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Abstract

This study evaluates the techno-economic performance and operational emissions of grid-
connected and off-grid hybrid renewable energy systems (HRES) for a large educational
building in Tiirkiye. The building’s hourly electricity-demand profile for 2020-2025 and
local solar, wind and livestock-manure resources were modeled in HOMER (Hybrid
Optimization of Multiple Energy Resources). Photovoltaic (PV), wind-turbine (WT) and
biogas-generation alternatives were assessed using net present cost (NPC), cost of energy
(COE), renewable fraction and modeled operational emissions. Among the grid-
connected alternatives, the Grid/PV/Biomass configuration was the least-cost option,
with an NPC of approximately $1.85 million, a COE of $0.199/kWh and a renewable
fraction of 70%. Adding wind increased the renewable fraction to 72% but raised the
COE to $0.263/kWh. Among the off-grid cases, the WT/PV/Biomass/Battery
configuration had the lowest COE ($0.555/kWh) and generated 1,006,808 kWh/year,
with PV, biogas and wind contributing approximately 48%, 40% and 12%, respectively.
The low wind-turbine capacity factor (4.85%) indicates a supplementary role for wind at
the site. Relative to the grid-only baseline, modeled operational CO: emissions decreased
by more than 99% in the off-grid configurations and by approximately 78—-81% in the
grid-connected cases; these are operational rather than life-cycle savings. A separate
analytical grid-only reference shows that the least-cost HRES is not necessarily cheaper
than continued grid supply under the fixed 2025 reference purchase price of $0.05/kWh.

The results demonstrate a trade-off between renewable penetration, operational emission



reduction and system cost, and highlight the importance of site-specific resource quality,

biomass logistics and reliability metrics.

Article Highlights

* Solar panels and manure-based biogas supplied most of the renewable power for a
large university building in Tiirkiye

+ Keeping the grid connection made hybrid renewable systems far cheaper than
running the building fully off-grid

* Renewable options sharply cut operating CO- emissions but cost more than simply
buying electricity from the grid

Keywords Hybrid renewable energy system (HRES); Techno-economic analysis;

Educational buildings; Biogas; HOMER

1 Introduction

Higher-education institutions are increasingly being used as testbeds for hybrid
renewable energy systems (HRES) because they combine substantial and temporally
structured electricity demand with opportunities for on-site solar, wind, biomass and
storage deployment. For educational facilities, however, the feasibility of HRES depends
strongly on the spatial scale of analysis, the temporal resolution of the load profile, local
renewable-resource quality, grid tariffs and the techno-economic assumptions assigned
to individual components. Consequently, results obtained for an entire university campus
cannot automatically be transferred to a single educational building, where load

variability and renewable-resource constraints may be more pronounced.

Recent 2026 studies illustrate the shift from simple renewable-capacity sizing toward
integrated techno-economic, reliability and decarbonization assessment in educational
facilities. Ali et al. (2026a) optimized a grid-connected university student-residence
microgrid combining PV, wind, biomass, battery storage and utility-grid support, with
sensitivity analysis and net-metering considered alongside cost and emission
performance. Ali et al. (2026b) examined a broader educational-institution HRES that
included battery and hydrogen-storage pathways and evaluated reliability-related
indicators together with NPC, LCOE and emissions. These developments show that

contemporary HRES assessment increasingly requires least-cost optimization to be



interpreted together with reliability, resource uncertainty, storage performance and

clearly defined environmental boundaries.

This trend is particularly evident in the 2026 literature. Bozkurt et al. (2026) optimized a
PV-wind-biomass transition pathway for Erciyes University in Tiirkiye using HOMER
Pro and a campus-wide annual demand of 30.4 GWh. Other 2026 university studies have
coupled HOMER-based sizing with battery storage, net-metering, sensitivity analysis and
grid-stability or power-system validation. Collectively, these studies demonstrate a
methodological shift toward multi-dimensional evaluation of cost, renewable penetration,
operational emissions, storage performance and system robustness rather than reliance on

a single economic indicator.

Despite this progress, three gaps remain relevant to the present case. First, much of the
recent educational-sector literature is campus-scale, whereas comparatively fewer studies
examine a single large educational building using a multi-year hourly load profile.
Second, studies integrating solar PV, wind and livestock-manure-derived biogas within
both grid-connected and fully off-grid configurations remain limited at building scale.
Third, reported COE and NPC values across studies are often difficult to compare directly
because system scale, resource quality, tariff year, technology cost assumptions and
reliability criteria differ. These issues motivate a case-specific assessment in which
economic results are interpreted together with renewable contribution, resource

limitations and operational emissions.

Accordingly, this study evaluates HRES configurations for Classroom Building-2 at
Kirklareli University’s Kayali Campus using the building’s hourly electricity-demand
profile for 2020-2025 and local solar, wind and livestock-manure resource data. PV, wind
turbine and biogas generation are examined under both grid-connected and off-grid
architectures using HOMER. The study is designed to: (i) identify the least-cost
configurations among the investigated HRES alternatives using NPC and COE; (ii)
quantify the contribution of individual renewable resources and the resulting renewable
fraction; (iii) compare modeled operational emissions with a grid-only baseline while
explicitly distinguishing operational emission assessment from life-cycle assessment; and
(iv) examine how local resource conditions—particularly weak wind availability and

manure-based biogas potential—affect the interpretation of the optimized configurations.

The contribution of the study therefore lies not in claiming a universally optimal HRES

architecture, but in providing a building-scale, resource-specific comparison of grid-



connected and off-grid PV-wind-biogas alternatives under Tiirkiye-specific conditions.
The use of a multi-year hourly building load, explicit treatment of manure availability,
separate analytical interpretation of the grid-only economic reference, and transparent
discussion of missing off-grid reliability and storage metrics are intended to improve the
reproducibility and interpretability of the case study. The results are consequently
presented as conditional on the adopted technical and economic assumptions rather than

as directly transferable benchmarks for other campuses or buildings.

2 Materials and Methods

This study employs the HOMER software to evaluate the techno-economic feasibility of
various HRES configurations. The target site is the Kayali Campus of Kirklareli
University, located in north-western Tiirkiye. The methodology includes the collection of

site-specific input data, component modelling, and economic evaluation.

2.1 Input parameters

HOMER requires site-specific input parameters to simulate the performance of the

proposed HRESs.

2.1.1 Site Characteristics

Classroom Building-2 (CB-2), a large educational building on the Kayali Campus of
Kirklareli University in north-western Tiirkiye, was selected as the case study. The study
area is located at 41.791° N and 27.162° E. The campus spans 3.58 million m? and hosts
approximately 26,643 students. A satellite image of the campus and CB-2 is presented in
Fig. 1.



Fig. 1 Kirklareli University Kayali Campus and the CB-2

2.1.2 Load profile

CB-2’s electricity consumption data were obtained from Kirklareli University’s
institutional electricity records for the period 2020-2025 and were available at hourly
resolution. The building exhibits a peak electrical demand of 277 kW, with an average
daily energy consumption of approximately 2,000 kWh. The measured hourly data were
used to characterize the building load in HOMER. As shown in Fig. 2, demand is lowest
between 23:00 and 07:00, when the building is largely unoccupied. Weekend
consumption is also at minimum levels because the building is rarely used on Saturdays

and Sundays.
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Fig. 2 Daily load curve of the CB-2

2.1.3 Solar data

Solar radiation data were obtained from NASA and verified with Turkish State
Meteorological Service (TSMS) datasets (Stackhouse 2017; TSMS 2021). The annual
average daily solar irradiation is 3.943 kWh/m?/day, with an average clearness index of

0.515 (Fig. 3).
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Fig. 3 Monthly average solar radiation and clearness index of CB-2

2.1.4 Wind data

The wind resource data used in the HOMER model were obtained through HOMER from
the NASA Prediction of Worldwide Energy Resources (POWER) database (NASA
POWER 2026). The dataset represents monthly average wind speed at 50 m above the
Earth's surface for the 41-year period from January 1984 to December 2025. For the study



location, the NASA POWER grid-cell midpoint reported by HOMER is 41.25° N and
28.75° E. The long-term annual average wind speed used in the model is 2.97 m/s at 50
m, with monthly averages ranging approximately between 2.5 and 4.0 m/s. The highest
monthly average occurs in February and the lowest in October (Fig. 4). The wind-speed
frequency distribution used by HOMER is represented by a Weibull probability density
function (Fig. 5), for which HOMER reports a shape parameter k = 1.71 and a scale
parameter ¢ = 3.37 m/s. Thus, the wind input should be interpreted as a long-term NASA
POWER reanalysis-derived resource dataset used within HOMER rather than as a site-

specific anemometer measurement.
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Fig. 4 Long-term monthly average wind speed at 50 m for the study location (NASA
POWER data used in HOMER, January 1984—December 2025)
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Fig. 5 Weibull wind-speed frequency distribution for the study location generated in
HOMER



2.1.5 Biomass Availability

Animal manure is a biomass resource that can be converted into biogas through anaerobic
digestion. According to the Kirklareli Provincial Directorate of Agriculture and Forestry,
the province had 154,098 cattle in 2025 (Kirklareli Provincial Directorate of Agriculture
and Forestry 2026). To test whether the 30 t/day fresh-manure input used in the HOMER
model is physically plausible at the regional scale, a manure-availability calculation was
performed using literature coefficients. Ertop et al. (2023) report an average fresh-manure
production rate of 43 kg cattle—1 day—1 and a manure availability coefficient of 50% for
cattle. Accordingly, the potentially collectable fresh manure in Kirklareli can be estimated

as;
Mol = N¢ X mg X fc, (1)

where N is the cattle population, mqis the daily manure production per animal, and f. is
the collectable fraction. Using Nc = 154,098 cattle, mq = 43 kg cattle—1 day—1, and f. =
0.50 gives Mcoi = 154,098 x 43 x 0.50 = 3,313,107 kg/day, or approximately 3,313 t/day.
Therefore, the 30 t/day feedstock assumed in the HOMER model corresponds to only
0.91% of the estimated collectable manure at the provincial scale. Equivalently, 30 t/day
would require the collectable manure of approximately Nreq = 30,000/(43 % 0.50) = 1,395
cattle, corresponding to about 0.91% of the provincial cattle population. A second
consistency check was performed for gas production. Using the cattle-manure parameters
reported by Ertop et al. (2023)—13.95% dry matter, 83.33% volatile dry matter in dry
matter, and a methane production coefficient of 0.18 m* CHa kg—1 volatile dry matter—
the 30 t/day feedstock corresponds to approximately 628 m*? CHa/day. Assuming a
representative methane share of about 60% in cattle-manure biogas, this is equivalent to
approximately 1,046 m* biogas/day, or 34.9 m?® biogas per ton of fresh manure. This
independently calculated value is close to the approximately 30 m?/t reference value
adopted in the model, supporting the order of magnitude of the assumed biogas yield.
These calculations demonstrate regional feedstock plausibility, but they do not constitute
evidence of a secured 30 t/day supply to the campus. Actual recoverable manure depends
on farm location, housing and collection practices, seasonal availability, moisture
content, transport distance, competing uses, and contractual access. Because farm-level
inventory and logistics data were unavailable, the model represents the regional supply
as an aggregate feedstock scenario, and the techno-economic results remain conditional

on continuous availability of 30 t/day at the assumed cost and conversion performance.



2.2 HRES components modelling

2.2.1 Photovoltaic Panel

The output power of the PV array is calculated using Equation (2). It depends on four
parameters: the installed capacity of the PV array, the solar radiation incident on the
panels, the derating factor representing various system losses, and the cell temperature

(Jahangir et al. 2021; Aykut et al. 2023; Zahid et al. 2023; Pamuk 2024).

Py = Yoo - (GG_) [1+ ay (T, — Tenee)] 2)

In this context, Ppy represents the rated output power of the PV panels in kW, and Ypy
denotes the PV system’s rated capacity. The parameter fpy is the derating factor
accounting for system losses (%), while Gr is the solar irradiance incident on the PV
surface (kW/m?), and Gr. refers to the standard temperature and irradiance, taken as 1
kW/m?. The coefficient a represents the power temperature coefficient, 7¢ is the operating
temperature of the PV module (°C), and Tc«, is the module temperature under STC
(25°C). If the effect of temperature on PV module performance is neglected (i.e., 0=0),
the output power of the PV system can be calculated using a simplified expression.

P = Yy fow (32) G)

GT,stc

The PV system’s efficiency can be expressed as in Equation (4) (Aykut et al. 2023; Pamuk
2024). Where 7y is the efficiency of the PV systems (%) and A4, is surface area of PV
panels (m?) (Demirci et al. 2022).

Ypv
Nste = — (4)

Apv . GT,st:c

2.2.2 Wind Turbine

A wind turbine generates electricity by converting the kinetic energy of the wind,
captured by its rotating blades, into electrical energy. The electrical power output of wind
turbines is influenced by several environmental and site-specific parameters, including
wind speed, air density, wind direction, site elevation, ambient temperature, and
surrounding topography. Among these, wind speed is the most important input. The wind
speed at hub height is estimated from the wind speed measured at a lower height using

the Hellmann (power-law) equation (Sharma et al. 2022).



thb = Vdata (hhub )a (5)

haata

Here, Vhub is the wind speed at the wind-turbine hub height, Vdata is the reference wind
speed available to the model, hhub is the turbine hub height, hdata is the reference height
of the wind dataset, and a is the Hellmann coefficient. In the present study, the NASA
POWER wind resource supplied through HOMER is referenced at 50 m; therefore, any
height adjustment performed within the wind-turbine model should be interpreted relative
to this 50 m reference rather than to a 10 m ground measurement. Since moving air has
kinetic energy, wind-turbine output power (P:) is calculated from the kinetic-energy flux

of the moving air (Sharma et al. 2022).
1
B =.pa-A-Viu (5)

In the equation, p, refers to the density of air under standard temperature and pressure
(STP) conditions (1.225 kg/m?). 4 is the rotor swept area (m?). Equation (6) is used to
calculate the output power of the wind turbine at STP. Under actual (non-standard)
atmospheric conditions, the output power of wind turbines (Pwr) is calculated as in

Equation (7) (Sharma et al. 2022). Here, p is the actual air density.
Pur = (£).R ©)

2.2.3 Biogas Generator

The main routes for converting biomass into energy are shown in Fig. 6. In a biogas power
plant, electrical energy is produced by burning the gas obtained through the fermentation
of organic waste in a biogas generator. The output power of the biogas generator is

calculated using Equation (8) (Agajie et al. 2023).

vg(t).cvp.
Py(t) = ot ®)

In this regard, Ps denotes the electrical output generated by the biogas generator, while
Vs signifies the total volume of biogas produced during the process. The term CVp
corresponds to the calorific (energy) value of the biogas, 7z stands for the conversion
efficiency of the biogas generator, and 7z indicates the operational time span over which
biogas is produced. The fuel consumption of the biogas generator is calculated using

Equation (9) (Zahid et al. 2023).

mbiogas = Zbiogas-pfossil- (FO,biogas- Ybiogas + Fl,biogas- Pbiogas)- (1 - xfossil) (9)

10



Where Zpiogas is the substitution ratio of biogas in fuel, prossit is the density of fossil fuel,
Yhiogas 18 the rated capacity of the biogas generator, Fo piogas 1S the fuel curve intercept,
Phriogas 1s the maximum generator output at minimum fossil fuel fractions, F1 piogas is the
rate of change of fuel consumption with respect to output, xrossit is the minimal fossil fuel
fraction. Since the generator in this study is fuelled solely by biogas, no fossil fuel is used

in the simulations.

Biomass Resources Direct combustion >

Conversion Heat
ngines

Intermediate Fuels (biodiesel, ethanol, gasoline,etc)

Mechanical
Power

Fig. 6 Methods of using biomass for energy (Hosseini and Wahid 2014)

2.2.4 Storage Batteries

In off-grid HRESs, surplus electricity must be stored for use when generation does not
meet the demand, and batteries are used for this purpose. Lead-acid batteries are the oldest
and most mature storage technology. During the charging phase, the instantaneous
capacity of the battery bank can be determined using the following expression (Sharma

et al. 2022):
E
Eg: = Ep-1)-(1—0y) + [ET,t - nth] ) (10)

Where, Ep; is battery energy storage capacity, Er; is produced energy, Er; is energy
demand for the load, (t) is time. When generation falls short of the load demand, the
batteries are discharged to supply the load. During the discharge process, the
instantaneous capacity of the battery at any time t can be calculated using the following

expression (Sharma et al. 2022):

E
Ept = Ept-1)- 1-0) - [ET,t - nth (11)

11



where Ep: and Ep ;) are the energy available in the battery at time (t) and (t-1)
respectively. g; is battery self-discharge rate, 75 and #; are efficiency of battery charger

and the inverter, respectively.

2.2.5 Converter

The converters used in HRESs are bidirectional. They operate as rectifiers (AC-DC) to
charge the batteries and as inverters (DC—AC) when the load is supplied from the
batteries. Converter efficiency, defined as the ratio of output power to input power, is the
most important parameter in these conversions. The inverter and rectifier efficiencies are

given by Equations (12) and (13).

o= (12)
= (13)

Where, the inverter output power and input power are Pio, Pi; (kW) respectively (Jahangir
et al. 2021; Aykut et al. 2023). Similarly, the rectifier output and input powers are P9 ,
P,i; (kW). n; and n,- are inverter and rectifier efficiency (%) respectively (Demirci et al.

2022; Sharma et al. 2022).

2.3 Economic parameters

For contextual comparison, a grid-only analytical reference case (SO) was calculated
separately from the HOMER optimization using the same fixed 2025 reference purchase-
price assumption of 0.05 USD/kWh. With an annual electricity demand of approximately
730,000 kWh, the corresponding electricity-purchase expenditure is 36,500 USD/year.
Assuming a constant real electricity price over the 25-year project horizon and the study's
6% real discount rate, the present-value factor is approximately 12.783, giving an
analytical discounted grid-purchase cost of approximately 0.467 million USD. This SO
value is not a HOMER-derived NPC and excludes tariff escalation, demand charges,
taxes, fees and other billing components; it is used only as a transparent economic

reference for interpreting the modeled HRES costs.

Among the economic inputs utilized in hybrid system optimization, the annual real
interest rate and project lifetime are important parameters. HOMER ranks configurations
according to total NPC (Ngan and Tan 2012), while COE is reported as a complementary

metric. Component costs are expressed in US dollars, the annual real interest rate is 6%,

12



and the project lifetime is 25 years. For all grid-connected simulations, the grid purchase
price was set to 0.05 USD/kWh and the sell-back price to 0.04 USD/kWh as fixed 2025
reference tariff assumptions. These values are scenario inputs rather than direct

reproductions of a specific regulated tariff category (EPDK 2025).

2.3.1 Annual real interest rate

The annual real interest rate, also called the real discount rate, is used to convert between
lump-sum and annual costs. HOMER requires a discount factor that considers the time
value of money, not inflation. Accordingly, HOMER employs the annual real interest rate
to derive the discount factor and compute the annualized cost based on the total NPC.
HOMER can derive the annual real interest rate from the nominal interest rate and the
expected inflation rate using Equation (14) (Ngan and Tan 2012; Jahangir et al. 2021;
Sharma et al. 2022).

=S (14)

1+f

Where i, i’, fare the annual real interest rate, the nominal interest rate and the expected

inflation rate (%).

2.3.2 Net present cost (NPC)

The total NPC of a hybrid system is the present value of all costs incurred over its lifetime,
including installation, replacement and O&M costs, minus the present value of all
revenues. The total NPC is the main economic output of HOMER and is used to evaluate
all system configurations in simulation results. HOMER calculates the NPC of each
component and of the entire system. The total NPC, also referred to as the life-cycle cost,

is calculated using Equation (15) (Islam 2018; Demirci et al. 2022).

_ Canntot
" CRF(i,N) (15)

CNPC,tot

Where Cnrc,or 15 the total net present cost in USD, Cuun,or corresponds to the total yearly
cost in USD, CRF(i,N) represents the capital recovery factor, i stands for the annual real
interest rate (%), N is the project lifetime in years. The CRF(i,N) is an expression to
estimate the present value of yearly income within a specific time and it is calculated by
equation 16 (Dursun and Aykut 2019; Jahangir et al. 2021; Demirci et al. 2022; Sharma
et al. 2022).

13



i(1+i)N
i(1+i)N-1

CRF(i,N) = (16)

2.3.3 Levelized cost of energy (COE)

The levelized cost of energy (COE) is defined as the average cost per kWh of useful
electrical energy produced by the system. As shown in Equation (17), HOMER calculates
the COE by dividing the annualized cost of producing electricity by the total electrical
load served (Mandal et al. 2018; Jahangir et al. 2021; Sharma et al. 2022).

COE = Sanntot (17)

served

Where Eservea 1s the total electrical load served (kWh/yr).

2.4 Limitations and Uncertainty Considerations

The input data used in the HOMER simulations were obtained from institutional records
and publicly available resource datasets. The wind resource was obtained through
HOMER from NASA POWER as a 20-year (January 2005—-December 2025) monthly
climatological series at 50 m for the model grid cell centered at 41.25° N, 28.75° E. NASA
POWER meteorological wind products are reanalysis-derived and are intended to
characterize regional mean wind conditions; they do not replace site-specific, hub-height
anemometer measurements. Consequently, local effects of terrain, buildings, surface
roughness and micrositing may not be fully represented. The solar input was likewise
based on publicly available resource data and cross-checked against TSMS information.
Manure is assumed to be sourced from livestock farms in the vicinity of the university
campus, with an aggregate supply of 30 tons/day. Farm-level inventory and logistics data,
including farm locations, collection efficiency and transport distance, were unavailable
and are not explicitly modelled. Site-specific anaerobic-digestion performance and
biogas-yield variability are also not quantified. The results should therefore be interpreted
as conditional on the adopted resource datasets, regional feedstock availability and

component-cost assumptions.3 Hybrid Renewable Energy System Modelling
3.1 System Components

3.1.1 Photovoltaic Panel

A PV array consisting of monocrystalline silicon modules was used in this study. Since

the PV array produces DC power, a converter is required to supply the AC loads. In the

14



HOMER optimization, the PV capital cost was assumed to be $3,000/kW, with the
replacement cost equal to the initial investment cost and an annual O&M cost of $10/kW-
year. This cost input was applied consistently to all PV-containing configurations. Recent
commercial-scale PV benchmarks indicate lower installed costs (U.S. Department of
Energy 2025); therefore, the adopted value should be regarded as a conservative
economic assumption rather than a representation of the lowest contemporary PV market
cost. No NPC, COE or optimal-capacity results are inferred here from updated PV cost
benchmarks. Lower contemporary PV investment costs would be expected to improve
the relative economic performance of PV-containing configurations, but the magnitude
of this effect is outside the scope of the present analysis. The PV lifetime was assumed to
be 25 years, and a derating factor of 90% was applied to account for soiling, temperature,

shading, snow and ageing effects (Lambert et al. 2006).

3.1.2 Wind Turbine

The Northern Power NW 100/19 wind turbine, with a rated power of 100 kW, a rotor
diameter of 19 m and AC output, was used in this study. The initial capital cost of the 100
kW wind turbine is estimated at $240,000, with the replacement cost assumed to be
equivalent to the initial investment. The annual O&M cost of the turbine is approximately
$3,000, and its lifetime is assumed to be 15 years. To determine the optimal number of
turbines, 0, 1, 2 and 3 turbines were considered, where zero indicates a system without a
wind turbine (NPS 2022). Figure 7 shows the power-speed characteristic of the wind
turbine generated using HOMER.

120
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o
o
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40

Turbine Output Power (kW)

Wind Speed (m/s)

Fig. 7 The power curve of the wind turbine Northern Power NW/100/19
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3.1.3 Biogas Generator

The initial investment cost of the biogas generator is $ 1,000 per kW. The replacement
cost is equal to the initial cost, and the O&M cost is assumed to be 0.020 $/kWh. The
generator has a lifetime of 15,000 operating hours and a minimum load ratio of 30%.
Biogas produced from dairy cattle manure is used as fuel, and the generator capacity was
varied between 0 and 150 kW (Mahalakshmi and Latha 2015). The biomass-to-biogas
economic boundary requires explicit qualification. The model is based on the 30 tons/day
feedstock-availability scenario and the biogas-generator cost parameters given above; a
separately itemized biomass feedstock price and a complete anaerobic-digestion balance-
of-plant cost are not reported in this study. HOMER can incorporate an assigned biomass
price into generator fuel cost according to the quantity of feedstock consumed (HOMER
Energy 2026a, b), whereas digester capital and O&M costs must be entered separately or
embedded explicitly in other system-cost inputs (HOMER Energy 2026c). Accordingly,
no separate cost is assigned for manure purchase, collection, transport, anaerobic
digestion, gas cleaning or storage, digestate handling, or methane-leakage control. The
reported NPC and COE values should be interpreted within this biomass-cost boundary
rather than as a complete project-level investment estimate for a new manure-to-biogas

facility.

3.1.4 Storage Batteries

Batteries store the surplus energy generated by the system and supply it back when
generation is insufficient. The Hoppecke 24 OPzS 3000, a vented lead-acid battery with
tubular positive plates, was selected for this analysis. It has a nominal capacity of 3,000
Ah (6 kWh). The nominal voltage is 2V and the minimum charge level is 30%. The initial
capital and replacement costs are $150 per battery, and the annual O&M cost is $2. To
determine the optimal battery bank size, 0, 150, 200, 300 and 400 batteries were
considered (Hoppecke 2024). The storage component was represented by the Hoppecke
24 OPzS 3000 lead-acid battery available in the HOMER component library. Each unit
was modeled with a nominal capacity of 3000 Ah (approximately 6 kWh at 2 V) and a
minimum state of charge of 30%. The reported battery sizing and economic results are
therefore technology-specific and should not be generalized to alternative storage
chemistries. In particular, no lithium-ion or lithium iron phosphate (LFP) alternative was

included in the optimization.
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3.1.5 Converter

The converter has a lifetime of 15 years and an assumed efficiency of 90%. The initial

investment and replacement costs of the converter are $ 800 per kW and $ 750 per kW,

respectively, and the annual O&M cost is $10. Converter capacities of 0, 150 and 300 kW

were considered in the optimization (Dursun 2012). The load is primarily supplied by the

wind turbines, PV panels and biogas generator, and any surplus energy is stored in the

batteries. Since the PV panels produce DC power, it must be converted to AC by the

inverter to supply the AC load. When the PV panels, wind turbines and biogas generator

cannot meet the load demand, the batteries switch from charging to discharging mode and

supply the load.

3.2 Operating Strategies and Assumptions

Grid-connected and off-grid systems were modeled separately.

The main system components are 100 kW NW 100 wind turbines, a 200 kW PV
array, a 150 kW biogas generator, Hoppecke 24 OPzS 3000 batteries and a 150
kW converter.

The load demand of CB-2 and the wind speed and solar radiation data for the site
were used as inputs to HOMER.

In the HOMER sensitivity analysis, wind speed was varied between 3 and 7 m/s,
biomass supply between 15 and 70 tons/day, and solar radiation between 3 and 7
kWh/m?/day. The sensitivity results presented in this study (Figs. 12 and 13)
resolve system selection as a function of solar radiation and wind speed at the
base-case biomass supply of 30 tons/day; therefore, no separate quantitative
conclusion is drawn here for biomass-supply sensitivity.

Grid-connected configurations were evaluated with the grid retained as a backup
supply. The economic analysis uses 2025 as the reference year for electricity
prices. In the HOMER model, electricity purchased from the grid was fixed at
0.05 USD/kWh and surplus electricity exported to the grid was assigned a sell-
back price of 0.04 USD/kWh. These values are treated as fixed 2025 reference
tariff assumptions for scenario comparison and are not presented as a direct
reproduction of a specific EPDK-regulated retail or feed-in tariff category. This
distinction is important because electricity charges in Tiirkiye vary with consumer

category, consumption level, supply arrangement and tariff period. EPDK's 2025
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framework applied a 15,000 kWh/year threshold to public and private services
and other relevant non-residential consumer groups for the high-consumption last-
resort supply regime (EPDK 2025). Given the approximately 730 MWh/year
demand of the investigated building, the fixed USD-denominated purchase and
sell-back prices should therefore be interpreted as modeling assumptions
normalized to the 2025 economic reference year rather than as the building's exact
regulated bill. The same prices were applied consistently to all grid-connected
scenarios.

The operating reserve was set to 10% of the hourly load.

The operating reserve was set to 25% of the solar power output and 40% of the
wind power output. HOMER allows this setting only for variable sources such as
solar and wind, not for the biogas generator.

Since all component costs in this study are expressed in US dollars, a USD-based
real discount rate was adopted. Applying Turkish lira nominal interest and
inflation rates to USD-denominated costs would introduce a currency
inconsistency.

The annual real interest rate was set to 6 % for all simulations, consistent with the
value adopted by Kumar and Channi (2024).

The project lifetime was set to 25 years for all configurations.

For COs, the latest electricity consumption-point emission factor published by the
Turkish Ministry of Energy and Natural Resources (ETKB) in 2025 for
distribution-connected consumption points (0.469 tCO:-eq/MWh) was used
(ETKB 2025).

For SO: and NOx, the factors used in the simulation were the default HOMER grid-
emission factors (2.74 g/lkWh for SO: and 1.34 g/lkWh for NOx), rather than Tiirkiye-

specific official emission factors. These pollutants are therefore retained to preserve

consistency within the HOMER simulation, but their absolute values should be

interpreted as model-based estimates rather than country-specific emission inventories.

Accordingly, the SO2 and NOx results are used primarily for relative comparison among

the modeled configurations.

The environmental component of this study is limited to operational emissions associated

with electricity purchased from the grid and pollutants represented by HOMER for

biogas-based electricity generation. It is therefore an operational emission assessment
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rather than a life-cycle assessment (LCA). Embodied emissions associated with
manufacturing PV modules, wind turbines, batteries, converters and generators, as well
as construction, manure transportation, component replacement, decommissioning and
end-of-life processes, are outside the system boundary. Accordingly, the reported
emission reductions should be interpreted as operational reductions relative to the

modeled grid-only baseline and not as life-cycle greenhouse-gas savings.

4 Results and discussion

Beyond the HOMER sensitivity analysis, the economic uncertainty assessment in the
present study is interpretive. The principal uncertain inputs include the grid electricity
tariff, PV capital cost, biomass availability and collection cost, wind-resource conditions,
component replacement costs, and the real discount rate. These variables can affect the
absolute NPC and COE values and, in some cases, the relative ranking of configurations.
No additional NPC, COE, component sizing, or optimal-system outputs are generated
from altered inputs, and the HOMER sensitivity results are kept separate from the

additional uncertainty discussion presented here.

For the off-grid cases, the present manuscript reports the system configurations, annual
component-level electricity generation, operating hours, capacity factors, NPC, and COE
obtained from the HOMER simulations. However, detailed reliability and storage-
performance outputs such as annual unmet electrical load, capacity shortage, excess
electricity, loss-of-power-supply probability (LPSP), battery autonomy, battery
throughput, and replacement count are not reported in this study, and these indicators are

not inferred from the reported annual energy balances.

The performance of the HRES configurations was evaluated using HOMER under both
off-grid and grid-connected scenarios in terms of NPC, COE, renewable fraction and

emission reduction potential.

4.1 Off-grid HRES

The off-grid HRES consists of wind turbines (WT), photovoltaic panels (PV), biogas
generators (BG), batteries (BT) and converters. This system is designed to meet the
electrical load of CB-2 entirely from renewable sources, and its configuration is shown

in Fig. 8.
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Fig. 8 The off-grid HRES

For an average solar radiation of 4 kWh/m?/day, an average wind speed of 3 m/s and a
biomass supply of 30 tons/day, the optimal component sizes of the off-grid configurations

are presented in Table 1.

Table 1 Optimal component sizes and economic results of the off-grid HRES

configurations
Confieuration | YT PV | BG | Bat fonv IIC oC NPC | COE
g (KW) (kW) (KW) |(unit}kW) | ($)  [($/year) (%) ($/kWh)
PV-BG-BT (S1) |- [200 [150 (300 |150 |915,000 [336,186 f’212’59 0.559
WT-BG-BT (S2) {200 |- 150 300 |150 [795,000 |419,920 2’162’98 0.663
gg)'PV'BG'BT 200 {200 [150 [300 |150 (1)’395’00 295,547 3’173’07 0.555

Note: WT, wind turbine; PV, photovoltaic; BG, biogas generator; Bat, battery; Conv,
converter; IIC, initial investment cost; OC, operating cost; NPC, net present cost; COE,

cost of energy.

Figure 8 and Table 1 illustrate the optimal system configurations for standalone scenarios.
The WT/PV/BG/BT system yielded the lowest COE (0.555 $/kWh) and NPC ($5.17
million) among all off-grid setups. In this configuration, photovoltaic panels, biogas and
wind turbines accounted for 48%, 40% and 12% of the total annual electricity generation,
respectively. The respective capacity factors were 27.9% (PV), 30.6% (biogas), and
4.85% (wind), indicating biomass as the most stable contributor. Despite its fully

renewable modeled generation mix, the off-grid system exhibits a relatively high COE
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compared to grid-connected configurations, highlighting the economic trade-offs of

autonomy from the grid.

The total annual energy output generated by the WT/PV/BG/BT-HRES system amounts
to 1,006,808 kWh. The wind turbine (WT) exhibited a capacity factor of 4.85% and
operated for a total of 4,510 hours, contributing 116,993 kWh/year to the system. This
output corresponds to approximately 12% of the total annual electricity generation. The
wind penetration level, defined here as the share of a component in the total annual
electricity generation, was calculated as 11.6%. The biogas generator (BG) achieved a
capacity factor of 30.6% and operated for 2,679 hours annually. It generated 401,850
kWh/year, accounting for approximately 40% of the total annual electricity generation.
The photovoltaic (PV) system operated for 4,389 hours and had a capacity factor of
27.9%. Its annual energy contribution was 487,965 kWh, accounting for 48% of the total
annual electricity generation. The penetration level of the PV system was determined to
be 48.5%. According to Table 1, the lowest COE and total NPC for a 100% renewable
supply are 0.555 $/kWh and $5,173,077, respectively. Figure 9 shows the average

electricity production.

The oftf-grid results should therefore be interpreted as techno-economic outcomes of the
modeled configurations, rather than as a complete quantitative demonstration of supply
reliability. Although S3 produces 1,006,808 kWh/year in total and is reported as the least-
cost option among the modeled off-grid configurations, annual generation exceeding
annual demand does not by itself demonstrate hourly adequacy because renewable
generation and building demand are time dependent and storage constraints may produce
both excess generation and short-duration deficits. As unmet-load, capacity-shortage and
battery-performance outputs are not reported, no numerical claim regarding LPSP,

autonomy, curtailment, or storage cycling is made.

Battery technology is an additional source of uncertainty in the off-grid results. The
modeled OPzS lead-acid battery reflects the storage assumptions of the present analysis,
whereas contemporary LFP systems can differ materially in usable depth of discharge,
cycle life, round-trip efficiency, replacement frequency and capital cost. Since no
alternative battery model was optimized, this study does not quantify how an LFP system
would change optimal storage capacity, NPC, COE or off-grid reliability. Any such
numerical comparison would require a new optimization using technology-specific cost

and performance inputs.
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The very low wind-turbine capacity factor (4.85%) requires careful interpretation. It is
consistent with the weak wind resource represented by the long-term NASA POWER
dataset used in HOMER (mean wind speed 2.97 m/s at the 50 m reference height) and
indicates that wind energy is a weak resource at this location for the selected turbine.
Accordingly, the inclusion of wind in S3 should not be interpreted as evidence that wind
is independently attractive at the site. Rather, S3 is the least-cost configuration among the
modeled off-grid combinations under the HOMER search space and assumptions
adopted, in which wind provides 116,993 kWh/year (11.6% of total annual generation),
while PV and biogas provide the dominant shares. Because NASA POWER wind data
represent regional reanalysis conditions rather than on-site measurements, the wind-
related results should be treated as a resource-screening outcome. Site-specific wind
monitoring at the intended hub height would be required before an investment decision.
Alternative turbine, hub-height or wind-exclusion optimizations are outside the scope of

this study.

In the grid-connected cases, the same low wind-resource condition applies. Therefore, the
presence of wind in S6, which raises the renewable fraction only modestly relative to S4,
should be interpreted as a supplementary renewable contribution within the modeled

configuration rather than as evidence of strong standalone wind-resource suitability.

Monthly Average Electric Production
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Fig. 9 The average production of electrical energy for off grid

4.2 On-grid hybrid systems

The grid-connected HRES consists of the grid, wind turbines (WT), photovoltaic panels
(PV), biogas generators (BG) and converters. Its purpose is to meet the electrical load of

CB-2 without interruption at the lowest COE, and its configuration is shown in Fig. 10.
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For the same resource conditions and a grid capacity of 250 kW, the optimal component

sizes of the grid-connected configurations are given in Table 2.

Table 2 Optimal component sizes and economic results of the grid-connected HRES

configurations

Comfirration WT| PV| BGConv|Grid| IIC | OC | NPC | COE |RF
gl KW (KW (KWYKW) (kW) | ($)  |(Blyear) | ($)  [$/kWh)(%)

Grid-PV-BG (S4) |- |200 [150 |150 |250 [870.000 |77.005 5’854’37 0.199 |70

Grid-WT-BG (S5) [200 |- [150 |150 |250 |750.000 203’28 3’070’34 0222 |70

?Sré?'WT'PV'BG 200 1200 |150 |150 250 (1)’350’00 85.869 5’447’68 0263 |72

Note: WT, wind turbine; PV, photovoltaic; BG, biogas generator; Conv, converter; IIC,

initial investment cost; OC, operating cost; NPC, net present cost; COE, cost of energy;

RF, renewable fraction.

For the Grid/WT/PV/BG configuration (S6), the renewable fraction is 72% and the

electricity generated by the renewable components is 943,358 kWh/year. The capacity

factor of the wind turbine was calculated as 4.85 % and it operated for 4,510 hours. Wind

penetration was determined to be 12.4 %. The wind turbine generated 116,993 kWh/year,

corresponding to approximately 12 % of the total electricity generation. The photovoltaic
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system’s capacity factor is 27.9 % and it operated for 4,389 hours. The PV penetration
was 51.7 %. The photovoltaic system generated 487,965 kWh/year, corresponding to
approximately 52 % of the total electricity generation. The capacity factor of the biogas
generator is 25.8 % and it operated for 2,256 hours. The biogas generator generated
338,400 kWh/year, corresponding to approximately 36 % of the total electricity
generation. As shown in Table 2, Grid/PV/BG (S4) yields the lowest COE (0.199 $/kWh)
and NPC ($1,854,379), with a renewable fraction of 70%. The Grid/WT/BG
configuration (S5, 0.222 $/kWh) ranks second, reflecting the modest wind potential of
the site. Grid/WT/PV/BG (S6) achieves the highest renewable fraction (72%), but its
COE is approximately 32% above that of S4. Figure 11 shows the average electricity

production.
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4.3 Emissions

An important distinction is required when interpreting the economic ranking. S4
(Grid/PV/BG) has the lowest NPC and COE among the investigated HRES alternatives,
but this does not imply that it is less expensive than continued grid-only electricity supply
under the fixed 2025 reference tariff assumptions. The separate analytical SO reference
gives an annual grid-purchase cost of approximately $36,500 and a 25-year discounted
present value of approximately $0.467 million under a constant real tariff and a 6% real
discount rate. In comparison, the HOMER-derived NPC of S4 is approximately $1.85
million. Because the SO value is an analytical electricity-purchase reference rather than a
HOMER-derived NPC, the two values should not be interpreted as a strict like-for-like
optimization comparison. Nevertheless, the reference calculation shows that the
economic motivation for the modeled HRES is not lower direct electricity cost under the

assumed tariff alone; the configurations instead involve a trade-off between higher system
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cost, increased renewable penetration, and substantial reductions in grid-related

emissions.

The economic results should consequently be interpreted as conditional on the adopted
input assumptions rather than as deterministic forecasts. In particular, the fixed 2025
reference grid purchase-price assumption of $0.05/kWh strongly influences the
comparison between grid-connected renewable configurations and continued grid supply,
while the adopted PV capital cost of $3,000/kW is conservative relative to more recent
commercial PV benchmarks. Biomass economics are additionally sensitive to the actual
cost and continuity of manure collection, transport and handling, none of which were
represented as a detailed logistics model. The low modeled wind capacity factor (4.85%)
also makes wind-containing configurations sensitive to site-specific wind-resource and
turbine-selection assumptions. These uncertainties do not invalidate the HOMER
optimization; rather, they define the conditions under which its numerical NPC and COE

results should be interpreted.

Fossil fuels are still widely used for electricity generation and emit gases that pollute the
air and contribute to global warming. Table 3 compares the annual pollutant emissions of
the grid-only baseline (S0) with those of the proposed HRES configurations. The grid-
only baseline supplies the entire annual load of about 730 MWh from the grid and emits
342,370 kg CO-, 2,000 kg SO: and 978 kg NOx per year. The off-grid configurations
reduce CO: emissions by more than 99% and eliminate SO: emissions, while the grid-
connected configurations reduce CO: and SO: emissions by 78-81% owing to the
substantial decrease in net grid purchases. NOx emissions are also reduced in all
configurations, by 69-74% in the grid-connected and 83-88% in the off-grid
configurations. In contrast, CO, UHC and PM emissions, which are not associated with
grid electricity in the model, arise in all HRES configurations from the combustion of
biogas. These findings indicate substantial modeled operational-emission reductions for
the investigated HRES configurations. Among the modeled HRES alternatives, the
Grid/PV/BG configuration (S4) combines the lowest HRES cost with a 78% CO:
reduction relative to the grid-only baseline, while S6 achieves a slightly higher reduction

of 81% at a higher cost.
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Table 3 Modeled annual operational pollutant emissions of the grid-only system and the

proposed HRES configurations

Pollutant Emissions (kg/yr)
S . Carbon | Carbon Unburned | Particulate | Sulphur | Nitrogen
cenarios o : — .
Dioxide | Monoxide | Hydrocarbons| Matter |Dioxide| Oxides
CO: CO UHC PM SO: NOx

SO Grid 342,370 0 0 0 2,000 978
S1 PV-BG-BT 410 15.4 1.71 1.16 0 137
S2 WT-BG-BT 501 18.8 2.09 1.42 0 168
o WEPVBO s 132 1.46 0996 | 0 | 118
S4 Grid-PV-BG 75,318 9.32 1.03 0.703 439 298
S5 Grid-WT-BG | 65,338 12.7 1.41 0.957 380 299
S6 Grid-WT-PV-

BG 64,210 7.78 0.862 0.587 374 259

If the load is supplied entirely from the grid, 342,370 kg CO-, 2,000 kg SO: and 978 kg
NOx are released into the atmosphere annually. By using the WT-PV-BG-BT
configuration (S3) instead of the grid, CO2, SO2 and NOx emissions can be reduced by
99.9%, 100% and 88%, respectively. With the grid-connected Grid-WT-PV-BG
configuration (S6), CO2, SO2 and NOx emissions can be reduced by 81%, 81% and 74%,
respectively. In both cases, however, biogas combustion results in additional CO, UHC

and PM emissions (e.g., 7.78 kg CO, 0.862 kg UHC and 0.587 kg PM per year for S6).

The SO: and NOx results require additional caution. Unlike the CO- calculation, which
uses the ETKB electricity consumption-point factor, the SO. and NOx values originate
from HOMER default grid-emission factors. They should therefore not be interpreted as
Tiirkiye-specific measured or official emission estimates. Their main value in this study
is comparative: they indicate the direction and approximate relative magnitude of
operational-emission changes across the modeled scenarios. Future work should replace
these defaults with temporally matched, Tiirkiye-specific pollutant factors where reliable

data are available.

These emission results should not be interpreted as a complete environmental footprint
comparison. In particular, the analysis does not quantify upstream and embodied impacts
of renewable-energy equipment or the collection and transportation of cattle manure. A
full comparative LCA could therefore modify the relative magnitude of the environmental
advantages reported here, especially for material-intensive components and biomass

logistics.
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At the building scale, increased use of on-site renewable resources can reduce electricity
drawn from the grid. However, the broader energy-security implications cannot be
quantified from this single-building case. The local air-quality impacts of biogas
combustion, particularly CO, UHC and particulate matter emissions, should also be
considered alongside the modeled greenhouse-gas reductions, for example through

appropriate exhaust-gas treatment.

4.4 Sensitivity Analysis

System Types
- PViLabel/Battery
- ‘Wind/Label/Battery
[ winarpviBattery
[ wind/PviLabelBattery
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Levelized COE (S/KWh)
Fixed
Biomass Resource = 30 t/d
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o

3 4 s 6 7
Global Solar (kWh/m?/d)

Fig. 12 Sensitivity analysis of off-grid HRES according to solar radiation and wind

speed change
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Fig. 13 Sensitivity analysis of on-grid HRES according to solar radiation and wind

speed change

Sensitivity analyses were conducted by varying wind speed and solar radiation under both
grid-connected and off-grid scenarios. The results, shown in Figs. 12 and 13, can be

summarized as follows:

e For off-grid systems, PV/BG/BT becomes optimal under high solar radiation
(4.2-7 kWh/m?/day) and low wind speeds (3.0-3.2 m/s).
e For grid-connected systems, Grid/PV/BG emerges as optimal under solar
radiation >4.8 kWh/m?/day, irrespective of wind speed.
These results underscore the importance of local resource assessment for optimal system
selection. Under the base-case resource conditions, the Grid/WT/PV/BG configuration
(S6) provides the highest renewable fraction (72%), but at a considerably higher COE
(0.263 $/kWh) than the cost-optimal Grid/PV/BG configuration (S4, 0.199 $/kWh).

4.5 Comparison with Previous Studies

A further economic boundary concerns the manure-to-biogas pathway. HOMER can
include biomass feedstock price directly in generator fuel cost, whereas anaerobic-
digester capital and O&M costs require explicit additional cost inputs. Since the biomass
price and digester balance-of-plant costs are not itemized separately in this study, the
reported NPC and COE are presented as HOMER outputs and the biomass-cost boundary

is identified as an uncertainty. A bankable project assessment would require site-specific
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quotations for manure collection and transport, digester construction and operation,

pretreatment, gas cleaning and storage, digestate handling, and methane-leakage control.

A further limitation is that a probabilistic uncertainty analysis (e.g., Monte Carlo
simulation) and a full one-at-a-time economic sensitivity analysis were not performed in
this study. Accordingly, the study does not assign confidence intervals or probability
distributions to NPC and COE, nor does it claim robustness of the configuration ranking
outside the modeled parameter space. Future work should evaluate tariff escalation,
contemporary PV and battery costs, biomass logistics, discount rate, component
replacement costs, and alternative wind-turbine/hub-height choices using systematic

sensitivity or probabilistic methods.

Accordingly, a complete future assessment of off-grid feasibility should report hourly
supply-demand adequacy together with unmet load, capacity shortage, excess electricity,
battery state-of-charge distribution, annual throughput, autonomy, and replacement
requirements. These indicators are particularly important for S1-S3 because economic
autonomy from the grid is meaningful only when the required reliability criterion is

simultaneously demonstrated.

Future work should therefore compare the existing lead-acid storage case with
contemporary LFP and other relevant battery technologies using consistent assumptions
for usable capacity, depth of discharge, round-trip efficiency, calendar and cycle ageing,
replacement cost, and end-of-life. Such a comparison would be particularly important for
the off-grid scenarios, where storage performance directly affects both reliability and

lifecycle cost.

Comparison with the 2026 literature should be made cautiously because system scale,
resource quality, tariff structures, technology portfolios and economic assumptions differ
substantially. For example, Bozkurt et al. (2026) considered a 30.4 GWh/year campus-
scale PV—wind—biomass transition in Tiirkiye, whereas the present study addresses an
approximately 0.73 GWh/year individual building load. Ali et al. (2026a) examined a
smaller student-residence load but included battery storage and net-metering, while Ali
et al. (2026b) incorporated hydrogen production and long-duration storage together with
explicit robustness indicators. Consequently, their NPC and LCOE/COE values are not
directly transferable benchmarks for the present case. The more informative comparison
is methodological: recent studies increasingly combine cost optimization with reliability,

storage, sensitivity and decarbonization metrics. In this context, the present results
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provide a building-scale PV—wind-biogas case under Tiirkiye-specific load and resource
conditions, while the missing reliability and probabilistic metrics define clear priorities

for subsequent work.

The results of this study are broadly consistent with recent campus-scale HRES
assessments, although the absolute cost values differ. The COE of the cost-optimal grid-
connected configuration (S4, 0.199 $/kWh) is higher than the values reported for larger
grid-connected campus systems in Tiirkiye, such as 0.107 $/kWh for the Burdur Mehmet
Akif Ersoy University campus (Aykut et al. 2023) and 0.043-0.114 $/kWh for the Erciyes
University campus (Bozkurt et al. 2026), and it also exceeds the grid-only LCOE of 0.135
$/kWh reported by Bozkurt et al. (2026). This difference may reflect, among other
factors, the smaller scale of a single building, different cost and tariff assumptions, and
the relatively low wind potential of the site. For fully renewable off-grid operation, the
COE obtained here (0.555 $/kWh) is considerably higher than the 0.327 $/kWh reported
for a hydrogen-supported off-grid system at Aksaray University (Demir 2024), the 0.333
$/kWh reported for a PV/biomass/battery system in Morocco (Choukri et al. 2025) and
the 0.179 $/kWh obtained for the off-grid scenario of Erciyes University (Bozkurt et al.
2026). Within the assumptions and configurations examined here, full grid independence
is substantially more costly than the modeled grid-connected HRES alternatives.
Consistent with the findings of Akindeji and Ewim (2023) and Bozkurt et al. (2026), the
present results show that the modeled grid-connected hybrid configurations achieve lower
COE than the modeled off-grid alternatives while retaining substantial operational-
emission reductions. In line with Bozkurt et al. (2026), the present analysis shows
substantial reductions in CO2, SO2 and NOx emissions; however, it also shows that
biogas-based configurations introduce local CO, UHC and particulate matter emissions,
which should be taken into account in the environmental assessment of manure-based

HRES.

5 Conclusions

This study assessed grid-connected and off-grid PV-wind-biogas HRES configurations
for a large educational building at Kirklareli University using the 2020-2025 hourly
electricity-demand profile and local renewable-resource data. Under the adopted
HOMER assumptions, the Grid/PV/Biomass configuration (S4) was the least-cost option
among the investigated grid-connected HRES alternatives, with an NPC of approximately

$1.85 million, a COE of $0.199/kWh and a renewable fraction of 70%. Adding wind in
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S6 increased the renewable fraction to 72% but also increased the COE to $0.263/kWh.
For the off-grid alternatives, S3 (WT/PV/BG/BT) had the lowest reported COE
($0.555/kWh) and generated 1,006,808 kWh/year, with PV, biogas and wind contributing
approximately 48%, 40% and 12%, respectively.

The results emphasize that local resource quality is decisive for system interpretation.
The modeled wind-turbine capacity factor of only 4.85% indicates that wind is a
supplementary rather than a dominant resource at this site, whereas PV and biogas
provide the principal renewable contributions. The 30 t/day manure input is technically
plausible relative to the estimated collectable provincial manure potential, but it remains
a scenario assumption rather than a verified site-specific supply contract; collection
continuity, transport distance and handling costs therefore remain important

implementation uncertainties.

The economic findings should also be interpreted conditionally. S4 is the least-cost
configuration among the modeled HRES alternatives, but it should not be interpreted as
less expensive than continued grid-only supply under the fixed 2025 reference purchase-
price assumption of $0.05/kWh. The separate analytical grid-only reference corresponds
to an annual electricity-purchase expenditure of approximately $36,500 and a 25-year
discounted present value of about $0.467 million under a constant real tariff and a 6%
real discount rate. This analytical value is not a HOMER-derived NPC and is therefore
not a strict like-for-like optimization metric; nevertheless, it demonstrates that the
modeled HRES configurations involve a trade-off between additional system cost,
renewable penetration and reduced dependence on grid electricity. The HRES cost results
also remain conditional on the adopted biomass-cost boundary; because the feedstock
price and anaerobic-digester balance-of-plant costs are not itemized separately, the
reported NPC and COE should not be interpreted as a complete investment estimate for

a new manure-to-biogas plant.

Operational CO: emissions were reduced by more than 99% in the modeled off-grid cases
and by approximately 78-81% in the grid-connected HRES cases relative to the grid-only
baseline. These values represent operational emissions rather than life-cycle impacts.
Moreover, the SO and NOx results are based on HOMER default grid-emission factors
and should be interpreted primarily as comparative model outputs rather than Tiirkiye-

specific official pollutant inventories. A complete environmental evaluation would

31



require life-cycle boundaries that include equipment manufacture, replacement and end-

of-life processes as well as manure collection and transportation.

Several limitations define the scope of the conclusions. The present study does not report
the detailed off-grid reliability and storage outputs required to quantify unmet load,
capacity shortage, excess electricity, LPSP, battery autonomy, throughput or replacement
count. The storage results are also specific to the modeled OPzS lead-acid battery, and no
LFP alternative was optimized. Similarly, updated PV costs, alternative wind turbines or

hub heights, and probabilistic economic uncertainty were not included in the analysis.

Future work should therefore extend the optimization with contemporary technology
costs, alternative battery chemistries, detailed biomass logistics, Tiirkiye-specific
pollutant factors and explicit hourly reliability indicators. Systematic sensitivity or
probabilistic analysis should additionally test tariff evolution, discount rate, component
replacement costs and resource uncertainty. Within these boundaries, the present study
provides a building-scale Tiirkiye case showing how PV, wind and manure-derived
biogas interact differently under grid-connected and off-grid architectures, and why cost,
renewable penetration, operational emissions and reliability should be evaluated jointly

rather than through a single performance metric.
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