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Hydropower boasts the capability to consistently generate electricity
throughout the year, offering the lowest operating costs and the longest
lifespan among renewable energy technologies. Given the aforementioned
considerations and the absence of prior investigations into Iran’s hydropower
potential, this study employs HOMER software to explore the feasibility of
supplying electricity to a village comprising 10 households near Koohrang
Tunnel in Chaharmahal and Bakhtiari Province, leveraging solar, wind, and
hydro turbine renewable energies. Three distinct scenarios, centered around
hydro turbine utilization, were examined. These scenarios aimed to provide
electricity in off-grid (1% scenario) and grid-connected modes (2°¢ scenario),
as well as to generate electricity and hydrogen in a grid-connected mode (3"
scenario). In the first scenario, the most economically viable design yielded
a cost of $0.187 per kWh of generated electricity, with 99% of the electricity
sourced from the hydro turbine and the remaining 1% from a diesel gener-
ator. This scenario resulted in a CO, emission of 23.2kg/y. In the second
scenario, the most cost-effective option supplied 94% of the electricity from
the hydro turbine and the remaining portion from the main grid, at a cost
of $0.033 per kWh. Notably, surplus electricity sold to the main grid facili-
tated an annual reduction of 1297 kg of CO, emissions. The third scenario,
which combined the hydro turbine with the main grid, presented the most
financially viable option. Here, the costs of per kWh of generated electricity
and per kg of produced hydrogen were $2.012 and $0.49, respectively.
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1 Introduction

Electricity generated from hydroelectric power har-
nesses the natural flow of rivers through various types
of generators. Ideal candidates for hydroelectric power
are rivers located in elevated areas [1]. Leveraging
the continuous flow of rivers, renewable hydroelectric
power stands out for its ability to generate electric-
ity ceaselessly throughout the year, setting it apart
from other renewable sources like wind and solar en-
ergy [2,3]. Moreover, it boasts the lowest operating
costs and the longest lifespan among renewable energy
technologies. Small-scale hydroelectric power plants
have minimal environmental impact and do not con-
tribute to pollution unlike coal and oil-based energy
resources [4]. To further minimize environmental im-
pact, it’s feasible to utilize only a portion of the river’s
flow.

Hydropower technologies are typically categorized
into two main groups: small-scale, which refers to in-
stallations generating less than 10 MW, and large-scale,
which encompasses those generating more than 10 MW
[5]. However, a more detailed classification includes
five distinct groups: large-scale (output power exceed-
ing 10 MW), small-scale (output power ranging from 1
to 10 MW), mini (output power between 100kW and
1MW), micro (output power between 5 and 100 kW),
and pico (output power less than 5 kW) [1].

Hydroelectric power stands as the largest and sin-
gularly established renewable energy source employed
commercially worldwide for power generation. Its po-
tential utilization spans approximately 150 countries,
with feasibility present in over 100 nations [2]. Notably,
the utilization of hydroelectric power predates and sur-
passes that of other renewable energy sources in terms
of both scale and longevity. Currently, hydroelectric
power contributes around 17% of global production ca-
pacity and accounted for approximately 20% of energy
production in the mid-twentieth century [6]. Conse-
quently, its operational history and productivity out-
weigh those of alternative renewable energy sources [7].

In 2013, approximately 16% of the world’s total en-
ergy consumption was met by 100 GW of hydroelectric
power [8]. Noticeably, the developed countries heavily
rely on hydroelectric power for electricity generation,
with examples such as 10% of electricity in the United
States and over 99% in Norway sourced from this re-
newable energy [9]. Furthermore, the developing na-
tions, particularly those situated along the equatorial
belt, also leverage hydroelectricity to meet their en-
ergy demands. For instance, in 2004, Malaysia derived
about 11% of its electricity from hydroelectric sources
[10]. While large-scale hydroelectric systems dominate

the landscape, smaller-scale hydropower technologies
are better suited for supplying energy to remote re-
gions [1]. Indeed, the viability of hydroelectric power in
remote villages hinges on the accessibility of resources.
While it has the potential to offer some of the low-
est energy costs, its feasibility is contingent upon the
availability of suitable resources [11].

In 2008, Nfah et al. conducted a simulation us-
ing HOMER software to address the electricity needs
of remote villages in Cameroon, aiming to provide
110kWh/day [12]. In the most economically favorable
scenario, the energy cost amounted to $0.296 per kWh.
This scenario entailed a system comprising a 14 kW wa-
ter turbine, a 15kW gas generator, and a 36 kWh bat-
tery. The researchers concluded that for discharge rates
exceeding 200L/s in southern Cameroon, a hybrid hy-
dro turbine system, and for solar radiation surpass-
ing 5.55 kWh/m? /day in northern Cameroon, a photo-
voltaic hybrid system would represent the most cost-
effective options.

In 2009, Boustani conducted an assessment of the
potential for a small hydroelectric power plant in the
Sisakht region of Yasuj [13]. The power plant under
investigation was constructed on the Polkolo River.
This power plant, which consists of 9 interconnected
power plants, has a total head of 1100m, a flow rate
of 2.5m3/s, and an annual energy production of 105.5
million kWh. In 2009, Nfah and Ngundam utilized sim-
ulated hydro turbine/solar cell/biogas generator sys-
tems employing HOMER software [14]. Their objective
was to provide 73kWh of electricity daily to remote
villages in Cameroon. Their findings indicated that
the hydro turbine/battery/biogas generator configura-
tion, requiring a minimum water discharge of 92L/s
in southern Cameroon, was more cost-effective than a
solar cell/battery/biogas generator setup necessitating
a minimum radiation of 5.55 kWh/m? /day in northern
Cameroon. Additionally, they emphasized that invest-
ing in biogas systems alongside other renewable ener-
gies could play a pivotal role in the poverty reduction
programs of Cameroon’s National Energy Agency.

In 2014, Sen and Bhattacharyya utilized the
HOMER software to determine the most effective com-
bination of remewable energy sources for generating
electricity in a remote Indian village lacking access
to the national grid [15]. Their analysis incorporated
renewable resources such as solar, wind, hydropower,
and biomass, comparing the outcomes with the cost
of grid electricity. The optimal configuration identi-
fied comprised 14% solar cells, 76% hydropower, and
10% biomass generators, fulfilling the village’s annual
requirement of 246,382kWh. The total net presents
cost amounted to $673,147, with an energy cost of
$0.42/kWh.
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In 2015, Teixeira [16] investigated the viability of
implementing a hydro-solar hybrid system connected
to the national grid at a water supply dam in southern
Brazil, employing the HOMER software. The findings
revealed that 227kW of electricity was supplied by hy-
dro turbines, while an additional 60 kW was provided
by solar cells, indicating a less economical outcome.
The initial cost was $1715.83/kWh, with an associated
energy cost of $0.059/kWh. Comparatively, the price of
electricity from the national grid stood at $0.16/kWh.

In 2017, Ajao et al. [17] probed a small-scale hy-
droelectric power plant located in Bakolori, Nigeria,
with the aim of evaluating the feasibility of upgrad-
ing its electromechanical equipment. Their study con-
cluded that outfitting the power plant with new pro-
duction equipment could bolster its production capac-
ity by 3.2 MW.

Given that electricity generation often falls short
of demand, the utilization of small hydroelectric power
stations emerges as a potential solution to address this
disparity. In 2017, Hammid et al. [18] delved into the
application of artificial neural networks to forecast the
performance of a standalone hydro turbine facility as-
sociated with the Diyala Dam. Leveraging 3570 sets
of experimental data, they trained the neural network
model. Ultimately, they achieved a correlation exceed-
ing 0.96 between predicted and actual variables, under-
scoring the high precision and accuracy of the network.

Based on the mentioned contents and the studies
done by others, the discussion of various energy stor-
age types has not been addressed in none of them and
mostly focused on rural and remote areas. Taking into
account the substantial energy demand in Iran and af-
ter reviewing available literature, it’s noteworthy that
there has been a lack of research on the utilization of
small hydropower plants within the country. Thus, the
current study aims to fill this gap by applying HOMER
software to simulate a hybrid Pico hydro turbine/solar
cell/diesel generator system in the Koohrang area of
Chaharmahal and Bakhtiari Province. Alongside eco-
nomic assessments and cost estimations, the study also
evaluates the environmental impact by assessing the
pollutants emitted through the use of the diesel gener-
ator.

2 Pico hydropower plant and its
benefits

A Pico hydroelectric power plant typically generates
electrical power up to 5kW using natural water flow.
These systems are capable of meeting the electricity
demands of a limited number of homes or small com-
mercial and industrial communities. Due to their re-

liance on natural water flow and absence of fuel-related
costs, Pico hydroelectric power plants are considered
an economical energy source, making them viable for
deployment worldwide, particularly in developing na-
tions. Pico hydroelectric systems complement photo-
voltaic solar systems, as water flow and hydroelectric
power are often at their peak during winter months,
coinciding with lower solar energy availability.
According to statistics from the Iran Renewable
Energy and Energy Efficiency Organization (SATBA)
[19,20], as of September 2021, small hydropower ac-
counted for 11.58% of the total renewable electric-
ity generation in Iran, amounting to 904.07 MW.
Notably, the majority of small hydropower plants
in the country operate on a mini- and micro-scale,
with no existing plants operating on a pico-scale.

3 Hydrogen energy and its stor-
age

Hydrogen stands out as one of the most promising al-
ternatives for energy, although it doesn’t exist freely in
nature. Similar to electricity, hydrogen is not consid-
ered a primary energy source; rather, it’s regarded as
a secondary form of energy derived from natural and
biological resources. Forecasts suggest that hydrogen
will assume a significant role in future energy scenarios
across various sectors [21]. Despite its complexity when
integrated with other energy sources, research under-
scores hydrogen as an exceptional energy carrier with
extensive benefits, poised to substitute fossil fuels in
the near future. Anticipations suggest that hydrogen
will emerge prominently after 2030 [22,23].

When comparing energy storage capabilities, hy-
drogen storage surpasses lithium-ion batteries, storing
more energy for the same amount produced. Moreover,
the relatively low cost of materials required for com-
pressed hydrogen storage, contrasted with the higher
cost associated with storing electric charge in batter-
ies, positions hydrogen storage as a superior alternative
to battery storage [24].

The promising prospects of ”hydrogen energy” have
garnered considerable interest in Iran, a nation en-
dowed with abundant and diverse energy sources [25].
However, despite extensive research conducted across
various regions of Iran exploring the potential for hy-
drogen production from various sources [26-32], only a
few applied projects have been realized. Among these
projects, the most noteworthy is the Taleghan Solar
Hydrogen Pilot Power Plant developed by SATBA.

The share of renewables in the total energy demand
is projected to rise to 36% by 2025 and further to 69%
by 2050, with hydrogen accounting for 11% by 2025
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and 34% by 2050. With adequate support for hydrogen
production technology, the utilization of crude oil and
charcoal is expected to decrease to 40.5% and 36.7%
by 2030, respectively [33].

In the current study, hydrogen production is con-

ducted via water electrolysis, as illustrated in Figure 1.
The energy required for electrolysis is sourced from
wind, solar, and hydro power. The materials, method,
and energy sources utilized in this study for hydrogen
production are highlighted in yellow in Figure 1.
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Fig. 1. Different hydrogen production technologies [34].

4 Benefits of grid-connected sys-
tems

From a broad perspective, one of the advantages of
grid-connected systems lies in the seamless transmis-
sion of power to the power grid and utility. In these
systems, when the solar array produces surplus electric-
ity beyond the household or business’s consumption,
the excess electricity is provided to the grid for free.
Conversely, if consumption exceeds production, con-
sumers are only charged for the excess electricity they
consume. Generally, grid-connected renewable energy
systems are characterized by trade, sale, and revenue
generation. In this setup, the power utility facilitates
both power production and consumption, ensuring that
consumers have access to electricity even during times
when renewable energy sources cannot fully meet de-
mand. During such periods, the power grid supplies
the required load as needed [35].

5 Study area

The Koohrang Tunnel, situated at coordinates
32°08'53.96”"N 50°26'07.57"E in Chaharmahal and

Bakhtiari province, serves as a conduit designed to con-
vey water from the Marbor River (Koohrang Water) to
Zayanderud near Chelgerd or Koohrang city in Iran’s
Chaharmahal and Bakhtiari province. Regarded as
one of the most picturesque natural attractions in the
Koohrang region, the Koohrang Tunnel offers captivat-
ing views throughout the seasons, as depicted in Fig-
ures 2 and 3. These images serve to illustrate the pro-
posed location for installing the hydro turbine, show-
casing the flow rate during both summer and winter
seasons, as well as highlighting the water head and the
potential for power generation.

Fig. 2. Koohrang Tunnel in the Winter.
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Fig. 3. Koohrang Tunnel in the Summer.

Given the considerable height and slope of the tun-
nel, along with the optimal width and water flow con-
ditions, the Gorlov Helical hydro turbine has been se-
lected for use in this project. Positioned in the path
of water flow, this turbine rotates and generates elec-
tricity as water passes through it. Importantly, the
continuous flow of water ensures that it remains dy-
namic and does not stagnate, mitigating any potential
environmental concerns associated with stagnant wa-
ter.

6 Materials and methods

HOMER software, acronym for “Hybrid Optimization
Model for Electric Renewables”, is a robust tool devel-
oped by the US National Renewable Energy Labora-
tory. It serves to assess the feasibility of implement-
ing renewable energy-based systems by identifying the
most cost-effective solutions and lowest net present cost
over the course of 8760 hours per year. The software
is chosen for this study due to its accessibility (it is
freely available) and its ability to streamline the design
process of renewable energy-based systems, whether
for off-grid or grid-connected applications. HOMER
is renowned for its capability to conduct comprehen-
sive techno-economic and environmental analyses con-
currently, on an hourly basis, throughout a one-year
period [36]. The flowchart depicted in Figure 4 illus-
trates the process of implementing analyses within the
software. As shown, HOMER takes various data in-
puts such as technical specifications, climate data, load
requirements, economic parameters, search space con-
straints, and equipment specifications. Subsequently,
through simulation and optimization of feasible sce-
narios, the software organizes the results in ascending
order based on net present cost.
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Fig. 4. Comprehensive flowchart of analyses implemented in HOMER
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HOMER models solar cells independently of their
temperature and the voltage they are exposed to. The
software calculates the power production of solar cells
using equation (1) [37]

Ppy = fpv Ypv ifT ; (1)
S
where fpv, Ypv, IT, and I are the PV derating factor,
installed capacity of the solar cells, global solar radi-
ation incident of the surface of the PV array, and the
amount of radiation used to rate the capacity of the
PV array, respectively.

HOMER computes the average power output of the

wind turbine using equation (2) [38]:

1 J
Pyina = §TpCpAZf(v)via (2>

=1

where 7, p, Cp, A, f(), j and v are the analysis time
(one year), air density, the wind generator capacity

factor, area swept by the blades, Weibull distribution,
data class numbers, and wind speed, respectively.

In renewable energy systems, batteries are em-
ployed when energy sources are unavailable or insuf-
ficient. HOMER determines the required number of
batteries for each scenario using equation (3) [39]:

Egng
Vbattery x AH x DOD’

Npatteries = (3)
where Eq, n4, Vbattery, AH, and DOD are the daily en-
ergy required, number of days when backup power is
required, battery voltage, battery’s amp-hour rating,
and battery’s depth of discharge, respectively.

The size of the power converter is established rela-
tive to the size of renewable equipment generating DC
power to optimize the energy extracted by the con-
verter. The constant R is commonly employed to de-
note the ratio of the size of renewable equipment pro-
ducing DC power to the size of the power converter,
and it is defined as equation (4) [40]:

R =

The inverter size

The size of the power converter is always smaller
than or equal to the size of renewable equipment pro-
ducing DC power (R > 1) because DC power equip-
ment typically operates below its rated power output
for extended periods. Consequently, opting for over-
sized power converters is often economically unjustifi-
able [41]. The performance of a diesel generator is de-
lineated by its fuel consumption at each time interval,
as quantified by equation (5) [42]:

Fp =alg+bFP;, (5)

where a, T, b, and Pg are fuel curve intercept coeffi-
cient, diesel generator rated capacity, fuel curve slope,
and power generated by the diesel generator at each
time step, respectively. The equation provided is uti-
lized to determine the efficiency of the diesel generator,
as expressed by equation (6) [43]:

3600P¢

== 6
/)DFDLI{VD7 ()

Ulel

where pp, Fp, and LHVp parameters are diesel den-
sity, hourly fuel consumption, and lower heating value

c*g'rid energy

net grid purchases,i,j X Csellback,i

The energy content (based on HHV) of the hydrogen produced

The size of the DC electricity producer’s renewable equipment

rates 12
_ j : j : Enet grid purchases,i,j X Cpower,i
- —~ | E
i g

(4)

of diesel, respectively. HOMER computes the electrical
generation of the hydro turbine using equation (7) [44]:

P _ Thyd Pwater Qturbine g h (1 - fh) 7
hvd = 103 w/kW o @
where Nuyd, pwaters Qturbine; g, I, and fj, parameters are
hydro turbine efficiency, water density, turbine’s volu-
metric flow rate, gravitational acceleration of earth, the
available head, and head losses in the pipe, respectively.

If the net monthly electricity generation is known,
HOMER can determine the total annual cost of energy
USng equation (8) where Enet grid purchases,i,js Cpower,i,
Csellback,i parameters are net grid power purchases in
month j during which rate ¢ is applied, grid power
price for rate ¢, and grid sellback price for rate i, re-
spectively [45].

Electrolyzer efficiency is the efficiency with which
the electrolyzer converts electricity into hydrogen and
HOMER calculates it by the equation (9) [46]. The
reformer efficiency denotes the proportion of fuel con-
verted into hydrogen and is computed in HOMER using
equation (10) [46].

Enet grid purchases,i,j > 0 8
: (8)
Enet grid purchases,i,j <0

Nelectrol =

The energy content (based on LHV) of the hydrogen

; 9)

The amount of electricity consumed

Tref =

The energy content (based on LHV) of the fuel

(10)
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To model a system that produces its required hydro-
gen through the electrolysis of excess electrical produc-
tion, a hydrogen tank is necessary to store the hydrogen
for various applications. The hydrogen tank autonomy,
quantifying the ratio of the energy capacity of the hy-
drogen tank to the electrical load, is calculated using
equation (11) [47]:

Yhtank LHVE, (24h/d)
LprimAave (36 M.]/kWh) ’

Ahtank = (11)
where Yitank, LHVHQ, and Lpyim.ave are hydrogen tank
rated capacity, the lower heating value of hydrogen fuel,
and average primary load, respectively.

HOMER obtains optimal solutions based on the
least cost of energy and net present cost, both of which
are derived by the equations (12) and (13) [48]:

_ CvA.caLp + CA.rep + CA.O&M

COE o) (12)
NPC — CA.capij‘ch.rep ifﬁio&M 7 (13)
(ED0+ )
(1+555)" -1

where Ca cap, CArep, Ca.0&M, Es, %, f, and n are an-
nual capital cost, annual replacement cost, the annual
cost of components’ operating and maintenance, en-
ergy supplied during a year, real interest rate, annual
inflation rate, and the number of years, respectively.

7 Required data and studied
systems

Given that the focus of the present study was on various
energy storage types, grid electricity, battery and hy-
drogen were used for this purpose. Table 1 presents the
prices, sizes, lifetimes, and other pertinent information
regarding the components utilized in the simulation.
It’s worth noting that the fuel price was $0.09 [49], with
an 18% annual interest rate [50], for a project lifetime
of 25 years. Figures 13 to 15 depict monthly data for
solar radiation, river flow rate, and wind speed, respec-
tively. As evident from the Figures, the maximum val-
ues for solar radiation, wind speed, and discharge flow
rate occur in June, July, and June, respectively, with
values of 7.71 kWh/m?/day, 5 m/s, and 13080 L /s. Ad-
ditionally, the average annual values for solar radiation,
wind speed, discharge flow rate, and clearness index are
5.061 kWh/m? /day, 4.252m/s, 3917.1L/s, and 0.592,
respectively.

The climatic data used were obtained from the
Meteorological Organization of Chaharmahal and
Bakhtiari Province (Figures 13 and 15) and the Re-
gional Water Company of Chaharmahal and Bakhtiari
Province (Figure 14), and their accuracy has been fully
confirmed. If similar data are available for any other
point or climate in the country, the scenarios of present
research can be implemented for that location.

Table 1. Simulated hybrid power plant information.

Operating &
Component Pul&(g)lase Repla(u;e)zment Maintenance Lifetime Size of equipment
$)
Wind Turbine
BWC XL.1 3900 3900 100 25 year see Figure 5
(1kW) [51]
PV (1kW) [52] 6900 6900 0 25 year see Figure 6
Battery Surrette )
6CS25P (53] 1200 1170 10 9645 Wh see Figure 7
Hydro turbine [54] 1700 500 51 30 year 1 kW
Converter ]
(1kW) [55] 800 700 100 15 year see Figure 8
Generator ]
(1kW) [56] 200 200 0.5 15000 hour see Figure 9
Electrolyzer —
(8kW) [52] 2700 2700 3 15 year see Figure 10
Reformer .
(8kg/hr) [52] 3200 3200 4 25 year see Figure 11
Hydrogen Tank )
3100 3100 4 25 year see Figure 12
(8kg) [52] y g
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The real electric consumption data pertains to a vil-
lage comprising 10 households located near the river,
as illustrated in Figure 16. Leveraging the weather
conditions and geographic location of the site, the soft-
ware can extrapolate electricity consumption for other
months, assuming 24-hour electricity consumption per
day.

-
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12
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Fig. 16. Daily power consumption profile.

As evident from the 24-hour electricity consumption
profile, peak hours occur between 10-13 and 16-24, with
the highest load reaching 1.2 kW at 19-20. It’s worth
noting that electricity usage is predominantly for light-
ing purposes from midnight to 08:00.

The hydrogen requirements for 24 hours over the
course of 12 months are depicted in Figure 17 [52]. On
average, the daily and hourly quantities of hydrogen
required over a year are 85 kg and 3.54 kg, respectively,
with a maximum hourly demand of 11.5kg. This Fig-
ure illustrate that hydrogen is primarily needed during
peak hours from 16:00 to 19:00, while the demand is
lowest during the period from 23:00 to 6:00.

Load (kg/hr)
o - N w E=S w [+ ~

0

12 18
Hour

Fig. 17. Daily profile of required hydrogen

The hybrid system under study is interconnected
with the main grid, enabling it to procure electricity
from and sell its surplus electricity to the grid. Since
electricity is priced differently during periods of low-
load (23:00-08:00), high-load (16:00-23:00), and mid-
load (08:00-16:00), three distinct schemes are adopted
for selling and purchasing electricity to and from the
grid. Uniform prices are assumed for both selling and
buying electricity, with rates set at $0.12, $0.07, and

$0.05 per kWh during high-load, mid-load, and low-
load periods, respectively. Moreover, considering CO,
as the primary pollutant, an emission factor of 632 g
of CO, per kWh of main grid electricity has been ac-
counted for. Additionally, a capacity of 1000 kW has
been designated for buying and selling to and from the
main grid [57].

Taking into account the inclusion of a diesel gen-
erator in the studied hybrid systems, the emissions
quantity per liter of diesel is provided in Table 2 [58].
In this study, the intercept coefficient and slope coef-
ficient of 0.08 have been adopted for the diesel gen-
erator, based on which the power output diagram
(Ngen =~ 65%@100% of output) as a function of effi-
ciency has been derived. The dispatch strategy for the
diesel generator in this study follows a cycle charging
approach, wherein the generator operates at full output
power, and any surplus electricity generated is utilized
to either charge the battery or support the electrolyzer.

Table 2. Pollutants emitted due to diesel consump-
tion [58].

Pollutant type Amount

Carbon monoxide 6.5 g/L

Unburned hydrocarbons 0.72 g/L

Particulate matter 0.49 g/L
Proportion of fuel sulfur converted to PM 2.2%

Nitrogen oxides 58 g/L

A schematic depiction of the hybrid systems uti-
lized is illustrated in Figure 18. As observed, three
primary scenarios were assessed, encompassing off-grid
electricity generation, grid-connected electricity gener-
ation, and grid-connected simultaneous electricity and
hydrogen generation. In the off-grid mode, batteries
serve as a backup to store excess electrical produc-
tion during periods of low-load and utilize it during
high-loads. Additionally, given that renewable energy
sources such as wind, solar, and hydropower may not
consistently meet the energy demands of the village, a
diesel generator has been incorporated to address emer-
gency conditions.

8 Results and discussion

Validation of the present study was conducted using
wind speed data from the Lutek station. Figure 19
depicts a comparison between the Weibull function de-
rived in this research and that drawn by Teimourian et
al. [09]. The data utilized in Teimourian et al. were
obtained through curve-fitting on wind energy data, re-
sulting in parameters of ¢ = 7.22 and k£ = 1.6, using an
analytical method. In the present research conducted
using HOMER software, the parameters derived from
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curve-fitting are ¢ = 7.36 and £ = 1.97. The choice
of the Weibull function for validation is due to its po-
tential to measure and fit real wind probabilities. The
comparison depicted in Figure 19 demonstrates good
agreement between the results of the Weibull function
from the present study and those of Teimourian et al.

Reformer  Hydrogen Tank Hydrogen load
Hydro Electrolyzer
P
Generator 1 Primary Load 1
14 kKWhid
2.1 kW peak
BWC XL.1
Grid Converter
AC 1
(a)
2|
Hydro Primary Load 1 s
14 KWhid
2.1 kKW peak
Grid Converter BWC XL.1
AL DC
(b)

:
Y
Hydro Primary Load 1

14 KWhid
2.1 kW peak
BWC XL.1
______
Generator Converter
SECS25P
AL DC

Fig. 18. Schematic representation of the stud-
ied hybrid system: (a) grid-connected simultaneous
production of electricity and hydrogen, (b) grid-
connected electricity generation, (c) off-grid elec-
tricity generation.
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Fig. 19. Validation of HOMER software results

compared to previous work using the Weibull func-
tion.

8.1 Scenario no. 1: Off-grid power gen-
eration

In this scenario, which utilizes batteries for energy stor-
age, a diesel generator, water turbine, PV, and wind
turbine have been used for electricity generation. From
the results obtained for the first scenario detailed in
Table 3, the most economically optimal condition is
achieved with the hydro turbine-diesel generator setup,
where the price per kWh of generated electricity and
net present cost amount to $0.187 and $5184, respec-
tively. Additionally, annual CO, emissions attributable
to the use of the diesel generator is 23.2 kg in total, re-
sulting from the consumption of 9L of diesel per year
during 67 hours of diesel generator operation. As illus-
trated in Figure 20, in this scenario, 99% of the elec-
tricity (7176 kWh/y) is generated by the hydro turbine,
with the diesel generator predominantly required dur-
ing June and September. Consequently, there is an ex-
cess electricity production of 1838 kWh/y, as depicted
in Figure 21 on a monthly basis. From this Figure, it’s
evident that a surplus of at least 0.35kW of electric-
ity is generated daily, with May registering the highest
quantity of excess electricity production (0.78 kW).

In this scenario, if the generator is omitted and the
entire electricity is to be produced solely by the hy-
dro turbine, the addition of a battery is required. This
adjustment increases the cost per kWh of electricity
generated by 20% compared to the optimal state. Ad-
ditionally, as summarized in Table 3, the combined uti-
lization of both hydro and wind turbines in the studied
hybrid system leads to a cost per kWh of generated
electricity that rises by 83.4% compared to the opti-
mal state. Furthermore, this cost escalation increases
to 131% for the combined application of a solar array
and hydro turbine.

The results obtained for this scenario highlight the
superiority of the system based on a wind turbine over
the one based on a solar array. Furthermore, if no hy-
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dro turbine is utilized in this scenario, the optimal con-
figuration involves employing a wind turbine, a diesel
generator, three batteries, and an electric converter,
resulting in a cost of $0.894 per kWh of electricity

generated. However, only 16% of the consumed power
is produced by the wind turbine in this configuration.
Additionally, this particular setup generates 2112 kg of
CO, annually.

Table 3. Simulation results for the first scenario.

S — Total NPC COE Ren. Frac. elg(j;iiecsisty CO, emission
(%) ($/kWh) (%) (kWh/yr) (kg/yr)
Battery, Converter,
Diesel generator, 5184 0.187 99 1838 23.2
Hydro turbine
Battery, Converter,
Hydro turbine 6219 0.224 100 1781 0
Battery, Converter,
Diesel generator, N
Hydro turbine, Wind 9521 0.343 ~ 100 2869 10.8
turbine
Battery, Converter,
Diesel generator, N
Hydro turbine, PV 11969 0.432 ~ 100 3700 10.4
cell
Battery, Converter,
Diesel generator, 24808 0.894 20 ~0 2112
Wind turbine
10 == Generator
== Hydro
0.8
So6
5
3
S04
0.2
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Month

Fig. 20. Monthly average electric production for the optimal state in the scenario 1.
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8.2 Scenario no. 2: Grid-connected

power generation

In this scenario, which uses grid electricity as an en-
ergy storage, the national grid has been used alongside
a hydro turbine, PV, and wind turbine for electricity
generation.

The results for the second scenario are detailed in
Table 4. In this scenario, considering that excess elec-
trical production is sold to the grid during low-loads
and power is purchased from the main grid during high-

loads, battery storage has not been utilized. Further-
more, since the system is connected to the main grid,
no surplus electricity remains.

The optimal configuration for this scenario involves
the use of a hydro turbine in conjunction with the main
grid, resulting in a price per kWh of electricity and a
total net present cost of $0.033 and $1351, respectively.
In this most optimal configuration, as depicted in Fig-
ure 22, 94% of the electricity production (7126 kWh/y)
is generated by the hydro turbine, while the remaining
portion is supplied by the main grid.

Table 4. Simulation results for the second scenario.

Components Total NPC ($) COE ($/kWh) Ren. Frac. (%) CO, emission (kg/yr)
Hydro turbine, Grid 1351 0.033 94 —1297
Grid 2376 0.086 0 3206
Hydro turbine, Grid,
Wind turbine, 6816 0.150 96 —1844
Converter
Grid, Wind turbine, 7841 0.280 18 92659
Converter
Hydro turbine, Grid,
PV cell, Converter 9009 0.182 96 2325
Grid, PV cell, Converter 10034 0.346 31 2178
1.0 == Hydre
= Grid
0.8
Zos
0.2
0.0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 22. Monthly average electric production for the optimal state in the scenario 2.

The amounts of electricity sold/bought to/from the
main grid over the course of a year are summarized in
Table 5. Notably, the highest and lowest amounts of
electricity bought from the grid are 46 kWh in August
and 28 kWh in February, respectively. Similarly, the
highest and lowest amounts of electricity sold to the
main grid are 221 kWh in May and 198 kWh in August,
respectively. From the results presented in Table 5, it
is evident that the amount of electricity sold to the
main grid surpasses that bought for all 12 months of
the year. In total, the annual amounts of electricity
bought and sold to the main grid are 437kWh and
2490 kWh, respectively. It’s worth noting that, since

632 g of CO, is produced per kWh of electricity gener-
ated by the main grid, selling the renewable electricity
produced by hydropower to the main grid results in a
saving of 1297kg of CO, annually. Additionally, it is
observed that during peak load periods, the electric-
ity sold to the main grid exceeds that bought only in
February and October. At peak demand, there is an
annual net requirement of 39kW to be bought from
the main grid. Conversely, during mid- and low-load
periods, the amount of electricity sold to the main grid
exceeds that bought from it for all months. For these
periods, the annual net amounts of electricity sold to
the main grid are 736 kWh and 1356 kWh, respectively.
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Table 5. Electricity exchange with national electricity grid for the optimal state in scenario 2.

Month Energy purchased (kWh) Energy sold (kWh) Net purchases (kWh)
Peak Normal Off-Peak | Peak Normal Off-Peak | Peak Normal Off-Peak

Jan 24 7 6 21 74 122 3 —67 —116
Feb 18 5 5 20 68 114 -2 —63 —109
Mar 25 9 8 18 64 120 7 —55 —112
Apr 24 7 7 19 67 117 5 —60 —110
May 23 5 7 22 73 126 2 —68 —119
Jun 24 8 6 19 65 117 5 —57 —110
Jul 24 5 6 22 70 122 2 —65 —116
Aug 28 9 8 17 64 117 11 —54 —109
Sep 23 7 8 18 65 117 5 —58 —110
Oct 21 6 6 23 68 120 -2 —62 —114
Nov 22 5 5 20 69 121 2 —64 —116
Dec 23 6 7 23 69 121 0 —63 —114

Annual | 280 79 78 242 814 1434 39 —736 —1356

Figure 23 provides a summary of the annual costs
for the best option in the second scenario. It illustrates
that $362 is spent annually on the purchase and oper-
ation of the hydro turbine, while the annual revenue
generated by selling electricity to the grid amounts to
$115. Consequently, the annual net cost totals $247.
Notably, since the useful lifetime of the hydro turbine
exceeds that of the project, and no diesel is consumed,
the replacement and fuel costs are depicted as zero in
Figure 23.

The second-best option in the second scenario, as
indicated by the results in Table 4, involves utilizing
the main grid, incurring a cost of $0.086 per kWh of

electricity generation. This cost is approximately 1.26
times higher than that of the optimal configuration for
this scenario. In this setup, the entire 5073 kWh of re-
quired electricity annually is supplied by the main grid,
resulting in the production of 3206 kg of CO, pollu-
tants annually. Similar to the first scenario, the results
presented in Table 4 for the second scenario highlight
the superiority of wind potential over solar potential
in the studied area. Specifically, the prices per kWh
of electricity produced by wind turbine-hydro turbine-
main grid and solar array-hydro turbine-main grid hy-
brid systems are $0.15 and $0.182, respectively.
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Fig. 23. Annualized cash flow summary for the optimal state in scenario 2.

As depicted in Figure 24, in the wind turbine-hydro
turbine-main grid hybrid system, 11% of the generated
electricity (962kWh) is provided by the wind turbine,
while 85% (7126 kWh) is generated by the hydro tur-
bine, with the remainder sourced from the main grid.
Consequently, 2918 kWh of electricity is sold to the
main grid annually, resulting in a saving of 1844 kg of
CO, emissions annually. Additionally, as illustrated in

Figure 25, in the hybrid system consisting of solar cells,
hydro turbine, and the main grid, 20% of the electric-
ity (1807kWh) is supplied by the solar cells, while 77%
(7126 kWh) is generated by the hydro turbine, with the
remaining portion sourced from the main grid. By em-
ploying this system, 3679 kWh of electricity is sold to
the grid annually, resulting in the prevention of CO,
emissions by 2325 kg per year.
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Fig. 24. Monthly average electric production for the wind-hydro system in scenario 2
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Fig. 25. Monthly average electric production for the solar-hydro system in scenario 2

In the second scenario, if no hydro turbine is uti-
lized, based on the results presented in Table 4, the
optimal configurations are as follows:

e Utilizing the main grid, which costs $0.086 per

kWh of electricity generated.

e Employing the main grid in combination with a
wind turbine, costing $0.28 per kWh of electric-
ity.

e Utilizing the main grid in conjunction with solar
cells, with a cost of $0.346 per kWh of electricity.

In the second configuration (main grid plus wind
turbine), 18% of the electricity (962kWh/yr) is sup-
plied by the wind turbine, while the remaining portion
is sourced from the main grid. In the third configura-
tion (main grid plus solar array), 33% of the electricity
(1807kWh/yr) is produced by the solar cells, with the
rest being provided by the main grid.

8.3 Scenario no. 3: Grid-connected
electricity and hydrogen generation

In this scenario, which utilizes hydrogen as an energy
storage, electricity generators are similar to the first

scenario, but the electricity grid has also been added
to the electricity generators. In the third scenario, ac-
cording to the results presented in Table 6, the hydro
turbine-main grid configuration emerges as the most
economically optimal state. In this configuration:

e The price per kWh of electricity generated is

$2.012.

e The price per kg of hydrogen generated is $0.49.

e The total net present price is $83, 174.
Similar to the second scenario, the electricity
generation section remains consistent, with 94%
(7,126 kWh/y) of electricity being produced by the hy-
dro turbine, as depicted in Figure 22. Additionally, in
the most optimal state of the third scenario, a total
of 31,025kg of hydrogen is produced annually. Fig-
ure 26 illustrates the daily average hydrogen produc-
tion, with the highest and lowest daily averages occur-
ring in August (91.3kg) and February (80.8kg), respec-
tively. The transaction of selling and buying electricity
from/to the main grid follows the same pattern as ob-
served in the second scenario.

In the optimal state of the third scenario, the ab-
sence of a generator is notable due to the continu-
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ous availability of the main power grid throughout the
day. Additionally, consistent with the observations in
the first and second scenarios, the hybrid system in-
corporating a wind turbine demonstrates a lower to-
tal net present price compared to the solar-based hy-
brid system. However, it’s worth mentioning that in
terms of the price per kWh of electricity generation,
the solar-based hybrid system offers a lower cost at
$1.831, whereas the wind turbine-based system incurs

a slightly higher cost at $1.954 in the third scenario.

In the most cost-efficient hybrid system based on a
wind turbine in the third scenario, the price per kWh
of power generated is $1.954, the price per kg of hy-
drogen generated is $0.523, and the total net present
price is $88639. Conversely, for the most cost-efficient
hybrid system based on the solar array, these values
are $1.831, $0.536, and $90832, respectively.

Table 6. Simulation results for the third scenario.

Components Total NPC (§) COE ($/kWh) COH ($/kg) Ren. Frac. (%) CO, emission (kg/yr)
Hydro turbine, Grid 83174 2.012 0.490 94 —1297
Grid 84200 3.036 0.496 0 3206
Hydro turbine, Grid,
Wind turbine, 88639 1.954 0.523 96 —1844
Converter
Grid, Wind turbine, 89665 3.201 0.529 17 2659
Converter
Hydro turbine, Grid,
PV cell, Converter 90832 1.831 0.536 96 —2325
2178 31 0.542 3.163
91858 Grid, PV cell, 91858 3.163 0.542 31 2178
Converter
Hydro turbine, Grid,
Wind turbine, 94917 1.770 0.560 98 —2838
Converter, PV cell
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Fig. 26. Monthly average hydrogen production for the optimal state in the scenario 3

In the third scenario, if no hydro turbine is used
in the hybrid system based on one renewable energy
source, a combination of a wind turbine and the main
grid is the most economical option. This configuration
incurs a price per kWh of electricity generated, a price
per kg of hydrogen generated, and a total net present
price of $3.201, $0.529, and $89665, respectively. How-
ever, the most cost-effective configuration for the third
scenario, with a price per kWh of $1.770, involves the
combined use of a solar array and a wind turbine, along
with a hydro turbine and the main grid.

Figure 27 provides a summary of the annual costs

for the best configuration in the third scenario. The
annual costs for the reformer and hydro turbine are
$14967 and $362, respectively, while an annual revenue
of $115 is obtained through selling the electricity to
the grid, similar to the second scenario. This results
in a net annual cost of $15214 for this hybrid system.
The highest cost for the reformer is related to its fuel.
Additionally, the Figure 27 illustrates that due to the
availability of cheap fossil fuels in Iran, hydrogen pro-
duction from renewable energies (using an electrolyzer)
is not a cost-effective option.
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Fig. 27. Annualized cash flow summary for the optimal state in scenario 3

9 Conclusion

Despite the myriad benefits of Pico hydro, a compre-
hensive techno-economic-environmental study of this
power generation method in Iran has been notably ab-
sent. Consequently, this study stands as the pioneer-
ing endeavor to conduct such a feasibility study, ad-
dressing the energy needs of a small village adjacent
to the Koohrang tunnel in Chaharmahal and Bakhtiari
province. Employing HOMER software, the study ex-
plores various grid-connected and off-grid scenarios, en-
compassing both electricity and hydrogen generation.
Energy sources considered include hydro, solar, wind,
diesel generator, and the main grid. The key findings
are outlined below:

e In off-grid electricity generation scenarios, the
most cost-effective option yields a price of $0.187
per kWh, achieved through a combination of hy-
dro turbine, diesel generator, and battery.

e For grid-connected electricity generation, the
lowest price per kWh stands at $0.033, achieved
by integrating a hydro turbine with the main
grid.

e The grid-connected electricity generation sce-
nario sees an annual sale of 2053 kWh of surplus
electricity to the main grid, resulting in savings
of up to 1297 kg of CO, emissions.

e The lowest price per kg of hydrogen generation,
at $0.49, is achieved through the utilization of a
hydro turbine in conjunction with the main grid.

e In the grid-connected combined electricity and
hydrogen generation scenario, the most economi-
cal option, priced at $1.77 per kWh of electricity
generation, involves the use of a hydro turbine

alongside the main grid, solar cells, and wind tur-
bine.

e Across all studied scenarios, the hydro turbine
consistently emerges as the most cost-effective
option for electricity generation, with the wind
turbine demonstrating economic superiority over
solar cells.
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