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Abstract

The main objective of the current study is to assess the techno-economic feasibility, climate
change adaptability, and sustainability of photovoltaic energy systems in six large hospitals
in Turkey (Adana, Basaksehir, Bursa, Elazig, Gaziantep, and Yozgat) to achieve United
Nations recommendations as Sustainable Development Goal 7 (affordable and clean energy)
and Sustainable Development Goal 13 (climate action). This study aims to determine
the impact of long-term climate change on the availability of photovoltaic (PV) energy
resources. To achieve this goal, this research was conducted through a multi-step approach
combining (1) the detection of long-term climate trends using linear regression on the
TerraClimate database, (2) the spatial analysis of photovoltaic solar energy potential using
high-resolution satellite imagery (Google Maps) for roof suitability and parking areas,
(3) the estimation of photovoltaic electricity generation and the calculation of the capacity
factor, (4) the application of the Response Surface Methodology (RSM) based on NASA
Giovanni data to model the nonlinear reciprocal relationships between precipitation (R),
aerosol optical thickness (AOT), photovoltaic solar energy production, and (5) the techno-
economic analysis using the Levelized energy cost (LCOE), payback period, and CO,
emission reductions. The results show statistically consistent warming trends across all sites
with trends for Tmax ranging from +0.0205 to +0.0268 °C/year and for Tmin from +0.0208
to +0.0300 °C/year. The temperature of PV cells increases at a rate of +0.0197 °C/year and
the wind speed decreases by —0.0031 to —0.0149 m/s/year, which indicates a reduction
in convective cooling. Solar radiation, on the other hand, is relatively constant with small
trends ranging from +0.0002 to +0.0566 W /m? /year, and confirms the consistent solar
resource availability. Seasonal PV resource potential varies from ~70-95 W/m? in winter
to 290-310 W/m? in summer. Furthermore, the installed PV capacities are between 6 MW
(Yozgat) and 47 MW (Basaksehir) with capacity factors of 17.0-19.7% and payback periods
of 4.31-4.88 years. RSM models have high explanatory power (R? = 0.57-0.74) with AOT
as the most important negative driver of PV performance. Consequently, the results show
that while the solar resource of Tiirkiye is stable and highly exploitable, PV efficiency is
increasingly determined by climate-induced thermal stress and reduced wind cooling. The
study highlights the economic viability, environmental advantages, and strategic relevance
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of PV systems at hospitals for resilient, low-carbon healthcare infrastructure in future
climate scenarios.

Keywords: Sustainable Development Goal; photovoltaic energy systems; climate trends;
Turkey; techno-economic analysis; Response Surface Methodology

1. Introduction
1.1. Background

Global electricity demand has grown steadily over the past decade, leading to in-
creasing concerns about energy security and environmental sustainability issues [1]. The
increasing global demand for energy is attributed to economic growth, urbanization, and
population growth [2]. Energy demand is expected to increase significantly over the next
few decades, which means additional challenges for existing energy systems and increased
greenhouse gas emissions [3].

Hospitals are considered energy-intensive buildings because they must ensure they
operate around the clock, every day, and meet the diverse requirements for building op-
eration based on the nature of the medical practice being carried out and the building’s
needs [4]. According to Fernandez et al. [5], in terms of energy intensity, the healthcare
sector ranks third among service industries, with office buildings and commercial buildings
occupying the top spots ahead of the education and hospitality sectors. According to
Papadakis and Katsaprakakis [6], the consumption of energy in hospitals is extremely com-
plicated compared to that in regular public buildings. Moreover, the energy requirements
of hospitals are affected by certain characteristics, such as size, occupancy level, specialized
facilities, and energy-intensive departments [7,8]. In addition, climatic conditions and the
heating and cooling systems used in hospitals affect the overall energy consumption of
hospitals [7,9-11]. For instance, Bawaneh et al. [7] analyzed the energy consumption of
healthcare systems for hospitals in the United States. The authors concluded that heating,
ventilation, and air conditioning (HVAC) systems consume a large amount of energy, and
that the total energy consumed varies according to the size, use, and location of the hospital.
Cilibiu and Abrudan [9] found that adopting heat pumps instead of conventional heating
systems would significantly reduce energy consumption and increase energy efficiency
in healthcare facilities. Ma et al. [10] analyzed the impact of climate change on energy
consumption in Australian hospitals. The results showed that rising temperatures due
to climate change will lead to increased cooling energy consumption with a decreased
need for heating. Nematchoua et al. [11] analyzed energy consumption in hospitals on six
islands in the Indian Ocean. The results concluded that future climate change will lead to a
decrease in heating demand, but an increase in cooling demand. Energy availability must
be ensured because hospitals need electricity and thermal energy for heating and cooling
spaces, ventilation, hot water, and lighting. In addition, hospitals need electrical power
to operate medical devices and equipment. Hospitals are considered energy-intensive
facilities due to population growth and the emergence of new diseases, which leads to
the construction of more health facilities [12,13]. Dion et al. [12] concluded that hospitals
are among the most energy-intensive types of buildings, given that they operate around
the clock and require enormous amounts of energy to run medical equipment, heating,
cooling, ventilation, and lighting systems to provide a safe and comfortable environment
for patients. The importance of transformational management measures and energy-saving
methods was also noted in this regard. Similarly, Wang et al. [13] explored the issue of
energy efficiency in public hospitals in China and pointed to the obstacles, namely outdated
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technology, lack of financial incentives, and institutional constraints, while policies, inno-
vations, and effective energy management were considered important motivating factors.
Moreover, according to the previous studies [14,15], electricity consumption in hospitals is
related to the use of medical equipment, lighting, and other electrical systems, while HVAC
systems consume a significant portion of the building’s total energy consumption. Chris-
tiansen et al. [14] concluded that energy consumption in departments and by specialized
medical devices is greatly affected by their functions and the scheduling of their use. In
addition, Christiansen et al. [14] found that the main consumers of electricity in hospitals
are diagnostic imaging devices and other high-power medical equipment, highlighting
the need for effective energy monitoring and load management. Similarly, Dion et al. [15]
found that hospitals use much electrical energy to sustain their clinical activities, lighting,
HVAC systems, and specialized medical equipment.

In this modern era, the increasing environmental impact of traditional energy sources
such as coal, gasoline and diesel, in addition to the past few decades which have seen a
rise in the use of non-renewable energy sources, has led to environmental pollution [16].
Additionally, reliance on non-renewable energy sources has led to the depletion of natural
resources, increased greenhouse gas emissions, and exacerbated environmental problems,
necessitating the acceleration of the adoption of renewable energy systems [17,18]. For
instance, Freedman et al. [17] identified the characteristics of renewable and non-renewable
energy sources and noted the difference in their environmental impacts, particularly
when comparing fossil fuels with forms of sustainable energy production. Additionally,
Gliney [18] explained the importance of increasing the use of renewable energy in achieving
sustainability by reducing dependence on fossil fuels, reducing environmental degradation,
and ensuring energy security. Therefore, controlling greenhouse gas emissions such as
carbon dioxide (CO;) and nitrous oxide (N2O) has become a global goal. To solve this issue,
solar energy is one of the most promising technologies that has gained considerable popu-
larity due to its environmental benefits, economic viability, and availability [19,20]. This
reduces reliance on fossil fuels while being consistent with key Sustainable Development
Goals [21], including good health and well-being (Goal 3), access to clean energy (Goal 7),
and climate action (Goal 13) as defined by the United Nations” 2030 Agenda for Sustainable
Development [22].

Globally, several recent studies have highlighted the potential role of solar energy
systems within healthcare facilities in enhancing energy security, minimizing expenses,
and achieving sustainability. Many studies have been conducted concerning the technical,
economic, and environmental viability of photovoltaic (PV) systems, as well as hybrid
renewable energy systems for hospitals. For instance, Woldegiyorgis et al. [23] analyzed
the potential application of a hybrid renewable energy system within Boru Meda Hospital
in Ethiopia and demonstrated that it had the capability of providing a sustainable energy
supply in addition to reducing dependency on traditional energy sources. In another
study, Refahi et al. [24] evaluated the feasibility of using solar photovoltaic (PV) technol-
ogy for producing electricity within a six-story hospital building located in Qom, Iran,
which has an area of 5000 m? on its roof, taking into consideration the energy required
for heating and cooling in that building per year. They found significant potential for
photovoltaic energy production and energy saving. Additionally, Khamharnphol et al. [25]
performed a techno-economic evaluation of rooftop PV systems for hospitals in Thailand
and indicated favorable economic results along with considerable offset of grid electricity
consumption. Alamoudi et al. [26] proposed the design of an optimum solar photovoltaic
system for the generation of electricity for hospitals in Turkish climate conditions. The
results showed that meeting the electricity needs of King Abdulaziz University Hospital is
possible through a photovoltaic solar energy system with appropriate capacity according
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to its economic resources. In addition to stand-alone PV-based systems, other innovative
renewable energy-based schemes for hospital use have also been considered by other
scientists. Assareh et al. [27] presented a scheme that utilized the concept of cogeneration
technology integrated with phase change materials, thus making it possible to make hos-
pitals into nearly zero-energy buildings. Similarly, Izadi et al. [28] devised a scheme for a
solar PV-hydrogen storage-based energy system capable of producing electricity as well as
medical oxygen required for treating COVID-19 patients. The benefits of using solar energy
for green electricity generation and production of medical oxygen were also discussed by
Ngoh et al. [29].

Moreover, the application of renewable energy in Azad Jammu and Kashmir Hospital
was examined by Naveed et al. [30]. Additionally, an increasing number of researchers
have highlighted the potential role of solar energy in facilitating the development of sus-
tainable healthcare infrastructure. The research studies carried out by Al-Rawi et al. [31],
Soto et al. [32], Teklemariam et al. [33], and Osho and Sareen [34] on opportunities and
challenges of solar energy in the healthcare industry have shown that solar energy tech-
nologies can contribute to enhancing energy access, reducing GHG emissions, and making
healthcare systems more resilient. Ouedraogo et al. [35], Kassem et al. [36], Ossola et al. [37],
and Kowsar et al. [38] have further demonstrated that solar PV technologies, alongside
additional solutions like combined heat and power plants and heat pumps, may positively
affect the energy efficiency of hospitals and facilitate the achievement of decarbonization
goals. Overall, these findings support the notion that the application of solar energy is a
promising strategy to address the rising energy needs of hospitals in a sustainable manner.

In general, the application of renewable energy, particularly solar energy systems, has
recently been studied as an alternative energy source for power generation in hospitals in
Ttirkiye. For instance, according to Paksoy et al. [39], the integration of solar energy and sea-
sonal thermal energy storage in an aquifer into the hospital heating and cooling system led
to a significant decline in the usage of traditional fuel types. Ozden and Tar1 [40] conducted
a study on a hybrid solar-hydrogen power system used in the emergency department of a
hospital in Ankara, Turkey, with an annual load of 37.23 MWh. However, recent studies
have focused more on hybrid renewable energy systems based on photovoltaic cell technol-
ogy. Pastakaya [41] studied the application of a solar-assisted absorption refrigeration and
heating system on a one-story hospital with an area of 450 m?. This hospital was supposed
to have a population of about 50 people, and the energy analysis took into account the
features of the building, such as walls and windows. It has been shown that solar energy
can meet the hospital’s thermal energy requirements, especially during times when energy
demand is high, such as the COVID-19 period. Giiven et al. [42] conducted an analytical
study to improve grid-connected and off-grid hybrid renewable energy systems for a state
hospital in Yalova, Tiirkiye. The case study focused on a hospital located on a landmass
of 200 acres, having an indoor floor area of 105,000 m? and a parking capacity of 800 cars.
The results showed that combining a photovoltaic solar power system with battery storage
and the electrical grid increases reliability, reduces energy costs, and lowers environmental
impact. In particular, case studies of hospitals in Turkey have proven that renewable
energy is economically and environmentally friendly to implement in healthcare facilities.
For instance, Yorulmaz and Tas [43] found out that incorporating solar PV systems into
the hospital sector can result in a 70% reduction in electricity costs and carbon footprint
reductions, indicating the sustainability potential of solar PV systems.

Based on the above, Table 1 provides a summary of some of the most relevant previous
studies to the research topic, and identifies the differences between their main features and
limitations to illustrate the current state of the literature and highlight the current research
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gap. The comparison reveals that an in-depth analysis of grid-connected photovoltaic solar
energy systems in Turkish hospitals is still insufficient.

Table 1. Comparison of previous studies on solar energy applications in hospital and healthcare facilities.

Long-Term Solar Impact of Climate

Reference Energy System Type Resource Parameters on PV TAe;lalln; :iasl ]i:ﬁ:l‘; r::sc Emg?;;‘;?:tal
Assessment Performance
23] PV + BG + WP + DG X X v v
system
[24] Rooftop PV system X X v X X
[25] Rooftop PV system X X v v X
Temperature, wind
[26] PV system X speed and radiation v X X
considered

[27] PV system + PCM X X v v v
[28] PV system + HES X X v v v
[29] PV system X X v X v
[30] PV + WP + DG system X X v v v
[31] PV system X X v v X
[35] PV system X X v X X
[36] PV system X X v v v
[37] Rooftop g¥ssystem + X X v v v
[38] Rooftop PV system X X v v v
[39] PV system + TES X X v v v
[40] PV system + Hydrogen X X v X X
[41] PV system X X v v v
[42] PV + WP +B]ZG system + X v v v
[43] PV system X X v v v

PV: Photovoltaic (PV), BG: biomass generator, WP: wind power, DG: diesel generator, STS: solar thermal systems,
TES: thermal energy storage, BS: Battery storage, HES: hydrogen energy storage, PCM: phase change materials,
X: not included, v: included.

1.2. Research Gap

Despite growing concern about integrating renewable energy technologies into health-
care institutions, available studies on photovoltaic-based systems for hospitals in Turkey
are few, and these studies are limited to single cases and focus on estimating the size,
feasibility, and cost-effectiveness of these systems. Most previous research assumed sta-
ble or simple climatic conditions and ignored the geographical and temporal variations
in solar energy sources under changing climatic conditions. To the best of the authors’
knowledge, no current study has comprehensively assessed the effects of long-term climate
change (1958-2024) on the electricity production capacity of photovoltaic power systems in
hospitals in Tiirkiye.

Moreover, in previous studies, the technical, economic, and environmental feasibility
of photovoltaic energy systems was analyzed separately without considering electricity
demand forecasts, climate modeling of photovoltaic energy resources, analysis of the
suitability of areas for installing photovoltaic energy systems, and technical, economic, and
environmental analyses in a single study. In addition, the effect of variations in rainfall and
optical aerosol thickness (AOT) on hospital photovoltaic electricity production has not yet
been considered by any researcher, although it plays an important role in determining the
solar radiation falling on photovoltaic cell modules, according to the authors’ review of the
literature. Furthermore, previous research was conducted only based on current electricity
demand and did not take into account future electricity demand forecasts for hospitals.

These research gaps indicate the need to develop a comprehensive approach that
includes long-term climate-based modeling of photovoltaic systems, forecasting of future
electricity demand, spatial analysis, technological and economic feasibility studies, envi-
ronmental assessment, and climate sensitivity analysis. This will provide a better platform
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for planning sustainable solar photovoltaic energy systems in hospitals under current and
future climatic conditions.

1.3. Research Aim

This research aims to comprehensively evaluate the feasibility and flexibility of solar
photovoltaic power generation for hospitals in Tiirkiye, which is characterized by its
diverse climate and has become more susceptible to climate fluctuations over time. This
research explores the temporal-spatial dynamics of solar PV potential (PV ) across six
key hospitals, namely, Adana Sehir Hospital, Bursa Sehir Hospital, Elazig Sehir Hospital,
Gaziantep Sehir Hospital, Yozgat Sehir Hospital, and Basaksehir Sehir Hospital, from 1958
until 2024 through the TerraClimate dataset. In addition, a forecasting-based approach
is used to estimate energy demand in hospitals from 2026 to 2028, with 2025 being the
base year.

Furthermore, spatial analysis was incorporated into the research to assess suitable
areas for installing photovoltaic solar energy systems using Google Maps and satellite
imagery. The spatial analysis will help in the quantification of suitable space that can
be used for generating solar power. Using the measured surface area, the next step is to
estimate the electricity production from photovoltaic solar energy using a mathematical
model. The electricity produced from available solar energy resources, taking into account
their fluctuations, is estimated using a mathematical model based on the defined surface
area. To further analyze the effects of climate change, a decade-long study (1958-2024)
was conducted to determine the impact of seasonal changes on electricity generation by
photovoltaic systems. Afterward, techno-economic analysis was carried out using the
Levelized cost of electricity (LCOE) and simple payback period to assess the feasibility of
installing PVs on either rooftops or car parks under the Turkish electricity market conditions.
Moreover, environmental impacts are assessed through carbon dioxide emission reductions
due to PV electricity generation.

In addition, the effects of important climate variables such as rainfall variability and
aerosol optical thickness (AOT) on the photovoltaic efficiency are determined through
the use of Response Surface Methodology (RSM) based on satellite data from NASA's
Giovanni platform. The application of spatial modeling, energy modeling, economic
analysis, and climate sensitivity allows for an integrated approach to assessing the feasibility
of photovoltaic solar energy technology in a future hospital environment. The results are
expected to be of great importance in providing insight into the sustainability of solar
energy as a resource for hospitals in Tiirkiye and globally.

The key contributions of this research include: (1) the development of an integrated
model framework, which includes spatial analysis, modeling of photovoltaic electricity
generation based on climate, forecasting of electricity demand, techno-economic analysis,
and environmental analysis for hospital buildings; (2) a comprehensive study of the vari-
ability of climatic conditions in the long-term period and the effects on the PV electricity
generation for hospital buildings in Tiirkiye based on historical climate data (1958-2024);
(3) investigation of the effects of rainfall and aerosol optical thickness (AOT) on PV elec-
tricity generation by means of Response Surface Methodology; and (4) comparison of the
rooftop and car park PV systems in six city hospitals located in different climatic zones
of Tiirkiye.

These contributions offer a comprehensive decision-making tool for the sustainable design
of PV systems in healthcare facilities under the current and future climatic conditions.
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2. Methodology
2.1. Case Study

This study was conducted in six major urban hospitals located in different climatic
regions of Tiirkiye: Yozgat, Adana, Elazig, Bursa, Istanbul, and Gaziantep, taking into
account the natural background aerosol conditions of Tiirkiye. Figure 1 shows the details
of the selected hospitals. These climatic zones include the continental, Mediterranean,
and transitional climates of the Marmara region and the southeastern semi-arid climate,
providing a diverse pattern of solar radiation, thermal profile, and electrical needs that can
be utilized in photovoltaic solar energy applications within hospitals. The hospitals selected
for this study are among the largest hospital complexes in Tiirkiye, with bed capacities
ranging from 475 to 2682 beds. These buildings provide ample space for rooftops, parking,
and year-round electricity needs, making them ideal cases for analyzing the suitability
of rooftop photovoltaic solar energy systems and efficiency measures. Annually, global
horizontal solar radiation decreases from the northern and central parts to southern Tiirkiye,
where Gaziantep and Adana have the highest solar energy potential.

[ Geographic and Characteristics of the Selected Hospitals ]

‘ozpgat Ci it Adana City Hospital
i e A e [ Bagaksehir Cam ve Sakura City Hospital ]

Geagraphic

Ciry: Adana

Latitude: 36.9860°N
Longitude: 35.3290°K
Characteristics

Beds: 1,550 beds

Gross Floor Area: 55.0 ha
Site Area: 62.2ha
Buildings | Blocks: 15+
Estimuted Aren

Parking Area: 7.0ha
Available Rool Area for solar system: 13.7Tha

Geagraphic
City: Yozgat
Latitude: 39.8305°N
Longitude: 34.8468°E
Characteristics
Beds: 475 beds

sross Floor Area: 12.8 ha

Geographic

City: Istanbul

Latitude: 41.0940°N

Longitude: 28.78H°E

Characteristics

Beds: 2,682beds

Ciross Floor Area: 102.1ha
ite Area: 100.0ha

ings / Blocks: 10 major blocks
i

Es: el
Parking Area: 1.8ha

2
Available Roof Area for solar system: 3.2ha Available Rool Area for solar system: 25.0 ha

[ Elang Fethi Sekin City Hospital ] Bursa City Hospital Gazinntep City Hospieal

Crengraphic

City: Gaziantep

Latitude: 37.0040°N
Longitude: 37.3160°E
Characteristics

Beds: 1,875beds

Gross Floor Arca: 63.8 ha
Site Area: 33.0 ha
Buildings / Blocks: 810
Estimated Area

Parking Ares: 6.5ha
Available Roof Arca for solar system: 160 ha

Geographic

City: Bursa

Latitude: 40.2680°N
Longitude: 28.8260°E
Characteristics

Beds: 1,355 beds

Gross Floor Aren: 74.5 ha
Site Area: 74.5 ha
Buildings | Blocks: 16+
Estimated Area

Parking Area: 8.5ha
Available Roof Area for solar system: 18.6ha

Giengraphic

City: Elang

Latitude: 38.6510°N
Longitude: 39, 2450°E
Characteristics

Beds: 1,038 beds

Gross Floor Area: 36.0 ha
Site Area: 36.0 ha
Buildings / Blocks: §-10
Estimated Area

Parking Area: 4.5ha
Availuble Roof Area for solar system: 9.0ha

Figure 1. Details of the selected hospitals.

Due to the limited availability of historical data, the scenario-based forecasting tech-
nique was considered. In this regard, the monthly electricity demand pattern for 2025
was used as the baseline load pattern, while the expected demand was determined by
a deterministic measurement technique commonly used in many energy studies. These
techniques have become widely used in forecasting electricity demand based on scenarios.
The projected future demand was calculated based on a growth scenario, which takes
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into account the monthly electricity consumption pattern but assumes the likelihood of in-
creased energy demand by hospitals. Equation (1) is used to estimate the monthly electricity
demand during the period of 20262028

Dint & Dy (2005)[1 +7]" 1)

where Dy denotes the forecasted demand for the electricity in month m for year t, D, (2025)
is the actual demand for the same month in year 2025, which is the base year, r stands for
the demand growth rate per year, and n denotes the number of years from the base year.

Three cases of demand growth were taken into consideration for accommodating the
future uncertainties: low-growth case (v = 2%), the moderate-growth case (r = 4%) and
the high-growth case (r = 6%). For the years 2026, 2027, and 2028, n values were 1, 2, and
3, respectively. This methodology ensures that the seasonality of the actual hospital load
curve remains intact while allowing for prediction of the demand for the electricity in
future under varying operational growths in line with the conventional practices in energy
demand forecasts where historical data are limited [44,45].

Figure 2 illustrates the monthly electricity consumption data of 2025 for the selected
hospitals. It is found that the maximum and minimum values for the demand of electricity
per month for each hospital have been found using the 2025 monthly consumption data.

Yozgat Sehir Hospital 14,000,000 Adana $ehir Hospital

12,000,000
10,000,000

8,000,000
6,000,000
4,000,000
2,000,000

0

\‘3(‘ ((éro ‘g@‘ Q.Q ".(S\ \}0 \"> ‘)% c_jQ.-Q Oé ‘kﬂ

Total Electricity Consumption
[kwWh]

Elazig Sehir Hospital 5,000,000 Bursa Sehir Hospital

8,000,000
7,000,000
6,000,000
< 5,000,000
=, 4,000,000
3,000,000
2,000,000
1,000,000

Total Electricity Consumption
W

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Basaksehir $ehir Hospital 12,000,000 Gaziantep $ehir Hospital

FEE @ PR E P

10,000,000

8,000,000

6,000,000
4,000,000
2,000,000

0

RO é;s* & R & ¢

Total Electricity Consumption
[kwh]

Figure 2. Monthly electricity consumption data of 2025 for the selected hospitals.
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It should be noted that the monthly electricity usage for the hospitals (Figure 2) was
collected from the Ministry of Health of Tiirkiye. The recorded data (Figure 2) represents
the actual electricity consumption in hospitals, which was measured by their own electricity
meters without any simulation, estimation, or interpolation. The Yozgat City Hospital had
the maximum consumption in December (1,775,428 kWh) and the minimum consumption
in April (1,507,965 kWh). The Adana City Hospital had a very high cooling load, as
indicated by the high value of maximum consumption in July (11,593,673 kWh) and the low
value of minimum consumption in November (7,118,553 kWh). In the same way, Elaz1g
Fethi Sekin Sehir Hastanesi had the maximum consumption in August (5,368,009 kWh)
and the minimum consumption in November (4,094,828 kWh). Bursa City Hospital had
an obvious seasonal trend in demand for electricity per month as well, and the maximum
consumption was in July (7,769,498 kWh) while the minimum consumption was in February
(5,056,770 kWh). Finally, the most variable hospital among all was the Basaksehir Cam
and Sakura City Hospital, which reached the maximum value of consumption in July
(17,990,619 kWh) and the minimum consumption value in February (11,910,625 kWh).

Generally, all the hospitals have significant seasonal features related to electricity
consumption, with high peaks being observed mostly during the summer period because
of higher cooling loads and low peaks seen during the winter period or in transitional
periods. Figure 3 demonstrates the projected patterns of electricity consumption by all the
hospitals for the years 2026 to 2028, obtained via the scenario-based growth model.

2.2. Dataset
2.2.1. TerraClimate Data

The long-term feasibility and appropriateness of using PV technology in response to
future changes in climatic conditions can be assessed by examining the spatiotemporal
variability of photovoltaic energy resources in the selected regions using high-resolution
TerraClimate data [46]. Monthly climate information in TerraClimate is available at a spatial
resolution of about 1/24° (~4 km), which helps to analyze climatic aspects associated with
solar energy generation in detail [47,48]. High accuracy is extremely important for Turkey
due to the varying climatic conditions in different regions. The dataset was used to identify
long-term fluctuations in climatic factors affecting photovoltaic cell systems, such as solar
radiation and air temperature [47]. Furthermore, the data were used to determine the
power generation capacity of the photovoltaic cell systems and whether the grid-connected
photovoltaic cell system was sufficient to cover the hospital’s projected power needs in
the case study. Future climate changes have been taken into account in this regard to
ensure sustainability.

The TerraClimate dataset consists of various datasets, including climatically average
normal values provided by WorldClim v1.4 and v2.0 [49], monthly anomalies generated
from the CRU TS v4.0 dataset [50], and JRA-55 (Japanese 55-year reanalysis) [51]. This
approach makes it possible to obtain spatially and temporally consistent climatic layers
for the period from 1958 to approximately the present time. In this particular analysis,
the period 1958-2024 was considered in order to analyze trend patterns of maximum
temperature (Tmax), minimum temperature (Tmin), near-surface wind speed (WS), and
downwelling shortwave solar radiation (RSDS), as well as rainfall (R). Since there is
no direct data on average air temperature (Tav) from TerraClimate, Tav was estimated
using Tmax and Tmin. It should be noted that this approximation is commonly used in
climatology research.
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Figure 3. Forecasted electricity demand profiles for all hospitals for the period 2026-2028.

2.2.2. Dust Extinction Aerosol Optical Thickness (AOT) Data

Dust Extinction Aerosol Optical Thickness (AOT) is a dimensionless parameter that
quantifies the attenuation of solar radiation due to scattering and absorption by dust parti-
cles in the atmosphere, thereby reducing the solar energy available at Earth’s surface [52,53].
Dust Extinction AOT was considered because dust particles in the atmosphere reduce the
solar radiation available for photovoltaic applications [54]. The monthly values of the Dust
Extinction Aerosol Optical Thickness (AOT) at 550 nm for the years between 1981 and
2024 were acquired from the NASA Giovanni online data analysis and visualization web
portal. Dust Extinction AOT is an absolute measure that quantifies the reduction in the
total incident solar radiation in the atmosphere due to scattering and absorption of sunlight
by dust particles present in the atmosphere [55]. The area-averaged version of this variable
was used, meaning that monthly Dust Extinction AOT values were averaged over the
spatial extent of the region under study to reflect the atmospheric dust extinction properties
of the region as a whole [56]. The NASA Giovanni web portal was chosen as the source of
this dataset since it offers easy access to consistent atmospheric data generated by NASA
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Earth observation and atmospheric reanalysis products [57]. This particular atmospheric
variable is especially useful in assessing PV power generation potential, since it quantifies
the total impact of atmospheric dust on solar radiation availability.

2.3. Photovoltaic Resource Index

Photovoltaic (PV) power generation from a site depends on two criteria: (a) pho-
tovoltaic power generation potential (PVoytput) and (b) installation capacity. PVoutput is
described in this research study as dimensionless, where the potential for photovoltaic
power generation takes into account the performance of photovoltaic power based on
the available conditions. Therefore, multiplying the PV ¢yt by the nominal photovoltaic
power installation capacity in watts will result in instantaneous photovoltaic power output.
The potential for generating photovoltaic energy includes the amount of available re-
sources, but it also takes into account the effects of other weather factors on the efficiency of
photovoltaic cells, as the efficiency of these cells decreases with increasing temperature [58].

For the assessment of the potential for solar photovoltaic energy production, the
photovoltaic resource index (PVes) was computed. This index considers the effect of heat
losses and aerodynamic losses on the effectiveness of the PV cells [47]. The PV is used as
a measure of photovoltaic energy production potential that is affected by climate-related
energy loss factors. From the literature, it can be represented as follows according to
Jerez et al. [59,60]:

RSDS(t)
PVres =P 2
R(t) X RSDSerc 2)
Pr(t) = 1+ ¥[Teen (t) — Tsrc] 3)
Teen1 (t) = ¢1 + caTAS(t) + c3RSDS(t) + c4WS(t) 4)

where STC refers to standard test conditions (RSDSgtc = 1 kW /m?), Py is the performance
ratio, T, in the PV cell temperature, and Tsyc =25 °C and v is taken here as —0.005 °c~1,
considering the typical response of monocrystalline silicon solar panels according to Tonui
and Tripanagnostopoulos [61], with ¢; = 4.3 °C, ¢; = 0.943, ¢35 = 0.028 °C m?2/W and
c4 = —1.528 °C s/m according to Chenni et al. [62], TAS is surface air temperature and WS

is surface wind velocity.

2.4. Energy Model

PV energy production potential in this research was estimated using climate-based
modeling using TerraClimate data. The RSDS, TAS and WS were used to obtain the PV,
which takes into account any impact of temperature and winds on PV module efficiency.
In estimating the energy production of the PV arrays, plane-of-array irradiance, which
is obtained using RSDS, is the main parameter used. This irradiance is the radiation
falling on the PV module surface. The rooftops and carports’ PV arrays were set at optimal
orientation angles for maximum annual solar energy exposure.

The optimum values of orientation angles, including slopes and azimuths angles,
obtained using the photovoltaic geographic information system (PVGIS) are listed in
Table 2. It is important to emphasize that PVGIS is applied to find the optimum values of
orientation angles according to the existing literature [63-65]. The tilt angles (31-34°) refer
to the angles at which the photovoltaic cell arrays are tilted relative to the horizontal ground.
These tilt angles are close to the latitude of the sites, which is an expected observation
because the optimal tilt for photovoltaic arrays installed in the Northern Hemisphere
should be close to the latitudes of the region, with possible variations due to seasonal and
atmospheric factors. The optimum fixed tilt allows the achievement of balanced annual
performance, since it maximizes solar energy input in both winter and summer seasons.
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An azimuth angle is an indicator of the horizontal orientation of the PV panels, assuming
that 0° is directed south. Azimuths in your results vary from —1° to +8°, which means
that all systems are installed southward with very slight errors. Minor deviations may be
considered optimal for a particular area due to site-specific considerations, such as solar
irradiance characteristics and weather conditions.

Table 2. Optimum orientation angles value for all selected locations.

Location Slope Angle [°] Azimuth Angle [°]
Yozgat Sehir Hospital 32 -1
Adana Sehir Hospital 33 6
Elaz1g Sehir Hospital 32 0
Bursa Sehir Hospital 33 6
Basaksehir Sehir Hospital 32 4
Gaziantep Sehir Hospital 33 8

It should be noted that these orientation angles were used to determine the optimal
configuration for mounting photovoltaic panels. In addition, the current study focuses on
fixed-tilt PV systems, which are the most common configuration of PV systems used in
rooftop and carport installations. Although sun-tracking systems are capable of increasing
electricity production through continuous tracking of the sun’s movement, they require
additional investment, space, and maintenance [66]. Thus, analysis of solar tracking
systems is out of the scope of this study.

PV ,es output represents the efficient solar energy resource available for generating
electricity from photovoltaic cell technology, which is climate-dependent. Electricity pro-
duction (Ep) was subsequently estimated based on the photovoltaic solar energy efficiency
and system efficiency as Equation (5).

Ep = PVyes X fsys X A X t (5)

where 7755 is the overall system efficiency (including inverter, wiring, and mismatch losses),
A is the installed PV area, and ¢ is the time period.

The variable chosen for solar energy input is TerraClimate’s RSDS. Considering that
RSDS is the measure of irradiance received on a horizontal surface, any transposition
models (such as those for plane-of-array irradiance) were not employed. The installation of
photovoltaic cell arrays was considered under ideal conditions of constant tilt and angle,
whereby PV s can therefore be considered the maximum potential of photovoltaic energy
resources derived from climatic influences.

Further, to study the effect of panel orientation on photovoltaic power generation
estimation, monthly photovoltaic power generation values using the TerraClimate-based
methodology were compared with corresponding PVGIS estimates. It should be noted
that the PVGIS estimation takes into account the optimal module tilt and orientation due
to the use of irradiance transposition models, while the proposed method uses RSDS
on the horizontal plane. This comparison aimed to study the reliability of the proposed
methodology and the effect of panel orientation on the estimation of monthly photovoltaic
power generation.

Moreover, the capacity factor (CF) refers to the ratio between the actual electrical
power generated by a photovoltaic solar power system and the maximum amount of
electricity that could be produced if the photovoltaic solar power system operated at full
capacity during a given period of time [67].

E
CF — “Ac@) 1
Pic Ty

(6)
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where Tj, is the total expected number of hours of operation in a given period.

2.5. Long-Term Climatic Changes in PV Electricity Generation

To analyze the impact of decades of climate variability on electricity production by
photovoltaic units, a comparative decade analysis was performed using the calculated
monthly values of photovoltaic electricity generation (Ep). The comparative analysis is
based on the historical data of the TerraClimate dataset for the period from 1958 to 2024.
The comparative analysis is based on historical data from the TerraClimate dataset for the
period from 1958 to 2024. The period under study has been divided into successive decades
(1958-1967, 1968-1977, 1978-1987, 1988-1997, 1998-2007, 2008-2017, and 2018-2024). The
average seasonal photovoltaic electricity generation was calculated to mitigate the impact
of annual climate variations and identify long-term trends related to climatic conditions.
Seasonal PV electricity generation was calculated using Equation (7).

N
Epsi = Y Epsk 7)
k=1

where Ep; ; is the average PV electricity generation for season (s) during period i, E Ps is
the seasonal PV electricity generation in year, (k) and N is the number of years within the
considered period.

The percentage change (A) in seasonal photovoltaic electricity generation from one
decadal period to the next was evaluated using Equation (8).

Eoiir — Epo:
AEp, = =P~ =Psi oy q0p (8)
Ps,i

where AEp is the percentage change in seasonal photovoltaic electricity generation, Epg ;1
is the average seasonal PV electricity generation during the subsequent decadal period and
Eps; is the average seasonal PV electricity generation during the earlier decadal period.

It should be noted that positive AEp s values indicate an increase in the amount of
photovoltaic electricity produced compared to the previous period. In contrast, negative
values indicate a decrease in the amount of photovoltaic electricity generated.

2.6. Economic and Environmental Model

The economic feasibility of the proposed photovoltaic solar power installations was
analyzed using the net present value (NPV) [68], return on investment (ROI), internal rate of
return (IRR), simple payback period (SPP), Levelized energy cost (LCOE), and profitability
index (PI), which are commonly used indicators in the evaluation of renewable energy
projects [68-72]. Furthermore, the environmental impact of photovoltaic solar power instal-
lations was analyzed by estimating the following life-cycle assessment criteria: embodied
greenhouse gas emissions, annual avoided CO, emissions, carbon payback period, lifetime
avoided CO; emissions, and net lifetime CO, benefit [73-76]. The mathematical expression
for the economic feasibility indicators and life-cycle assessment criteria is shown in Table 3.
The analyses were performed via MATLAB R2024a. The technical and economic analy-
sis was conducted based on criteria representing large-scale photovoltaic power plants
and the current economic conditions in Turkey. The solar system was designed using
560 W monocrystalline silicon photovoltaic panels, manufactured in Ankara, Turkey, with
a project life cycle of 25 years, an average electricity tariff of 0.103 USD/kWh, a discount
rate of 7%, an inflation rate of 15%, and an annual electricity price increase of 5%. Annual
operating and maintenance costs were set at 1.5% of the initial cost, with the inverter
to be replaced in the 13th year. The environmental assessment incorporated life-cycle
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greenhouse gas emissions of 520 kg CO,-eq kW ! for PV module manufacturing, 25 kg
CO,-eq kW~ for transportation, and 125 kg CO,-eq kW~! for mounting structures and
inverter components [76]. These assumptions were used to estimate financial indicators
and life-cycle assessment criteria.

Table 3. The mathematical equations of financial indicators and life-cycle assessment criteria.

Economic Feasibility Indicators

Indicator Description Equation
n
NPV = ¥ (1CFt)t — Gy
t=1 (1+r
NPV Net present value where CF; is the annual net cash flow in year t [USD], r is the discount rate [%], n is the project
lifetime [years], and Cy is the total initial investment cost [USD]
IRR Internal Rate of Return _ i CF: -G
=1 (1+IRR)"
ROI Return on Investment ROI = L= =Cot gFﬁCO’ x 100
0
Ct
Yico
Lcop = A+
LCOE Levelized cost of energy " E;
Lict o
(1+471)
where C; is the annual project cost and E; is the electricity generated during year ¢
C
. . Spp = EmmxleIQ’*CO&M
spp Simple payback period where E; 1 is the annual electricity generated by the PV system [kWh/year], P, is the electricity
tariff and Cpgp is the annual operation and maintenance cost [USD/year].
CFy
n
PI Profitability Index t=1 t
pr= A+
G
Life-cycle assessment criteria
Criteria Description Equation
COZ, emb = Pinst(EFPV + EFrmns + EFBOS)
. .. where Pj,; is the installed PV capacity [kWp], EFpy is the PV module embodied emission factor,
CO2eemp Embodied emissions EFtrans is the transportation emission factor, and EFpps represents the balance-of-system emission
factor.
coO Annual avoided COz, save = Eqnnuar X EFgrid
2,save greenhouse gas emissions  where EF gid is the grid emission factor [kg COp-eq kWh™1]
cpp Carbon payback period CcppP = goj—'”””’
,save
Lifetime avoided
COsife emissions COytife = CO2sape X 11
Net lifetime
COZ,net COZ,net = COZ,save - CO2,emb

environmental benefit

2.7. Response Surface Methodology-Based Modeling of Nonlinear Reciprocal Relationships

The Response Surface Methodology (RSM) was applied to investigate the intricate,
nonlinear relationships among precipitation (R), aerosol optical thickness (AOT), and
photovoltaic solar energy generation (PV). The data for precipitation and aerosol optical
thickness were collected from the NASA Giovanni database, whereas that of photovoltaic
energy generation was computed from the datasets of solar radiation. RSM is an aggregate
of statistical and mathematical methods for modeling and optimizing processes in which
the output depends on multiple input factors. The purpose of applying the RSM in this
work was to understand the interaction between rainfall and aerosol convection and the
effect of their interaction on photovoltaic power generation.

A second-order polynomial model was selected due to the presence of nonlinearity
and interactions. The general RSM formula can be written as [43]:

k k
Yiik = Bo+ ) Bixj+ ) ﬁjjsz + )Y Bijxix; + €ijk ©)
i=1 =1 i<j

1<)
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where By, B;, Bjj, and B;; represent the overall mean effect, the effect of the j-th level of the
row factor, the effect of the j-th level of column factor, and the effect of the interaction effect
in the quadratic model, respectively. €;j is a random error component of a second-order
RSM, where y;j;. is the response and refers to the solar PV generation level in this study. x;
and x; present the variables that are called factors.

3. Results
3.1. Climate Trends Threatening PV Efficiency

To determine the trend of climatic factors relevant to solar power generation over a
long period of time at the test sites, an analysis was conducted of the annual trends of
maximum temperature (Tmax), minimum temperature (Tmin), photovoltaic cell tempera-
ture (Tcell), wind speed (WS), and solar irradiance falling on the surface (DRSR). Linear
regression analysis was used to determine trends in each case, and the coefficient of de-
termination (R?) helped to measure the linearity of the relationship. These trends can
provide insights into changes in local climatic conditions over six decades and their impact
on hospital photovoltaic power generation, as illustrated in Figures 4 and 5, as well as
Figures S1-54. These figures give the following:

e  Analysis of climate data in Gaziantep shows a clear trend towards rising temperatures
for all three variables during the period 1958-2024 (Figure 4). The increase in the
values of both Tmax and Tmin occurs at a rate of +0.0268 °C/year (R? = 0.3076 and
R? = 0.3389, respectively). In addition, the unit temperature rises at a low rate of
+0.0141 °C/year (R? = 0.0932). Moreover, negative trends in wind speed were observed,
with an average annual wind speed of 2.4 m/s and a direction of approximately
—0.0031 m/s/year (R? = 0.1416). Lower wind speeds can be linked to ground calmness
and thus lead to a decrease in the natural cooling efficiency of photovoltaic cells. In
addition, DSRS is characterized by an extremely low trend of +0.054 W/m?/year
(R? =0.0309). With an annual average of 207.8 W/m?, solar radiation remains relatively
constant during the studied time period, and temperature changes represent the main
factor affecting the future performance of photovoltaic cell technology.

e All temperature parameters in Basaksehir show positive trends from 1958 to 2024
(Figure 5). It is found that Tmin has increased by +0.030 °C/year (R? = 0.4243), while
Tmax has increased by +0.025 °C/year (R? = 0.4030). The strongest warming effect
is observed in the Tmin parameter, indicating that night-time temperature increased
more rapidly than daytime temperature. PV cell temperature has been growing
at +0.0173 °C/year (R? = 0.1561), implying increasingly warm conditions for the
operation of photovoltaic devices. Furthermore, wind speed demonstrated a negative
trend of about —0.007 m/s/year (R? = 0.2030), with an average value of 2.8 m/s.
Also, the DSRS has demonstrated a slight positive trend of +0.0566 W/m?/year
(R? = 0.0854), with a mean value of 177.1 W/m?. Despite the increased solar radiation
values, the simultaneous increase in both air temperature and cell temperature may
hinder potential improvements in power generation due to decreased efficiency.

e  Temperature-based variables in Adana demonstrate obvious positive long-term trends
between 1958 and 2024 (Figure S1). Annual maximum temperature (Tmax) had a
growing rate of +0.025 °C/year (R? = 0.3702), while the minimum temperature (Tmin)
had a growth of +0.025 °C/year (R? = 0.3453). At the same time, PV cell operating
temperature (Tcell) also had a significant increasing rate equal to +0.0197 °C/year
(R? = 0.2176). The obtained results indicate the presence of strong warming trends
both for ambient and PV operating temperatures. In addition, the annual average
wind speed (WS) in Adana has shown a negative linear regression with the rate
of —0.005 m/s/year (R* = 0.1722). In addition, the annual mean wind speed is
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20ms~! (Figure S1d). Such trends can lead to reduced convective cooling of PV panels,
increasing the thermal effect on their energy conversion process. Also, downward
surface solar radiation (DSRS) had a weakly positive correlation of +0.0328 W/m/year
(R? = 0.0451), with the average value of DSRS equal to 204.5 W m~2. Therefore, despite
a slight positive correlation, the rising temperature can reduce the efficiency of PV cells.
All variables related to temperature in Bursa Sehir Hospital reveal increasing long-
term tendencies between 1958 and 2024 (Figure S2). For instance, the rate of rise in
annual Tmax equals about +0.0232 °C/year (R? = 0.483; mean = 9.5 °C). In addition,
Tmin demonstrates an almost similar temperature trend of about +0.028 °C/year
(R? = 0.413; mean = 20.0 °C), which reflects the largest increment in temperature out of
all studied parameters. Finally, the positive Tcell values show the highest trend equal
to +0.0055 °C/year (R? = 0.032; mean = 27.6 °C). However, the increase in temperature
for this variable is significantly lower compared to the air parameters. In addition,
the annual WS value exhibits a strong downward trend of about —0.0128 m/s/year
(R? = 0.207; mean = 2.7 m s~ !) (Figure S2d). This means that during the 66-year
study period, there has been a decrease in the annual WS by 0.84 m/s. The negative
slope is in line with the decreasing trend throughout the record and is considered
one of the strongest trends among all variables. Furthermore, the DSRD variable
exhibits a positive trend of about +0.0499 W/ m2/ year (R? = 0.040; mean = 186.1 W
m~?2) (Figure S2e). Despite a large variation from year to year, there seems to be an
increasing trend in DSRD values in Bursa.

As shown in Figure S3, positive trends prevail among all temperature-related
parameters in Elazig Sehir Hospital for the period 1958-2024. Specifically, the
Tmax annual time series experiences a growing trend by roughly +0.0237 °C/year
(R? = 0.076; mean = 8.2 °C), whereas Tmin has a trend of +0.0208 °C/year (R? = 0.300;
mean = 18.5 °C). Similarly, the Tcell annual time series has a growing trend of roughly
+0.0164 °C/year (R? = 0.084; mean = 25.3 °C). In addition, the annual time series
of the wind speed shows a decreasing trend of approximately —0.0077 m/s/year
(mean =2.1ms™!). Accordingly, this parameter declines from the initial level by
about 0.5 m s~! throughout the period of observations. In contrast to wind speed,
the annual time series of the DSR has a small positive trend of about +0.0262 W m 2
year’1 (R2 =0.177; mean = 200.0 W m’z). Though a considerable amount of interan-
nual variation is observed, it should be recognized that a slight increasing trend is
revealed for the period of the study.

Long-term trends of solar-relevant climate parameters in Yozgat Sehir Hospital
are given in Figure S4. Both air temperature measures show an increasing trend
during 1958-2024. Annual Tmax changes with an approximately linear rate of
+0.0205 °C/year (R2 = 0.063; mean = 3.1 °C), whereas the Tmin parameter shows
a slightly faster warming trend of +0.0251 °C/year (R? = 0.077; mean = 14.5 °C).
The Tcell series demonstrates an extremely low increasing trend of approximately
+0.0004 °C /year (R? = 0.0005; mean = 21.9 °C), implying that PV module temperatures
have hardly changed within the long-term analysis period concerning the increasing
air temperature measured. Additionally, a noticeable decreasing trend in annual wind
speed is recorded, amounting to a reduction of about —0.0149 m/s/year (R? = 0.205;
mean = 2.6 m s~ 1). The total decrease amounts to nearly 1.0 m s~!, indicating the
largest trend among all examined parameters. Moreover, the DRSR index does not
change at all during the long-term analysis period, showing virtually no trend of
+0.0002 W /m? /year (R? = 0.019; mean = 193.2 W m~2).
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Figure 4. Long-term annual trends (1958-2024) of solar-relevant climate variables in Gaziantep Sehir

Hospital for (a) Tmax, (b) Tmin, (c) Tcell, (d) WS and (e) DSRS (blue color: variation of annual value,
dotted line: mean value, line: trend line).

Table 4 lists the summary of long-term trends (1958-2024) of solar-relevant climate
variables at Turkish hospital locations. Comparing the locations of the six hospitals pro-
vides insights into the spatial variations that characterize long-term changes in solar-related
climate parameters. Among the study sites, the highest annual warming rate (Tmax) oc-
curred in Gaziantep at +0.0268 °C per year, while the lowest annual warming rate (Tmax)
was observed in Yozgat at +0.0205 °C/year. The highest annual increase in minimum tem-
perature (Tmin) was recorded in Basaksehir, at +0.0300 degrees Celsius per year, indicating
higher nighttime temperatures, while the lowest annual increase in minimum temperature
(Tmin) was recorded in Elaz1g, at +0.0208 °C/year. When it comes to the rate of increase in
Tcell temperature, Adana recorded the highest warming trend at +0.0197 °C/year; while
the lowest change in operating temperatures occurred in Yozgat (+0.0004 °C/year). In the
case of wind speed trends, consistent negative trends were observed at all measurement
stations, albeit at varying levels. In terms of wind speed trend rates, the greatest was
observed in Yozgat (—0.0149 m/s/year), where the least natural convective cooling was
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reported compared to other stations. However, Gaziantep had the lowest wind speed rate
(—0.0031 m/s/year). In terms of DSRS trends, the greatest positive trend was observed in
Basaksehir (+0.0566 W/m? /year), implying a slightly rising solar resource potential over
time, while in Yozgat (+0.0002 W/m?/year), very little change in surface solar radiation
potential was observed. From the results, it is clear that all regions experience warming

trends, but there are few changes in solar radiation potentials. As a result, increased tem-

peratures of both air and PV modules, coupled with decreased wind speed, are expected to

affect PV efficiency more than variations in solar radiation potential.
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Figure 5. Long-term annual trends (1958-2024) of solar-relevant climate variables in Bagaksehir Sehir
Hospital for (a) Tmax, (b) Tmin, (c) Teell, (d) WS and (e) DSRS (blue color: variation of annual value,
dotted line: mean value, line: trend line).
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Table 4. Summary of long-term trends (1958-2024) of solar-relevant climate variables at Turkish
hospital locations.

Location Tmax Tmin Teell WS DSRS Key Observation
[°C/Year] [°C/Year] [°ClYear] [m/s/Year]  [W/m?/Year] y
. Strong warming of air and PV
ﬁi:“ftf’leh“ 0.025 0.025 0.0197 —0.0050 0.0328  temperatures; declining wind speed
P may reduce PV cooling.
Bursa Sehir Largest warming observed in Tmin;
Hospital 0.0232 0.028 0.0055 —0.0128 0.0499 strong decrease in wind speed and
P modest increase in solar radiation.
Elazig Sehir Moderate warming trends and
Hos %tal 0.0237 0.0208 0.0164 —0.0077 0.0262 declining wind speed; solar
P radiation remains relatively stable.
Strong warming signal with nearly
Gaziantep unchanged solar radiation;
Sehir Hospital 0.0268 0.0268 00141 —0.0031 0.054 temperature is the dominant factor
affecting PV performance.
Weakest Tcell trend but strongest
Yozga}t Sehir 0.0205 0.0251 0.0004 —0.0149 0.0002 wind spged decline; solar radiation
Hospital shows virtually no
long-term change.
Strongest Tmin warming among all
Basaksehir B sites; increasing temperatures may
Sehir Hospital 0.025 0.03 0.0173 0.0070 0.0566 offset gains from slightly higher

solar radiation.

3.2. Temporal Climatology of Photovoltaic Resource Availability

The climatological seasonal cycle of photovoltaic energy resource potential (PV )
over the six hospital locations chosen in Ttirkiye is illustrated in Figure 6 for the period
from 1958 to 2024. In all cases, PV s is found to increase progressively from winter months
into summer, peaking in July and then decreasing again into wintertime. The monthly
mean values vary between about 70-95 W /m? during December—January up to around
290-310 W/m? in July, thus exhibiting a seasonal amplitude in excess of 210 W/m?. More-
over, it is found that the maximum PV, levels occur at Elazig Sehir Hospital, Gaziantep
Sehir Hospital, and Yozgat Sehir Hospital, where mean values per month are greater than
300 W/m? during the month of July. At the same time, the minimum PV s is measured
at Basaksehir Hospital, especially during the winter months, where the PV, level is less
than 66 W/m?. Spatial variations depend mainly on latitudinal differences and regional
climates, in which the southeastern parts of Tiirkiye experience higher solar radiation with
lower cloud coverage.

Seasonal variations indicate that June to August is the most profitable period for
photovoltaic electricity production, while December and January are the least productive
periods. Accordingly, energy management plans for solar energy should take into account
lower production levels during the winter. Similar seasonal patterns have been reported
in other parts of the Eastern Mediterranean and Middle East, which experience a peak
during the summer due to high levels of solar radiation and sunlight. Similarly, the lower
values observed in the winter months are attributed to the lower angles of the sun as well
as cloud formation.
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Figure 6. Monthly climatology of photovoltaic resource potential averaged over selected locations for
the period 1958-2024 (A: Adana Sehir Hospital, B: Bursa Sehir Hospital, C: Elazig Sehir Hospital, D:
Gaziantep Sehir Hospital, E: Yozgat Sehir Hospital, F: Basaksehir Sehir Hospital).

3.3. Long-Term Trends in Photovoltaic Resource Potential

As illustrated in Figure 7, it can be observed that the long-term trends in photovoltaic
solar energy resources for selected hospitals over the period from 1958 to 2024 are consistent
and relatively stable, with minor variations depending on the hospital’s location. Positive
trends were observed in four out of six hospitals, meaning that the availability of solar
energy resources is gradually increasing over time, while negative but weak trends could
be observed in two other cases. Among all hospital selections, the largest increase was
found for Elazig Sehir Hospital (0.0901 W/m?/year; R? = 0.152), with an increase in almost
6 W/m? over the investigated period. In Gaziantep Sehir Hospital, a considerable positive
trend was found (+0.048 W/m? /year), while weaker upward trends can be found in Adana
Sehir Hospital (+0.0152 W/m? /year) and Yozgat Sehir Hospital (+0.0286 W/m? /year).

In addition, the Basaksehir Sehir Hospital, and Bursa Sehir Hospital also show weak
positive trends of around +0.0349 and +0.0325 W/m? /year, respectively. Still, even their
coefficients of determination remain very low (R? < 0.05). This means that the changes
happening over a long time frame are explaining only a minor part of the variance. The
interannual variability of the annual PV,,s values measured at all sites is very significant,
with deviations of about +-10-15 W m 2 from the mean being quite frequent. The reasons
for such strong year-to-year variability can be found in clouds, aerosols in the atmosphere,
and large-scale climatic processes that affect the amount of solar irradiation reaching the
Earth’s surface.

The mean annual PV, for each site differs from one another. The greatest mean
resource occurs in Gaziantep Sehir Hospital, which reaches a mean of 199.2 W/m?, while
the lowest occurs in Bursa, amounting to around 172.0 W/m?. Such variations highlight
the impact of climate on solar energy generation potentials within Tiirkiye. Overall, the
trend analysis reveals that there have been no significant changes in photovoltaic energy
resources in the selected hospitals over the past 66 years, showing only slight increases
or decreases in annual radiation amounts. The absence of significant downward trends
plays a crucial role in the future development of photovoltaic cells in the region, allowing
for the prediction of fairly stable power generation throughout the operational lifespan of
photovoltaic cell systems in these hospitals.
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Figure 7. Annual photovoltaic resource potential trend in selected locations from 1958 to 2024:
(a) Adana Sehir Hospital, (b) Basaksehir Sehir Hospital, (c) Bursa Sehir Hospital; (d) Elazig Sehir
Hospital, (e) Gaziantep Sehir Hospital and (f) Yozgat Sehir Hospital (blue color: variation of annual
value, dotted line: mean value, line: trend line).

3.4. Technical Viability of Rooftop and Carport Photovoltaic Systems

Based on the results above, the consistency and widespread availability of solar energy
in all hospitals included in the research demonstrate that the installation of photovoltaic
cells is a perfectly practical solution for providing energy in the most sustainable, economi-
cal and environmentally friendly way for hospitals in Turkey.

To assess the feasibility of applying solar energy in the healthcare sector, the roof
and parking areas of six major hospitals in Tiirkiye were estimated using high-resolution
satellite imagery from Google Maps. Foremost, the area of building roofs and parking
spaces suitable for implementing photovoltaic solar power units was calculated using
satellite imagery from Google Maps. Then, based on the available roof area, the estimated
capacity of photovoltaic solar power units for each hospital was calculated. Thus, the
capacities were calculated as follows: 47 MW for the Basaksehir $Sehir Hospital, 34 MW
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for Bursa Sehir Hospital, 29 MW for Gaziantep Sehir Hospital, 20 MW for Adana $Sehir
Hospital, 19 MW for Elaz1g Sehir Hospital, and 6 MW for Yozgat Sehir Hospital. These
capacities were used to estimate electricity production (EP) and capacity factor (CF) based
on the prevailing climatic conditions in those hospitals.

Electricity production was calculated based on the quantity of photovoltaic energy
resource potential, system efficiency, and installed area according to Equation (5). As
a result, variations in power generation depend not only on the local environmental
conditions of the area but also on the space available for installing photovoltaic cells. In
this way, hospitals with larger rooftop areas and parking lots produce significantly more
electricity annually than others.

Seasonal variations in the EP and CF of the hospital systems under consideration
are quite noticeable (Figure 8). There is an increase in electricity production starting from
winter and proceeding up to summer, where a maximum EP occurs in June—August, after
which the generation falls off until winter minima. The mentioned trend correlates with
the annual seasonal pattern of solar radiation in Tiirkiye and highlights the influence of
the photovoltaic potential on the system efficiency. Basaksehir Hospital is the site that
shows the largest monthly electricity production among the hospitals examined. Its annual
value in the summer is approximately 27,630 megawatt-hours, which is determined by
its relatively large capacity (47 MW) rather than favorable conditions for solar power
generation. In addition, increased electricity production was also observed at Bursa Shahir
Hospital and Gaziantep Shahir Hospital, where the values for June, July, and August
reached 6862, 7452, and 6832 megawatt-hours, respectively. In contrast, the lowest energy
level was observed at the famous Yozgat Hospital due to its small capacity (6 MW), with a
peak value in July of 1431 MWh.

In addition, the variation in CF on a monthly basis in all hospitals is strikingly similar
in nature. The monthly CF is observed to lie within 8-12% during December and January,
while it rises to about 27-30% in the months of June and July. Among all cities, the
Gaziantep and Adana hospitals have the highest summer CF values owing to the fact that
they have better radiation availability in the southern part of Tiirkiye. In contrast, the
Bursa and Basaksehir hospitals possess somewhat smaller values due to their northern
location, coupled with increased cloudiness. However, annual values for CF in all the
locations studied are comparable to those of international utilities” values. It is interesting
to note that the peak electricity generation coincides with the peak capacity factor in the
summer, which underscores the important role that photovoltaic solar power systems play
in supplying hospitals with electricity, especially during the summer months when cooling
systems are in high demand.

Regarding the long-term changes in annual electricity production and power factor
between 1958 and 2024, the trend analysis shows a steady and continuous improvement in
the performance of photovoltaic cells at selected hospital sites (Figure 9). The long-term
positive tendencies for both EP and CF values for all selected locations show that climate
factors have been stable enough to provide consistent production of photovoltaic power
throughout the studied period. The highest rates of electricity production growth per
year can be noted for the facilities of Basaksehir Sehir Hospital, where annual growth
is about 13.9 MWh/year; then Elaz1g Sehir Hospital (13.2 MWh/year), Gaziantep Sehir
Hospital (11.9 MWh/year), Bursa Sehir Hospital (9.5 MWh/year), Adana Sehir Hospital
(2.5 MWh/year), and Yozgat Sehir Hospital (1.5 MWh/year).

Although these growth rates may seem small compared to annual fluctuations, they still
reflect a long-term improvement in potential solar energy production. Similarly, some positive
tendencies are found in the capacity factor data. Yearly increases in the CF vary from about
0.002 to 0.009 percentage points per annum, based on the geographical location. The capacity
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factor shows the highest yearly increase in Elazig, then Gaziantep, and Basaksehir. The
relatively low coefficients of determination show that year-to-year changes in CFs are mainly
associated with interannual climate variations, but persistently positive trends indicate that no
long-term depletion in solar resource availability has been observed over the last 60 years. The
mean annual electric power generation depends on the climate conditions and the capacity
installed. The highest mean annual generation rate is achieved by Basaksehir Sehir Hospital
(about 69,656 MWh), followed by Bursa (53,807 MWh), Gaziantep (49,682 MWh), Adana
(33,482 MWh), Elaz1g (28,764 MWh), and Yozgat (10,478 MWh). The mean annual capacity
factors vary from 17.0% to 19.7%. These values can be considered satisfactory for the good
performance of solar photovoltaic systems in a Mediterranean climate.
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Figure 8. Monthly average energy production and capacity factor of proposed system over selected
locations for the period 1958-2024.

In summary, the results indicate that the use of photovoltaic power stations on rooftops
and parking lots in selected hospitals represents a highly viable option for renewable energy
technology. Given the large area available identified using Google Maps, good solar energy
resources, long-term stable climate trends, and a capacity factor of around 20%, photovoltaic
power plants arguably have very promising prospects in terms of helping hospitals meet
their energy needs.
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Figure 9. Annual energy production and capacity factor trend of the proposed systems in selected locations
from 1958 to 2024 (blue color: variation of annual value, dotted line: mean value, line: trend line).

3.5. Comparison of Energy Production Estimations Using TerraClimate-Based Methodology
and PVGIS

To assess the reliability of the TerraClimate approach developed, the calculated
monthly solar power generation potential of the photovoltaic cell systems was compared
with corresponding values generated using the photovoltaic geographic information sys-
tem (PVGIS). For this purpose, a PVGIS simulation was performed based on the SARAH3
solar radiation dataset because it is specifically designed for solar energy studies and pro-
vides high-resolution radiation data derived from satellites for Europe, including Turkey.
In comparison with reanalysis data, SARAH3 is commonly used for the estimation of PV
potential due to its high spatial resolution and accurate representation of surface solar
radiation. In addition, PVGIS takes into account the optimal module tilt and azimuth by
means of its irradiance transposition models.

Figure 10 shows the comparison between the monthly solar energy generation of the
six studied hospitals obtained from the proposed methodological approach and the respec-
tive data calculated by PVGIS. In general, the seasonal behavior of both methodologies
is consistent. Both methodologies demonstrate an increase in electricity generation from
winter to summer, with its maximum in June-July. The decrease is observed later in the
year. This proves the reliability of the proposed methodology. Despite the similarity in
seasonal trends, the methodology using TerraClimate estimates higher energy generation
compared to PVGIS in most of the hospitals, especially in the summer months. This dis-
crepancy is anticipated since the methodology adopted by TerraClimate for RSDS measures
the global solar irradiation on the horizontal surface without considering the irradiation
transposition from the horizontal surface to the sloped PV surface and losses included in
the PVGIS model.

Moreover, the annual comparison shown in Figure 10 reveals that the differences
between the two approaches remain very small in all hospitals, which means that the pro-
posed approach is in good agreement with the PVGIS simulation. The annual comparison
shows that the TerraClimate-based methodology produces an accurate estimate of pho-
tovoltaic power generation for regional analysis while providing a more straightforward
modeling process. The comparison also reveals the effect of unit orientation and radiation
transfer performed in PVGIS, which was not included in the proposed methodology.

3.6. Long-Term Climatic Changes in Photovoltaic Electricity Generation

To assess the impact of long-term climate change on photovoltaic power generation, the
percentage change in average seasonal photovoltaic power generation between successive
decades for six selected hospitals was calculated, as shown in Table 5. These results indicate
that seasonal variations in photovoltaic power generation are relatively small, reflecting
the limited impact of long-term climate change on photovoltaic power generation. Among
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the four seasons, winter showed the highest variance between the decades, with rates of
change ranging from —4.54% to 7.97%. The maximum increase was observed in Elazig
Shaheer Hospital, where it moved from the years 1958-1967 to 1968-1977 (7.97%), while
the maximum decrease was observed in the following decade (—4.54%).
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Figure 10. Comparison of EP estimation using the proposed TerraClimate-based methodology and
PVGIS (SARAHS3) on a monthly and yearly basis for six city hospitals.

https://doi.org/10.3390/en19153589


https://doi.org/10.3390/en19153589

Energies 2026, 19, 3589

27 of 40

Table 5. Percentage change in average seasonal photovoltaic electricity generation between consecu-
tive decadal periods (1958-1967 to 2018-2024) for the selected hospitals.

Location Season 1958-1967 — 1968-1977 — 1978-1987 — 1988-1997 — 1998-2007 — 2008-2017 —
1968-1977 1978-1987 1988-1997 1998-2007 2008-2017 2018-2024
Winter 4.86 —1.44 5.94 117 -2.02 —0.83
Adana Sehir Spring —0.19 0.05 1.20 1.36 —0.35 0.25
Hospital Summer —0.20 —0.10 —1.62 0.12 —0.66 —0.41
Autumn —2.25 0.95 —1.90 1.47 —0.96 0.30
Winter —2.65 0.14 6.84 —0.51 —1.44 1.85
Basaksehir Spring —0.53 0.77 —1.01 1.56 0.56 —0.82
Sehir Hospital Summer 0.73 0.31 —0.98 1.75 —0.34 —0.44
Autumn -1.69 0.25 -1.39 0.02 0.24 1.24
Winter —0.93 0.50 6.19 —0.23 -1.17 0.42
Bursa Sehir Spring —0.60 091 —0.83 131 —-0.03 —0.54
Hospital Summer 0.76 0.31 —1.58 2.28 —0.30 —0.86
Autumn —261 0.97 -211 0.63 0.83 0.32
Winter 797 —4.54 7.19 4.50 —3.89 —2.54
Elaz1g Sehir Spring 0.32 0.65 3.97 1.06 0.46 -1.99
Hospital Summer 0.15 -0.17 —0.81 1.05 —0.69 —0.04
Autumn —242 0.37 —141 3.20 -1.13 —0.43
Winter 6.82 —1.96 6.54 1.54 —1.90 —1.24
Gaziantep Spring —0.26 112 1.53 1.66 —0.02 —1.90
Sehir Hospital Summer —0.18 0.14 —0.95 —0.08 —0.56 —0.35
Autumn —1.54 0.33 -1.03 2.08 —1.49 —0.77
Winter 2.20 —0.88 5.21 2.64 —3.24 -0.27
Yozgat Sehir Spring —0.42 0.68 1.18 1.88 -1.21 —0.64
Hospital Summer 2.06 -1.37 -1.93 2.55 —2.28 0.92
Autumn —0.69 0.14 —2.31 1.88 -1.26 1.23

This variation was observed in all other hospitals, indicating that photovoltaic elec-
tricity production during the winter is highly dependent on climatic factors such as solar
radiation and cloud cover. On the other hand, the spring season shows fairly stable trends
in all hospitals where the percentage of changes remains below 2%, except for Elazig
Sehir Hospital, where there was a slight increase of 3.97% from 1978 to 1987 to 1988-1997.
This slight change may indicate that the climatic factors in the spring were stable enough
to provide a nearly constant output of photovoltaic electricity over the period under study.
In addition, with the highest ambient temperatures occurring during the summer, changes
in photovoltaic electricity production tend to be slight and both negative and positive,
with most values falling in a range of approximately —2.3% to 2.6%. Although there was
some decrease in photovoltaic electricity production in the summer in some hospitals,
the magnitude of the decrease was not very high. This behavior is consistent with the
mathematical model (Equations (2)—(4)). When the ambient air temperature rises, it causes
the photovoltaic cells to heat up, thus leading to a decrease in the performance ratio and
electricity generation capacity. However, due to high solar radiation, there were only
slight changes in electricity production during the summer. In addition, the autumnal
variance ratios range approximately between —2.61% and 3.20%. The positive and negative
changes were observed between different hospitals and time periods extending over a
decade as a result of the combined effect of seasonal climate changes on the performance of
photovoltaic cell systems.

Generally, the results show that there is no significant trend of increase or decrease in
photovoltaic electricity generation in the six hospitals concerned. Seasonal variations are
relatively small over the entire time period considered. This means that the overall impact
of long-term climate change on electricity generation using photovoltaic cell systems is
relatively low. These results confirm that photovoltaic energy systems remain a reliable
source of renewable energy for hospitals despite changes in climatic conditions, while
seasonal variations in solar radiation play a more significant role than rising temperatures.
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3.7. Economic Sustainability

Figure 11 illustrates a comparison between the economic and environmental impact of
the proposed approach based on TerraClimate data and PVGIS estimates for the six hospi-
tals studied in the city. The TerraClimate-based method has been shown to have yielded
slightly higher economic gains compared to PVGIS estimates, due to higher electricity
generation rates calculated based on the TerraClimate solar radiation dataset.
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Figure 11. Economic performance of proposed systems.

All the hospitals had a positive NPV, indicating that installing PV systems was eco-
nomically feasible. The NPV obtained using the methodology based on the TerraClimate
database ranged from USD 6.81 million for Yozgat City Hospital to USD 42.95 million
for the installation of PV at Basaksehir City Hospital. Additionally, high NPVs of USD
33.79 million and USD 32.08 million were obtained for Bursa and Gaziantep City Hos-
pitals, respectively, and USD 22.05 million and USD 18.49 million for Adana and Elaz1g
City Hospitals, respectively. The NPV values calculated using the PVGIS methodology
were somewhat lower, with the range of values varying from USD 5.45 million to USD
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38.84 million. The largest difference between the two methods was 10.6% for the Yozgat
City Hospital, while the rest of the hospitals showed differences below 8%.

The profitability of the proposed photovoltaic solar energy systems was also con-
firmed by the internal rate of return (IRR) and the adjusted internal rate of return (MIRR).
In particular, using the TerraClimate method for calculating parameters, the following
ranges were estimated for IRR (44.19-50.83%) and MIRR (17.15-17.90%) values. Using
PVGIS, similar ranges of internal rate of return (IRR) (41.51-50.56%) and adjusted IRR
(16.81-17.87%) were calculated. These values are much higher than the assumed dis-
count rate of 7%, making them very attractive investments and proving the viability of all
proposed photovoltaic solar energy systems, regardless of the solar radiation data used.

Moreover, the SPP value for all hospitals was less than three years. According
to the analysis based on the TerraClimate method, the payback period ranged from
4.31 to 4.69 years, and according to PVGIS, the payback period ranged from 4.33 to
4.88 years. The TerraClimate method showed that the value of LCOE was in the range of
0.0121-0.0141 USD/kWh, whereas the other method (PVGIS) gave an LCOE value ranging
between 0.0122 and 0.0151 USD/kWh. The results obtained show that the maximum
difference between the two methods was approximately 7%. In other words, both methods
provided similar estimates of the long-term cost of electricity generation. Moreover, the
profitability index (PI) was higher than 8.0 for all considered hospitals, which was in the
range of 8.5-9.8 using the TerraClimate approach and 8.0-9.8 using PVGIS. It should be
noted that all PI values are significantly higher than one, which means that the discounted
benefits exceed the costs.

3.8. Environmental Assessment Results

Environmental analysis of photovoltaic systems (see Figure 12) showed significant
reductions in greenhouse gas emissions. It was found that the emissions involved in the
construction of the proposed systems ranged from 4.02 million kg CO,-eq for Yozgat City
Hospital to 31.40 million kg CO,-eq for Basaksehir City Hospital. However, even with the
high emissions involved, the annual environmental benefits were very large. Using the
TerraClimate-based approach, annual CO, emissions avoided ranged from 5.03 million kg
COs-eq/year for Yozgat City Hospital to 33.58 million kg CO,-eq/year for Basaksehir City
Hospital, while PVGIS estimated annual reductions between 4.27 million and 31.29 million
kg CO,-eq/year. As a result, the carbon payback time remained quite low and equal to
0.80-0.90 years in the case of the TerraClimate-based approach and 0.80-1.00 years in
the case of PVGIS. Therefore, greenhouse gas emissions associated with the production,
transportation, and installation of photovoltaic cells and inverters can be offset during the
first year of operation. During the 25-year operational period of the projects, the environ-
mental benefits increase significantly. According to estimates based on the TerraClimate
methodology, the carbon dioxide emissions avoided over the lifetime of each project ranged
from 125.73 million kg CO;-eq for Yozgat City Hospital to 839.59 million kg CO;-eq for
Basaksehir City Hospital. Taking into account the embodied emissions, the net lifetime
CO;, benefits varied between 121.71 million kg CO,-eq and 808.19 million kg CO,-eq.

3.9. Development of Location-Specific RSM Models for Monthly Energy Production

The Response Surface Methodology (RSM) technique was used in this research work
to develop prediction models of EP per month for each site and to analyze the effect of
rainfall (R), AOT, and rainfall-to-AOT (R/AOT) ratio either individually or collectively
on EP. The development of these models involved data for the months between 1981
and 2024, and their respective equations are presented in Table 6. The R/ AOT ratio was
established in this study for the purpose of measuring the combined effect of both wet
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precipitation and atmospheric aerosol convection on PV energy production. While AOT
refers to the atmospheric load of aerosols and dust that reduces solar radiation, rainfall acts
as a tool that affects the amount of solar radiation by reducing it and removing aerosols
from the atmosphere and photovoltaic solar panels. Consequently, the R/ AOT ratio serves
as an important physical characteristic reflecting the process of atmospheric cleansing and
attenuation due to aerosols. It also allows for the representation of nonlinear interactions
between the two processes in a single variable, thereby enhancing RSM analysis by avoiding
the problem of multiple linear correlations between predictive variables.
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Figure 12. Environmental assessment results for all selected hospitals.

Table 6 presents location-specific Response Surface Methodology (RSM) models developed
to estimate monthly photovoltaic energy production (EP) as a function of rainfall (R), aerosol
optical thickness (AOT), and their nonlinear and interaction effects for six hospital sites in
Tiirkiye over the period 1981-2024. Each model incorporates linear terms, quadratic terms (R
and AOT?), interaction terms (R x AOT), and additional ratio-based terms (R/AOT, R>/AOT,
and (R/AOT)?) to capture the complex and nonlinear relationships between atmospheric
conditions and PV energy output. Across all locations, AOT shows a strong nonlinear negative
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influence on EP, indicating the dominant effect of aerosol loading in reducing solar radiation,
while rainfall generally exhibits a negative linear effect, reflecting cloud-related attenuation,
with additional interaction terms suggesting coupled atmospheric processes. The coefficient of
determination (R?) values range from 57.15% to 73.87%, indicating that the models explain a
moderate to substantial proportion of the variability in PV energy production, with the highest
performance observed in Gaziantep and Elazig and comparatively lower performance in Yozgat
and Basaksehir, likely due to additional unmodeled climatic or local factors.

Table 6. RSM equations relating rainfall and aerosol optical thickness (AOT) to photovoltaic electricity
generation for the selected hospitals.

Location Equation R-Squared

Adana Sehir Hospital EP = 3753 — 32.54-R 4 2891-AOT + 0.013 5+ + oéo113-R2 — 18250-AOT? 61.73%
+124.5-R-AOT + 0.00303- 57

Basaksehir Sehir Hospital EP = 6273 — S6.0-R + 22091 40T — 2.45. 48+ 4+ 0.139-R? - 38699-A0T? 58.45%

+0.0011-(487)" + 66.0-R-AOT + 0.00303- 57
Bursa Sehir Hospital EP = 4944 — 74.6-R + 203262-AOT — 0408 +0.195-R? 7242520-AOT2 63.04%
+0.00277- (427)" + 114.4-R- AOT + 0.00303- L5+

Elazig Sehir Hospital EP = 2670 — 36.05-R +28319- AOT — 0.073 8 + 020637-1{2 —160407-AOT? 69.87%
+155.9-R-AOT + 0.00156- &5~

Gaziantep Sehir Hospital EP = 4979 — 83.42-R + 18631- AOT + 0.422 18 +21417-R2 — 88608-AOT? 73.87%
+344.6-R-AOT + 0.00459- L5+

Yozgat Sehir Hospital EP = 446 — 19.27-R + 8389-AOT + 0.297- 58 + 0.0139-R? — 19024- AOT? 57.15%

+48.5-R-AOT +0.00381- &

Moreover, Figure 13 shows the three-dimensional response surfaces representing the
monthly EP as a function of R, AOT, and R/AOQOT, as well as the effect of the interaction between
them, for all six city hospitals included in the study. These response surfaces were plotted
using appropriate nonlinear regression equations to show the effect of both variables on the
performance of photovoltaic cells. The curvature of the response surfaces indicates a nonlinear
relationship between photovoltaic energy production and climate variables. It is observed that
the EP value increases with increasing AOT. While the high concentration of aerosols can be
considered a factor in increasing the absorption of solar radiation by the atmosphere, it should
be noted that the low AOT values are consistent with the natural background levels of aerosols
in Ttirkiye. At these AOT values, the level of aerosol pollution can be considered to be average
for the background level, while the value itself is mainly affected by the seasons. Therefore,
higher levels of AOT are observed during high levels of solar radiation and high air temperature,
leading to increased photovoltaic electricity production.

The impact of rainfall on energy efficiency is more complex and varies from hospital to
hospital. For hospitals in Adana, Gaziantep, and Basaksehir, EP tends to increase in conjunction
with rainfall, assuming moderate or high AOTs. This behavior indicates that moderately high
amounts of rainfall naturally clean the surfaces of photovoltaic modules, improving solar energy
transmission and somewhat compensating for any temporary decrease in radiation due to
clouds. As for the hospitals of Bursa and Elazig, the presence of a clear local minimum in the
response surfaces with respect to rainfall indicates greater non-linearity between the variables
concerned. This behavior is due to differences in climate, meaning that in such areas, rainfall is
often associated with cloudy weather and low amounts of solar radiation.

Interaction plots for rainfall and AOT clearly show that the impact of one variable is
contingent upon the value of another. With small amounts of rainfall, an increase in AOT
leads to relatively small increases in EP. In cases where there are moderate or large amounts
of rainfall, an increase in AOT corresponds to a much higher growth in EP production,
especially in the case of the three mentioned hospitals (Basaksehir, Gaziantep, and Adana
City). This proves a statistically significant interaction between the two climatic factors.
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Figure 13. Three-dimensional response surface plots of monthly PV energy production (EP) as a
function of rainfall (R), aerosol optical thickness (AOT) and R/AOT.
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4. Discussion
4.1. Long-Term Warming Trends and Regional Climate Change Context

The results showed significant upward trends in maximum and minimum temper-
atures at all selected hospital sites in Ttirkiye during the period 1958-2024. While Tmax
values are rising consistently, Tmin values tend to rise faster than Tmax in some locations,
such as Basaksehir and Adana. This is a warming pattern known in climate literature as
“asymmetric” because the warming occurs more significantly during the nighttime. There
are multiple reasons why this type of warming takes place, including the contribution
of greenhouse gases, clouds, and rapid urbanization [77-79]. The Eastern Mediterranean
region, which includes Turkey, has been classified as one of the hotspots with regard to
the effects of climate change due to higher rates of warming compared to global trends,
along with an increase in extreme thermal events [80,81]. The observed warming rate in
this case (~0.02-0.03 °C/year) is in good agreement with the results of climate studies in
Anatolia, indicating that the region is indeed experiencing a faster rate of warming in recent
decades [82]. Concerning photovoltaic systems, high ambient temperature leads to higher
temperatures in photovoltaic modules, which affects their efficiency in terms of reducing
the band gap of semiconductors and leads to energy loss. Experimental results show that
losses range from —0.3%/°C to —0.5%/°C depending on the photovoltaic cell technology
used [83,84]. Therefore, the increasing Tcell values observed in all cases indicate a gradual
decrease in the efficiency of photovoltaic cells over time, especially during the summer
with peak generation rates.

4.2. Declining Wind Speed and Implications for PV Thermal Regulation

All observation sites showed a persistent negative trend in wind speed, with reduction
varying from about —0.003 to —0.015 m/s/year. Since wind speed is an important variable
affecting PV performance through improving the convection and reducing the temperature
of modules, any decrease in wind speed will aggravate the thermal stress on PV modules
under the influence of increased ambient temperature. This is a typical example of what
is called “wind cooling,” which is found in many observational datasets [85,86]. The
mechanisms of wind quiescence include changes in atmospheric circulation, increased
surface roughness as a result of land-use changes, and urban growth. In the case of Tiirkiye,
the increasing rate of urban expansion around hospitals such as Basaksehir will exacerbate
this problem. Thus, the interaction of the increase in temperature and the reduction in
wind speed can be considered as a negative feedback loop acting on the PV efficiency due
to the additional increase in operating temperature of modules compared to their increase
due to ambient temperature change only [87,88].

4.3. Solar Radiation Stability and Aerosol-Climate Interactions

Downward surface solar radiation displays slight positive and neutral trends at most
sites, indicating a fairly stable solar resource. Such a conclusion matches well with the global
phenomena of “global dimming and brightening,” whereby solar radiation reductions in
the middle of the twentieth century were partly restored in the 1980s because of reduced
anthropogenic aerosol emissions [89,90]. For the studied region of Tiirkiye and its vicinity,
aerosol loading related to anthropogenic activity and aerosol transport from North Africa
and the Middle East has an appreciable influence on the solar radiation budget [91-94].
Therefore, the lack of an observed trend here implies a balance between opposite forces:
cleaning due to precipitation and increasing anthropogenic aerosol content. Particularly
important is the effect of aerosol optical thickness (AOT) on the attenuation of direct
normal irradiance and the decrease in PV power. This conclusion is in good agreement with
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radiation transmission theory and previous research on the relationship between aerosol
loads and photovoltaic performance [91-94].

4.4. Photovoltaic Resource Stability, Economic Feasibility, and Environmental Sustainability

The differences in PV potential across the studied hospitals relate to the climatic and
geographical diversity within Tiirkiye. Hospitals situated in southern and southeastern
parts of the country, such as those in Gaziantep and Adana, are characterized by higher
levels of annual solar radiation due to lower cloud coverage and longer sunshine duration,
while hospitals in northwestern Tiirkiye, such as in Bursa and Basaksehir, receive com-
paratively lower amounts of solar radiation due to higher cloud cover. However, despite
this difference, the proposed methodology utilizing TerraClimate data found that all six
hospitals have sufficient solar potential to implement economically viable rooftop and
parking lot photovoltaic systems on their territory. These results confirm the latest regional
estimates of solar resource potential, which indicate that Southeast and Central Anatolia
are the most suitable regions for photovoltaic electricity production due to high levels of
annual global horizontal solar radiation [95-97].

Although the intensity of solar radiation varies from place to place, a similar pattern
was observed in all hospitals, with the highest electricity production from photovoltaic cells
recorded from May to August, while the lowest level was recorded during the winter. This
seasonal pattern is consistent with the annual solar cycle and is in line with other studies on
solar energy in the Mediterranean climate, where photovoltaic power generation increases
in the summer as a result of increased hours of sunshine and its angle of elevation [98-100].
Moreover, the calculated CF values in this study ranged from 17% to 20%, which is within
the expected capacity factor range for fixed-tip crystalline silicon photovoltaic cells in a
Mediterranean climate [36,101,102].

According to the economic analysis, the use of PV systems in healthcare facilities is
very profitable. Also, SPP was calculated between 4.31 and 4.69 years using the TerraCli-
mate calculation approach, and between 4.33 and 4.88 years when using the PVGIS data.
These payback periods are similar to typical payback periods for public and commercial
photovoltaic solar energy projects in Europe and the Middle East, which usually range from
approximately 4 to 8 years, depending on the availability of local solar energy resources,
electricity prices, financing, and system design [103-105]. According to Ali et al. [105],
commercial PV systems normally exhibit an economic payback period ranging from 3
to 5 years for optimum conditions, although many others are between 5 and 10 years.
Therefore, the short payback period indicates the high economic feasibility of applying
photovoltaic solar energy systems on the roofs of hospitals and parking lots in Tiirkiye.

Concerning the environment, the recommended PV systems have significant green-
house gas emission reductions. The avoided emissions during the annual period were
between 5.03 and 33.58 million kg CO,-eq year™!, leading to avoided emissions of
125.73-839.59 million kg CO;-eq during the 25-year project life span. Following the deduc-
tion of the embodied emissions from PV production, transportation, mounting structures,
and inverters, the net lifetime CO; benefit of 121.71 to 808.19 million kg CO,-eq was
achieved, proving that the operational environmental benefits far outweigh the embodied
emissions. In addition, the carbon payback period ranged between 0.80 and 0.90 years
using the TerraClimate-based method and 0.80-1.00 years using PVGIS, which is similar to
or less than the 1-3 years reported for the crystalline silicon PV systems [73,106,107]. These
results show that photovoltaic systems installed on rooftops and parking garages are able
to recover the emissions contained very quickly, while providing additional benefits.

https://doi.org/10.3390/en19153589


https://doi.org/10.3390/en19153589

Energies 2026, 19, 3589

35 of 40

5. Conclusions

This research examined the effects of climate change and its fluctuations on solar
energy potential and systems, through a study of photovoltaic energy in six hospitals in
Turkey from 1958 to 2024. It can be stated that, although solar radiation sources remained
relatively stable during the studied period, many of the climatic factors affecting the
effectiveness of this type of renewable energy underwent significant changes.

The findings demonstrated a continuous rise in temperatures, both maximum and
minimum, in all areas of the hospital. Moreover, it was observed that some areas experi-
enced similar, or even higher, nighttime temperatures compared to daytime temperatures,
reflecting changes in atmospheric thermal conditions. In addition, a decrease in wind speed
was recorded in all regions, which helps to reduce the cooling effect on photovoltaic panels
and thus leads to further loss of efficiency in photovoltaic power generation during periods
of abundant solar energy. On the other hand, there was no significant downward trend in
solar radiation falling on the surface, indicating the high potential of solar energy resources
in Tiirkiye for photovoltaic power generation.

The analysis showed that the concentration of aerosols is one of the most important
weather factors affecting energy generation using photovoltaic panels, while rainfall may
affect the efficiency of these panels through its effect on cloud and aerosol formation. From
a technical and economic point of view, the installation of PV panels on rooftops and
carports of hospitals is feasible.

The main finding of this study is that although future climate changes will not sig-
nificantly reduce the availability of solar energy, they may gradually lead to a decrease in
the energy conversion efficiency of photovoltaic systems as a result of increased thermal
stress and a decrease in the wind speed required for cooling. Furthermore, integrating
renewable energy systems into hospital building structures can contribute to ensuring
energy security for healthcare institutions during unexpected power outages in Turkey, as
was recorded in 2015 [108]. Therefore, it is important to design photovoltaic solar energy
systems for hospitals with consideration for future increases in temperature levels and
changes in climatic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en19153589/s1, Figure S1: Long-term annual trends (1958-2024)
of solar-relevant climate variables in Adana Sehir Hospital for (a) Tmax, (b) Tmin, (c) Tcell, (d) WS
and (e) DSRS. Figure S2: Long-term annual trends (1958-2024) of solar-relevant climate variables in
Bursa Sehir Hospital for for (a) Tmax, (b) Tmin, (c) Tcell, (d) WS and (e) DSRS. Figure S3: Long-term
annual trends (1958-2024) of solar-relevant climate variables in Elaz1§ Sehir Hospital for for (a) Tmax,
(b) Tmin, (c) Tcell, (d) WS and (e) DSRS. Figure S4: Long-term annual trends (1958-2024) of solar-
relevant climate variables in Yozgat Sehir Hospital for for (a) Tmax, (b) Tmin, (c) Tcell, (d) WS and
(e) DSRS.
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