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Highlights

e  Comprehensive yearly energy analysis was performed for an educational building.
e A realistic photovoltaic system has been modeled using various numbers.

e Simple payback period of 6.5 years was achieved.

e  Carbon neutrality was reached within one year.
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ABSTRACT

The swift adoption of photovoltaic systems in buildings is driven by the need for sustainable energy solutions and
decarbonization goals. This study assesses a faculty building’s energy usage, potential energy yield, life cycle costs, and
carbon emissions. Key factors such as building characteristics, operational schedules, and load profiles were analyzed
using DesignBuilder. Photovoltaic system modeling with PVsyst explored various ground cover ratios (GCR). Life cycle
cost analysis highlighted the economic advantages of photovoltaic systems, while carbon payback periods measured
emission reductions. Results indicate that higher GCRs enhance energy production and revenue from grid sales.
Performance ratio values varied between 77% and 79%, and the specific production rate ranged from 1630 to 1672
kWh/kWp. Although initial investment is high, increasing GCR reduces life cycle costs and shortens payback periods.
Payback period was found to be 6.5 years, and the building achieves carbon neutrality within the first year. This
methodology can be adapted for various building types and climates, supporting the broader goal of zero energy
buildings and carbon emission reduction.
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1. INTRODUCTION

The building sector accounts for approximately 20-40% of global energy consumption [1]. Itis a
major contributor to greenhouse gas emissions, which are responsible for global warming [2]. In
2021, the largest share in final energy consumption was taken by the industrial sector by 33.4%
while households takes approximately 24% in Tlrkiye [3]. Energy efficiency considerations leads
to 7,1 Mtep of cumulative savings between 2000-2015 for building sector in Turkiye [4]. In many
countries, educational facilities and commercial buildings are prominent sources of concern when
it comes to energy consumption, with educational buildings being particularly significant in terms
of energy usage and carbon emissions compared to other types of buildings [5, 6]. Barbhuiyas
indicated that educational buildings are responsible for a large amount of UK's non-industrial

energy consumption [7].

Building energy models offer streamlined and effective prototypes for projecting future energy
usage in buildings. These models can accurately calculate the energy requirements for heating,
lighting, and cooling in buildings [8-10]. The literature survey showed that numerous studies
concerning energy analysis of educational buildings have been performed. In this regard,
cogeneration system with four patterns were evaluated to meet the load consumption of an
educational building by Naserabad at al. [11]. The results of the study show that the highest energy
and exergy efficiencies are 55,33% and 31%, respectively, which are related to the following
thermal load. Zafaranchi and Sozer investigated various measures to enhance the energy efficiency
of an educational building. They concluded that combined impact of the passive strategies results
in an approximately 82% reduction in gas consumption and a 2% reduction in electric consumption
[12]. Another study by Heracleous et al. suggests a design approach for retrofitting scenarios for
educational buildings in the Mediterranean region [13]. Accordingly, insulation options for roof
and walls were estimated to reduce primary energy demand 18% and 9% respectively, while
windows provided a reduction of 3-4%. The sustainable retrofit options for two educational
buildings in Iran were investigated using multi objective optimization method by Javid et al. [14].
The outcomes of the study show that utilizing reciprocating engine and exhaust-fired absorption
chiller causes 17.79% and 20.8% of reduction in GWP of CO; equivalent for two considered
buildings, respectively. Similar optimization studies concerning PV sizing resulted in more
efficient solutions [15-17].
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As a case study, the Mechanical Engineering Department building at Ain Shams University in
Egypt, was modelled using Energyplus as a typical educational building to investigate various
retrofitting strategies [18]. Results indicate that several building envelopes retrofitting strategies
reduced the building energy consumption by more than 36% since it causes reduction in HVAC
size by more than 65%. A study by Koo et al. aimed to propose an integrated approach for
evaluating the impact of feed-in tariffs (FiT) on the life cycle economic performance of PV systems
in educational facilities [19]. The research explored how China's zonal FiT policy influences
economic performance through three utilization plans: No FiT plan, grid-connected utilization
(GC) plan, and self-consumed utilization (SC) plan + grid-connected utilization (GC) plan. The
study's results indicated that the break-even point for rooftop PV systems was 6.40 years for the
SC + GC plan and 5.49 years for the GC plan. The goal of a study by Taghavifar and Zomorodian
is to have a micro-hybrid energy system, consisting of solar and wind energy, installed in on-grid
mode to allow the campus to sell any excess electricity generated back to the grid [20]. The
findings revealed that a basic PV/grid system is suitable under low inflation conditions. However,
as inflation rises, adding more equipment to the system becomes a more advantageous option. An
increase in the number of wind turbines lowers the net present cost, while higher wind speeds
contribute to a decrease in energy Costs.

It was demonstrated by Ramon et al. that the minimum PV power required to achieve the ZEB
standard is reduced in highly electrified buildings [21]. Meeting the ZEB condition can be
accomplished by either decreasing energy imports or increasing renewable energy exports. In
highly electrified buildings, installing a PV system addresses both requirements simultaneously.
Omar et al. outline a strategy for converting a conventional educational building into a net-zero
energy building [22]. For this retrofit methodology, an educational building in Egypt is chosen as
a case study. Various strategies are employed to lower energy consumption, with the
implementation of renewable energy systems achieving a renewable fraction of approximately
82%.

The potential of installing PV systems without battery storage on the rooftops of educational
buildings with various roof tilt angles was studied by Khairi and Okajima.[23] Outcomes of the
study finds that educational buildings with expansive rooftop areas and significant daytime energy
demands are particularly well-suited for PV systems. Their electricity consumption patterns

closely match solar production, allowing for more efficient use of clean energy. As a result, it is
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noted that these buildings are more appropriate for installing solar PV systems compared to
residential and office buildings. It is also stated that, due to the high energy consumption during
the day, the need for energy storage is considered unnecessary for educational buildings. Another
study conducted by Park et al. aimed to identify the best strategy for deploying PV systems to
achieve the national carbon emissions reduction target for educational facilities in Korea [24]. The
findings revealed that the mono-Si PV system is the most efficient option for these facilities. A
study by Gbadamosi et al. assesses the technical, economic, and environmental advantages of
utilizing renewable energy sources for supplying electricity to large buildings in an educational
institution [25]. They found that a combination of grid and PV systems offers an optimal solution
that effectively meets the load demand with increased renewable energy integration. This approach
reduces energy costs by 45% and lowers CO> emissions by 32.09%. The economic and energy
performance impacts of integrating retrofit measures with renewable energy strategies for a
university building in Recife, Brazil, are examined by Munguba et al. [26]. The results show that
combining thermal modeling, economic analysis, and optimization identifies synergistic retrofit
measures and photovoltaic sizing configurations that reduce energy consumption by over 45 MWh
per year and improve the net present value by more than $170,000 compared to baseline
performance, all without additional investment. Another analysis of the techno-economic
feasibility of using PV systems to achieve net-zero energy in academic buildings was conducted
by Kabir et al.[27]. The findings indicate that optimally sized PV systems can produce a net
positive energy balance for universities, high schools, and primary schools. Economic viability
was evaluated, revealing that each scenario achieved positive net present value and profitability
index values exceeding 1. The decarbonization analysis also demonstrated notable reductions in

CO- emissions across all three types of buildings.

Leichter and Piccardo conducted a review of 44 articles to identify trends in the methodological
approaches of comparative studies focused on renovation and reconstruction scenarios [28]. The
review highlights that the most extensively researched aspect is building scale, with life cycle
assessment being the most commonly utilized method. While cost analysis is, frequently
employed, social factors are often overlooked. Another study by Hemmati and Ebel brought

attention to the growing use of artificial intelligence in evaluating sustainability [29].

The integration of a life cycle approach and occupant thermal comfort into the energy efficiency

design of school buildings is aimed to be explored by the study conducted by Moazzen et al.[30].
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The primary aim is on evaluating the energy use and environmental impacts of various building
envelope alternatives across three different climatic regions in Turkiye. In both temperate and cold
climates, the proposed strategies can enhance comfort conditions. The proportion of embodied
energy and carbon at the net-zero energy building level can exceed 80 percent, whereas it remains

below 15 percent at the cost-optimal level.

Aktas and Ozenc investigated the feasibility of a rooftop PV system for a college building in Siirt,
Turkiye [31]. The PV system was analyzed using PVsyst software. However, the building's energy
loads were determined based on the installed capacity of devices and approximate daily usage
times, rather than through detailed hourly simulations. The results showed that the system achieved
a performance ratio of 84%, with total carbon emission savings of 6852 tons of CO». Ozcan et al.
examined the feasibility integration of PV system into residential building with three different
types of batteries in Antalya and Istanbul [32]. The researchers used Beopt software for energy
modeling and Homer software for PV system modeling. Payback periods are calculated between
8.9 and 11.7 years. A CO2 emission reduction of 238 kg/year and 928 kg/year was achieved using
second-life Li-ion batteries.

Sevik conducted an analysis of a grid-connected PV-trigeneration-hydrogen production system
using Helioscope software at Hitit University Campus, Tirkiye [33]. The total CO2 reduction
achieved by the proposed system over the project's lifetime was estimated to range from 1546 to
2272 tons of COz equivalent emissions, varying by scenario. Additionally, a payback period of 5.5
years, a performance ratio of 78.7%, and a specific production of 1,313.7 kWh/kWp were
calculated, concluding that electricity generation with PV is the most cost-effective system. Alig
conducted a techno-economic analysis of rooftop and sun-tracking PV systems installed on the
campus of Kahramanmaras Siit¢ii imam University, incorporating various energy storage and
management systems [34]. Environmental aspects have not been considered in the solutions. The
payback period for the 5kWp rooftop PV system without energy storage was found to be 8.38
years. Economic evaluation has shown that rooftop PV systems are more cost-effective than sun-

tracking PV systems.

Bilir and Yildirim, evaluated the feasibility of installing 2 different numbers of on-grid PV systems
on a school building in Izmir, TUrkiye, demonstrating that the systems could meet or exceed annual

energy demands (110-162% coverage) with a 7.6—7.9 year payback period while reducing
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greenhouse gas emissions [35]. Dal and Ashrafian evaluates 111 building retrofit packages for a
school building in Istanbul, Turkiye [36]. PV panel solutions with three different sizes are among
the solution scenarios. Findings indicated that combining enhanced insulation, triple low-E
glazing, LED lighting, and renewable energy systems (30 kW PV panels with heat pumps) reduces
total primary energy consumption from 93.05 kWh/m2to 3.35 kWh/m?, offering a pathway to near-

zero energy performance.

Atmaca and Atmaca conducted a detailed study concerning life cycle carbon assessment of two
residential buildings including all building materials used in construction phase in Gaziantep,
Turkiye [37]. Throughout the lifetime of the buildings, the operational phase was the major factor,
contributing to 86-93% of the total CO, emissions. Authors also investigated carbon footprint of
another residential building as a case study and stated that 1513 kg.CO.e per year may be prevented
by PV panels by using available roof area [38].

Kayagetin and Hozath investigated the environmental impact of improved building envelope and
technical systems for residential and office buildings in Turkiye [39]. Life cycle carbon
assessments, which include operational carbon emissions, have been performed using projected
grid mix forecasts. The findings revealed that operational carbon emissions ranged from 53% to
90%, influenced by the type of building. Kinay et al. highlighted that current insulation standards
based on climatic zones are inadequate for achieving carbon-neutral buildings in Turkiye
[40].Kayagetin and Tanyer analyzed the embodied carbon impact of neighborhood-scale
developments by examining three large-scale housing projects developed by Turkiye’s Housing
Development Administration (TOKI) [41]. Their research highlighted that buildings account for
the largest share of embodied carbon emissions in such community-level developments.

To the best of our knowledge, no comprehensive studies in the literature have simultaneously
addressed both the economic and environmental aspects of rooftop PV system feasibility,
following a detailed energy analysis, in educational buildings in Turkiye. While all the studies
mentioned above have made valuable contributions to the literature, none have examined key
parameters such as ground cover ratios, performance ratio, solar factor, life cycle costs, payback
periods, and carbon payback time simultaneously together within the context of the net zero energy
building concept, as a case study of a real educational building. In this article, an in-depth analysis

has been conducted on a faculty building's energy consumption, potential energy generation from
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solar PV systems, life cycle costs, and life cycle carbon emissions. All details about the building
description, climate data, thermal model, schedules, lighting, plug loads have been presented as
crucial for accurate energy modeling. The detailed modeling of the PV system using PVsyst
software has been established, considering various ground cover ratios (GCRs). Performance
indicators such as grid interaction index, performance ratio, solar factor, and energy use intensity
have been calculated for all scenarios considered in this study. A comprehensive life cycle cost
analysis has been conducted, and the simple payback period has been calculated for economic
benefit assessment. For the environmental impact analysis, the life cycle assessment method has
been employed to evaluate carbon emissions, and carbon payback periods have been calculated.
The applied method can be adapted for different building types and climates, to increase PV system

usage and achieving zero energy buildings within a carbon reduction framework.

2. MATERIAL AND METHOD

Evaluating building energy consumption is a complex process. To perform an accurate energy
analysis, factors such as envelope characteristics, weather conditions, internal gains, operating
schedules, and temperature set points must be determined precisely. Changes in any of these
parameters can affect the energy analysis. All these parameters should accurately represent the real
conditions of the building. Researchers use a variety of energy modeling software for this purpose.
EnergyPlus is one of the most widely used whole-building energy simulation programs, capable
of modeling energy consumption for heating, cooling, ventilation, lighting, and plug loads in
buildings and BESTEST compliance for realistic simulations [42]. DesignBuilder, which is a
popular commercial, third-party modeler and interface for the EnergyPlus simulation engine, was

used in this study since the core EnergyPlus graphical interface is not very user-friendly.

2.1. Building description

The building of the Osmaniye Korkut Ata University Engineering Faculty, located in the central
district of Osmaniye, Turkiye, is the subject of this study. It is a prominent educational institution
offering engineering education across various disciplines. Like many educational institutions, the
engineering faculty building, which is actively used by students and researchers, is responsible for
a significant portion of the campus’s overall energy consumption. The building faces 24 degrees
to the north, as shown in Figure 1. This figure provides a rendered view of the building exported
from DesignBuilder, visualizing the sun's path throughout the year for the studied location (Lat:
37.038003, Long: 36.223714).

1003



Int J Energy Studies 2025; 10(1): 997-1042

Figure 1. Sun-path diagram

The building has a total of five floors, with a floor area of 10,130.00 m? and a gross area of
38,230.51 m2. The ceiling height is 4.2 meters. Constructed in 2014, the building was designed to
comply with thermal insulation requirements for buildings in Turkiye [43]. An aerial view and a

3D model of the building are provided in Figure 2 and Figure 3.

Figure 2. Aerial view of the building
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Figure 3. 3D model of the building

Floor plans were imported into the DesignBuilder software from the architectural plans. Floors
were then created based on these 2D plans. Each office, classroom, workshop, and other room
types were modeled separately. These separate volumes are referred to as zones. Rooms of the
same type that share adjacent walls, such as classrooms, are combined into a single zone since all
thermostat settings, occupancy schedules, and occupant densities are the same. The second-floor

plan of the building is shown in Figure 4.
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Figure 4. Second floor plan
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The building envelope has the greatest influence on the energy exchange between buildings and
their surroundings [44]. It accounts for a significant proportion of the total energy consumption of
the buildings [45]. Different design choices for the building envelope can have varying energy

consequences [46-48].

The largest portion of the building envelope under investigation consists of exterior walls. There
are two types of exterior walls in the building. The first type is a structural component heavily
composed of reinforced concrete, while the second type of exterior wall and the interior walls do
not include reinforced concrete. All exterior walls are insulated with extruded polystyrene panels.
The roof is a flat concrete type, covered with elastomeric bitumen for water insulation. All related
information, such as wall elements and material thickness, was obtained from architectural plans,
while some unknown values, such as specific heat, were estimated based on experience and
knowledge. The considered U-values of the envelope components for the energy analysis are given
in Table 1.

Table 1. U-values

Component U-value
(W/m?2-K)
Exterior Wall 1 0.55
Exterior Wall 2 0.50
Roof 0.45
Ground Floor 0.60
Windows 2.645

Windows are identified as double-glazing with aluminum frames according to field inspections.
The glazing thickness is 6 mm, with a 13 mm air gap between the layers. The window U-value is
2.645 W/mz2-K, while the solar heat gain coefficient (SHGC) and visible transmittance are 0.7 and
0.78, respectively. According to the architectural plans, the windows on the southern fagade have
a window-to-wall ratio (WWR) of 42%, while the windows in the corridors on the northern fagade
have a WWR of 100%. All other windows are sized based on architectural drawings and verified

through on-site building inspections.

2.2. Climate data
Building energy consumption is influenced by weather conditions. A Typical Meteorological Year

(TMY) dataset was used to model these conditions. It provides a representative set of weather
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parameters for the entire lifespan of the building. Acar et al. compared the TMY data offered by
the Meteonorm firm with the data provided by Crawley and Lawrie [49, 50]. The results showed
that these two weather datasets are remarkably similar, so this study used the TMY data provided

by Crawley and Lawrie.

Heating degree days (HDD) and cooling degree days (CDD) for Osmaniye provinces were
calculated using data from the TMY file with a base temperature of 18°C. Climate region according
to Koppen-Geiger [51] and the Turkish Standard [52] are given in Table 2. Monthly variation of
global horizontal radiation, horizontal diffuse radiation and average dry bulb temperature is shown
in Figure 5. The Global horizontal radiation value at 1789 kwWh/mz2 per year exceeds the national
average for Turkiye, which is 1527 kWh/m2. This location has a Mediterranean climate, marked
by hot, dry summers and mild, wet winters. The average dry bulb temperature is 18.8°C, with a
maximum recorded temperature of 45.6°C in 2023 and a minimum of -8.5°C in 1989.

Table 2. Climate characteristics

Climate Zone HDD CDD
Province  Koppen-
) TS825 (Tpb=18°C)
Geiger
Osmaniye Csa 1 986 1399
250 30
200 25
< 20 O
£ 150 <
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Figure 5. Monthly climatic values
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2.3. Thermal model

EnergyPlus employs the ASHRAE Heat Balance Method, which relies on a series of heat balance
equations for zone air as well as each exterior and interior surface surfaces [53]. In essence, the
heat balance method requires that the algebraic sum of convection, radiation, and absorbed solar
heat gain at the exterior surface equals the conduction into the wall [54]. Subsequently, the zone
load is determined based on the conductive heat flux through the external wall element. To capture

the dynamic nature of energy consumption, the simulation employed a time step of 30 minutes.

The building utilizes a variable refrigerant flow (VRF) central air conditioning system for both
heating and cooling. All ceiling type indoor units are connected to an outdoor unit. Expansion
valves in indoor units control the amount of refrigerant based on cooling or heating demand of the
zone. All indoor and outdoor units are sized based on a yearly energy analysis using the design
day sizing method, with a safety factor of 15%. The coefficient of performance (COP) for heating
and cooling is taken as 3.4 and 3.3, respectively. Design conditions for the nearest meteorological
station, based on the annual frequency of occurrence of 99.6% for heating and 0.4% for cooling,

are provided in Table 3.

Table 3. Design Conditions

Design DB Temperature  Daily Temperature Mean Coincident Wind Speed

Season (°C) Range (AT) WB (°C) (m/s)
Summer 36.80 9.90 22.20 0.0
Winter 1.10 0.00 1.10 9.1

To ensure occupant comfort throughout the year, the thermal zones were designed to maintain
temperatures within the ranges recommended by ASHRAE 55 Standard [55]. This standard
suggests a temperature range of 22-26°C for summer and 20-23°C for winter. In line with these
guidelines, the thermal zone temperatures were set at 22°C for heating and 24°C for cooling. The
zones are heated or cooled depending on occupancy schedule.

Infiltration, also known as air leakage, refers to uncontrolled natural ventilation. This phenomenon
typically occurs through gaps or cracks in the building envelope, as well as around inadequately
sealed windows and doors [56]. The infiltration rate is defined as 0.5 air change per hour (ACH)

which is used for buildings with good airtightness and well-framed windows [57].
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2.4. Schedules

Schedules play a significant role in energy calculations, as highlighted by Delzendeh et al.[58], by
specifying the days and hours during which a particular area will be used. Two occupancy
schedules, namely 'Classroom Schedule' and 'Office Schedule,’ have been established based on
field inspections. Both schedules maintain the same set temperatures. The Classroom Schedule
applies to weekdays from September 19th to June 15th, with usage hours from 9:00 AM to 4:00
PM. Weekends and the period from January 22nd to February 15th (semester break) are excluded.
The Office Schedule applies to weekdays throughout the year, with usage hours from 8:00 AM to
5:00 PM. Weekends are off for offices. Notably, office occupancy density experiences a significant
reduction from 100% to 40% during the summer period (June 15th to September 19th) due to
annual leaves. Laboratories follow the Classroom Schedule in terms of usage hours but have a
different people density per unit area. Occupancy schedules for corridors, workshops, and storage
zones mirror the Office Schedule; however, these zones will have a significantly lower occupant
density compared to offices, especially corridors. Two distinct activity levels are considered: 108
watts per person for seated activities and 126 watts per person for standing activities. Seated
activities apply to those in classrooms, offices, and laboratories, whereas standing activities apply
to corridors, workshops, and storage zones. Details on occupancy schedules and related densities

are provided in Table 4.

Table 4. Schedules and occupancy densities

Zone Operating Days Operating | Occupancy Hourly Fractions of
Hours Density Occupancy / Equipment
(people/m?)
Weekdays 07.00-08.00 = 0.25;
(Occupant density 08.00-12.00 = 1.00;
. reduced 40% from 8:00 amto 12.00-13.00 = 0.25;
Office June 15" to September  5:00pm | 01030 13.00-17.00 = 1.00;
19™) 17.00-18.00 = 0.25;
18.00-07.00=0

08.00-09.00 = 0.25;
Weekdays between 09.00-12.00 = 1.00:

th
Classroom Septe$22r115?h and 9:00 amto 0.2034 12.00-14.00 = 0.50;
4:00 pm ' 14.00-16.00 = 1.00;
(Except from January

16.00-17.00 = 0.25;
nd th ’
22" to February 15™) 17.00-07.00=0
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9:00 am to 10.00-12.00 = 1; 12.00—
Laboratory ao0pm | 02 1300=0:13.00-15.00=1
07.00-12.00 = 0.25;
. 8:00 am to 12.00-13.00 = 0.90;
Corridor 5:00pm | 0108 13.00-18.00 = 0.25;
18.00-07.00 = 0
07.00-12.00 = 0.25;
8:00 am to 12.00-13.00 = 0.90;
we Weelkdavs 5:00pm | 0106 13.00-18.00 = 0.25;
y 18.00-07.00 = 0
Meeting 8:00 am to 0.1030 10.00-12.00 = 1; 12.00—
Room 5:00 pm ' 13.00 = 0; 13.00-15.00 =1

2.5. Lighting

The lighting design for the building was verified following an on-site inspection. Tubular
Fluorescent lamps were identified for illumination. When defining lighting parameters in the
energy model, it is essential to express the lighting in the zone using units of W/m2, known as
Lighting Power Density (LPD), and to specify the type of illumination, such as Recessed or
Suspended. If the lighting control is not explicitly defined, EnergyPlus will default to a 100% on
status for all defined schedule values. Therefore, a lighting control strategy was implemented in
the model. The selected lighting control strategy is based on linear control, where the lighting
intensity is adjusted according to zone illumination levels in lux. If the zone's illumination value
falls below the set lux level, the lighting control will increase the lighting linearly to maintain the

desired illumination level.

Various standards and guidelines suggest that learning spaces should have an illuminance level
ranging from 300 lux to 500 lux [59]. For educational buildings, a minimum illuminance level of
400 lux defined by IESNA [60]. The illumination level is set for 500 lux for every zone except
corridors. Considered illumination levels and lighting power densities are given in Table 5.

Table 5. Lighting characteristics

Zone Illumination Level  Lighting Power Density
(lux) (W/m?)
Office 500 9
Classroom 500 12.6
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Laboratory 500 12.6
Corridor 100 0.62
wWC 100 0.62
Meeting Room 500 9
2.6. Plug loads

Plug loads refer to all electric loads in a building except those associated with main systems for
heating, cooling, ventilation, and lighting [61]. Plug loads can account for a significant portion of
the energy used in commercial buildings [62], and it is anticipated that this percentage will
experience a projected increase of 40% over the next 20 years [63, 64]. As a result, plug loads
have emerged as one of the rapidly expanding load categories [65]. Hence, the modeling of plug
loads gains significant importance. The plug loads for the building were determined through both
on-site inspection and ASHRAE 90.1 Standard. The considered plug load values for each zone

type can be seen in Table 6. Plug loads are associated with the on occupancy schedules.

Table 6. Plug Load Densities

Zone Plug Load
(W/m?)
Office 11.99
Classroom 4.74
Laboratory 27.81
Corridor 0
wcC 0
Meeting 474
Room

2.7. Photovoltaic panels

PVsyst software was utilized to create a detailed model of the PV system and simulate its
performance. This software incorporates numerous factors that influence energy generation, such
as solar radiation data, panel characteristics, and system losses. It employs the one-diode model
which is widely used for realistic calculations [66]. The primary equation that describes current
supplied by the module, I, based on the one-diode model under a specific set of reference
conditions (1000 W/m?, 25°C, AM=1.5) is expressed as;
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q(V + R51)> ~ l V4R @

I = Iph - IO [exp (W
cs c

where Ipn represents photocurrent, lo represents the diode’s saturation current, and V is the voltage
across the module's terminals. Rs and Rsh correspond to the series and parallel resistances,
respectively. Certain constants, including the electron charge (q), Boltzmann's constant (k), and
the diode quality factor (y), are used in Equation 1. T¢ and N¢s denote the effective temperature of

the cells and the number of cells connected in series, respectively.

The one-diode model assumes that the photocurrent, Ipn, is directly proportional to the irradiance,
with a minor temperature dependence that increases linearly in relation to the temperature
coefficient of short-circuit current parameter, wusc , allowing Iph to be calculated for any given

conditions as follows:

G
ph = ¢ [pnrer + tisc(Te = Trer)], 2)
ref

with G and Grer represents the effective and reference irradiance (W/m?), respectively.

Monocrystalline PV panel characteristics are given in Table 7.

Table 7. Solar panel characteristics

Property Value
Nominal Power 300 W
Dimensions 1648x995mm
Number of Cells 60
Module Efficiency 18.30%
Vinp 33.08 V
Imp 9.08 A
Voc 39.06 V
Isc 10.03 A
Temperature Coefficient of Is 0.048%/°C
Temperature Coefficient of Voc -0.28%/°C
Temperature Coefficient of Pmax -0.37%/°C

1012



Int J Energy Studies 2025; 10(1): 997-1042

DC-AC inverter of 125kW with an efficiency of 97% was used. The number of inverters used in
the system determined by array configuration and design voltage and ampere values of inverter.
PV panels were installed only on the roof. The panels were oriented with a south-facing azimuth
angle of 0 degrees for optimal sun exposure. A tilt angle of 35°, as suggested by Acar et al., was
chosen to maximize energy generation throughout the year [67]. To ensure a seamless and accurate
evaluation of the building's energy performance with integrated solar power, both the energy
modeling and the PV system analysis utilized the same weather data. This consistent approach
creates a reliable framework for assessing the building's energy consumption and the potential
benefits of the PV system. Furthermore, the PV analysis integrates the hourly consumption data
obtained from the energy calculations, allowing the PV model to understand the building's specific

energy demand patterns throughout the year. Degradation rate of 0.7% was assumed [68].

PV arrays cover some portion of installed area whether it is on the roof or on the ground. In order
to define how much area covered by PV panels, ground cover ratio (GCR) is used. It is an important
parameter in designing solar systems, as it directly affects the system's efficiency. A schematic
representation of array installation on roof is depicted in Figure 6. GCR is essentially the ratio of
module area to land area [69]. It is calculated according to Equation 3.

L
_ 3
GCR - (3)

B

AN T T — —

R >
Figure 6. Ground cover ratio [69]
Increasing row-to-row pitch (R) reduces the shading effect caused by arrays themself. So, energy

production per panel area (kWh/m?) increases for low GCRs. Higher GCR cause more inter-row
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shading, which decreases panel efficiency. However, since the higher GCRs allow for more PV
panels to be installed, they may produce more energy for the same roof area compared to lower
GCRs. Design details, such as the required number of PV panels, inverters and the connection
configuration of array strings, are given in Table 8 for various GCRs considered for this study. A

2025; 10(1): 997-1042

schematic representation of PV array installation is depicted in Figure 7.

Table 8. PV panel design scenarios

GCR Number Installed PV area Inverter Array Configuration
of PV Capacity (m?)
panels (kWp)
0.60 2718 815.4 4457 6x125kW 151 Strings x 18 in series
0.55 2500 750 4099 5x125kW 125 Strings x 20 in series
0.50 2242 672.6 3676 5x125kW 118 Strings x 19 in series
0.45 2040 612 3345 4x125kW 102 Strings x 20 in series
0.40 1824 547.2 2991 4x125kW 96 Strings x 19 in series
0.35 1580 474 2591 3x125kW 79 Strings x 20 in series
0.30 1360 408 2230 3x125kW 68 Strings x 20 in series

Figure 7. PV array installation layout

2.8. Performance indicators

In order to have better understanding of impact of onsite generation to electricity grid, a metric

called grid interaction index (ogrig) IS widely used by researchers [70]. Grid interaction is
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determined by considering two parameters: the net energy transfer to the grid and the average
energy demand during that period. Net energy transfer is the difference between energy exported
(Eex) to grid and energy imported from grid (Eim). The average energy demand is the ratio of total
energy consumption to the specified time period, usually monthly. Standard deviation of the ratio
of these parameters referred to as grid interaction index (ogrig). LOw Standard deviation is desired.

Grid interaction and grid interaction index (ogrig) can be calculated using Equations 4 and 5.

f _ Eex,i - Eim,i (4)
gridT = @

fn E; dt/T
Ogria = STD (fgrid,T) (5)

Performance ratio (PR)is commonly calculated to evaluate the overall efficiency of a PV plant. It
is basically the ratio between the actual and theoretical energy outputs of the PV plant. Since it
accounts for all energy losses such as thermal losses, conduction losses or DC-AC conversion loss,
it informs designers as to how energy efficient the PV plant is. Actual energy output of PV array
is calculated as the sum of energy sent to grid (Esolar to gria) and energy sent to building (Esolar to
building). The theoretical energy output is calculated by multiplying the average incident global
irradiation (Egiobal) ON PV plant by the nominal capacity of PV (PVnom) Which is determined at
standard test conditions (1000 W/mz, 25°C) [71].

PR = Esolar to grid + Esolar to building

(6)

Eglobal * PVnom

Another indicator that shows how much of the load is covered by PV production is solar factor
(¢bs). This fraction gives an idea about matching characteristics of generation (Egen) and load (Eioad)
profiles. It indirectly shows how much of the demand must be covered by additional sources, such
as grid for this study, since no energy storage is employed. The solar factor can be defined for an

arbitrary time interval as;

_ Zg(Egen(t) - Enet(t))
¥s g Eload(t)

()
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where;

Epe(t) = max [0, Egen(t) — Eioaa (t)] (8)

Energy use intensity (EUI) is a key performance indicator that represents the total amount of
energy (Eiad) consumed by the building per gross floor area (GFA) [72]. This value can serve as
a benchmark for assessing the building's energy performance and for comparing it with relevant

energy performance standards. It is calculated as follows:

Eload
— 9
EUI GFA %)

2.9. Economic analysis

Life Cycle Cost Analysis (LCCA) is a widely used economical evaluation method [73]. It is a
detailed analysis that considers present value of all cash flows over the lifespan of project. Initial
investment costs, maintenance costs, replacement costs of equipment, energy costs or revenue and
residual value of equipment are the main parameters considered in LCCA. Life cycle cost (LCC)

of a project can be calculated according to Equation 10 [74].
LCC = IC+ PVogm + PVigpr + +PVenergy — PVres (10)

In Equation 10, IC represents the total investment costs for all equipment used in the project. For
this study, IC encompasses the costs of PV panels and inverters, structural components for
mounting the PV array on the roof, and electrical components, including conductors, conduit and
fittings, transition boxes, switchgear, and panel boards. PVoem refersto maintenance costs, which
include operation, repair and servicing costs of the equipment. It is assumed that 1% of the initial

investment cost corresponds to maintenance costs [75].

PVrepi represents the cost of replacing equipment at the end of its useful life. For this study, the
building’s service life is considered to be 50 years. Therefore, any equipment with a shorter
lifespan than the building’s must be replaced. Specifically, with the service lives of PV panels and
inverters being 25 years and 10 years, respectively, PV panels will need to be replaced once, while

inverters will require replacement four times during the building's lifespan.
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PVenergy refers to the cost associated with energy consumption for the building. In this study, energy
consumption and generation occur simultaneously. Solar panels provide a portion of the energy
needs, while the remaining portion is supplied by the grid. If the energy generated exceeds the
building’s requirements, the surplus is sent to the grid. Consequently, at the end of each month,
there are both an energy bill and energy income. The difference between these two figures is
calculated as PVenergy. When energy income exceeds the energy bill, it reduces the Life Cycle Cost
(LCC). The calculations account for the reduction in energy output due to the degradation of PV
panels over the building’s lifespan. PVes represents the residual value of equipment at the end of
its life and is assumed to be zero, as there is no available information on the disposal cost of PV

systems in Turkiye [76].

Present value of all future cash flows calculated by Equation 11.

N t

PV = 4, xz (1%1) (11)

t=1

where, N is the service life of building. Ao represents the costs at the base year. d denotes discount

rate which is taken as 14.5% for this study.

Another economic metric is the simple payback period (SPP). This method provides a quick and
straightforward assessment of the economic benefits of a project. It estimates the number of years
required for cash flows to recover the initial investment costs [77]. The SPP, which is the ratio of
the initial investment costs (IC) to the annual energy savings, can be calculated using Equation 12.

Energy tariff (Cuaritr) and other parameters used in the economic analysis are detailed in Table 9.

IC
SPP = 12
(Eex,yearly - Eim,yearly)x Ctariff ( )

Table 9. Parameters used in economic analysis

Parameter Value Unit
PV Panel Cost 0.41 $IW
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Inverter Cost 0.07 $/wW
Structural components (racking) 0.11 W
Electrical components 0.13 $/w
OM&R Cost 1 %
Lifespan of Building 50 years
Lifespan of PV panel 25 years
Lifespan of Inverter 10 years
Discount Rate 14.5 %
Electricity tariff 0.127  $/kWh

2.10. Environmental impact analysis

In this study, analysis of carbon emissions due to PV array installation is carried out for each PV
system. Life Cycle Assessment (LCA) is used to evaluate these emissions, offering a solid and
comprehensive approach that considers all stages of a product or service throughout its entire [78].

The key phases of this assessment are illustrated in Figure 8.

PY (]
‘e
°
0@ °.
PRODUCT @® CONSTRUCTION
° STAGE STAGE USE STAGE
[
0s0°
L
*Raw Material * Transportation »Maintenance « Deconstruction/
Supply «Construction- «Repair/ Demolition
 Transportation Installation Replacement » Transportation
» Manufacturing Process *Energy »Waste Processing
Consumption *Disposal

Figure 8. System boundary of life cycle assessment [79]

The product stage encompasses resource extraction, raw material production, and panel
manufacturing. Carbon emissions during this stage are significantly influenced by the technology
used and the energy mix of the grid. Different PV panel manufacturing technologies require
varying amounts of energy, which affects the associated carbon emissions [80]. Additionally, the
carbon intensity of the electricity grid plays a role; grids primarily powered by fossil fuels tend to
have higher carbon emissions compared to those with a greater share of renewable energy sources.

For this study, considering the type of PV panels used and Turkiye’s grid mix, the carbon

1018



Int J Energy Studies 2025; 10(1): 997-1042

emissions for the product stage are estimated at 125 kg.CO2e/m? [81]. The carbon emission factor
for electricity generation in Turkiye is taken as 0.689 kg.CO.e/kWh [82].

Carbon emissions associated with transporting materials from a PV manufacturing factory to
university campus were taken into account as well. Tractor-trailers used for regional deliveries,
with a gross vehicle weight exceeding 16 tons, emit 863 grams of CO> per kilometer [83]. The
distance between the manufacturing facility in Antalya, Turkiye, and the university campus is 700

kilometers.

Based on the information provided from the study by NREL on the life cycle greenhouse gas
emissions from solar photovoltaics (PV), 60%-70% of total carbon emissions occur from the raw
material extraction phase through to the operational stage of PV systems [84]. Operation and
maintenance period account for 21%-26% of total emissions whereas end of life operations such
as dismantling or disposal account for 5%-20% of total emissions. For this study, it is assumed

that 25% of the total emissions occur during the use phase and 5% during the end-of-life phase.

An important metric for carbon emission is the carbon payback time (CPBT) [85]. It is essentially
the time required for a PV system to counterbalance the amount of carbon emitted over its life
cycle [86]. Carbon neutrality is achieved when the cumulative reduction in carbon emissions from
the electricity generated by the PV system surpasses the system's total life cycle carbon emissions.
The CPBT is influenced by both the carbon intensity of the grid and the level of solar irradiance.

3. RESULTS AND DISCUSSION

3.1 Building Energy Analysis

The comprehensive energy analysis reveals that the building's total annual energy consumption
(Eioad) 15 626,656.47 kWh. The calculated EUI, based on site energy use, is 16.39 kWh/m? per year.
This corresponds to a primary energy consumption of 29.41 kWh/m2 per year, using a conversion
factor of 1.794 [82].This primary energy metric is also known as the source EUI value. The concept
of Nearly Zero-Energy Buildings (nZEBs) defines buildings with minimal energy usage
throughout the year [87]. European countries have established specific nZEB standards according
to their climate conditions, with source EUI values for non-residential buildings ranging from 21
kwWh/m2 to 176 kwWh/m2 [88]. The faculty building's EUI of 29.41 kWh/m? falls well within the
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nZEB range established by the European Union, making it more feasible to offset energy

consumption with renewable energy sources.

37%

11%

= Cooling = Heating Lighting Equipment

Figure 9. Energy consumption distribution

Share of energy consumption is given in Figure 9. The annual heating consumption for the
engineering faculty building was calculated as 142,729.44 kWh whereas the annual cooling
consumption was obtained to be 179,935.85 kWh for the hot seasons. The non-operational status
of classrooms for educational purposes affects the cooling demand in summer season. Classrooms
that are often not used in the summer cause the cooling load to be lower than expected. In other
words, if there was an occupancy schedule similar to the education season in the summer season,
it was evaluated that the cooling load could increase and be the dominant load. Osmaniye province
experiences warm winters and hot and humid summers, which contributes to the cooling
consumption. Combined, these factors result in a higher annual cooling load compared to the

heating consumption in studied building.

The lighting energy consumption, which includes the energy consumption of artificial lighting
systems, was found to be 68,901.43 kWh annually. This relatively low value is due to the
building’s minimal use after sunset and the presence of skylights in the corridors, which reduce

the need for artificial lighting. he energy consumption of electrical equipment, which includes
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devices such as computers, printers, and projectors, constitutes the largest portion of the building’s
energy use, totaling 235,089.75 kWh. It is crucial to review the energy consumption analysis
monthly, as the consumption varies from month to month. Figure 10 shows the monthly variation
in energy consumption, highlighting a decrease in both electrical equipment and lighting energy

use during the summer months, attributed to lower occupancy rates and reduced usage in certain

areas.
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Figure 10. Monthly energy consumptions

Monthly fluctuations in energy consumption are influenced by variations in the building's usage
schedule and weather conditions. For instance, in February, the heating energy consumption of the
building decreases, primarily due to the closure of the classroom zones from January 22 to
February 15. This specific usage condition leads to a reduction in the overall energy consumption

and alters the energy characteristics of the building during that period.

3.2 Energy generation analysis
Monthly energy generation profiles for each GCR is presented in Figure 11. As expected, energy

generation aligns with the seasonal variations in solar irradiance depicted in Figure 5. Additionally,
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the monthly energy generation is proportional to the GCRs; as the GCR increases, so does the

amount of energy generated each month.

Energy Generation (kWh)
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Figure 11. Monthly energy generation profiles

The analyzed PV model is able to supply energy to both the building and the grid. The building’s

energy needs (Eicad) are met by two primary sources; the solar system installed on the roof and the

grid. Energy is simultaneously drawn from these two sources. When the energy supplied by the

solar system (Esolar to building) 1S insufficient to meet the building's demand, the grid compensates by
providing additional energy (Egrid tobuilding). If the energy generated by the PV system (Egen) exceeds
the building's demand, the surplus energy (Esolar to grid) IS Sent to the grid, as no energy storage

system is modeled in this study. The difference between energy demand (Eicad) and energy

generation (Egen) is referred to as the energy balance (Enet). Table 10 contains all energy interaction
data for various GCRs.

Table 10. Yearly energy analysis

GCR Egen Esolar tobuilding  Esolartogrid ~ Egrid to building Enet
(kWh) (kWh) (kWh) (kWh) (kwWh)
0.60 1,329,297 514,908 814,389 111,749 702,640
0.55 1,233,414 509,308 724,107 117,349 606,758
0.50 1,112,401 498,298 614,103 128,359 485,744
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0.45 1,016,088 486,541 529,546 140,116 389,430
040 911,658 469,239 442,419 157,418 285,001
0.35 789,600 442,079 347,521 184,578 162,943
0.30 682,318 408,849 273,469 217,808 55,661

Despite the presence of a solar energy system, the faculty building also imports electricity from
the grid. Limited solar production during winter due to reduced daylight and cloud cover, along
with late sunrises and peak demand periods, necessitate grid supplementation. However, the
building achieves a net positive energy balance annually for all studied GCRs as indicated in Table
10. Increasing the GCR decreases the building’s reliance on the grid. However, even at higher
GCR values, the solar system does not fully meet the building’s energy needs (Eioad). FOr GCR
values above 0.40, more than half of the generated energy (Egen) is sent to the grid. At GCR values
of 0.55 and 0.60, the total energy exported to the grid (Esoiar to grid) €xceeds the building's annual

energy consumption (Ejoad).

Solar factors for each GCR are calculated using Equation 7 and presented in Table 11. This
equation combines the factors of Ejcad, Egen, and Enet to yield a numerical value that reflects the
effectiveness of solar energy utilization. While solar energy meets a significant portion of the
building’s energy needs, it does not fully cover all energy consumption.

Table 11. Solar factors

GCR s

0.60 82.17%
0.55 81.27%
0.50 79.52%
0.45 77.64%
0.40 74.88%
0.35 70.55%
0.30 65.24%

In addition to the cumulative annual solar factors for each GCR scenario presented in Table 11,

specific days within the year were selected to closely examine the hourly relationship between
load and generation profiles. January 14th and June 1st were chosen because they represent both
low and high solar factor levels, respectively, and both days feature full building occupancy, unlike
periods during semester breaks or summer holidays. Hourly load and generation profiles, along
with hourly solar factors, are illustrated in Figures 12 and 13.

1023



Int J Energy Studies 2025; 10(1): 997-1042

January 14th
700
= 600
E 500
a) 400
$ 300
W 200
100
0
123456 7 8 91011121314 151617 18192021 22 23 24
Hours
—— Load ——GCR=06 GCR=0.55 GCR=0.50
——— GCR=0.45 —— GCR=0.40 —— GCR=0.35 —— GCR=0.30
June 1st
700
< 600
§, 500
b) 5 400
S 300
W 200
100
0
123456 7 8 91011121314 1516 17 18 19 20 21 22 23 24
Hours
—— Load —— GCR=0.6 GCR=0.55 GCR=0.50

—— GCR=0.45 —— GCR=0.40 —— GCR=0.35 —— GCR=0.30

Figure 12. Energy profiles a) for January 14" and b) for June 1%

Figure 12 displays the solar energy generation for January 14th, revealing that the energy produced
is insufficient to meet the building's consumption for most of the day. However, around noon, PV
arrays with GCRs of 0.60 and 0.50 were able to provide adequate energy to the building for a
period. In contrast, on June 1st, most scenarios with varying GCRs resulted in surplus energy

generation, unlike January 14" according to Figure 12.
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Figure 13. Solar factor a) for January 14" and b) for June 1%

For ease of graphical representation, Figure 13 illustrates the variation in solar factor for the
highest and lowest GCRs. On June 1st, the average solar factor is 74% for a GCR of 0.30 and 99%
for a GCR of 0.60. In contrast, on days with low solar irradiation levels, such as January 14th, the
installed PV system capacity frequently falls short of meeting the building's energy demand
throughout most of the day. For January 14th, the average solar factors are 40% for a GCR of 0.30
and 69% for a GCR of 0.60.

1025



Int J Energy Studies 2025; 10(1): 997-1042

1789 kWh/m? Global horizontal irradiation

+17.1% Global incident in coll. plane

-2.28% Far Shadings / Horizon
£6.23% Mear Shadings: irradiance loss

-1.68% 1AM factor on global

1887 kWhim?® * 4457 m? coll. Effective irradiation on collectors

efficiency at STC = 18.30% PV conversion

1539165 kWh Array nominal energy (at STC effic.)
N -0.49% PV loss due to irradiance level

-8.64% PV loss due to temperature

+0.75% Meodule quality loss

-2.10% Mismatch loss, modules and strings
-1.08% Ohmic wiring loss

1365374 kWh Array virtual energy at MPP

-2.29% Inverter Loss during operation (efficiency)
M 0.00% Inverter Loss over nominal inv. power

N 0.00% Inverter Loss due to max. input current

N 0.00% Inverter Loss over nominal inv. voltage

N -0.36% Inverter Loss due to power threshold
grid . 4 0.00% Inverter Loss due to voltage threshold
consumptior]

1329297 kWh Available Energy at Inverter Output

66624 5143908 814389 kwh Dispatch: user and grid reinjection

to user to user to grid

from grid  from solar

Figure 14. Loss diagram for GCR=0.60

Calculated main source of losses considered by PVsyst analysis tool for GCR=0.60 is illustrated
in Figure 14. Figure 14 visualizes the breakdown of these losses, showing how array losses and
inverter losses contribute to the overall efficiency of the PV system. It also depicts other factors
such as wiring losses, temperature losses, and other miscellaneous losses. Array losses account for

approximately 12.31%, whereas conversion losses are close to 3%.

Table 12 presents yearly average performance ratio values (PR), which is a critical metric to

evaluate overall performance of PV system, along with specific production rate values (SP) which
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is measured in terms of total energy generated per kilowatt-peak of installed capacity (kwWh/kWp).
PR values reported in Table 11 for the PV system, ranging from 77% to 79%, align closely with
the range suggested by Lagarde et all [89]. As the system capacity increases, the performance ratio
(PR) decreases due to higher array and conversion losses. Similarly, as the rows of the array

become closer together, shading effects between rows increase, leading to a reduction in the SP.

Table 12. Performance ratios and specific production

SP
(KWh/kWp)
060  77.83% 1630
055  7851% 1645
050  78.96% 1654
045  79.26% 1660
040  79.44% 1666
035  7953% 1666
030  79.84% 1672

GCR

Cubukcu and Gumus reported a specific production of 1652.06 kwWh/kWp for a grid-connected
PV system located in the eastern part of Tirkiye, based on a one-year real data analysis [90].
Comparable results were achieved through realistic simulations in this study, as presented in Table
12.

Eke and Demircan observed the year-round performance of a grid-connected PV system, achieving
a performance ratio of 72% under the climate conditions of Mugla, Tiirkiye [91]. Sevik reported a
performance ratio of 78.7% for the Corum region, Turkiye [33], while Aktas and Ozenc calculated
it as 84% for Siirt, Turkiye [31]. Therefore, the performance ratios for this study, as shown in

Table 12, fall within the range observed in other studies for the climate conditions of Turkiye.

To evaluate the impact of the PV system on the grid, grid interaction indexes (ogrid) for each GCR
are calculated using Equation 4 and Equation 5. Although there is no universally defined
recommended range for ogria, lower values are generally preferred as they indicate better grid
integration and performance. Figure 15 shows that ogrig Starts at a low value of 0.14 with a GCR

of 0.30. As the GCR increases, indicating more shading or obstruction, ogrig rises proportionally,
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reaching up to 0.43. This trend suggests that increased inter-row shading reduces PV system

efficiency and presents greater challenges for maintaining stable grid interaction.
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Figure 15. Grid interaction indexes

3.3 Life cycle cost analysis

A Life Cycle Cost Analysis (LCCA) was conducted to assess the total costs associated with
investing in a solar energy system over the building's entire lifespan (50 years). This analysis
includes various expenses incurred throughout the system's life. Figure 16 illustrates the
breakdown of these expenses in LCC. According to Figure 16, the initial investment cost
represents the largest portion of the total cost, followed by replacement costs for PV panels or
inverters at the end of their useful life. Operation, maintenance, and repair (OM&R) costs, which
cover monitoring, cleaning, and upkeep, account for the smallest share. Since some energy is
supplied to the building from the grid, the associated energy bills also contribute to the LCC. Initial
costs, OM&R, and replacement costs are directly proportional to the GCR, as increasing the system
size leads to higher expenses. However, as the GCR rises, meaning a larger portion of the energy
needs is met by on-site generation, the energy costs decrease. Consequently, reduced grid

purchases result in direct savings on energy costs.
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Figure 16. Share of expenses of LCC

The initial investment cost encompasses the purchase and installation of PV panels, inverters, solar
mounting systems, and additional equipment such as cables and circuit breakers. Given its
significant impact on the LCC, Figure 17 offers a detailed breakdown of how these components
contribute to the overall initial investment. The cost of PV panels represents the largest portion of
this investment, followed by expenses for structural components, electrical components, and

inverters.

Electrical
components
18%

Structural
components

Figure 17. Distribution of initial investment cost components
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Since the system in this study can sell surplus electricity, it helps offset a portion of the LCC.
Figure 18 presents a comparative analysis of LCC per unit of installed capacity (LCC/kWp) for
different GCRs, along with the total revenue generated from selling energy back to the grid. Higher
GCRs optimize the use of available roof space for PV panels, maximizing total energy production
per unit area. This increased energy yield relative to the total system cost results in a lower
LCC/kWp. Additionally, greater electricity generation creates extra revenue streams, improving
the economic feasibility of the PV installation. Therefore, higher GCRs offer significant economic

benefits by reducing LCC/kWp and increasing revenue from grid sales.
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Figure 18. Energy generation revenue and LCC/KWp

Higher GCRs not only enhance energy production and revenue but also lead to shorter payback
periods for the initial investment. According to Figure 19, simple payback time decreases to 6.5
years for GCR=0.6. Shorter payback periods make these solutions more financially viable and

support the achievement of both economic and environmental sustainability goals.

Duman and Giler found that a 5SkW rooftop PV system for residential buildings in southern
Turkiye has a payback period of 7.75-8.33 years based on 2020 economic data.[92]. Alig
calculated the payback period for a PV system of the same size in Kahramanmaras as 8.38 years.

[34].
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Figure 19. Payback period

3.4 Life cycle CO2 analysis

The COz emissions for the base case, where no renewable energy is installed, represent the scenario
where the building's energy demand is fully met by the grid, resulting in no avoided or reduced
CO2 emissions. The total CO2 emissions for this base case are calculated using the carbon emission
factor. Despite installing various PV panels on the roof to reduce grid dependency, some energy
is still drawn from the grid, meaning that CO> emissions continue as the grid cannot provide
entirely carbon-free energy. Another key parameter is avoided CO> emissions, which represents
the amount of CO2 emissions that have been prevented due to the integration of the renewable
energy system. The energy generated by the PV system is directly factored into the calculation of
avoided CO2 emissions. The difference between the CO2 emissions from the grid and the avoided
CO2 emissions is referred to as Net CO2 emissions, reflecting the overall impact on CO2 emissions.

Figure 20 presents all these parameters along with the base case data.
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Figure 20. Energy generation revenue and LCC/kWp

As the GCR increases, the energy supplied to the building by the PV system also rises, leading to
reduced energy drawn from the grid. This decrease in grid electricity consumption results in lower
CO2 emissions associated with grid-supplied energy. Concurrently, avoided CO> emissions from
the PV system increase as higher GCRs enable more electricity generation. This is because the PV
system replaces grid electricity that would otherwise be generated from fossil fuels. When avoided
CO2 emissions surpass the CO. emissions from grid electricity, net CO> emissions become
negative, as illustrated in Figure 20, indicating a net reduction in CO, emissions due to the
renewable energy integration. As the GCR continues to increase, both CO2 emissions from grid
electricity and net CO2 emissions decrease, reflecting a reduction in the building's dependence on

fossil fuel-based grid electricity and resulting in lower overall CO, emissions.
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Figure 21. Carbon payback period

Figure 21 plots the carbon payback times, which represent the duration needed for the cumulative
CO2 emissions avoided to match or exceed the total CO2 emissions produced over the building's
entire life cycle. Studies have demonstrated that the average carbon payback period for solar panels
ranges from 1 to 4 years [93].The data in Figure 21 indicates that the building generally achieves
carbon neutrality in CO2 emissions by the end of its first operational year. However, with a higher

ground cover ratio, it takes longer to offset carbon emissions due to reduced specific electricity
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generation from PV panels and higher life cycle CO2 emissions. The rate at which carbon neutrality

is achieved varies with the GCR.

4. CONCLUSION

This study evaluates the integration of rooftop photovoltaic (PV) systems into a faculty building
in Osmaniye, Turkiye, which meets Nearly Zero-Energy Building (nZEB) standards with a source
energy use intensity (EUI) of 29.41 kWh/m?/year. The analysis reveals that the building’s energy
demand is dominated by cooling due to its operational patterns and the region’s hot climate, with
summer reductions attributed to unoccupied classrooms. A detailed PV system simulation,
accounting for varying ground cover ratios (GCRs), demonstrates net-positive annual energy
generation across all scenarios. Systems with GCRs exceeding 0.40 export over 50% of their
production to the grid, achieving a performance ratio of 77—79% and specific yields of 1630-1672
kWh/kWp. However, larger systems face efficiency declines from shading and conversion losses.

Economically, higher GCRs maximize revenue through grid exports, reducing the life cycle cost
per kWp and yielding a payback period as short as 6.5 years (GCR 0.6). Environmentally, the PV
system offsets grid reliance, achieving carbon neutrality within one year of operation. While higher
GCRs extend carbon payback periods slightly due to increased embodied emissions, they still
enable significant net CO. reductions. These findings emphasize the importance of optimizing

GCR to balance energy output, economic viability, and environmental impact.

This methodology, adaptable to diverse building types and climates, provides a scalable
framework for advancing zero-energy buildings and supporting global carbon reduction strategies.
By prioritizing system design tailored to local conditions, stakeholders can enhance renewable

energy adoption in the built environment.

NOMENCLATURE
AC alternating current
American society of heating, refrigerating, and air-
ASHRAE o _
conditioning engineers
CDD cooling degree days
COP coefficient of performance
CPBT carbon payback time
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DC direct current

EUI energy use intensity

FiT feed-in tariffs

GCR ground cover ratio

GWP global warming potential

HDD heating degree days

HVAC heating, ventilating, and air conditioning
IESNA illuminating engineering society north America
LCA life cycle assessment

LCCA life cycle cost analysis

NREL national renewable energy laboratory
PV photovoltaic(s)

SPP simple payback period

T™MY typical meteorological year

uUsD U.S. dollars

VDC volts direct current

VRF variable refrigerant flow

WAC watts alternating current

WDC watts direct current

Wp watts peak

WWR window-to-wall ratio

ZEB zero energy building
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