load corresponds to latent 
heating resulting from the humidity ratio difference between the agrotunnel and the exterior. This 
underscores the importance of maintaining this humidity level as a crucial HVAC measure. 

 
Figure 11. Heating and cooling loads caused by heat transfer through the agrotunnel envelope and 
the infiltration. 

Figure 12 illustrates the proportion of each heat transfer component of the individual thermal 
loads in an agrotunnel located in London, ON. It is evident that lights account for 40% of the thermal 
loads in the agrotunnel. Following closely, the evapotranspiration of plants places a substantial 
burden on the HVAC systems within the structure (32%). Sensible infiltration and wall transmission 
account for roughly a quarter of the load and finally the load imposed by the presence of the people 
has almost no impact. 
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Figure 12. Share of heat transfer components in the annual thermal load of the agrotunnel in London, 
ON. 

The heat pumps are sized and selected based on the worst-case scenario, encompassing either 
the maximum cooling or heating load within the building as illustrated in Figure 13. The considerable 
variance between the maximum heating and cooling loads, resulting in potential oversizing of the 
HP, is due to the definition of the worst-case scenario on the coldest day (evacuated agrotunnel 
devoid of plants and lights). This can be a subject for future deliberation in decision-making processes 
as it is only necessary to ensure heating to keep plants alive. The disparity between the heat pump's 
size and the maximum heating load stems from commercially unavailable HP capacities. This 
indicates a market opportunity for more refined HP sizing to allow for closer optimizations. The 
largest HP capacity is designated for an agrotunnel situated in Edmonton (11 kW or 36,000 Btu/hr), 
while the smallest is allocated for structures in San Francisco and Houston (7 kW or 24,000 Btu/hr). 

 
Figure 13. The thermal load of the agrotunnel under worst-case scenario and HP sized to meet the 
maximum loads. 

In the subsequent stage, Figure 14 presents projections of the annual electricity required by four 
primary components: lights, HP, dehumidifier, and pumps, across three cities with varying levels of 
demand. Across all three locations, the highest power demand is attributed to the artificial lighting 
system, followed by the dehumidifier, with the pumps requiring the least power. In Edmonton, 
where the heating demand of the agrotunnel notably surpasses the cooling demand (as depicted in 
Figure 11), the HVAC system necessitates less power to cater to the cooling load of the structure. 
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Additionally, the lighting system not only fulfills the heating requirement but also generates surplus 
cooling load, even on cold days. Consequently, the net value of HP power consumption during cold 
days is even smaller (2,756 kWh, 4%). In conclusion, it can be argued that the colder the climate, the 
lower the predicted demand for the HVAC system within the current system design. 

 
(a) 
 

 
(b) 

 
(c) 

Figure 14. The annual electricity power demand of electrical equipment in the agrotunnel (kWh). 

3.3. Sensitivity Analysis 

In this section, the sensitivity of two major energy indices (annual thermal load and annual 
power demand) are studied under the influence of the most significant parameters’ variations. The 
hourly thermal load requirements of the agrotunnel are first portrayed in Figure 15 for the year-round 
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application. As a result of the continuous operation of lights, the building experiences a need for 
cooling throughout the year. 

 
Figure 15. The year-round hourly thermal load of the agrotunnel. 

The choice of crop to be harvested in an agrotunnel is greatly influences the water usage, as it 
directly impacts the evapotranspiration rate and consequently alters the load of the building. 
According to Figure 16, any variation in the evapotranspiration rate of the plants results in a 
consistent thermal load, as evapotranspiration is an isenthalpic process. There is, however, a 
reduction in power demand due to changes in the electricity consumption rate of dehumidifiers, 
resulting from a significant decrease in the latent load of the agrotunnel. 

According to Figure 16, in an agrotunnel dedicated solely to growing kale, which requires more 
frequent watering cycles, there is a 25.53% increase in annual electricity demand compared to an 
agrotunnel for growing some specific herbs (from 65.46 MWh to 82.42 MWh). This difference rises to 
32.26% and 34.32% when compared to specific vegetables and lettuce, respectively. 

 
Figure 16. Variation in annual thermal and electrical loads of the agrotunnel vs change in crop type 
based on water use in grow walls for each specific crop type. 

Figure 17 illustrates the variations in the annual thermal and electrical loads of the agrotunnel 
concerning changes in the photoperiod. According to Figure 17, reducing the photoperiod from 24 to 
14 hours per day, a practice commonly applicable to many crops [67], results in a substantial decrease 
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in the annual electrical load, dropping from 65,658 kWh to 37,711 kWh, which was normally expected 
due to the reduction in the power load imposed by the lights. The annual thermal load, however, has 
a different trend. It decreases from 23,497 kWh to 16,533 kWh with the reduction in the photoperiod 
from 14 to 22 hours per day. In a northern climate like London, ON, it is expected to have significant 
heating load rather than cooling load for an evacuated agrotunnel. Increasing the photoperiod will 
assist in providing the heating load of the building by lights’ dissipated energy. In other words, 
increasing the period, in which the lights are on will neutralize the heating load of the agrotunnel. 
For photoperiods more than 22 hours, the cooling load imposed by the lights will show up such that, 
the decreasing trend in the annual thermal load of the agrotunnel will be converted to an increasing 
approach. Hence, optimization procedure on the influence of photoperiod on the annual thermal 
demands should be taken into account, especially for case the thermal demand is supplied by the 
conventional non-electrical sources. 

 
Figure 17. Variation in annual thermal and electrical loads of the agrotunnel vs change in the total 
photoperiod. 

In Figure 18, it is evident that increasing the design temperature of the agrotunnel from 18 to 24 
°C leads to a notable decrease in the building's annual thermal loads, dropping from 36,942 to 13,573 
kWh. This reduction primarily stems from decreased cooling demands. Consequently, the annual 
electrical load is expected to decrease from 74,811 to 67,943 kWh due to a drop in the electrical load 
of HP and dehumidifer. Notably, the design temperature emerges as a crucial parameter, 
significantly influencing both the thermal (with a sensitivity of 63.26%) and electrical (with a 
sensitivity of 19.05%) loads of the agrotunnel. 

The impact of the building's thermal resistance is investigated, with findings outlined in Figure 
19. Analysis reveals that variations in the thermal resistance of the agrotunnel's walls, ranging from 
2.8 to 5.8 W/m².K, do not yield significant changes in the thermal and electrical loads of the building. 
This observation suggests that factors such as lighting, evapotranspiration, and infiltration, as 
demonstrated in Figure 12, primarily dictate the thermal/electrical loads. Consequently, the thermal 
resistance parameter is not included among the influential variables. 
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Figure 18. Variation in annual thermal and electrical loads of the agrotunnel vs change in the 
agrotunnel’s design temperature. 

 
Figure 19. Variation in annual thermal and electrical loads of the agrotunnel vs change in the thermal 
resistance of the agrotunnel’s envelope. 

3.4. PV System Sizing 

The annual electrical energy requirements of the agrotunnel for the six locations are given in 
Table 9. According to Table 9, colder regions have lower energy requirements compared to warmer 
regions. This is because the excess heat generated by lights compensates for the heating needs 
imposed by the outdoor environment. 

Table 9. Annual electrical energy requirements for the agrotunnel. 

Location Annual electrical energy required (kWh) 
London 65,658 
Albany 65,769 
Edmonton 65,313 
Houston 68,461 
Montreal 65,899 
San Francisco 66,676 
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The SAM results including the PV system size and the annual electrical energy generation for 
the six locations are detailed in Table 10. 

Table 10. PV system size for the agrotunnel. 

Location London Albany Edmonton Houston Montreal San Francisco 
Number of modules 104 103 104 96 102 89 
DC power rating (kW) 47.86 47.40 47.86 44.18 46.94 40.96 
DC to AC ratio 0.96 0.95 0.96 0.88 0.94 1.03 
Annual electrical energy 
generation (kWh) 

65,814 65,840 65,372 68,861 66,457 67,145 

The bar graph in Figure 20 depicts the annual electrical energy required and produced by the 
associated PV systems for all the six locations. The chart clearly indicates that the net-zero approach 
has been achieved for all locations. The similar sizes of PV systems confirm that the agrotunnel's 
performance is not sensitive to its location, particularly in northern climates. The smallest PV system 
size is needed in San Francisco (41.42 kW). Interestingly, the annual electrical output from the system 
in San Francisco comes out to be higher than London, Montreal, Edmonton and Albany since the 
electrical energy generation potential is higher in San Francisco (1641.5 kWh/kW) due to the higher 
level of solar irradiation there. 

 
Figure 20. Annual electrical energy required and generated for all the six locations. 

Figure 21 illustrates how the total land area used for PV installations changes with increasing 
module transparency. The data obtained from SAM for all locations are detailed in Table 11. A 
notable point in Figure 21 concerns the land required for PV system installations in Edmonton. Due 
to the high interrow spacing necessary to avoid shading, the total land area used for the PV system 
in Edmonton is considerably larger compared to other locations. 
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Figure 21. Variations of land area required for PV systems with respect to the variations in the 
transparency of PV modules. 

Table 11. Total land area required for PV system installations. 

Location  Transparency 

 PV system size (kW) 0% 8% 44% 69% 

London 47.86 637 497 883 1669 
Albany 47.40 631 492 875 1653 
Edmonton 47.86 1226 956 1699 3211 
Houston 44.18 453 353 627 979 
Montreal 46.94 654 510 906 1712 
San Francisco 40.96 373 418 743 1161 

Table 12 presents the SC and SS values for the six locations under study. Despite the higher 
electrical energy demand in warmer regions, such as Houston, the PV system capacity required to 
supply the agrotunnel is smaller. This results in higher SC and SS values due to the adequate solar 
irradiation levels. Among the cold regions, London, ON exhibits the highest SC and SS values. 

Table 12. Self-Consumption and Self-Sufficiency values for different locations. 

Location Self-Consumption (%) Self-Sufficiency (%) 
London 37.33 37.42 
Albany 37.61 37.65 
Edmonton 36.02 36.04 
Houston 39.66 39.89 
Montreal 36.93 37.24 
San Francisco 31.97 32.19 

Figure 22 illustrates the monthly variations in SC and SS values over 12 months in London, ON. 
Figure 22 shows that SC and SS values exhibit opposite behaviors: SC increases when the electrical 
load exceeds the generation capacity of the PV system (e.g., in winter), whereas SS rises when the 
electrical demand is below the PV system's total energy capacity (e.g., in summer). 
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Figure 22. Monthly variations of Self-Consumption and Self-Sufficiency of PV system designed for 
London, ON. 

Figure 23 demonstrates that the electrical energy demand of the agrotunnel remains relatively 
consistent throughout the year, while the energy generated by the PV system fluctuates with 
variations in solar irradiation. To improve the compatibility between the load and the generated 
energy, and thereby increase the SS of the system, the use of electrical or thermal batteries can be 
considered. 

 
Figure 23. Variations of daily electrical energy demand and daily energy generated by PV system 
over a year in London, ON. 

4. Discussion 

This study provides valuable insights into the feasibility of agrivoltaic agrotunnels. The PV sizes, 
ranging from 41.42 kW to 48.32 kW across locations with significantly different climates, indicate that 
the agrotunnel is not highly sensitive to location and climatic conditions. For conventional opaque 
PV modules, the required installation land area is 373 m² in San Francisco, 453 m² in Houston, 631 m² 
in Albany, 637 m² in London, 654 m² in Montreal, and 1,226 m² in Edmonton. For an agrotunnel with 
a total surface area of 117 m², the PV land index (total land area required by PV system to the total 
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surface area of agrotunnel) is as follows: 3.2 m²/m² for San Francisco, 3.87 m²/m² for Houston, 5.39 
m²/m² for Albany, 5.44 m²/m² for London, 5.59 m²/m² for Montreal, and 10.48 m²/m² for Edmonton. 
The solar flux level, commercial availability of PV moules and the interrow spacing alter the values 
for each location. The land requirements increase for systems with semi-transparent modules with 
transparencies of 8%, 44%, and 69%. 

By utilizing single-axis tracking PV systems on just 1% of the total agricultural lands in Ontario, 
Quebec, and Alberta [68], it is possible to establish 231,167, 220,944, and 534,334 agrotunnels in these 
regions, respectively. This demonstrates the potential of this technology to enhance food security, 
especially in areas with harsh climates where local food production is challenging and energy, 
operation, and transportation costs are high [69]. In grid-tied conventional formats, the high capital 
costs of indoor farming facilities and the vertical farming industry [70] have deterred many investors 
[71], leading to farm closures, asset sales, loan defaults, and company bankruptcies [72–81]. Some 
industry giants, operating multiple industrial-scale farms with significant funding, have gone 
bankrupt after 20 years [82], and many startups have failed due to high operational costs and lower-
than-expected crop yields [83,84]. In this context, becoming less dependent from/on the electricity 
grid by using affordable renewable energy sources, such as PV technology, can help many companies 
survive. For this, an open-source thermal-electrical model has been developed in the current study 
for predicting the energy demands of a semi-commercial scale indoor vertical farming facility, the 
agrotunnel. The model has been validated using commercial software, industrial datasheets, and 
real-time data from the agrotunnel, making it reliable and applicable to various locations. Investors 
and farmers can use this model and the findings of this research to evaluate the energy requirements 
of indoor farming, thereby investing in such technologies with greater confidence. With the PV 
systems sized appropriately as shown here agrivoltaics agrotunnel investors are completely insulated 
from electricity price fluctuations. Similarly, when compared to competitors that use natural gas for 
heating, the agrivoltaics agrotunnel economics are not impacted by natural gas fluctuations. An 
upfront cost in solar PV, means that all operational energy for 25 years on the agrivoltaics agrotunnel 
is known and paid for via financing. 

The open-source model provided in this study is available for researchers worldwide to assess, 
modify, and upgrade to address its limitations. Currently, the model only considers the plug loads 
in the agrotunnel. Safety factors must be incorporated for future potential loads. The heat pump 
model can be enhanced from a black-box model to a thermodynamic model, increasing compatibility 
with various conditions and environmental limitations. Additionally, a comprehensive economic 
model should be developed to compare capital, labor, and energy costs. Future economic 
investigations will offer more valuable insights for farmers and investors. 

5. Conclusions 

This study developed and validated a thermal-electrical model to size a net-zero agrivoltaics 
array for an agrotunnel. It incorporated wall transmission, infiltrations, and plant evapotranspiration, 
sized heat pumps for temperature control, and measured plug loads such as water pumps, LED 
lighting, and dehumidifiers. Thermal analysis showed that in an agrotunnel in London, ON, lights 
contributed 40% of the thermal load, while plant evapotranspiration added 32%. Sensible infiltration 
and wall transmission together accounted for about 25% of the load, and the presence of people had 
a negligible impact on the thermal load. 

The choice of crop in an agrotunnel significantly impacts water usage and building load due to 
varying evapotranspiration rates. Although the thermal load remains consistent because 
evapotranspiration is isenthalpic, power demand decreases as dehumidifier electricity consumption 
drops with reduced latent load. For example, growing kale, which requires frequent watering, 
increased annual electricity demand by 25.53% compared to herbs (Basil, Parsley, Oregano, and 
Mint), and by 32.26% and 34.32% compared to vegetables and fruits (tomatoes, beans, and 
strawberries) and lettuce, respectively. Reducing the photoperiod from 24 to 14 hours per day 
significantly decreased the annual electrical load of an agrotunnel from 65,658 kWh to 37,711 kWh, 
primarily due to reduced lighting power. In colder climates, extended photoperiods helped offset 
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heating demands due to lights' dissipated energy. Hence, optimizing photoperiods is crucial, 
especially when conventional non-electrical sources supply thermal demands. Moreover, the design 
temperature was a crucial parameter, strongly influencing both thermal (63.26% sensitivity) and 
electrical (19.05% sensitivity) loads. 

The agrotunnels located in colder regions have lower annual electrical energy requirements 
compared to those in warmer regions. This is because the excess heat generated by the lights offsets 
the heating needs caused by the outdoor environment. According to the results, the net-zero 
approach was achieved for the annual electrical energy requirements and production from PV 
systems across six locations (London, Montreal, Edmonton, Albany, San Francisco, and Houston). 
Albany required the largest PV capacity at 48.32 kW to meet its annual energy demand of 67,497 
kWh. Conversely, San Francisco needed the smallest system size at 41.42 kW. Notably, San 
Francisco's PV system generates more electricity annually than London, Montreal, Edmonton, and 
Albany due to its higher solar irradiation, yielding 1641.5 kWh/kW. The PV system capacity for an 
agrotunnel in warmer regions such as Houston was smaller due to ample solar irradiation. 
Consequently, these regions showed higher SC and SS values. London, ON, among the colder 
regions, exhibited the highest SC and SS values overall. Evaluating the monthly trend of SC and SS 
values proved that they behave oppositely: SC increased during months when electrical demand 
surpassed PV system generation capacity (e.g., winter), while SS rose when demand fell below the 
PV system's energy capacity (e.g., summer). 
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