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Fig. 16. Energy sold to the grid.

which promote decentralized renewable energy and energy inde-
pendence. However, regulatory and infrastructural limitations still
pose challenges, particularly for off-grid deployments in semi-
urban regions like Canakkale. Net metering regulations currently
favor on-grid systems, offering financial incentives for energy sold
back to the grid, while off-grid setups lack access to such benefits.
Additionally, the absence of regional storage subsidies or feed-in
premiums increases the capital burden on isolated systems, par-
tially explaining their higher lifecycle costs despite superior envi-
ronmental performance.

B. Productivity Analysis

1) Scenario-1: On-Grid System:

The simulations demonstrated that the components used in the on-
grid system contributed significantly to electrical energy production.
The monthly distribution of electrical energy generated by the sys-
tem components is illustrated in Fig. 14.

Based on the values in Table VIII, 69.8% of the electrical energy pro-
duced was supplied by wind turbines (WT), reducing grid depen-
dency to 0.789%. The system achieved a remarkable 99.3% efficiency
in terms of renewable energy utilization. Furthermore, carbon emis-
sions were reduced by up to 388 kg per year in this scenario, enhanc-
ing environmental benefits.

The simulation also revealed that the payback period for the on-
grid system was approximately 4.9 years. The results for energy
purchased and sold relative to the maximum load for the designed
on-grid system are summarized in the accompanying table.

The penetration rate, as determined through simulation, is detailed
in Figs. 15 and 16. According to the network purchasing intensity
data in Fig. 15 and the monthly distribution in Table IX, the penetra-
tion rate was highest during July and August.

When the sales intensity to the network, as shown in Fig. 16, is ana-
lyzed, it is evident that the system achieved high sales levels during
the 6-10 AM timeframe.

Figure 17 further reveal that: the intensity of purchases from the
grid peaked in March and April. The intensity of sales to the grid
was highest in July and August. Additionally, the designed on-grid

system demonstrated a renewable fraction rate of 99.2%, underscor-
ing its high sustainability and efficiency.

2) Scenario-2: O -Grid System:

Figure 18 shows the monthly distribution of electrical energy pro-
duced in the off-grid system according to the components used.
Based on the data in Table X, it was observed that 76.6% of elec-
trical energy production was supplied by PV panels. Electrical
energy production reached its highest levels in July and August.
The designed off-grid system successfully reduced CO, emissions
to 2696 kg per year, which is a significant contribution to the
ecosystem.

In simulation-2, the monthly distribution of annual electrical energy
generated from solar energy and wind speed, as simulated using

TABLE IX. MONTHLY ELECTRICITY TRANSACTIONS (PURCHASE AND SALE)
FROM THE NETWORK

Energy Purchased Energy Sold Peak Load
Monthly (kWh) (kWh) (kW)
January 81.461 6.525.810 6150
February 56.784 6.179.163 6067
March 113.735 6.748.344 6381
April 102.197 5.699.041 6300
May 50.846 5.283.547 6012
June 22.883 4.823.094 6125
July 41.146 6.542.202 6150
August 26.956 6.935.012 5953
September 45486 5.767.788 6012
October 22.015 6.356.041 6125
November 26.237 5.994.172 6150
December 25.135 6.685.757 6017
Annual 614.882 73.539.971 6381
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Fig. 17. Average monthly energy purchased from the grid and sold to the grid.

HOMER Pro, is illustrated in Fig. 19. According to the data, electrical
energy production from solar energy peaked in June and July. Wind
energy production was highest during February and December.

The system analysis indicates that the electrical energy demand of
the region is largely met by wind energy, with solar energy mak-
ing a substantial contribution to the system’s energy needs. These
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Fig. 18. Monthly electricity production for off-grid system.
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TABLE X. ANNUAL ELECTRICITY GENERATION OVER COMPONENTS FOR

THE OFF-GRID SYSTEM

Components Production (kWh/yr) % (year)
Flat plate PV 5.986.738 76.6
G-10 kW 1.823.795 233
Diesel generator 3.089 0.0395
Total 7.813.622 100

findings, presented in Table XI, are supported by the monthly aver-
age Global Solar and Wind Speed graphs in Fig. 19, generated using
HOMER Pro.

According to HOMER Pro standards, the rate of renewable energy
divided by load is 77.5%. The rate of renewable energy divided by

total generation is 100%. Additionally, the annual renewable pen-
etration rates are shown in Fig. 20 and Fig. 21. The high penetration
rates ensure the system's independence, while the significant renew-
able fraction enhances its efficiency.

As a result of the simulation conducted in HOMER Pro, the battery
system used in scenario 2 has an expected lifetime of 8.77 years,
storing 1916864 kWh of energy annually. The charge status of the
batteries, showing daily and monthly distribution rates, is illustrated
in Figs. 22 and 23. Figure 22 reveals that the designed system sig-
nificantly meets the electrical energy demands of the load. The bat-
teries remain fully charged for most of the year, demonstrating the
system's efficiency and reliability.

C. Emissions

The quantities of emissions were derived from the simulation results
of the HOMER Pro software and were used to determine the annual
amounts of each pollutant, measured in kg/year, produced by the
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Monthly global solar radiation and wind speed data.
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TABLE XI. MONTHLY DISTRIBUTION OF ELECTRICAL ENERGY GENERATED

annual carbon (CO,), sulfur (SO,), and nitrogen (NO,) emissions for
both scenario-1 (on-grid) and scenario-2 (off-grid).

BY THE SUN AND WIND
Monthly Global Solar (kW) Wind Speed (kW) As shown in Fig. 24, the off-grid system in scenario-2 emits signifi-
cantly less carbon (CO,) and nitrogen (NO,) into the ecosystem com-
January 99 4032 pared to the on-grid system in scenario-1. Specifically: in scenario-1,
February 135 4083 3.88 605 kg of CO, is released an.nuailly. In scenarlo.-2, carbon- emis-
sions are reduced by 99.3%, making it a more sustainable option for
March 18 405 ecosystem protection.
April 216 3432 This reduction demonstrates that the off-grid system designed in
May 234 3130 scenario 2 is better suited for maintaining ecological sustainability
and reducing the environmental impact of energy production.
June 264 2859
VII. CONCLUSIONS
July 27 359.1
This study performed a comprehensive techno-economic assess-
August 255 370.8 . .
ment of hybrid renewable energy systems to determine the
September 213 335.1 most cost-effective and environmentally sustainable scenario for
Ganakkale Province. This evaluation involved simulating off-grid and
October 153 365.1 grid-connected systems using the HOMER Pro program.
N b 1.1 3741 . . .
ovember Analysis of the study region revealed that wind energy accounted
December 87 4293 for a significant portion of the load demand. Moreover, the integra-
tion of photovoltaic (PV) panels into the hybrid configuration signifi-
Annual 2217 44923

cantly improved overall system reliability. With an average daily load

demand of 5.6 MWh in Canakkale Province, the proposed scenarios

power system [28]. While focusing on renewable energy sources, it is
important to note that significant greenhouse gas (GHG) emissions
can also originate from sources other than power plants.

In the scenario selection process, emissions were a critical factor. A
lower GHG emission rate highlights the efficiency and sustainabil-
ity of the designed system for the ecosystem. Fig. 24 presents the

successfully met this requirement.

+ Inthe grid-connected scenario, the system imported 614.882 kWh
from the grid while exporting 73.539.971 kWh, highlighting its
capacity to generate a substantial energy surplus.

« In the off-grid system, the system was supported by a diesel gen-
erator, as annual electricity generation from renewable sources
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Fig. 20. Hourly contribution of renewable energy to annual energy generation.
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Fig. 21. Hourly contribution of renewable energy to annual energy consumed by the load.
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Fig. 23. Monthly charge state for battery system.

totaled 4714 MW. The diesel generator contributed merely
0.0395% of the total energy, reflecting minimal dependence on
nonrenewable resources.

In terms of carbon emissions, the grid-connected system released
388 kg of CO, annually, whereas the off-grid system achieved a sub-
stantial reduction to 2.7 kg, underscoring the systems’ environmen-
tal compatibility and sustainability.

When comparing the NPC and COE values:

The grid-connected system exhibited lower NPC ($25.1M) and
COE ($0.0257/kWh) values, positioning it as the more cost-effec-
tive alternative.

The off-grid system, with NPC ($9.88M) and COE ($0.371/
kWh) values, proved advantageous in reducing environmental
impacts.
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Fig. 24. Annual emissions for on-grid and off-grid scenarios.

17



Electrica 2025; 25: 1-19
Pamuk and Omar. Techno-Economic Assessment of Energy Systems

With a payback period of 4.9 years, the grid-connected system proved
to be the most economically viable solution for the Canakkale region.

In summary, the simulation-based analysis conducted for Canakkale
province revealed a clear trade-off between economic feasibility and
environmental sustainability in hybrid renewable systems. The on-
grid system demonstrated superior economic performance, with an
NPC of $25.1M and COE of $0.0257/kWh, bolstered by grid interac-
tion and energy sales. In contrast, the off-grid system, while reducing
carbon emissions by 99.3%, incurred significantly higher operational
costs, primarily due to extensive battery storage and the absence of
grid support.

This study provides critical insights into regional renewable energy
planning, highlighting the importance of policy-aligned hybrid
designs. It also emphasizes the need for holistic evaluation frame-
works that integrate environmental benefits, technical feasibility,
and economic return. Future studies should explore the integration
of predictive control systems, peer-to-peer energy trading models,
and policy-based financial simulations to evaluate off-grid systems
under varied support schemes. Moreover, multi-objective optimiza-
tion techniques could be employed to balance environmental and
economic trade-offs more effectively.
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