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ABSTRACT 

The global imperative to mitigate greenhouse gas emissions, combat air pollution, and 

manage escalating energy costs and demand underscores the critical role of renewable 

energy technologies. Solar photovoltaic (PV) systems present a viable solution by directly 

converting sunlight into electricity, especially for energy-intensive facilities in regions with 

high solar potential, such as Northwestern Ontario, Canada. The tilt angle of a PV panel is a 

fundamental parameter that significantly influences the amount of incident solar radiation, 

thereby directly affecting the system's power output and overall economic efficiency. This 

study employs location-specific experimental data and validated numerical modeling to 

determine the optimal monthly and annual tilt angles for a PV array intended to potentially 

power a geothermal heat pump (GHP) at the Thunder Bay Regional Health Sciences Centre 

located in a severe cold climate region of Northwestern Ontario. Optimizing this angle 

enhances efficiency, reduces operating costs, and improves the commercial viability of the 

hybrid system. Analysis revealed that the monthly optimal tilt angle varies from 3° in June 

to a maximum of 69° in December and January. The annual fixed-angle optimum is 

approximately 39°. Solar irradiance peaks in June at roughly 5.14 kWh/m², falling to its 

annual minimum in December at about 49.2% of this peak. To specifically support the GHP 

during its peak heating demand, a winter-optimized tilt of 67° is recommended. This 

configuration captures an average maximum of 3.14 kWh/m²/day during the coldest 

months, aligning solar energy harvest with the facility's highest heating loads. Furthermore, 

the site experiences a substantial variation in available solar energy hours, with monthly 

average daily daylight hours ranging from a low of 8.2 hours (in December) to a high of 15.8 

hours (in June). The estimated annual optimum tilt angle of 39° for TBRHSC aligns with the 

31°–45° range reported for similar latitudes, and the corresponding predicted solar 

irradiance of 3.94 kWh/m²/day shows good agreement (<7% difference) with international 

benchmarks. The study's primary applied contribution is the proposal of a load-specific, 

winter-optimized tilt of 67°—a strategic adaptation designed to enhance the technical and 

economic feasibility of integrated solar-GHP systems operating under the harsh climatic 

constraints of Northwestern Ontario.  
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1. Introduction 

Solar photovoltaic systems are known for their capabilities and have been used in many applications to directly 

convert the renewable solar energy into electrical energy for locations with abundant solar energy where there is 

a desperate need and demand for electrical power. Thunder Bay city (48𝑜 24′N, 89𝑜 14′ W) is located on the 

Northwestern shore of Lake Superior. As the largest city in Northwestern Ontario, it serves as a regional hub for 

commerce, education, healthcare, and transportation. With a population of approximately 108,000 as of the latest 

census [1]. The climate in the Thunder Bay area is typical of a mid-latitude inland location with a lake moderating 

influence. The city experiences a large variation in weather throughout the year. More particularly, it experiences a 

humid continental climate, characterized by long, cold winters and short, warm summers, with average annual 

temperatures ranging from -13°C in January to 18°C in July [2]. Thunder Bay has an abundant solar radiation. It 

has a yearly average daily bright sunshine hours of 2130 [2] and annual average daily solar insolation of 3.41 

kWh/m2 [3]. Thunder Bay's unique combination of natural resources, climate challenges, and community-driven 

initiatives makes it an ideal case study for exploring renewable energy applications. Its efforts to integrate green 

energy solutions into municipal and commercial infrastructure offer valuable insights into how smaller cities can 

lead the way in combating climate change while addressing local energy needs.  

Located in the heart of Thunder Bay, the Thunder Bay Regional Health Sciences Centre (TBRHSC) serves as the 

primary healthcare facility for Northwestern Ontario, offering advanced medical care to a population spread 

across a vast geographical area. TBRHSC plays a vital role in fostering healthcare innovation and education in the 

region. The facility is renowned for its commitment to providing comprehensive and specialized care, including 

cancer treatment, cardiac services, and emergency medicine. With its expansive infrastructure and 375 inpatient 

beds, the hospital operates year-round with substantial energy demands, making it a critical focal point for energy 

efficiency and sustainability initiatives [4]. Currently, the hospital aims to reduce its natural gas consumption by 

5% over five years (2025-2029) and by 8% by 2035, while also targeting a 3% reduction in overall energy 

consumption per square foot within the next five years and a 6% reduction by 2035. These measures align with 

the facility’s commitment to reducing greenhouse gas (GHG) emissions by 10% from 2016 levels by 2035, in 

accordance with Ontario's broader goal of a 30% reduction from 2005 levels by 2030. Furthermore, TBRHSC's 

strategic initiatives demonstrate a commitment to integrating energy management into daily operations, 

prioritizing indoor environmental quality, operational efficiency, and sustainability in decision-making processes. 

This forward-thinking approach creates a conducive environment for exploring geothermal energy solutions, 

which could significantly contribute to achieving the hospital's energy conservation and GHG reduction targets. 

The adoption of a renewable geothermal heating and cooling system would align with TBRHSC's goals of reducing 

reliance on fossil fuels, enhancing operational efficiency, and promoting sustainability, while also addressing the 

hospital's unique energy demands. This will play a crucial role in identifying the potential benefits and challenges 

associated with integrating geothermal energy into TBRHSC’s infrastructure [4]. A photograph showing an aerial 

view of TBRHSC is shown in Fig. (1a) [4], and the map location of the health facility is shown in Fig. (1b) [5]. To 

reduce its dependence on fossil fuels and lower operational costs, a solar-powered geothermal heat pump (GHP) 

system is a potential attractive solution. The integration of solar photovoltaics (PV) with geothermal heat pumps 

(GHPs) presents a highly efficient and sustainable approach to a building’s heating and cooling system. A GHP 

system requires electricity to operate key components such as the compressor, circulating pumps, and fans, which 

facilitate heat exchange between the ground and the building. By using solar PV arrays to generate this electricity, 

the system can significantly reduce reliance on the grid and fossil fuels, lowering operational costs and carbon 

emissions, making it a viable solution for facilities like TBRHSC. The tilt angle of a PV panel relative to the 

horizontal plane is a critical parameter directly impacting the system's power output and overall efficiency. This 

angle determines the amount of incident solar radiation received by the PV surface. The tilt angle of a photovoltaic 

(PV) panel is a critical determinant of system performance, directly governing electrical output and overall 

efficiency [6]. For a fixed-tilt array, optimizing this angle for a specific geographical location is therefore essential to 

maximize annual energy yield. At at the Thunder Bay Regional Health Sciences Centre (TBRHSC) site, such 

optimization is paramount; positioning the PV array at its ideal tilt not only captures more solar energy but also 

reduces the required array area for a given electrical load. This reduction in physical footprint lowers capital 

expenditure and significantly enhances the economic viability of the proposed hybrid solar PV-GHP system—a 

principle that applies equally to thermal solar collectors.  
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Figure (1a): An arial view of Thunder Bay Regional Health Sciences Centre, Thunder Bay, Northwestern Ontario [4], a potential 

application of the hybrid Solar PV-GHP system. 

 
Figure (1b): Map Location of TBRHSC, Thunder Bay (48.38 ⁰N, 89.25 ⁰W), Ontario, Canada [5]. 

While extensive experimental and numerical studies have investigated PV tilt angle and orientation with 

applications [7-38], this work employs a location-specific experimental data (via measurements) with well-

established and validated mathematical model, originally developed by Liu and Jordan (1962) [39] and extended 

by Klein (1977) [40]. The model was used to estimate the total solar radiation incident on an inclined surface and 

to determine the specific optimum tilt angle for maximizing generation from a PV array for powering a GHP 

potential application system at TBRHSC. Through detailed numerical simulations and analysis, the total solar 

energy on an optimally inclined surface was computed for all months and aggregated seasonally. Furthermore, 

the yearly averaged optimum tilt angle for the site was determined. This analysis provides actionable insights for 
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increasing the overall efficiency and operational cost savings of the proposed hybrid solar PV-GHP system at 

TBRHSC. By maximizing energy harvest through precise tilt angle configuration, this work directly improves the 

commercial feasibility of large-scale implementation at TBRHSC, where the economic advantages become most 

pronounced. Therefore, maximizing the capture of incident solar energy at TBRHSC through precise tilt 

optimization is paramount.  

2. Mathematical Model and Computation Methodology 

Leveraging the widely validated mathematical framework established in [8-13, 17-37], the monthly average 

daily solar radiation, HT , incident upon an unshaded sloped PV panel, is estimated. This calculation assumes a PV 

panel tilted at an angle b  relative to the horizontal plane, situated at a latitude f  north of the Equator, and 

oriented directly toward the Equator such that the solar azimuth angle, g = 0 . The governing equation is 

expressed as follows: 

 
HT =Hb,T +  Hd,T  +Hg,T   (1) 

Equation (1) defines the total solar radiation, HT  (kWh/m²), as the aggregate of three distinct irradiance 

vectors interacting with the inclined surface. This composite value is modeled as the summation of: (1) the beam 

(direct) radiation, Hb,T ; (2) the sky-diffuse radiation, Hd,T ; and (3) the ground-reflected radiation, Hg,T . The 

mathematical expressions governing each of these constituent components are presented as follows: 

 

A fundamental premise of this calculation is the assumption that both the sky-diffuse and ground-reflected 

radiation components incident on the tilted surface are isotropic—meaning the radiation flux is uniformly 

distributed from all directions. Consequently, this modeling approach is precisely termed the isotropic sky model. 

Fig. (2) visually details the key solar angles utilized in the geometric calculations of this model [41]. In the above 

equations, the term H  (kWh/m2) and is the monthly average daily total terrestrial radiation incident on a 

horizontal surface (i.e. b = 0 ); Hd  (/kWhm2) is the monthly average daily sky-diffuse radiation incident on a 

horizontal surface; and rg  is the monthly average daily ground reflectivity (also known as albedo). The ratio 
Hd

H
 

is computed using the following correlations [6,13,14]:  

(a) For ws £81.4o  and 0.3£KT £ 0.8, the following equation is implemented:  
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Solar PV module tilted (sloped) at an angle  

measured relative to the horizontal plane 

Figure 2: A conceptual illustration showing basic solar angles used in this study [41 

(b) For ws > 81.4o  and 0.3£KT £ 0.8, the following relationship, however, is applied:  

  (6) 

In both equations above, the sunset hour angle ws  can be determined using: 

 𝜔𝑠 = 𝑐𝑜𝑠−1(− 𝑡𝑎𝑛 𝜑 𝑡𝑎𝑛 𝛿)  (7) 

where, the solar declination angle d  as a function of the day in the year n is calculated using: 

 𝛿 = 23.45 𝑠𝑖𝑛 [360 
(284+𝑛)

365
]  (8) 

The monthly average daily clearness index KT  given in Equations (5) and (6) above is given by: 

 

KT =
H

Ho   (9) 

where, Ho  is monthly average daily extraterrestrial radiation received on a horizontal surface, estimated by:  

  (10) 

In Equation (10), 𝐻0 is in J/m2 (divide by 3.6x106 to convert it to kWh/m2). In this work, location-specific 𝐻

 

data 

for the TBRHSC location were experimentally measured using a HOBO micro-solar-weather station, as shown in 

Fig. (3). A solar radiation sensor specifically a HOBO silicon pyranometer smart sensor was used to measure the 

average light intensity with a light sensor. This type of pyranometer can measure solar irradiance up to 1280 

W/m2, at a temperature of -40°C. The pyranometer has an operating range of 0 W/m2 to 1280 W/m2 with a spectral 

range of 300 to 1100 nm, and least count of 0.1 W/m2. Solar global radiation data, 𝐻, measured using the 

pyranometer of the solar-logging station were used to numerically estimate the monthly optimum tilt angles for 

the solar PV panel. The 𝐻 measured values and the estimated 𝐻𝑜 (using Equation 10) are compared and shown in 

Fig. (4). 
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Figure 3: Photograph and schematic diagram showing the solar-logging station used for measuring the monthly average daily 

solar radiation received on a horizontal surface positioned on Lakehead University’s campus nearby TBRHSC site for use as 

inputs into the mathematical predictive model. 

In Equation (2), the parameter Rb  is known as the beam geometric factor for the mean day of the month, 

expressed by:  

 

Rb =
cos(j -b)cosd sinws

' + p /180( )  ws
' sin(j -b)sind

cosj cosd sinws + p /180( )  ws sinj sind
  (11) 

where, ws
'
 is the sunset hour angle for the tilted surface for the mean day of the month, which is given by: 

  (12) 
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Figure 4: Comparison of the monthly average daily solar radiation (extraterrestrial vs. terrestrial) incident on a horizontal PV 

panel at TBRHSC site.  

where, “min” means the smaller of the two terms in the brackets. The monthly average daily number of sunlight 

hours can be computed using: 

 
N =

2

15
cos-1 - tanj tand( )

  (13) 

The yearly average monthly optimum tilt angle for the PV system installed at TBRHSC site can be determined 

using the simple mathematical relationship given by:  

 (𝛽̅𝑜𝑝𝑡)
𝑦𝑒𝑎𝑟

=
∑ 𝛽𝑜𝑝𝑡

𝐷𝑒𝑐
𝐽𝑎𝑛

12
  (14) 

A schematic diagram showing a flowchart summarizing the computation process is shown in Fig. (5). The 

computational procedure for this study was implemented systematically by utilizing the complete set of Equations 

(1) through (12). For every month of the year, computations were performed using the mean day to represent the 

month's average conditions. The key methodology involved iteratively varying the inclination (tilt) angle, b , 00 

(horizontal) to 90o (vertical) in increments of 3o. For each increment and month, the total solar radiation, HT , was 

computed. The resulting values of HT  were then rigorously compared to identify the angle that produced the 

maximum solar energy reception, thus, called HT,max . This maximizing angle was subsequently assigned as the 

optimum monthly mean daily tilt angle (𝛽̅𝑜𝑝𝑡). This detailed simulation and iterative comparison process was 

repeated across all twelve months, as depicted in the methodological flowchart (Fig. 5), to determine the full 

sequence of optimum monthly tilt angles for the solar PV panel installation proposed for the TBRHSC site. 

3. Results and Discussion 

Following the application of the mathematical model and the location-specific data along with the 

computational procedure detailed in the preceding section, the subsequent findings are presented and analyzed 

here. A primary focus of this analysis is the monthly variation in atmospheric transmittance, governed by a 

parameter known as the the monthly average daily clearness index, 𝑘̅𝑇. Fig. (6) provides a comparative 

visualization of the monthly average daily clearness index, 𝑘̅𝑇, across the entire year. Analysis of these computed 

values reveals that the maximum clearness index, occurring in March, reached a peak value of approximately 55%.  
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Figure 5: A schematic showing a flowchart for performing numerical simulations used in this study.  

 

Figure 6: The estimated monthly average daily clearness index for a solar PV panel at TBRHSC site. 
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Conversely, the minimum observed value, approximately 46%, was recorded in the month of November. Fig. (7) 

presents a comparative analysis of the ratio of sky-diffuse radiation 𝐻𝑑 to the total global radiation 𝐻 incident on a 

horizontal surface across all months of the year. This ratio exhibited variation between approximately 0.347 and 

0.457. The maximum value occurred in June (45.7%), while the minimum was recorded in February (34.7%). This 

outcome specifically indicates that the monthly average daily sky-diffuse component of radiation received on a 

horizontal surface at the proposed TBRHSC site reached its highest relative contribution in June, accounting for 

nearly 46% of the total incident global radiation. 

 

Figure 7: The estimated ratio of the monthly average daily diffuse solar radiation to global radiation incident on a horizontal PV 

panel at TBRHSC site.  

Fig. (8) presents a comparative analysis of the estimated monthly average daily total solar radiation, HT , 

incident upon a tilted PV panel at the TBRHSC site for the cold winter season, represented by the months of 

December, January, and February. Across nearly all tilt angles, the month of February consistently exhibited the  

 

 

Figure 8: Comparison of the estimated monthly average daily solar radiation incident on a tilted PV panel at TBRHSC site, for 

the cold season (months of December, January and February) as a function of the PV module tilt angle.  
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highest estimated HT  values compared to December and January. Specifically, the maximum incident solar 

radiation in February reached approximately 3.81 kWh/m2 at a tilt angle of 63o. In contrast, the maximum incident 

solar radiation for December was 2.56 kWh/m2 and January was 3.05 kWh/m2, both occurred at a steeper tilt angle 

of approximately 69o. It should be noted that a steeper tilt angle in the winter season also enhances self-cleaning 

of snow upon falling on the PV panels. The numerical simulations result also show that the minimum incident 

solar radiation for all three months occurred when the PV panel was positioned horizontally ( b = 00). A key 

observation is the monotonically rapid increase in incident solar radiation for all three months as the tilt angle 

increased from the horizontal, stabilizing significantly after the tilt angle reached approximately 60o. Based on this 

analysis, the estimated average optimum tilt angle for the PV panel potential installation at the TBRHSC site during 

the winter season was approximately 66o, resulting in an average maximum incident solar radiation of 3.14 

kWh/m2. 

Fig. (9) presents a comparison of the estimated monthly average daily solar radiation, HT , incident upon a 

tilted PV panel at the TBRHSC site for the spring season (March, April, and May) as a function of the tilt angle. A 

notable observation is the significantly decreasing optimum tilt angle required to achieve maximum incident solar 

radiation across these three months. For March, the maximum incident solar radiation of approximately 4.39 

kWh/m2 occurred at an optimum tilt angle (𝛽̅𝑜𝑝𝑡) of 51o. Conversely, as the sun's altitude increases toward summer, 

the optimum angles shifted to much smaller values for April (𝛽̅𝑜𝑝𝑡 =30o) and May (𝛽̅𝑜𝑝𝑡 =12o), yielding higher 

corresponding maximum incident radiation values of 4.57 kWh/m2 and 4.79 kWh/m2, respectively. For the month 

of May, the dependency of HT  on the tilt angle demonstrates a particularly sharp peak: the incident solar 

radiation initially increased slowly as the tilt angle moved from 0o to the optimum 12o, but then decreased rapidly 

as the panel angle continued to increase, hitting a minimum value of approximately 2.21 kWh/m2 when the panel 

was positioned vertically ( b = 900). For the spring season at TBRHSC site, the highest minimum value of the 

monthly average incident solar radiation of approximately 2.21 kWh/m2 on the vertically positioned PV panel 

occurred in the month May. The average optimum tilt angle of the PV panel at TBRHSC site for the spring season 

was approximately 31o. Fig. (10) shows a comparison of the estimated monthly average daily incident solar 

radiation at TBRHSC site for the summer season (months of June, July and August) as a function of tilt angle of the 

PV  

 

Figure 9: Comparison of the estimated monthly average daily solar radiation incident on a tilted PV panel at TBRHSC site, for 

the spring season (months of March, April, and May) as a function of the PV panel tilt angle. 
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Figure 10: Comparison of the estimated monthly average daily solar radiation incident on a tilted PV panel at TBRHSC site, for 

the summer season (months of June, July, and August) as a function of the PV panel tilt angle. 

Panel. The incident solar radiation profiles for June and July exhibit a high degree of similarity, while both 

significantly differ from the August profile. The optimum tilt angle (𝛽̅𝑜𝑝𝑡) was minimal during the peak summer 

months: June recorded the lowest (𝛽̅𝑜𝑝𝑡) at 3o, yielding the maximum incident solar radiation of nearly 5.14 

kWh/m2. This value dropped slightly to 4.90 kWh/m2 in July at an optimum tilt of 9o. A distinct shift occurred in 

August, where the required optimum tilt angle rose considerably to 21o, and the maximum incident solar radiation 

decreased to approximately 4.55 kWh/m2 relative to the preceding months. Based on these simulation results, the 

average optimum inclination angle for the PV panel at the TBRHSC site during the entire summer season was 

computed to be approximately 11o, corresponding to an average maximum incident solar radiation of nearly 4.86 

kWh/m2. 

The estimated monthly average daily solar radiation, HT , incident on the inclined PV panel at the TBRHSC site 

for the months of September, October, and November (representing the autumn/fall season), as a function of the 

panel's tilt angle, is visually compared in Fig. (11). The dependence of incident solar radiation on the PV panel's tilt 

angle exhibits a pronounced variation across the three autumn months. The analysis reveals a sequential increase 

in the required optimum tilt angle as the sun's position lowers toward the winter solstice: the 𝛽̅𝑜𝑝𝑡 values for 

 

 

Figure 11: Comparison of the estimated monthly average daily solar radiation incident on a tilted PV panel at TBRHSC site, for 

the Fall season (months of September, October, and November) as a function of the PV module tilt angle. 
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September, October, and November are 33o, 51o, and 66o, respectively. These optimum orientations yield 

corresponding estimated maximum incident solar radiation values of 3.86 kWh/m2, 3.22 kWh/m2, and 2.53 

kWh/m2, respectively. Consistent with the shifting solar path, the highest incident radiation in the autumn season 

occurred in September (3.86 kWh/m2 at 𝛽̅𝑜𝑝𝑡 = 33o). A notable trend across all three months is the rapid, 

substantial increase in incident solar radiation observed at relatively low tilt angles, indicating high sensitivity to 

initial orientation adjustments. For the purpose of fixed-angle deployment, the computed average optimum tilt 

angle for the entire autumn season is approximately 50o, resulting in an average maximum incident radiation of 

approximately 3.20 kWh/m2. 

Fig. (12) provides a comprehensive comparison of the estimated maximum monthly average daily solar 

radiation incident on an optimally tilted PV module at the TBRHSC site throughout the year. A comprehensive 

comparison across the entire year reveals that the highest maximum monthly average daily incident radiation 

HT,max  occurred in June 5.14 kWh/m2. This peak production sharply contrasts with the lowest annual value, 

recorded in November, which reached only approximately 49.2% of the June maximum. It is critically important to 

note the correlation between the maximum solar resource and the PV array orientation: the June peak was 

achieved with a near-horizontal optimum tilt angle of only 30.  

 

Figure 12: Comparison of the estimated maximum monthly average daily solar radiation incident on an optimally tilted PV 

panel at TBRHSC site as a function of the month in the year. 

The comprehensive results, including the monthly optimum tilt angles, their respective maximum incident 

radiation values, and the corresponding monthly average daylight hours, are summarized in Table 1. Based on the 

computed monthly variations, the final estimated yearly average monthly optimum tilt angle for the PV system 

potential installation at the TBRHSC site is 39o. Furthermore, the site experiences a substantial variation in 

available solar energy hours, with monthly average daily daylight hours ranging from a low of 8.2 hours (in 

December) to a high of 15.8 hours (in June), as shown in Table 1.  

Table 2 shows a comparison of the annual average optimum tilt angle (𝛽̅𝑜𝑝𝑡) determined in the present study 

for Thunder Bay Regional Health Sciences Centre (TBRHSC), Thunder Bay, Canada, with corresponding values 

reported in reference [11] for global sites of comparable latitude. All angles are measured from the horizontal 

plane and are optimized for maximal annual energy yield of fixed-tilt photovoltaic (PV) systems. Data from [11] are 

included to contextualize the locally derived result within established international findings. The annual optimum 

tilt angle determined in this study, 𝛽̅𝑜𝑝𝑡 =39o, aligns well with the established literature for comparable latitudes. 

As presented in Table 2, a comparison with the comprehensive global analysis by [11] for analogous geographical 
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locations shows that the value of 39o falls within the reported global range of annual optimum tilt angles, which 

spans from 30o to 45o. Further quantitative validation is provided by comparing the resultant solar energy yield.  

 

Table 1: Summary of monthly optimum tilt angles and their corresponding maximum incident monthly average daily 

solar radiation and daylight hours for the tilted solar PV panel at TBRHSC site.  

Month 
bopt  

(Degrees) 

HT,max  

(kWh/m2) 

N  

(Hours)
 

Jan 69 3.05 8.6 

Feb 63 3.81 10.0 

Mar 48 4.40 11.6 

Apr 27 4.52 13.4 

May 12 4.79 15.0 

Jun 3 5.14 15.8 

Jul 9 4.90 15.5 

Aug 21 4.55 14.1 

Sep 33 3.86 12.3 

Oct 51 3.22 10.5 

Nov 66 2.53 9.0 

Dec 69 2.56 8.2 

 bopt( )
year

= 39o   

 

Table 2: Comparative analysis of annual optimum tilt angles for mid-latitude, Northern Hemisphere of cold climates 

locations [11]. 

Location 
f  

(Degrees) 

bopt  

(Degrees) 

Calgary, Canada 51.12 45 

Vancouver, Canada 49.18 34 

Thunder Bay, Canada (this study) 48.38 39 

London, UK 51.15 34 

St. Hubert, Belgium 50.03 35 

Ostrava, Czech Rep. 49.72 33 

Cologne, Germany 50.87 32 

Munich, Germany 48.13 33 

Hungary, Debrecen 47.48 30 

Luxembourg, Luxembourg 50.03 35 

Bielsko-Biala, Poland 49.67 31 

Kosice, Slovakia 48.70 33 

Beek, Netherlands 50.92 34 

Ulaanbaatar, Mongolia 47.93 43 
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For the comparable-latitude locations cited in [11], the annual average maximum daily solar radiation incident on 

optimally tilted photovoltaic (PV) panels is approximately 4.23 kWh/m². The corresponding simulation for the 

present study yields a value of 3.94 kWh/m². This represents a relative difference of approximately 6.9%, which is 

within an acceptable margin of error for comparative solar energy studies considering variations in local 

atmospheric conditions, measurement methodologies, and specific albedo. The close agreement in both the 

optimal tilt angle parameter and the consequent energy irradiation estimates demonstrates that the findings of 

this study are consistent with broader international data, thereby reinforcing the methodological validity and 

regional applicability of the results. 

This study's approach aligns with the well-established theoretical foundation of optimizing tilt angle to 

maximize solar yield, a common focus in PV literature. Its novelty lies in the specific application: tailoring this 

optimization not for general annual yield, but to meet the distinct seasonal load profile of a proposed geothermal 

heat pump at a critical facility TBRHSC. While the radiation modeling is standard, the integration of load-

matching—proposing a winter-optimized tilt angle (67°) to align with peak heating demand—represents a context-

driven advancement beyond typical single-parameter optimization. The validation of the annual optimum tilt (39°) 

against international benchmarks confirms methodological rigor, while the load-specific recommendation 

demonstrates the study's applied contribution to improving the viability of integrated renewable energy systems 

in extreme cold climate of Northwestern Ontario, Canada.  

4. Conclusions 

Solar photovoltaic (PV) technology is emerging as a predominant source of new electricity generation capacity 

in Canada, driven by climate policy imperatives such as greenhouse gas (GHG) mitigation, alongside structural 

shifts in the energy sector. This rapid adoption underscores the technology's growing strategic importance within 

the national energy portfolio. The Thunder Bay Regional Health Sciences Centre (TBRHSC) presents a compelling 

use-case for solar PV deployment. Its geographical context—characterized by a relatively remote location, rising 

community energy demand, and significant solar resource availability—makes on-site generation both a practical 

and strategic asset. To maximize the return on such an investment, system efficiency is paramount. Among the 

critical design parameters, the PV panel's tilt angle relative to the horizontal plane exerts a profound influence on 

incident solar irradiance and, consequently, electrical energy yield. This study employed an established 

mathematical model to compute the total solar radiation incident on an inclined surface, with the objective of 

determining the optimum tilt angles for a proposed PV system powering a geothermal heat pump (GHP) 

application at TBRHSC. Optimizing this parameter is essential for enhancing overall system efficiency, reducing 

operating costs, and improving the commercial viability of a fully PV-powered GHP system. Key findings indicate 

that the monthly average optimum tilt angle for a fixed-tilt array varies significantly throughout the year, ranging 

from a minimum of 3° in June to a maximum of 69° in December and January, with an annual average of 39°. 

Correspondingly, incident solar radiation peaks in June at approximately 5.14 kWh/m², while December receives 

only 49.2% of this peak value, representing the annual minimum. Crucially, to align PV output with the GHP's peak 

thermal load during the heating season, an alternative winter-optimized tilt of 67° is recommended. This 

configuration captures an average maximum of 3.14 kWh/m²/day of solar irradiance during the coldest months, 

thereby directly supporting the system's highest energy demand period. Furthermore, the site experiences a 

substantial variation in available solar energy hours, with monthly average daily daylight hours ranging from a low 

of 8.2 hours (in December) to a high of 15.8 hours (in June). In this study, the analysis determined an annual 

optimum tilt angle of 39° for a fixed-tilt PV system at TBRHSC, which aligns with the established global range of 31° 

to 45° for comparable mid-latitude locations. This configuration yields an estimated annual average solar 

irradiance of 3.94 kWh/m²/day. The close agreement of this solar energy yield with the international benchmark of 

4.23 kWh/m²/day—representing a deviation of less than 7%—validates the methodological approach and confirms 

the regional applicability of the findings. The validation of the derived annual optimum tilt angle of 39° against 

established global data confirms the methodological robustness of the analysis. More significantly, the study's 

primary applied contribution is the proposal of a load-specific, winter-optimized tilt of 67°—a strategic adaptation 

designed to enhance the technical and economic feasibility of integrated photovoltaic-geothermal systems 

operating under the harsh climatic constraints of Northwestern Ontario, Canada. Future work should focus on (1) 
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extending the work to include the effects of the ambient temperature and the use of anisotropic models (e.g., 

Hay–Davies sky diffuse model) on the performance of the PV system, (2) a comprehensive economic analysis of 

large-scale PV-GHP hybrid system integration, and (3) experimental validation of the model's predictions through a 

field-deployed prototype. 
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