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a b s t r a c t

In recent years, higher penetrations of renewable energy generations helped persuade sustainable en-
ergy and environmental targets, although their intermittent and fluctuated nature raised technical
challenges. However, hybrid power system can minimize these technical issues by integrating flexible
generation capable renewable energy sources like biomass. This study deals with optimizing grid-
integrated and stand-alone biomass-based hybrid power system for the energy demand of a rural re-
gion containing poultry farms. Besides solar and wind energy, energy storage integration is evaluated
regarding overall technical-environmental-economic performance, considering the actual manure po-
tential using HOMER Pro. In addition, sensitivity analyses are performed, considering the estimated load
and inflations using an artificial neural network method. Using biomass and solar hybrid options offers
more autonomous, environmentally friendly, and economic advantages. Biomass-based hybrid power
system with solar energy reduced net present cost by around 12% and increased renewable fraction by
7%, and grid-connected options can provide 88.9% renewable fraction. In addition, the energy storage
integration increased renewable fraction by around 10% and reduced excess energy by 16%. The proposed
biomass-based hybrid power system achieves cost-effective sizing of solar or wind-based hybrid sys-
tems, empowers the reliability of renewable energy and presents good consistency of decarbonization
targets.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

In the globalizing world, the increasing energy demand due to
the growing population and developing industrialization is met
mostly by fossil resources emitting greenhouse gases such as car-
bon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) [1]. The
Paris Climate Agreement (2015) has been adopted worldwide to
solve global warming and climate change by using renewable en-
ergy sources (RES) [2]. Therefore, biomass generation is expected to
promising share in the energy supply in the future like the other
RES such as solar, wind, geothermal, and hydro power. Bioenergy
generation is becoming widespread because access to biomass can
be planned and stored. The most common biomass sources are
agricultural product waste, animal manure, food residues, aquatic
plants and algae, and municipal solid waste. Industrial, animal, and
i).
vegetable waste increased due to consumption-society are also
important greenhouse gas causes [3]. Methane gas emitted from
animal waste is about 20 times more harmful than the same vol-
ume of CO2. While the agriculture sector is responsible for 91%, 8%,
and 5% of NH3, NOx, and CH4 emissions, respectively, in Europe, 75%
of NH3 comes from livestock activities [4]. Animal manure contains
high amounts of inorganic minerals and pathogens that have the
potential to contaminate both soil and water sources. After heat
treatment, these wastes must be disposed of tominimize bad odors
and damage to nature and living things [5]. Biogas generally con-
sists of 60% methane and approximately 40% carbon dioxide as an
environmentally compatible energy source [6]. An anaerobic
digestion (AD) is a biological process that produces biogas by
breaking down organic compounds into simple substances by mi-
croorganisms in an oxygen-free environment [7,8]. Using biogas
instead of natural gas, biochar instead of coal, and biodiesel instead
of diesel helps to reduce greenhouse gases, odor, microbial patho-
gens, and produce organic fertilizers and carbon-neutral biofuels
[9].
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The worldwide biogas installed power has enlarged by around
90% between 2010 and 2018 (18.1 GW in 2018, compared to 8.2 GW
in 2009), and further growth is expected. Europe contributed to the
worldwide biogas generation with 64 TWH and North America
with 15 TWH. Asia, Eurasia, South America, and Africa produced
4 TWh, 1.7 TWh, 953 GWh, and 89 GWh, respectively. The number
of biogas plants in Europe reached 18,202 at the end of 2018. The
leading country in the number of biogas plants was Germany
(11,084 plants). Other leading countries are Italy (1655 facilities),
France (837 facilities), the United Kingdom (715 facilities), and
Switzerland (634 facilities), respectively [10]. Most biogas plants in
Germany generate energy from energy crops (48.9%) and animal
manure (44.5%) [11]. Germany's total electricity and heat produc-
tion from biogas is approximately 33 TWh/year and 18.8 TWh/year,
respectively. In addition, 97% of the fermentation residues are used
in agriculture, and the rest is used for landscaping and other pur-
poses [12e14]. The annual energy demand of Turkey is more than
300 TWh. Considering the country's population growth and eco-
nomic expansion trends, whose energy demand has increased by
5% on average in the last two decades, annual energy demand is
expected to increase by 3e4% over the next two decades. Turkey
meets approximately 70% of its total energy needs from imported
sources, and it is expected to increase to 90% in the following years.
Although Turkey has a large lignite reserve, its economic benefits
remain limited due to its low calorific value. Almost possible hy-
droelectric power plants have been installed, but their capacities
will be insufficient for the increasing energy demand. Moreover,
Turkey's high geothermal potential will not be able to respond to
existing and future energy demand [15]. Therefore, renewable en-
ergy sources such as solar, wind and biomass are promising. While
wind and solar energy generation share in 2019 is approximately
10%, the share of bioenergy remained at 1% [16]. The total recov-
erable bioenergy potential amount in Turkey is around 30 million
tons and the average recycling rate is approximately 33%. Moreover,
it is estimated to produce 52.5 MTOE of energy with biomass by
2030 [17]. However, inappropriate designs, incorrect maintenance-
repair, lack of technical knowledge, incorrect planning, and sea-
sonal raw material deficiencies are important barriers to biogas
plants [18]. In addition, the trend of removing biomass from
renewable energy incentives is likely to slow down the pace of new
power plant investments due to regional political and economic
uncertainties [19].

The recent studies on the increasing RES penetration and
empowering rural electrification using biomass energy have been
reviewed in terms of economics and environmental benefits [20].
An HPS offers stand-alone and grid-connected opportunities to
access electricity in rural areas [21e24]. The basic principle of HPS
is providing system control using different RES while minimizing
installation costs [25]. The most suitable HPS is recommended for
regions comparing the cost values related to environment, con-
straints, and targets [26]. A lower cost of energy (COE) than the grid
electricity price has been achieved in the proposed HPS consisting
of photovoltaic (PV) panels, wind turbines (WT), and biogas using
HOMER Pro [27,28]. The energy generation feasibility of poultry
waste in Pakistan has been reviewed considering the technological
developments in the biogas industry and the energy generation
predictions [29]. It has been proven that using poultry waste and
rice husk effectively increases efficiency and environmental-
friendly [7,30]. Another study was conducted on the energy sav-
ings potentials of unused meat waste for reducing fossil fuel de-
pendences [31]. Off-grid HPS with PV-WT-BG for a village were
optimized with HOMER, investigating technical and economic
feasibility [32]. HPS with PV-WT-BG was proposed by integrating
an energy storage system (ESS) [33]. Additionally, a case study on
collecting biomass was conducted in India [34]. The performance of
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the proposed on-grid HPSwith PV-BG for a villagewas compared to
off-grid, and on-grid HPS has been offered as a cost-effective and
reliable choice for rural electrification [35]. HPS with BG-DG-PV-
ESS optimized and verified with HOMER for a hospital load in
Saudi Arabia could reduce CO2 emission and diesel consumption by
approximately 84% and 81%, respectively [36]. Proposed HPS with
PV-WT-BG-ESS can supply the peak demand during low renewable
generation. It is also observed that the demand is supplied suffi-
ciently, considering SOC of ESS and residual energy [37]. HPS with
PV-WT-BG-DG was optimized using HOMER consisting of some
fuel combinations. BG and other fuels have significantly reduced
CO2 emissions and doubled COE. On the other hand, much CO2 is
emitted if natural gas is used [38]. The smart eco-villages model of
BG-PV offered for tropical countries like Malaysia can popularize
RES [39]. HPS with PV-BG was proposed to power reliably and
effectively agricultural wells in Iran. Optimization has shown that
HPS with PV-BG gives better technical and economic results than
HPS with only PV or BG [40]. Numerous studies have analyzed the
technical and economic outcomes of HPS with PV-WT-BG using
plant and animal wastes [41e50]. However, fewer studies have
investigated poultry biogas electricity generation. Moreover,
several studies have analyzed the gasification of poultry wastes
[51,52]. However, most optimization studies on HPS with BG do not
consider the grid constraints, energy sales prices, and changes in
capital cost (CC) values. The original contributions of this study are
as follows:

� The effects of using biomass as the energy source in industrial
livestock farms and hybrid options with renewable energy
sources are examined.

� The flexibility of biomass energy generation has been unlocked
by optimizing HPS combinations.

� Energy storage has revealed the technical and economic po-
tential if integrated into off-grid cases.

� Biomass integration can optimize the total cost of the hybrid
system by reducing solar panel or wind turbine size.

� The reliability of solar andwind energy has been increased using
biomass-based HPS and reduced fossil fuel usage.

� The environmental analysis determines the quantities of CO2
emissions for twenty-five scenarios.

� The proposed grid-connected HPS options can provide 88.9% of
the required power for the region.

� The multi-year investigations have considered the changes in
the inflation rate and loads during the project's lifespan.
2. Material and methods

2.1. Load profile

This study was carried out located a regionwhere poultry farms
are concentrated in Reşadiye, Sakarya province in the Marmara
region, at the coordinates of 40�360400 N, 30�4003700 E. There are 1, 2,
and 2 poultry farms having 40, 20, and 10 thousand poultries,
respectively, and 150 houses. The daily energy consumption of
poultry farms was approximated using the daily energy con-
sumption measurement we made in 20 thousand chicken farms
and last year's electricity bills. As a result, approximately 2225 kWh
daily energy and 230.6 kW peak load were predicted for 5 poultry
farms. The energy demand of 150 households is assumptions at
approximately 732 kWh per day and a peak load of 110 kW. On the
other hand, the socio-economic dynamics of the region create daily,
monthly and seasonal differences in the electricity consumption
pattern. For this reason, hourly and daily changes in electrical loads
are assumed to be 20% and 10%, respectively. The location of the
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region is seen in Fig. 1.

2.2. Photovoltaic

The regional average solar radiationwas calculated as 3.96 kWh/
m2/day. Fig. 2 shows the region's GHI data. In synthesis, data is
created using certain statistical features that reflect overall means.

The annual average solar radiation was calculated as 3.96 kWh/
m2/day, which the region is suitable for PV installation. The power
output of a PV array is calculated as in Equation (1) [53]. Using the
monthly average global solar radiation and the latitude of the site,
HOMER uses an algorithm developed to generate hourly global
solar radiation on horizontal surface data. This model considers the
global solar radiation on a horizontal surface, the orientation of the
PV, the location of the site on the Earth's surface, the time of year,
and the time of day [54]. If the effect of temperature on PV array
performance is neglected, then a can be assumed to be zero. The
efficiency of the PV array is calculated by Equation (2) [55].

PPV ðtÞ¼

8>>><
>>>:

YPV ðtÞ : fPV :
GT

GT ;stc
:
�
1þa :

�
TC �TC;stc

��
; TCsTC;stc

YPV ðtÞ : fPV :
GT

GT ;stc
; a¼0

(1)

hstc ¼
YPV

APV : GT ;stc
(2)

Where PPV ðtÞ is power output of a PV array (kW), YPV ðtÞ is the rated
capacity of the PV array on the power output (under standart test
conditions (STC)) (kW), fPV is PV derating factor (%), GT is the solar
radiation incident on the PV array (kW/m2), GT ;stc is the incident
radiation at STC (1 kW/m2), a is the temperature coefficient of
power (�3.7� 10�3 1/0C), TC is the PV cell temperature (0C), TC;stc is
PV cell temperature under STC (25 �C) and t is time (hour). Where
hstc is the efficiency of the PV array (derating factor) (%) and APV is
surface area of PV array (m2).

2.3. Wind turbine

The Weibull value is a measurement of the distribution of wind
speeds throughout the year. The dependency factor is a measure of
the randomness of the wind. Higher r1 values indicate that the
hourly variation of wind speed is directly dependent on the wind
speed in the previous hour, while lower values indicate that the
wind speed tends to change randomly from hour to hour [1]. Fig. 3
shows the average wind speeds of the region. In this study, k ¼ 2
Fig. 1. The satellite view of Reşadiye.
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and r1 ¼ 0.85 were taken. The daily variation factor measures how
much the wind speed depends on the hours of the day. In this
study, 0.25 was taken. The hour of peak wind speed is the windiest
hour of the day relative to the annual average. Anemometer height
is taken as 10 m in HOMER simulations. The annual average wind
data of the region has been determined as 3.78 m/s accordingly, the
region is suitable for the establishment of low-powered wind
turbines.

The power output of a wind turbine is calculated as in Equation
(3), and the wind speed acting on the wind turbine is calculated as
in Equation (4) [56]. Where PWT ðtÞ is output energy of a WT at the
time (t) (kW), Pr is rated power of WT (kW), vr is wind speed at WT
height (m/s), vðtÞ is the rated wind velocity (m/s), vcin is cut-inwind
velocity of selected WT (m/s) and vcout is cut-off wind velocity of
selected WT (m/s). Where vanem is wind speed at anemometer
height (m/s), vr is wind speed at WT height (m/s), Zanem is
anemometer height (10 m), Zhub is WT hub height (30 m) and l is
power coefficient (70e90%).

PWT ðtÞ ¼

8>>>><
>>>>:

0 vcin � vðtÞ or vcout � vðtÞ

Pr
vðtÞ � vcin
vr � vcout

vcin � vðtÞ � vr

Pr vr � vðtÞ � vcout

(3)

vr ¼ vanem

�
zhub
zanem

�l

(4)
2.4. Biomass potential

The socio-economic benefits of biomass have always made it an
important energy source for any country. In some countries,
chicken manure is evaluated in many ways. Worldwide, 95% of
chicken manure is used as compost fertilizer, cattle feed, and fuel.
Animal manure is used to produce biogas due to Turkey's enormous
requests for energy [8]. In rural areas of Turkey, the livestock sector
is an essential source of employment for marginal and especially
landless farmers. AD is the most popular energy conversion tech-
nique among all efficient energy conversion techniques. The AD
process deals with the degradation of dung or any other organic
matter by microbial movement, transforming it into biogas under
anaerobic conditions [57]. This system collects the dung, already
rich in microbes and mixed it with the required water to form a
slurry. The recovered biogas from this process is later combusted in
a combustion engine to generate electricity. One poultry produces
an average of 0.08e0.1 kg of wet manure per day [58]. Therefore,
between 40 and 78 m3 of biogas can be produced with 1 ton of wet
chicken manure. The amount of heat provided by 1 m3 of biogas is
4700e5700 kCal. This value is equivalent to the energy provided by
0.66 L of diesel, 0.75 L of gasoline, and 0.25 m3 of propane. The
generated biogas has a composition of methane (60e70%), carbon
dioxide (30e40%), hydrogen sulfide, and ammonia (traces) and has
a calorific value of 16e25 MJ/m3 and the electrical energy content
of biogas is 4.5e7 kWh/m3 of biogas [12,59]. Fig. 4 shows the en-
ergy production stages with biogas from raw material to final use.

Mtotal
daily ¼ Mwet

daily : TS (5)

BA ¼0;365 : Plivestock : M
total
daily : Cb (6)



Fig. 2. The average weather condition for the region.

Fig. 3. The average wind speed in Reşadiye.

Fig. 4. Bio-power from feedstock to end-use.
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BT ¼ BA : CC (7)

BE ¼ BA : CE (8)

Where the daily collectible manure amount is given in Equation (5),
biogas amount is given in Equation (6), caloric biogas value is given
in Equation (7), and biogas-based electrical energy is given in
Equation (8) [60]. Where the daily amount of manure per animal
(kg. day/number) is Mtotal

daily, daily raw manure (kg.day/number) is

Mwet
daily, the period of stay in the shelter of animals (%) is Ts,biogas
1205
amount (m3/year) is BA, calorific energy of biogas (MJ) is BT , live-
stock population is Plivestock, biogas coefficient (m

3/kg) isCb, calorific
biogas coefficient (MJ/m3) is Cc, biogas electric energy (kWh) is
BE ,and electric coefficient (%) is CE . This study analyses daily poultry
animal waste per head 0.1 kg/day, biogas coefficient 0.04 m3/kg,
methane content 60% with calorific value 21.5 MJ/m3, electric en-
ergy coefficient 35% considering parameters. In addition, the
amount of animal waste obtained according to the growing model
varies, and the staying time of the meat poultry in the barn is 100%
in this study.
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2.5. Energy storage system (ESS)

Lead-acid batteries are the oldest and well-matured technology
for storing electrical energy. Lead-acid batteries are used more
frequently, serving as storage in many areas, thanks to the low in-
vestment cost, the lowest self-discharge among all rechargeable
batteries, and relatively easy maintenance. [61]. The number of
battery cell is given in Equation (9) [62]. Where CBAT is battery
capacity (Ah), CWh is battery pack (ESS) capacity (kWh) and NESS is
the number of battery cells.

NESS ¼
CWh

CBAT
(9)

2.6. Converter

Bidirectional power converters are used in hybrid power sys-
tems to maintain energy flow between direct current (DC) and
alternating current (AC) buses. They have two functions: the
rectifier (which converts DC into AC) and the inverter (which
converts AC into DC) [38]. The inverter efficiency (hi) is the ratio
between the output power generated by the inverter and its input
power, as shown in Equation (10).

hi ¼
P io

P ii
(10)

hr ¼
P ro

P ri
(11)

Where P io is the output power of the inverter (kW), and P ii is the
input power of the inverter (kW). The rectifier efficiency (hr) is the
ratio between the output power generated by the rectifier and its
input power, as shown in Equation (11). Pro is the output power of
the inverter (kW), and Pri is the input power of the inverter (kW).
Inverter and rectifier efficiency are considered 95%, and their useful
life is up to 15 years [63].

2.7. Electrical load and inflation forecasting using artificial neural
networks

In this section, the energy demand of the poultry farm and its
nearby region is forecasted with artificial neural networks (ANN),
one of the commonly used forecasting methods. Accurate load
forecasting and planning reduce operating costs and losses, offering
numerous technical and economic benefits for both the generator
and the consumer [53]. The yearly poultry variations and other
parameters are modeled with the ANN in Fig. 5.

The data set required for ANN includes load characteristics,
population, total electricity consumption per capita, GDP, East
Marmara GDP, DM poultry (chicken) number, inflation, net migra-
tion, unemployment rate, and electrical energy production be-
tween 2000 and 2020. It was formed by considering the annual
population growth factors of Turkey and Sakarya. Equation (12)
shows the resultant y function, and Equation (13) shows the ReLu
activation function.

y¼
Xn
i¼1

f ðxi : Wi þ bÞ (12)

f ðxÞ¼
�
x if x>0
0 if x � 0 ½0; ∞Þ (13)
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Equation (12), y is the result, f is the activation function, w is the
weight coefficient, x is the input values, and b is the threshold
coefficient. Activation function features used in ANN applications
have a high impact on training dynamics and task performance. In
this study, the ReLU activation function, which is preferred espe-
cially in multi-layer networks due to its simplicity and low
computational load in inflation and load estimation, is used in
Equation (13). The weights in the created model neural networks
are optimized using the Adam solver function. MSE and R2 func-
tions are used to calculate the error and success of the model.
Performance function of MSE in Equation (14), xj represents the
data list and yj shows the estimated values. SSpred in Equation (16) is
the sum of the squares of the difference between the real values in
the data set in Equation (15) and the estimated values by themodel.
fi is model output, y is the average of the observation values. SStotal
in Equation (17) is calculated by summing the squares of y, which is
the mean of all the observation values, and the difference from the
yi is specified in the data set.

MSEðx; yÞ¼ 1
N

Xn
i¼1

�
xj � yj

�2
(14)

R2 ¼ 1� SSpred
SStotal

(15)

SSpred ¼
X
i

ðfi � yÞ2 (16)

SStotal ¼
X
i

ðyi � yÞ2 (17)

Fig. 6 shows the inflation and energy demand forecasts for the
years 2021e2040 obtained from the ANN training.

The success of the forecasts using ANN considering the data
between 2000 and 2020 are given in Table 1. The results show that
the developed forecast model can be used reliably.

2.8. Economic analysis

Net present cost includes installation and operating costs over
the life of the system. Next, the economic outputs of the system are
calculated to find the net present cost. Finally, the net present cost
is calculated using Equation (18). Where NPC is net present cost ($),
Ccap is capital cost ($), Crep is replacement cost ($), CO&M is operation
and maintenance cost ($) and Csalvage is salvage cost ($).

NPC¼ Cann;total
CRFði;NÞ ¼ Ccap þ Crep þ CO&M � Csalvage

CRFði; NÞ (18)

The capital recovery factor is used to calculate the present value
of the annual income expense stream. It is calculated by Equation
(19).

CRFði;NÞ¼ i : ðiþ 1ÞN
ðiþ 1ÞN � 1

(19)

HOMER defines the unit energy cost as the average cost per kWh
of the useful electrical energy produced by the system and explains
it with Equation (20). Where COE is cost of energy ($/kWh), Cann;tot
is total system annualised cost ($), Eprim is primary energy sold to
the utility grid (kWh), Edef is deferrable energy sold to the utility
grid (kWh), Egrid;sales is electrical energy sold to the utility grid
(kWh), NPC is net present cost ($), CRFði; NÞ is capital recovery
factor (%), i is annual real interest rate (%), N is project time (year),



Fig. 5. Artificial neural network model.

Fig. 6. The forecasts of inflation and energy demand for 2021e2040.

Table 1
The success of inflation and load demand forecasts using ANN.

Inflation Forecast Energy Demand Forecast

MSE 0.036 0.0014
R2 0.989 0.9847
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and EgenðtÞ is generates (PV) total energy in t hours (kWh) [64].

COE¼ Cann;tot
Eprim þ Edef þ Egrid;sales

¼NPC : CRFði; NÞPt¼N
t¼0 EgenðtÞ

(20)

Residual power (Presidual) is obtained by subtracting the sum of
demand (Pload) and loss (Ptotloss ) power from the installed RES power
(PRESgen), as expressed in Equation (21). The excessive power (PEE),
which cannot be used completely due to the limitations imposed
on Presidual, is expressed in Equation (22). climit

pv is the power limi-
tation coefficient varying between 0 and 1 in Equation (23), and it
has been taken within 0.4e0.6 in several studies. Accordingly, climit

pv
1207
has been taken as 0.4 in the technical and economic analyzes of this

study. The daily available biomass reserve is Savabilitybiomass as seen in
Equation (24). E BAT ðtÞ is the energy stored in each battery, E max

BAT

and E min
BAT , represents the maximum and minimum allowable

amounts of energy for storage in each battery, respectively, in
Equation (25).

PREðtÞ¼ PRESgenðtÞe PloadðtÞ � Ptotloss ðtÞ (21)

PEEðtÞ¼ PREðtÞ � PPVnom
: climit

pv ; c2PREðtÞ> PPVnom
: climit

pv (22)

0< climit
pv <1 (23)

S avability
biomassmin

� S avability
biomass � S avability

biomassmax
(24)

E min
BAT < E BAT ðtÞ< E max

BAT (25)
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Self-consumption rate and self-feeding rates have been com-
mon performance indicators in numerous studies in the literature.
The SCR is defined in Equation (26) as the ratio between the BG
energy transferred directly to the load and the annual total BG
production. SSR is defined as the ratio between the total generation
of BG transferred directly to the load and the annual total load
demand. As seen in Equation (27), if the BG share in the load de-
mand increases, the SSR increases.

SCR¼
P

EconsBGP
EgenBG

ð%Þ (26)

SSR¼
P

EconsBGP
ELoad

ð%Þ (27)
Fig. 7. The flow c
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3. Simulation and results

Fig. 7 shows the HPS model flowchart. The micro HPS system
was optimized by defining the ANN estimates, biomass reserves,
and other components' costs.
3.1. HPS models

Three HPS models include on-grid and several off-grid scenarios
shown in Fig. 8. The technical and economic parameters used in the
system are shown in Table 2.

The grid energy sell price was determined as 0.08 $/kWh, grid
energy buy pricewas 0.13 $/kWh, the inflation ratewas 11%, DRwas
6%, the diesel fuel cost was 1.1 $/L, project life was 20 years, and
biomass average waste cost was 25 $/t [59,65].
hart of HPS.



Fig. 8. On-grid and off-grid HPS models.

Table 2
Performance of forecasts using ANN.

Design Lifetime Capital [$/kW] Replacement [$/kW] O&M

BG 20,000 h 1690 1300 0.0054 $/hour/kW
DG 15,000 h 500 500 0.05 $/hour/kW
WT 20 year 3185 2600 20 $/year/kW
PV 20 year 1000 900 20 $/year/kW
Converter 20 year 400 400 0.01 $/year/kW
ESS 20 year 225 $/kWh 150 $/kWh 10 $/year/kWh
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3.2. Optimization Results-1 (off-grid HPS with only BG-DG)

Table 3 shows the optimization results of off-grid HPS with only
BG-DG, where PR changes are valid only for BG. The optimal NPC
realized in 50% PR. CF has decreased non-linearly due to the large
installed power dimensions for more than 50% PR. The optimum
ESS size is reduced while PR is increased. However, there is an
inevitable increase in EE due to increased PR. The CO2 value seen in
Fig. 9 is approximately the same value at more than 50% PRs, with
the least emission at 75% PR. While RFs are 98% and above in 50%
PR, RF is 59.2%, although CF is 90.7% in 25% PR.
Table 3
Optimization Results-1 (off-grid HPS with BG-DG).

BG PR (%) DG (kW) BG (KW) ESS (kWh) IC (M$) NPC (M$) COE ($/kWh) Di

- 400 - - 0.20 19.7 0.513 3
25 400 90 1689 0.73 9.47 0.247 1
50 400 180 1178 0.80 4.65 0.121
75 400 270 350 0.81 5.39 0.140
100 400 360 432 0.98 6.71 0.175
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3.3. Optimization results �2 (on-grid HPS with BG)

Table 4 shows the optimization results of on-grid HPS with only
BG, where PR changes are valid only for BG.

In the case of WI and no-GSC, the optimal COE result was ach-
ieved at 75% PR. Although BG has high CF before 75% PR, the COE is
greater than 29% compared to 75% PR because the BG size is not
optimal. However, approximately 41% of GS could be met at 100%
PR compared to 100% PRwithout GSC. Thus, CF reduced and slightly
increased the NPC compared to 75% PR. In the case of WI, it was
determined that despite the increase in BG dimensions, GSC
esel (L) Biomass (T) PE (MWh/yr) CF (%) RF (%) EE (kWh/yr) CO2 (kg/yr)

70,884 - 1,295.6 37.0 - 147,589 971,910
22,172 3821 764.0 90.7 59.2 9.08 334,522
4589 5973 1,176.6 74.8 98.5 19,632 31,028
232 6268 1,213.9 51.4 99.9 36,951 20,695

- 6540 1,254.6 39.9 100 43,289 21,525



Fig. 9. Technical-economic variations in off-grid HPS with only BG-DG.

Table 4
Optimization results �2 (on-grid HPS with BG).

BG PR (%) Without incentive (WOI) (With %40 Grid sale constraint) With incentive (WI) (With %40 Grid sale constraint)

IC (M$) NPC (M$) COE
($/kWh)

GS (MWh/
yr)

PE (MWh/
yr)

CF (%) CO2 (kg/yr) IC (M$) NPC (M$) COE
($/kWh)

GS (MWh/
yr)

PE (MWh/
yr)

CF (%) CO2 (kg/yr)

- - 3.07 0.080 - - - 727,482 - 3.07 0.080 - - - 727,482
25 0.15 3.04 0.079 - 287.3 36.5 550,304 0.15 2.96 0.074 37.6 502.1 63.4 443,276
50 0.30 3.01 0.078 - 212.9 13.8 593,101 0.30 2.51 0.048 383.9 1,343.4 85.4 140,809
75 0.45 2.81 0.073 - 21.1 0.900 714,344 0.46 2.30 0.037 682.0 1,719.3 72.9 95,939
100 0.61 2.71 0.070 - - 0.0 727,482 0.61 2.33 0.037 704.2 1,541.1 49.1 218,466

BG PR (%) Without incentive (WOI) (No Grid sale constraint) With incentive (WI) (No Grid sale constraint)
IC

(M$)
NPC
(M$)

COE
($/kWh)

GS (MWh/
yr)

PE (MWh/
yr)

CF (%) CO2 (kg/
yr)

IC
(M$)

NPC
(M$)

COE
($/kWh)

GS (MWh/
yr)

PE (MWh/
yr)

CF
(%)

CO2 (kg/
yr)

- - 3.07 0.080 - - - 727,482 - 3.07 0.080 - - - 727,482
25 0.15 3.04 0.079 - 287.3 36.5 550,304 0.15 2.96 0.074 39.2 503.8 63.6 443,274
50 0.30 3.01 0.078 - 212.9 13.8 592,101 0.30 2.13 0.038 492.7 1,461.9 92.8 137,323
75 0.46 2.81 0.073 - 21.1 0.902 714,344 0.46 1.26 0.016 1,108.4 2,184.9 92.4 82,162
100 0.61 2.71 0.070 - - 0.0 727,482 0.61 1.21 0.014 1,335.7 2,177.6 69.1 230,406
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prevented the rise of PE and COE increased significantly compared
to the scenarios without GSC. GS decreased by only 4% for WI GSC,
and no- GSC and COE remained approximately the same at 25% PR,
which refers to the lowest installed capacity. Although the RF in
scenarios with WI were higher than 50% PR, the best COE was
achieved in 75% PR. Due to high COE, CF of BGs decreased signifi-
cantly in WOI scenarios, especially 0% in 75% and above PRs. In
addition, although the BG had a 25% PR due to WOI, the highest RF
value was realized in Fig. 11. As seen in Fig. 10, IC changes linearly
depending on the PR. However, the COE did not change linearly due
to GSCs with WI andWOI. The CF decreases in the case of GSC with
WI, as seen in Table 5. Therefore, the COE increases compared to
No-GSC with WI. In addition, the COE changed slightly in scenarios
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with WI, and the NPC remained nearly constant in 75% and above
PR. A decrease in GS revenues in WOI scenarios hindered the
improvement of COE and NPC. Therefore, it has been determined
that the optimal scenarios are experienced, especially in 50e75%
PR. However, CF is less than 50% in all scenarios with WOI, and
power plant installations are not suitable in these scenarios.

Fig. 11 shows the RF, CF, PE, and GS values obtained as an opti-
mization result of On-Grid HPS with BG. In the case of GSC in
scenarios with WI, it was observed that RF did not change much at
25e50% PR. However, RF decreased significantly in both GS sce-
narios with WOI, especially 50% and above PR. Although RF was
lower in 50% and below PR with WOI, RF was nearly the same in
both No-GSC and GSC scenarios. In No-GSC scenarios with WI, CF



Fig. 10. The economic effects of incentives (WI-WOI) on On-Grid HPS with only BG.

Fig. 11. The variations of energy generation and grid selling according to optimization of On-Grid HPS.
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Table 5
The system performance of On-grid HPS RES with 100% PR.

Case BG (kW) WT (kW) PV (kW) COE ($/kWh) NPC (M$) IC (M$) PE (MWh/yr) GS (MWh/yr) RF (%) EE (kWh/yr)

M1 90 - 270 0.063 2.62 0.52 458.5 87.2 62.2 21,680
M2 50 220 0.064 2.68 0.63 477.2 91.2 64.7 11,096
M3 150 120 0.069 2.87 0.85 483.6 89.6 66.3 7286
M4 250 20 0.074 3.10 1.07 470.1 92.4 64.7 21,414
M5 180 - 180 0.040 2.07 0.79 1,130.5 371.1 88.9 14.7
M6 50 130 0.048 2.48 0.69 1,135.9 373.6 89.5 0
M7 100 80 0.050 2.58 0.80 1,135.2 372.8 89.7 36.0
M8 150 30 0.052 2.67 0.91 1,135.0 374.3 90.0 245
M9 270 - 90 0.040 2.35 0.65 1,496.7 609.1 91.5 0
M10 50 40 0.046 2.71 1.19 1,483.5 608.0 91.1 0
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takes approximately the same values up to 75% PR, but CF is
reduced by 48% in the case of GSC in 100% PR. PE increases due to CF
in scenarios with WI. In the case of GSC, the optimal results were
obtained at 50e75% PR. It has been observed that GS occurs in GSC
and No-GSC scenarios withWI, and No-GSC increases GS in parallel
with CF, especially in the case withWI. It has been observed that GS
has reduced by 50% in scenarios of No-GSC 50% and above PR.

Fig. 12 shows the IRR, DP, SCR, and SSR as optimization results of
on-grid HPS. The IRR was as high as 10.10% and 14.50% at 50% and
100% PRwith No-GSC, respectively. On the other hand, COEwithWI
took higher values in GSC than in No-GSC scenarios. At the same
time, CF decreased, and IRR reduced by 50% approximately. Despite
25% PR with WI, DP did not occur, and IRR was 0% on both GS sales
values. CF in GSC scenarios decreased, especially at 100% PR.
Therefore, IRR decreased to 2% as IC and O&M could not be met
with current production. DP was 10 years or less in both GSC and
No-GSC scenarios for 50% and above PRwithWI. DP in both GS took
approximately 14 years for 25% PRwithWI. However, DP has values
close to the project life of 20 years in all PRs with WOI. SCR
Fig. 12. Technical-economic indic
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decreased with increasing BG size in PRs with WI. Both GS with WI
had the highest SCR rate in 25% PR. However, SCR rates were 100%
in all PRs with WOI due to the low GS price. However, bioenergy
was not generated in 100% PR withWOI due to high COE. Thus, SCR
and SSR were 0%. SSR is the same for PRs with WI in GSC and No-
GSC scenarios, and BG has the optimal value of 75% PR. On the
other hand, SSR in WOI took values less than realized in WI due to
the decrease in GS revenues. Therefore, the SSR was 0% in 100% PR
with WOI.

Fig.13 shows the CO2 emissions of both on-grid and off-grid. The
lowest emission for both GSC and No-GSC is 75% PR with WI. CO2
emission reduced by 16%, especially in No-GSC scenarios due to the
increase in SSR. The rise in COE of WOI reduces SSR and increases
CO2 emissions, as it happens in only grid scenarios. CO2 emissions
are minimized due to the SSR in off-grid HPS approaching 100% for
50% and above PR. The CO2 emission, especially in the case of 25%
PR, is very high compared to other off-grid scenarios since the
installed power cannot meet the load demand. The results show
that optimal HPS sizing will reduce COE and minimize CO2
ators for WI and WOI cases.



Fig. 13. CO2 emissions.
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emissions, helping to achieve the environmental targets. Fig. 14
shows the effects of CC variations of off-grid and on-grid HPS on
PE, COE, IC, NPC, and RF. The CC decreases in parallel with the in-
crease in the BG installed power for $2141 and below costs. CF was
Fig. 14. Technical-economic va
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decreased at CC values above $2141 due to GSC. Therefore, COE did
not reduce. COE of off-grid HPS scenario increases due to the in-
crease in CC. The rising of CC increased the COE of on-grid HPS,
resulting in a decrease in PE. For example, if CC is $1,495, 1.21 MWh
riations according to CC.
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PE was realized, but CC is $2,897, 0.23 MWh PE was realized due to
increasing COE. The PE of the off-grid HPS scenarios took approx-
imately the same values. CC remained below the COE with DG even
though CC increased to its highest value of $2897. If CC increases by
20% to $2,141, then NPC's value increases by 9% compared to the
case in off-grid HPS with 75% PR and CC at $1693. On the other
hand, NPC increased by 13% for similar scenarios of on-grid HPS.
The optimal RF was obtained in 50e75% PR of on-grid scenarios.
Rising CC increased the COE, RF rates dropped to 19.2%, especially
when CC was greater than $2897. If CC was greater than $1,693, RF
was reduced by about 30%. Due to the decrease in PE, NPCwas close
or higher than the only grid scenario, thus eliminating the appli-
cability of HPS.
3.4. Optimization Result-3 (hybrid HPS)

Table 6 shows the technical and economic results of on-grid
HPS. The installed power is met with renewables in every option
using PV, WT, and BG with different PRs. The increase in the PR of
the on-grid BG causes the decrease in CFs due to GSC. Therefore, the
DP period is prolonged, and the investment profitability decreases.
Proper sizing of the PV-WT to be used is of great importance to
increase energy continuity and reliability. Besides, the regional
solar and wind potential and the system installation costs in $/kW
can affect HPS components sizes. Table 5 shows that the best COE
with 90 kW BG is in M1. It has been determined that PE is
maximum in M3, where PV-WT powers are similar, and EE has the
lowest value for M1-M4 scenarios. In addition, it has been observed
that any of the PV or WT installed powers are high, increasing the
EE and thus reducing the RF somewhat. The RF increased with the
180 kW BG in the on-grid M5-M8 scenarios. The IC and O&M costs
of PV are less than WT. The availability of regional climatic condi-
tions has provided the best NPC in M5, containing 180 kWof PV. As
the PV-WT installed power in M5-M8 decreased, compared to M1-
Table 6
The system performance of off-grid HPS RES with 100% PR.

Case BG (kW) WT (kW) PV (kW) ESS (kWh) COE ($/kWh) NPC

M1 90 - 270 - 0.405 15.5
500 0.290 11.1
1000 0.289 11.1

M2 50 220 - 0.397 15.2
500 0.285 10.9
1000 0.287 11.0

M3 150 120 - 0.387 14.9
500 0.286 11.0
1000 0.289 11.1

M4 250 20 - 0.383 14.7
500 0.292 11.2
1000 0.291 11.2

M5 180 - 180 - 0.217 8.33
500 0.125 4.81
1000 0.131 5.05

M6 50 130 - 0.215 8.26
500 0.129 4.97
1000 0.134 5.17

M7 100 80 - 0.213 8.20
500 0.134 5.16
1000 0.139 5.32

M8 150 30 - 0.213 8.16
500 0.137 5.27
1000 0.142 5.44

M9 270 - 90 - 0.163 6.25
500 0.141 5.43
1000 0.145 5.58

M10 50 40 - 0.164 6.31
500 0.145 5.55
1000 0.148 5.70
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M4, EE approached zero. Increasing the share of WT in M5-M8
increased both COE and EE. On-grid BG with 75% PR (M10) showed
that RF was highest and COE got the best. M10 with PV-WT sup-
ported BG with 75% PR decreased the COE obtained with BG with
100% PR in Table 4, increasing the RF ratio by approximately 10%, as
shown in Fig. 11. On-grid biomass-based HPS optimization results
show that the optimum scenario is formed in M10. HPS technical
and economic parameters are improved if 100% PR BG is supported
with accurate PV-WT. The analyzes of the scenarios in Fig. 15 are
shown in Tables 5 and 6.

Table 6 shows the installed power variation of technical and
economic effects on off-grid HPS containing both PV and WT with
100% PR. M5-500 kWh, which is with off-grid and BG with 50% PR,
has realized optimal NPC. The RF was approximately 90% and above
for 50e75% PR. EE is minimized in all off-grid scenarios with a
500 kWh battery. EE values increased and RF rates decreased by
20e35% in especially off-grid scenarios without battery. PE and COE
increased nearly 15% and 12%, respectively, when comparing M9-
500 kWh to M5-500 kWh.
4. Conclusions

Hybrid power systems can minimize energy deficit by inte-
grating flexible generation capable renewable sources like biomass,
especially in rural areas. With the development of the poultry
farming industry in recent years, biomass energy generation is a
promising alternative besides PV and WT. This study deals with
optimizing energy storage integrated biomass-based HPS for the
energy demand of a rural region containing poultry farms and
minimizing the environmental effects of poultry farm wastes. Be-
sides, overall technical-environmental-economic performances
were evaluated off-grid and on-grid HPS with solar and wind en-
ergy. Energy storage integrated HPS has offered to economically
sizing thanks to biomass energy generation. Solar PV integration
(M$) IC (M$) PE (MWh/yr) Biomass (ton) RF (%) EE (kWh/yr)

0.73 465.1 2367 57.3 144,388
0.84 543.6 2756 73.6 13,338
0.95 532.1 2697 73.7 -
0.84 454.2 2314 58.8 119,162
0.95 538.8 2734 74.6 4031
1.06 531.2 2695 74.3 2.16
1.06 451.9 2306 61.0 98,716
1.17 526.6 2673 74.7 2513
1.28 523.8 2659 74.6 131
1.27 473.5 2415 61.9 117,058
1.39 526.9 2670 74.3 13,573
1.50 525.6 2663 74.8 3186
0.79 938.4 4838 87.7 157,410
0.90 924.7 4732 98.0 3095
1.01 917.1 4693 97.7 2.30
0.90 932.3 4812 88.4 146.673
1.01 916.0 4691 97.9 420
1.12 913.3 4677 97.7 3.90
1.01 933.5 4820 89.1 143,353
1.12 908.2 4652 97.6 217
1.23 907.0 4646 97.5 3.89
1.12 940.6 4854 89.5 148,781
1.23 903.1 4624 97.5 583
1.34 901.4 4615 97.4 2.05
0.85 1,315.1 6826 98.5 297,983
0.96 1,079.2 5583 100 999
1.08 1,078.8 5580 100 0.361
0.96 1,310.0 6801 98.6 294,163
1.07 1,075.9 5568 100 250
1.19 1,076.0 5569 100 0



Fig. 15. HPS installed power modeling (RES with 100% PR).
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into on-grid biomass-based HPS was reduced the NPV by approx-
imately 12% and increased RF by 7% if PR is 100%. Moreover, the
energy storage integration into off-grid biomass-based HPS
increased RF approximately 10% and reduced excess energy by 16%.
The result shows that the proposed biomass-based HPS may sup-
port decarbonization targets. Sensitivity analyses have revealed
that the investment, raw material transportation, and O&M cost
affect the on-grid or off-grid applicability of biomass-based HPS.
Energy sales restrictions and incentives significantly affected the
economic feasibility of pure biomass-based hybrid systems. Self-
consumption was maximized without the biomass incentive,
while the incentives led to selling an approximate 30% of generated
energy to the grid. Furthermore, the energy exchange rate has been
decreased to minimize grid dependency, resulting in better reli-
ability. Results have shown that the incentives helped shorten the
discount payback period to less than ten years, making HPS
economically viable. In contrast, discount payback periods were
close to project lifetimes in scenarios without incentive. Therefore,
incentives significantly affect the economic feasibility of pure
biomass-based hybrid systems. Thus, policymakers should support
biomass and energy storage systems integrated hybrid renewable
energy systems, especially for rural electrifications. The findings of
the study can expanded to different industrial poultry farms with
varying economic inputs and renewable resources.
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