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Due to increasing energy demand, limited fossil fuels and increasing greenhouse gasses people is in need
for alternative energy sources to have a sustainable world. The objective of this study is to look for alter-
native solutions and design a hybrid energy system to meet any energy needs of a single family house
including both utility and transportation. The system is designed and optimized using HOMER software.
According to the optimization studies, levelized cost of electricity and hydrogen production was found to
be 0.685$/kWh and 6.85$/kg, respectively and the cost of hydrogen which is half of its market price is
very attractive. To project possible future costs in advance, sensitivity analysis was carried out and the
results show that when the main components’ price decays to the half, both costs of energy will be
reduced by 26.4%. This implies that further decrease on the components’ cost would bring the cost of
energy to the level of energy produced by fossil fuels or even lower. Hydrogen would also be produced
with much lower and tempting price. It is important to note that energy used by residential electrical
load and fuel cell electric car in this study was generated by sole renewable energies and the system con-
sumes zero fossil fuels, thus emitting no greenhouse gasses. The study considering both utility and trans-
portation simultaneously is believed to be the first on a small scale and to attract the interest of everyone.
� 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Growing world population and industrialization increase the
energy demand and world energy consumption is expected to
grow by 50% from 2018 to 2050 [1]. Big portion of this energy
demand is met by fossil fuels and therefore causing detrimental
effects to the environment. By burning fossil fuels harmful gasses
are emitted to the atmosphere and this threatens people health
and causes climate change due to the elevated level of greenhouse
gasses. Because of the aforementioned reasons it is necessary to
meet energy demand utilizing alternative energy resources such
as solar, wind, tidal, geothermal and etc. It is known that sun is
the primary or secondary source of all renewables with the excep-
tion of geothermal energy. Solar energy, among others, is the most
promising one as it is capable to capture energy as much as the
world’s annual need in less than an hour [2,3]. After solar energy,
wind energy is the most and last promising one to meet the entire
world’s energy demand [4]. By hybridizing two energy sources
with different storage strategies, we can produce unremitting
energy and this way we can eliminate the disadvantageous of
intermittent nature of renewable energy resources. In the litera-
ture, there are many studies analyzing different energy systems
for green and sustainable world [5–12]. Most of the studies in
the literature utilize renewable energies to provide energy for only
electrical loads. However, feeding electrical loads by renewable
energy is not the only solution for sustainable future because
around 29% of the greenhouse gasses was released by the vehicles
in the world [13,14]. Therefore, besides electrical load we should
also provide power for the vehicles from renewable energy
sources. In the scope of this paper, hydrogen fuel cell car was used
for transportation and the source of hydrogen was obtained from
water via a renewable energy powered electrolyzer. It is also
important to note that there are several ways of producing hydro-
gen, but the others involve breakage of fossil fuels and still causing
the emission of greenhouse gasses. Those, therefore, might not be
the solution for a sustainable and green universe.

According to the study [13,14], 29% of the greenhouse gasses
was released from transportation sector while 28% was released
from electric sector in the US. If we take a detail look into the trans-
portation sector, it is seen that big portion of this amount (59%)
comes from light-duty vehicles and 70.19% of this is due to the pas-
senger vehicles. From 1990 to 2017, the CO2 emission caused by
passenger vehicles was increased by 20.5% and keep increasing
with the growing population. In another study [15,16], it is
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Nomenclature

AC Alternative Current
AEM Anion Exchange Membrane
AnnC Annualized Cost
CF Capacity Factor
COE Cost of Energy
COH Cost of Hydrogen
CRF Capital Recovery Factor
CS Capacity Shortage
DC Direct Current
DOD Depth of Discharge
FCEV Fuel Cell Electric Vehicle

HOMER Hybrid Optimization Model for Electric Renewables
LA Liquid Alkaline
NPC Net Present Cost
NREL National Renewable Energy Laboratory
OC Operating Cost
PEM Polymer Electrolyte Membrane
PV Photovoltaic
SI Supporting Information
SOC State of Charge
WD Weekdays
WK Weekend
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revealed that 30% of the EU’ s total CO2 emission comes from the
transportation and 60.7% of this is due to the passenger vehicles.
Although the CO2 emission is likely to reduce due to the increasing
utilization of renewable energy sources, CO2 emission in trans-
portation sector keeps increasing. This shows that conventional
vehicles should be replaced with more environment friendly types
such as hydrogen and electric cars.

As mentioned earlier, greenhouse gasses are produced not only
by electric energy generation sector, but also transportation sector.
When people do a research, transportation is usually neglected and
only electrical energy is considered to be produced by renewable
energy sources. For this reason, I thought that it is necessary to
conduct such a study and the feasibility of the system was dis-
cussed in detail. All the aforesaid facts support the idea of my study
and show how critical my research is for a sustainable world. In
this study, I build an energy model which analyzes a standalone
PV-wind-battery-hydrogen system. This model meets the electrical
load demand without connecting to the grid and excess renewable
energy power goes to the battery and electrolyzer to store energy
for compensation purpose of intermittent renewable energy and to
generate hydrogen for storage in the hydrogen tank to be later
used to power a fuel cell electric vehicle (FCEV). Besides optimiza-
tion study, sensitivity analysis of the systemwas also carried out to
see different scenarios with the new advancement in the technol-
ogy of the constituent components. To the best of our knowledge,
this study is one of the first of its kinds where only renewable
Fig. 1. a-) Representative view of the desired life style with zero
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hybrid energy system is utilized to provide energy for both resi-
dential and transportation applications on a single family basis.
2. System description

The system is mainly designed to produce electricity for resi-
dential electrical loads and to produce hydrogen as a fuel source
for hydrogen car used to commute and for weekend activities.
The hybrid system is not connected to the grid and provide enough
energy for a single family house with zero emission. As seen in
Fig. 1, my dream is to have a green and sustainable life and the
energy system designed to realize this includes PV panels, wind
turbines, electrolyzer, battery bank and hydrogen tank. Economic
and technical analysis studies of the system were carried out using
Hybrid Optimization Model for Electric Renewables (HOMER) pro-
gram designed by National Renewable Energy Laboratory (NREL)
[17,18].

As long as wind is blowing and/or sun is shining, the system
produces electricity and this is directly feeding the electrical load.
If there is any excessive electric energy, it is used to charge batter-
ies and to power the electrolyzer in order to generate hydrogen. In
case there is neither of two renewable sources available, stored
energy in the battery bank is used to feed the electrical load and
the stored hydrogen in hydrogen tank is used to fill the car’s fuel
tank for enough distance.
emission b-) Schematic layout of the hybrid energy system.
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The system is planned to be setup in Ayvalık province of Turkey
located at 39.282 N and 26.614E coordinates at sea level. The avail-
able sources to produce energy is very important to realize energy
systems based on renewables. For the study, average solar irradi-
ance, average wind power and average temperature are so critical
to produce more energy. All these information for the given loca-
tion was gathered from NASA Surface Metrology and Solar Energy
Database [28]. Table 1 summarizes all these data based on months.
It is clearly seen that solar irradiation and temperature substan-
tially increases in the summer whereas wind speed changes oppo-
sitely. This opposition is good for my purpose because those energy
carriers act as a complementary to each other. The data shown in
Table 1 was collected during a long period of time at 39.5 N and
26.5E coordinates. Solar related data was taken over 22 year period
from July 1983 to June 2005 and wind speed was taken over
10 years period from July 1983 to June 1993 at 50 m height.
Besides monthly data, Table 1 also shows annual average for each
Table 1
Monthly average clearness index, solar irradiation, temperature and wind speed values ob

Month Clearness Index Average Solar Irradiation (kW/m

January 0.549 2.392
February 0.539 3.111
March 0.599 4.655
April 0.583 5.672
May 0.573 6.339
June 0.587 6.809
July 0.584 6.575
August 0.599 6.050
September 0.620 5.141
October 0.616 3.848
November 0.571 2.637
December 0.560 2.200
Annual Average 0.581 4.620

Fig. 2. a-) Yearly (365/24) and b-) seasonal electric load profiles c-) Yearly (365/24) and
shows daily residential load profile.
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column. According to that, annual average of clearness index, solar
irradiation, temperature and wind speed are 0.581, 4.62 kW/
m2/day, 16.47 �C, and 5.86 m/s, respectively. Clearness index is a
nondimensional number and showing the ratio of surface radiation
to extraterrestrial radiation. The number changes from 0 to 1 indi-
cating how good sun is shining. While solar irradiance is directly
proportional, temperature is inversely proportional to the pro-
duced power by PV and both were taken into account in this study.
The energy generated by the wind turbine is proportional to the
cube of wind speed shown in the last column [19].

In order to find the best configured energy system, detailed load
profiles should be taken into account otherwise a solar PV system
could be picked to meet the energy demand only occurring night-
time. In this kind of situation, designed PV system becomes use-
less. Therefore, I concentrate on the load profiles in the system
and arranged as in Fig. 2. Since I design the stand alone system
for a single family house, the typical residential load profile was
tained from NASA Surface Metrology and Solar Energy Database.

2/day) Average Temperature (�C) Average Wind Speed (m/s)

6.41 6.37
6.71 7.35
9.50 6.55

14.70 5.65
20.34 4.88
24.93 4.78
27.32 5.39
26.95 5.28
23.15 5.13
17.95 6.50
12.04 6.04
7.66 6.42

16.47 5.86

d-) seasonal hydrogen load profiles. Plot seen on the left hand side of day 1 in (a)
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used with 11.27kWh/d scaled annual average and 2.39 kW peak
power. In Turkey, average daily energy consumption is 8.31kWh/
d for a single family house [20], but this excludes any energy used
for air conditioners. I expect to use air conditioners at such a hot
city and therefore load profile has the max power demand in July
as seen in Fig. 2b. In addition to the electrical load, a hydrogen load
is also included in the system. Unlike electrical load, hydrogen load
is needed only at 19:00o’clock everyday, but 1 kg on weekdays and
1.5 kg on weekend with 1.14 kg/d scaled annual average. This load
is planned based on the average distance taken for commuting on
weekdays and for social activities on weekends. According to the
research [21], average one way commute distance is 31.7 km and
a typical hydrogen car consumes 0.8 kg per 100 km [22]. By consid-
ering round trip commute and doubling it, we can take the travel
distance about 120 km to be in safe and this requires 1 kg hydro-
gen every day. For the weekend, people need more fuel to go some-
where else to socialize with family and therefore hydrogen need
for weekends was given 1.5 kg. Unlike electrical load profile, sea-
sonal load profile for hydrogen does not change as seen in Fig. 2d.

In order to evaluate the feasibility of any system, we compare
the unit price of the energy with the energy produced by other
energy carriers. For this reason, economical inputs are very critical
to figure out the real cost of the energy. Since the market price of
the components used in the proposed system is in US dollar,
energy cost would be also in US dollar currency. Because of that,
the economy inputs such as inflation rate and discount rate are
taken into account based on the values for US dollars. According
to Ref. [23,24], recent inflation rate and discount rate for US dollar
are 2.17% and 2.25%, respectively and used as is in the HOMER sim-
ulation. In addition to these inputs, annual capacity shortage and
project lifetime are also important and affect the economic find-
ings of the system. In the system, maximum annual capacity short-
age which is the fraction of capacity shortage (CS) to the total
electric load was defined as 2%. Any number higher than this is
considered unfeasible. Focus Factor which is a metric to determine
the quality of solution in terms of being close to the global optima
was chosen default value of 50. The project life time on the other
hand was selected as 25 years although some of the components
require replacement within the system’s lifetime.

2.1. Photovoltaic panels

16.97% efficient 330 W Canadian Solar MaxPower CS6U-330P
flat plate panels with 45 �C nominal cell temperature and
�0.41%/�C temperature dependent power coefficient were used
in the hybrid system [25]. Since temperature at the project site var-
ies by season as seen in Table 1, photo conversion efficiency of the
panels also changes based on the given coefficients and more real-
istic power generated by the PV panels are therefore figured. In the
current system, panels are used without any tracking system and
fixed at 39.32� slope (corresponding to the location’s latitude)
throughout the year. Unit price for each kW of PV was taken
1000$, but studies project that this price will substantially drop
with new advancements in the PV industry [26]. In addition to
those, derating factor which accounts loses due to soling, shading,
snow covering, wire losing, aging and so on was taken 88% and life-
time of the PV panels is 25 years.

2.2. Wind turbine

In the project, I intentionally used 1 kW Aeolos brand small
sized turbines with 3.2 m rotor diameter and 8.0 m2 swept area
instead of using one larger size. The reason is that any mechanic
malfunctioning on the turbine could cause energy cut and the
entire system would be ruined. However, if small size turbines
are used, probability of problem occurring in all turbines are low
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and therefore other turbines will be running while one is under
maintenance. By this way, meeting the energy demand is always
kept high. Cost of the specified turbine is around $2500 [27] and
used as is in the HOMER. Although wind speed data was gathered
at 50 m height by NASA, 15 m hub height was used in the analyzed
system. This indicates that the wind turbines face lower wind
speeds at lower hub heights and the details are given in Section 3
[18,19]. Wind speed with the hub height changes logarithmically
and this can be seen in Supporting Information (SI) - FigS. 1. In
order to find how much energy a wind turbine can generate, we
need two sets of data: one is wind turbine power curve represent-
ing power output vs. wind speed and the other is Weibull distribu-
tion of wind speed. The latter one is taken from NASA surface
metrology and solar energy database [28] and the former one
was entered into the HOMER based on the data given in the data-
sheet of the wind turbine [27]. This curve (SI, FigS.2.) shows that
the turbine shuts down when the wind speed is too low (<3m/s)
for the operation or too fast (>18 m/s) to damage the turbine. Life-
time of the turbines was taken 20 years indicating the requirement
for a replacement within the lifetime of the entire project. It is
important to note that if this value is somehow extended to
25 years, both cost of energy (COE) and cost of hydrogen (COH)
would be much lower.
2.3. Electrolyzer

By applying a small potential, we can split water into hydrogen
and oxygen and this process is called electrolysis. The machine
does this process is called hydrogen electrolyzer. It generates H2

and store it in a hydrogen storage tank. It can be later used to
fill-up the FCEV tank. It is important to stress that H2 is a sustain-
able solution as long as it comes from water. Otherwise there are
many methods to generate hydrogen utilizing fossil fuels and those
create tremendous amount of greenhouse gasses. For this reason,
all the methods with the exception of water splitting to generate
hydrogen is not suitable for my purpose. Hydrogen electrolysis
from water is usually undertaken with liquid alkaline (LA) or poly-
mer electrolyte membrane (PEM). LA electrolyzer is not very suit-
able for intermittent renewable energy and produces
uncompressed H2 requiring to use giant hydrogen tanks or addi-
tional compressor to store H2. PEM on the other hand overcomes
some of the problems related to LA electrolyzer. Proton exchange
membrane in PEM electrolyzer is responsible for separation of pro-
tons and electrons. Inconsistent power coming from renewable
sources is not an issue for this type and create hydrogen very effi-
ciently. However, its cost usually is very high due to expensive lay-
ers (iridium, gold, platinum) in its structure. Anion exchange
membrane (AEM) electrolyzer is a revolutionary and take the
advantages of both aforesaid electrolyzers. AEM uses a low cost
alkaline solid polymeric membrane and produces directly com-
pressed hydrogen over 30 bar. AEM electrolyzer is the solution to
create pure and directly compressed hydrogen with a lower cost
[29,30]. In this study, AEM electrolyzer with 15 years lifetime
and 85% efficiency was utilized and the unit price per kW was
specified $2000 in the HOMER software.
2.4. Hydrogen storage tank

In the designed system 3 kg hydrogen tank was used to meet
the daily load demand (WD:1kg, WK:1.5 kg) with an extra storage
to increase the autonomy time in case hydrogen cannot be gener-
ated for a while for some reasons. Hydrogen tank is as durable as
the system and therefore does not require any replacement within
the project lifetime. Unit price for each kg is defined $1500 as sug-
gested by HOMER.
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2.5. Battery

Since the energy generated by renewables is not consistent, any
type of storage methods is needed to supply stable energy to the
users. Although there are various ways of storing energy, batteries
are the most commonly used one; however, they have some disad-
vantageous such as high cost, difficult disposal and frequent
replacement. Among various types of batteries, Lithium ion batter-
ies were preferred in the current system because of longer lifetime,
higher throughput and lower minimum state of charge specs. Gen-
eric 6 V Li-Ion batteries with 90% roundtrip efficiency and 1kWh
capacity were used in the hybrid system. Each battery costs $400
and has 15 years lifetime with 20% minimum state of charge capa-
bility. Price of the batteries are expected to drop substantially and
in the near future price can be even less than the half according to
Ref. [30]. All the batteries were assumed fully charged before the
project starts.

2.6. Converter

Converter is used to rectify any excess energy generated by
wind turbine to charge the batteries or power the electrolyzer
and to invert DC power generated by PV panels or stored in the
batteries to energize the electrical loads. Efficiency of the conver-
sion in both ways (AC to DC and vice versa) is 95% and the cost
of the converter with 15 years lifetime is $300/kW.

3. Calculation procedures of HOMER

In this section, important equations used in optimization stud-
ies will be explained in detail. Since the hybrid system utilizes both
solar and wind energies, equations used to calculate power outputs
of both are given in Eq.(1) and Eq.(2), respectively.

PPV ¼ YPVfPV
GT

GT:STC

� �
½1þ af TC � TC;STCð Þ� ð1Þ

where:

YPV: the maximum power output of the PV array under stan-
dard test condition (STC) (kW)
fPV: the PV derating factor (%)
GT: the solar irradiation incident on PV array (kWh/m2)
GT,STC: the solar irradiation under STC (1 kWh/m2)
af: the temperature coefficient of PV panel power (% / �C)
TC: the PV cell temperature (�C)
TC,STC: the PV cell temperature under STC (25 �C)

In order to find the wind power output, we first need to find the
hub height speed and then the specific wind turbine’ s power curve
is used to figure out the power output at a specific time. If the wind
speed at specific hub height is not in the range of wind turbine’s
power curve, the system assumes that wind turbine produce no
power. Wind speed at a specific hub height is calculated by Eq.
(2) using logarithmic law and simulations are run based on the cal-
culated wind speed and a specific wind turbine’s power curve.

Vhub ¼ Vanem
lnðHhub=HoÞ
lnðHanem=HoÞ ð2Þ

where:

Vhub: the wind speed at the hub height of the wind turbine
(m/s)
Vanem: the wind speed at anemometer height (m/s)
Hhub: the hub height of the wind turbine (m)
Hanem: the anemometer height (m)
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Ho: the surface roughness height (m)

In terms of economy, it is important to calculate Net Present
Cost (NPC), Cost of Energy and operating cost (OC) of the system
and following equations are used in the simulation procedure to
do so. Net Present Cost is sum of present costs of the system incurs
over its lifetime, minus the present value of revenues the system
earns. The present costs include capital costs, operation & mainte-
nance costs and replacement cost. The proposed system only earns
salvage revenue within its lifetime. Before figuring the cost of
energy, annualized cost (AnnC) should first be defined as follows;

AnnC ¼ CRF � NPC ð3Þ
where CRF stands for capital recovery factor and it is figured by Eq.
(4).

CRF i;nð Þ ¼ i 1þ ið Þn
1þ ið Þn � 1

� �
ð4Þ

where ‘‘i” is annual real discount rate and ‘‘n” is number of years.
Real discount rate (i) is found by Eq. (5).

i ¼ i0 � f
1þ f

ð5Þ

where ‘‘i’” is nominal discount rate which is the rate we can borrow
money and ‘‘f” is inflation rate.

After finding ‘‘AnnC” and served energy (Eserved), we can find the
cost of energy per kWh produced by the hybrid system using Eq.
(6).

COE ¼ AnnC =yrÞ
Eserved kWh=yrð Þ

�
ð6Þ

Besides cost of energy and net present cost, operating cost is
another important parameter for the energy systems and defined
as the annualized value of all costs and revenues with the excep-
tion of annualized capital costs which is found by product of initial
capital cost and CRF. For the other equations used in HOMER, it is
recommended to check HOMER Instruction guide [18].

4. Results and discussion

HOMER simulates all possible combinations for the hybrid
energy system with battery backup and sorts them based on the
Net Present Cost values. The total number of 766.656 simulations
were run and 95.832 optimization cases were evaluated to find
the most suitable system configuration. Components of the opti-
mum system with sizes and economic parameters are shown in
Table 2. As seen, the best optimized hybrid system is comprised
of 4x1kW wind turbine, 11.7 kW PV panel, 7 kW electrolyzer, 6
strings 1kWh Li-Ion battery, 3 kg hydrogen tank and 4.08 kW con-
verter. This system resulted in NPC of $69,221 with $43,776 capital
investment. Some of the components mentioned earlier require
replacement within 25 years of the project lifetime and therefore
we have replacement cost of $27,264. At the end of the project,
we get $13,116 from the salvage and the detailed cash flow dia-
gram of the system is seen in FigS. 3.

Although the average and maximum electrical load are only
470 W and 2.39 kW, respectively the optimal PV array size and
wind turbine size are 11.7 kW and 4 kW. Since FCEV needs stored
hydrogen and couple of inefficient procedures in the system taken
place, the size of the energy generators must greatly exceed the
electrical load. As a result, the cost of energy becomes very high.
As seen in Table 3, COE and COH for the optimum hybrid system
are $0.685 and $6.85, respectively. Although the cost of energy is
almost 5 times higher, the cost of hydrogen is less than half of
the market price [31].



Table 2
Technical and economical parameters of all components used in the hybrid system.

Name Size Life Cycle Capital Operating Replacement Salvage Total

Wind Turbine Aeolos 1 kW 4 ea. 20 Years $10,000 $6,929 $9,845 ($7,355) $19,419
Pv Panel CS6U-330P 11.7 kW 25 Years $11,651 $2,883 $0.000 $0.000 $14,534
Electrolyzer 7 kW 15 Years $14,000 $0.000 $13,837 ($4,576) $23,260
1kWh Li-Ion Battery 6 Strings 15 Years $2,400 $1,485 $2,372 ($784.500) $5,472
Hydrogen Tank 3 kg 25 Years $4,500 $0.000 $0.000 $0.000 $4,500
Converter 4.08 kW 15 Years $1,225 $0.000 $1,210 ($400.330) $2,035
System 25 Years $43,776 $11,297 $27,264 ($13,116) $69,221

Table 3
Sensitivity analysis results.

Electrolyzer
Cost ($/kW)

PV Cost
($/kW)

Wind Turbine
Cost ($/kW)

COE ($) COH ($) Electrolyzer
Cost ($/kW)

PV Cost
($/kW)

Wind Turbine
Cost ($/kW)

1,000 500 1,250 0.504 5.04 1,000 500 1,250
1,000 500 2,500 0.555 5.55 1,000 500 2,500
1,000 1,000 1,250 0.566 5.66 1,000 1,000 1,250
1,000 1,000 2,500 0.616 6.16 1,000 1,000 2,500
2,000 500 1,250 0.574 5.74 2,000 500 1,250
2,000 500 2,500 0.624 6.24 2,000 500 2,500
2,000 1,000 1,250 0.636 6.36 2,000 1,000 1,250
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According to the results seen in Table S1, produced yearly
energy (27,385kWh) by renewable sources are much more than
needed by electrical load (4,083kWh) and surplus energy
(23,030kWh) goes to the electrolyzer and batteries. For the situa-
tions of overnight and/or insufficient wind energy, the stored
energy both in electric form and hydrogen form are utilized to feed
the load demands. The results show that 70.2% of the total energy
produced by PV panels and the rest was produced by the wind tur-
bines. Fig. 3a shows the monthly production of electrical energy by
PV panels and wind turbines. It is clearly seen that energy pro-
duced by PV panels increases during the hot seasons (Fig. 3b),
while the energy produced by the wind turbines becomes less. This
becomes opposite in the cold seasons and the contribution of wind
energy becomes much more effective (see Fig. 3c). Complementary
nature of these two energy producers is very suitable for hybrid
energy systems and solves intermittency problem of renewable
energy sources. As seen in Fig. 3b, PV panels produce more power
during the noon and middle of the year due to greater solar irradi-
ance and longer equivalent sun hours, respectively. When the sun
sets, PV panels are not able to produce any power as indicated in
the graphic by black color. Wind turbine in contrary can produce
Fig. 3. a-) Monthly average electric production by generation metho
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power any time of the year, but more power is generated during
the first and last 90 days of a year. Capacity factor (CF) is an impor-
tant value showing how effective the energy sources are used and
it is calculated by the ratio of generated energy over a time period
divided by the installed capacity. In this study, CF of the PV panels
and wind turbines is found to be 18.8% and 23.3%, respectively.
These values are in a good agreement with the literature. In addi-
tion to those, the optimum system has only 41.8kWh/y capacity
shortage corresponding to 1.02% and this is much lower than the
allowed level of capacity shortage.

The optimum system has six 1kWh Li-Ion batteries in parallel
with bus voltage of 6 V. Although nominal capacity of the batteries
is 6kWh, usable nominal capacity is 4.6kWh due to 80% depth of
discharge (DOD) capacity of the batteries. 13,171kWh energy was
stored in the lifetime of the battery bank. Fig. 4 shows yearly and
seasonal state of charge (SOC) of the battery storage bank. It is
clearly seen in Fig. 4a

when the max. PV power produced, battery banks are fully
chared, but when the sun goes down, energy stored in the batteries
are used to meet the load demands. Fig. 4b shows that SOC of the
batteries gets lower during the summer. It is as expected because
ds. Yearly (365/24) b-) PV and c-) wind turbine power outputs.



Fig. 4. a-) Yearly state of charge plot of storage batteries b-) Seasonal variation of
the battery bank’s charge status.

Fig. 6. Yearly hydrogen tank level.
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wind turbines cannot generate enough power and electrical load
demand due to air conditioners (July is the peak month) becomes
higher during the summer season.

The optimum system has 7 kW electrolyzer and this produces
408 kg of hydrogen in a year by consuming 46.4kWh energy per
one kg of hydrogen. Mean and maximum output of the electrolyzer
are 0.0466 kg/h and 0.151 kg/h, respectively. Although rated capac-
ity and maximum input of the electrolyzer are 7 kW, mean input is
found to be 2.16 kW. 18.947kWh energy produced by the renew-
able sources was consumed by the electrolyzer in a year and CF
is figured to be 30.9%. The electrolyzer were in operation during
5,128 h of a year. From all these inputs, we can calculate the aver-
age power of the electrolyzer through the year and it becomes
1.15 kW which is in agreement with the seasonal average power
plot in Fig. 5b. As in the battery case, electrolyzer was also powered
mostly at noon when the power generation occurs at high level due
to stronger solar irradiation (see Fig. 5a).

In the proposed system, hydrogen is produced on site via wind
and solar energies and this removes a series burden for transporta-
tion and distribution stages. In this system, the hydrogen tank
starts the year with 0.3 kg hydrogen (10% of its capacity) and ends
up the year with 0.3141 kg (10.47%) indicating the system provide
enough power from the first year to the second year. Fig. 6 shows
yearly hydrogen tank level and it is obvious that when the sun rises
the level of tank starts to increase and becomes mostly full till
evening.
Fig. 5. Electrolyzer a-) yearly input power and b-) seasonal average power.
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At 7:00 pm, I have a scheduled hydrogen intake by the hydro-
gen car and therefore hydrogen level of the tanks drop substan-
tially in 1–1.5 h. Later the system prioritize the electrical load
demand and any excess power later on used to energize elec-
trolyzer again to generate hydrogen to be stored in the hydrogen
tank for later use by the car.

In order to see different scenarios with lower component prices,
a sensitivity analysis was also carried out. In the sensitivity analy-
sis process, HOMER performs multiple optimizations with a given
possible inputs to gauge the effects of uncertainty or changes in
the model inputs. In this analysis, it was assumed that electrolyzer,
PV and wind turbine costs fell half of their original price. As seen in
Table 3, we have 8 scenarios and it is figured Electrolyzer, PV and
Wind turbine have the most effective to least effective costs,
respectively. That means any change for electrolyzer has more
impact on the cost of energy than change for PV and wind turbine.
When all these components’ unit price drop to half, COE and COH
are dropped by 26.4% and become $0.504 and $5.04, respectively.

It is important to mention that this model can be used not only
in Ayvalık, but also in different part of the world. If solar irradiation
and average wind speed is higher at those locations, both COE and
COH could be even lower than $0.504 and $5.04. This system was
designed for a single family house, but when we expand the size of
the system for larger applications it is known that the price of the
energy would drop substantially [32]. In addition to wind and solar
energy, the system can be integrated with biomass and hydroki-
netic generators if the resources are available to further drop the
energy and hydrogen costs.
5. Conclusions

In this study, technical and economic analysis of a renewable
energy based hybrid energy system were carried out. This system
is designed to meet the energy demands of both electrical and
hydrogen loads of a single family house by 100% renewable energy
sources. To achieve this, PV panels and wind turbines with battery
backup were synergistically used to construct a hybrid system and
therefore addressing the biggest problem of intermittent energy of
renewable energy sources. In contrast to the most studies in the lit-
erature, this study considers the greenhouse gasses emission not
only by residential applications, but also by transportation applica-
tions. Therefore the proposed system is very promising for a green
and sustainable world. The hybrid system is comprised of PV pan-
els and wind turbines as energy generators and batteries, elec-
trolyzer and hydrogen tank as energy storage units. Optimization
studies were done using HOMER, which is based on black box
approach and the results can be used for validation. The results
show that the hybrid system generates hydrogen and electrical
energy for the price of $6.85 and $0.685, respectively with the
optimum system. Although the price of electricity is higher com-
pared to the grid parity, cost of the hydrogen is less than the half
of its market price. In order to project the effects of any further
enhancement occurring in the component technology, a sensitivity
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analysis was conducted and this shows that COE and COH would
be $0.504 and $5.04, respectively when the cost of electrolyzer,
PV panels and wind turbines come down to half of their original
price. In addition to those, promising methods to bring the cost
of electricity and hydrogen down were also discussed. This study
with zero emission is believed to be a good reference for creating
a sustainable universe by taking care of both residential and trans-
portation loads. If everyone in the world build such energy system
to meet their any form of energy needs, the world will be much
lovely and healthy.
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