Proceedings of NPUA: Electrical engineering, energetics.  2024. Ne2

UDC 620.9
DOI: 10.53297/18293328-2024.2-102

TECHNO-ECONOMIC ANALYSIS OF AN OFF-GRID SOLAR POWER
PLANT INTEGRATED WITH A HYDROGEN STORAGE SYSTEM: A
CASE STUDY OF HANKAVAN, ARMENIA

R.H. Avoyan
National Polytechnic University Of Armenia

A solar photovoltaic (PV) power plant integrated with a hydrogen storage system (PV-
H-SS) is proposed as an off-grid power supply solution for a case study site in Hankavan,
Armenia. The load profile and available energy resources for the chosen site is generated,
and based on this, the major system components — namely, the PV system, electrolyzer, fuel
cell, Li-ion battery, hydrogen storage, and compressor — are sized accordingly. The
operational performance of a solar PV-H.-SS system is analyzed to ensure a reliable
electricity supply throughout the year. The operational analysis results confirm that all
components are selected in accordance with the required capacity and are aligned with the
energy needs. Hydrogen is primarily produced during the summer for winter energy supply
and is used to cover the daytime (06:00-00:00) energy deficit, while the PV system generates
sufficient electricity each day to charge the Li-ion battery. The battery serves as a short-term
energy buffer, covering the daytime energy deficit for 5 minutes to allow the fuel cell to
warm up and supplying the standby load at night (00:00-06:00). By integrating Li-ion
batteries for short-term use and hydrogen storage for long-term use, the system efficiently
balances energy resources throughout the year. To evaluate the feasibility of the off-grid PV-
H--SS, the levelized cost of electricity (LCOE) is compared with that of an electrical grid
extension. The break-even distance for the case study site is determined to be 3 km. The
calculated LCOE for the solar PV-H>-SS is 1.48 $/kWh, whereas the LCOE for a grid
extension of 3 km is 1.51 $/kWh. Based on these findings, the off-grid PV-H.-SS is considered
economically feasible for installation at the case study site if it is located 3 km or more from
the grid, providing a clean and sustainable alternative for decentralized off-grid
electrification. Additionally, the obtained results indicate that the PV-H.-SS can be scaled or
adapted for use in rural areas remote from centralized energy networks, where constructing
new infrastructure would require substantial investment.

Keywords: solar photovoltaic system, hydrogen storage system, electrolyzer, fuel cell,
Li-ion battery, compressor, levelized cost of electricity.

Introduction. Global energy demand has been steadily increasing, leading to
record-high carbon dioxide (CO-) emissions in recent years. In 2023, energy-related
CO: emissions reached approximately 37.4 billion tonnes, marking a new historical
peak. This trend underscores the urgent need for cleaner and more sustainable energy
sources. Solar photovoltaic (PV) technology has emerged as a key component of the

global transition to renewable energy due to its rapid expansion and lack of
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operational emissions. In 2023, global solar PV installations reached unprecedented
levels, adding hundreds of gigawatts of new capacity. This widespread deployment
is crucial for mitigating CO. emissions and sustainably meeting rising global energy
demands [1].

Despite these advancements, a significant portion of the global population
particularly in remote and rural areas still lacks access to electricity. Off-grid solar
PV systems offer a promising solution for electrification in these regions, where
extending the centralized grid is often technically challenging or economically
unfeasible [2].

However, solar energy is inherently intermittent, with no generation at night
and reduced output on cloudy days, necessitating energy storage solutions for off-
grid systems. Lithium-ion (Li-ion) batteries are the most common storage
technology, offering high efficiency and fast response times for energy supply [3].
However, they have limitations in long-term or seasonal storage due to their self-
discharge losses and cycle life constraints. Maintaining large battery banks to cover
seasonal deficits can also be cost-prohibitive and susceptible to performance
degradation in extreme temperatures [4]. These drawbacks highlight the need for
complementary storage solutions capable of managing longer storage durations
beyond what batteries alone can provide.

Hydrogen is gaining recognition as a viable medium for long-term and
seasonal energy storage in solar power systems. Surplus solar power can be used for
electrolysis to produce hydrogen, which can be stored for days, months, or even
seasons. Unlike batteries, hydrogen storage does not experience significant self-
discharge and can be scaled for large energy capacities [5,6]. However, hydrogen
fuel cells require several seconds or even minute to reach full power output [7,8]. To
address this limitation, hybrid systems integrating hydrogen storage with Li-ion
batteries have been proposed, leveraging the strengths of both technologies. This
approach enables a near-100% renewable energy supply for remote off-grid
applications.

This study aims to assess the technical and economic performance of an off-
grid solar PV power plant integrated with a hydrogen storage system (PV-H:-SS).
This research focuses on a case study in Armenia, where no previous studies have
explored the feasibility of such a system for off-grid use. By analyzing primary field
data, this study provides essential insights into the integration of solar PV with
hydrogen storage in Armenia. It serves as a foundation for future research in this
area.

Methodology. In this study, a four-student apartment has been selected as the
research subject. The apartment is part of the Polytechnic Educational and Wellness
Camp located in Hankavan, Armenia. It is equipped with all the necessary electrical
appliances, which are described in detail below.
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Given the practical implementation of such energy projects in real-world
conditions, it is advisable to initially deploy advanced technologies in public
buildings. This approach allows for a comprehensive evaluation of their efficiency
and feasibility. Based on the obtained results, the system can be scaled or adapted
for use in areas that are remote from centralized energy networks, where constructing
new infrastructure would require substantial investment.

This study employs a descriptive methodology, which includes:

e Analysis of energy demand and available resources.

e System sizing, considering energy generation, storage, and consumption.

e Techno-economic assessment to determine the feasibility of the proposed
solutions.

The subsequent sections outline the step-by-step methodology employed in
this study.

Analysis of demand and resources. The load profile is generated based on the
operation of electrical appliances in the apartment and is developed following the
methodology described in [9,10]. It incorporates key parameters such as the number
of electrical appliances used, their operating time, nominal power, and the
coincidence factor. The electrical appliances utilized in the apartment, along with
their nominal power ratings, are presented in Table 1.

Table 1
List of electrical appliances with their nominal power and quantity
Ne Electrical Nominal power Quantity
appliances (Watt)

1 Lamps 30 10

2 Exterior Lamps 60 3

3 TV 150 1

4 Wi-Fi router 50 1

5 Laptop 150 4

6 Phone charger 30 4

7 | Washing machine 600 1

8 Vacuum cleaner 300 1

9 Refrigerator 400 1

10 Electric oven 2000 1

These initial data were collected through direct observation at the study site.
The operating hours for all electrical appliances are from 06:00 to 00:00, except for
refrigerators and the Wi-Fi router, which operate continuously, as well as outdoor
lighting, which is activated only at night from 20:00 to 06:00.
Although all electrical appliances are installed, they are not used
simultaneously throughout the day. Their operating time varies, so a coincidence
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factor is applied to estimate the daily energy consumption and peak load. This factor
(ranging from 0 to 1) reflects the probability of multiple appliances operating at full
capacity simultaneously. For this facility, the coincidence factor was determined
through observational analysis of appliance usage. The corresponding values are
presented in Table 2.

Table 2
The hourly coincidence factor (data obtained through direct observation)

Time Coincidence Time Coincidence Time | Coincidence

factor factor factor
00:00- 0,134 08:00- 0,217 16:00- 0,255
01:00 09:00 17:00
01:00- 0,134 09:00- 0,28 17:00- 0,383
02:00 10:00 18:00
02:00- 0,134 10:00- 0,255 18:00- 0,553
03:00 11:00 19:00
03:00- 0,134 11:00- 0,255 19:00- 0,553
04:00 12:00 20:00
04:00- 0,134 12:00- 0,255 20:00- 0,383
05:00 13:00 21:00
05:00- 0,134 13:00- 0,255 21:00- 0,383
06:00 14:00 22:00
06:00- 0,153 14:00- 0,255 22:00- 0,229
07:00 15:00 23:00
07:00- 0,153 15:00- 0,255 23:00- 0,229
08:00 16:00 00:00

The load profile, based on the values of the coincidence factor, is defined by
the following equation:

P, = CF, 3471 p x 370, (1)

where Py is the power demand at hour h (kW); P;i - the nominal power of appliance i
(kW); CF - the coincidence factor at hour h and Q; - the quantity of appliances used.
This equation determines the power required for the apartment for each hour of the
day.

For the electric load and corresponding quantity data presented in Table 1,
along with the coincidence factors listed in Table 2, the load profile for the selected
building is generated by applying Eq. (1), as illustrated in Fig. 1.
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Fig. 1. Hourly load profile of the case study site

From the analysis in Fig. 1, the peak load of the case study site is 2.6 kW,
while the nighttime standby load is 0.63 kW. The total daily electricity consumption
is 28.72 kWh.

Since the case study site does not utilize electricity for heating or cooling, the
presented load profile remains consistent throughout the year. By integrating Pr from
Eqg. (1) with the usage hours, the annual electricity demand is found to be 10482.8
kWh.

Considering the presence of PV panels in the system, an analysis of solar
radiation data for the case study site was conducted. Hourly values of global
horizontal irradiation at a tilt angle of 22° were obtained using the PVGIS tool. The
results of the analysis are presented in Fig. 2. The annual irradiation at the case study
site was found to be approximately 1422 kWh/mz2.

System sizing. Once the demand and available resources have been assessed,
the sizing of the off-grid solar PV-H.-SS is determined. It is designed for installation
at the case study site and was developed in [11]. Its main components include PV
panels, an inverter, a Li-ion battery, an electrolyzer, a compressor, a high-pressure
hydrogen storage tank, and a fuel cell.

The PV sizing follows the methodology outlined in [12], ensuring that the
annual PV generation aligns with the annual load demand. The calculation is
conducted following the given equation:

EgXI
Ppy = IGHIX;iRXiIZanfc’ (2)
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where Ppy is the required installed capacity of solar PV panels (kW); Eq - the annual
electricity demand in kWh; lstc - the solar irradiation under standard test conditions
(STC, 1 kW/m32); I - the annual global horizontal irradiation on an inclined surface
(kWh/m2), the performance ratio (PR) of the solar PV system, typically taken as 0.9,
represents the overall system efficiency, accounting for losses due to shading, dust
accumulation, and balance of the system (BOS) components, including inverters,
cables, connections, and batteries. Furthermore, #e. denotes the electrolyzer
efficiency, which for a proton exchange membrane (PEM) electrolyzer is typically
around 80% [13], while #«. represents the fuel cell efficiency, which for a PEM fuel
cell is typically around 50% [14].

Thus, based on the annual energy demand and the annual global horizontal
irradiation on an inclined surface, as determined in the previous section, and by
applying Eq. (2), the required installed capacity of the PV panels was calculated to
be 20.47 kW. Considering a weighted approach, PV solar panels with a total capacity
of 25 kW were selected for this study (The inverter capacity is equal to the total

Hours in a year

Fig. 2. The hourly solar radiation in Hankavan, Armenia
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Subsequently, the selected capacity of the PV solar panels is analyzed on an
hourly basis to assess the surplus and deficit, evaluating their ability to meet the
required electrical load at each hour.

The hourly energy generation corresponding to the selected nominal capacity
of the solar PV panels (Ppv) is calculated using Eq.(3):
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where Epyn represents the electricity generation from the PV panels at hour 4.
The hourly surplus or deficit (Eret) is determined based on the balance between
generated and consumed energy and is calculated using the corresponding equation:

Enet = Epyn — Pn X h, 4

where h denotes the duration of the Py, load.
Thus, by calculating the hourly electricity generation from PV panels over the
course of a year and incorporating the hourly electrical load profile, the hourly

energy balance is determined using Eq. (4), facilitating the identification of surplus
or deficit for each hour. The obtained results are presented in Fig. 3.
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Fig. 3. The hourly surplus/deficit analysis for the selected PV size (25 kW)

From the analysis in Fig.3, the observed deficit values are primarily due to the
unavailability of solar radiation, such as during nighttime or cloudy days.
Additionally, peak surplus values exceeding 22 kW are observed, predominantly
occurring when the system generates electricity under the conditions of minimal
demand and high solar radiation, particularly in the summer.

In this off-grid PV-H.-SS, according to [11], a Li-ion battery functions as
short-term storage, providing energy for nighttime standby loads (00:00-06:00) and
covering the daytime deficits (06:00-00:00) for five minutes to allow the fuel cell to
reach an operational state. The battery must have sufficient capacity to meet
nighttime standby loads as well as the worst-case daytime energy demands.
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To achieve a more accurate and detailed analysis, battery sizing is performed
using the maximum cumulative deficit method rather than the autonomy days
approach. The autonomy days method typically leads to an oversized battery
capacity. The calculation is conducted following the given equation:

Ecumulmax (5)
(50Cmax=S0Cmin) XNpat’

Epat =

where Epa represents the required battery capacity (kWh), Ecumumax denotes the
maximum cumulative deficit, which, in this case, corresponds to the maximum daily
deficit that the battery needs to cover. The maximum state of charge of the Li-ion
battery (SoCmax) is assumed to be 85%, while the minimum state of charge (S0Cin)
is assumed to be 20%. Additionally, 7na represents the efficiency of the Li-ion
battery system, which is assumed to be 95% [15].

The cumulative deficit is calculated by summing the nighttime hourly deficits
(00:00-06:00) and the daytime 5-minute deficits (06:00-00:00) from Fig.3. At the
beginning of each new day, the cumulative deficit is reset to zero. This process is
repeated for all 8,760 hours of the analysis period. The obtained results are presented
in Fig. 4.
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Fig. 4. The daily cumulative deficit that the battery must supply

From the analysis in Fig.4, the maximum daily energy deficit (i.e., the
maximum cumulative deficit) that the battery must cover is determined to be 4.41
kWh. Based on this value, taking into account the maximum and minimum state of
charge (SoC), the battery efficiency, and using Eq. (5), the required battery storage
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capacity is calculated to be 7.14 kWh. To ensure a reliable approach, a Li-ion battery
with a capacity of 10 kWh is selected for this case study site.

In this solar PV-H.-SS, the fuel cell must generate sufficient power to
compensate for the energy deficit, even under the most extreme weather conditions
when no electricity is produced by the PV panels. Following this approach, the
nominal power of the fuel cell is determined based on the peak deficit load observed
throughout the year, ensuring a reliable and uninterrupted power supply. According
to this principle, the rated nominal power of the fuel cell can be calculated using the
following expression:

Ppe = Pdef,maxr
where Pgetmax represents the maximum daytime deficit power over the course of
8,760 hours.

To determine the maximum deficit power that the fuel cell must supply, the
deficit values from Fig. 3 were analyzed for the daytime period (06:00-00:00). This
analysis considers the battery's compensation for the deficit during the first five
minutes. The results are presented in Fig.5.

o

Fig.5. The hourly deficit power that the fuel cell must cover

Based on the analysis presented in Fig. 5, the maximum power deficit was
determined to be 2.6 kW. Considering a weighted approach, a PEM fuel cell with a
capacity of 3 kW was selected for this case study site. The PEM fuel cell has a
specific hydrogen consumption rate of 0.8 Nm3 per kWh of electricity produced and
a system efficiency of 50% [14,16].
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In this solar PV-H:-SS, the electrolyzer operates during solar hours when
surplus electricity is available, and the Li-ion battery reaches its maximum SoC [11].
According to this methodology, the nominal power of the electrolyzer is defined as
the peak surplus power observed throughout the year when the Li -ion battery's SoC
reaches 85%. This can be presented by the following equation:

P,; = max(P,,,) |SoC = 85%,

where Pg represents the nominal power of the electrolyzer (kW); Psy denotes the
surplus electrical power available in the system (kW), and SoC refers to the state of
charge of the Li-ion battery. The equation determines the maximum surplus power
observed throughout the year when the Li-ion battery's SoC is at 85%.

To identify the maximum surplus power at which the electrolyzer operates,
the surplus values from Fig.3 were analyzed, assuming the battery is fully charged.
The resulting data are presented in Fig.6.
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Fig. 6. The hourly surplus power for electrolyzer

According to the analysis presented in Fig.6, the maximum surplus power of
22.74 KW is observed at the 3,782nd hour of the year. Based on this analysis, a PEM
electrolyzer with a capacity of 23 kW was selected for this case study site. The
electrolyzer has a hydrogen production rate of 5 kWh/Nm3 at an output pressure of
30 bar [13].

Hydrogen storage is utilized to store the hydrogen produced by the
electrolyzer and compressed by the compressor. To determine the appropriate size
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of the hydrogen storage tank, it is first necessary to analyze the hydrogen production
and consumption over time. Since the selected PEM electrolyzer produces 1 Nm3 of
hydrogen by consuming 5 kWh of electricity, the hourly hydrogen production can be
calculated by multiplying each surplus energy value from Fig.6 by 0.2. Similarly, as
the selected PEM fuel cell generates 1 kWh of electricity by consuming 0.8 Nm? of
hydrogen, the hourly hydrogen consumption can be determined by multiplying each
deficit energy value from Fig.5 by 0.8. The results obtained are presented in Fig.7.
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Fig. 7. The hourly production and consumption of hydrogen

According to the analysis in Fig.7, hydrogen production peaks from mid-
spring to late summer when consumption remains relatively low. In contrast, during
winter, hydrogen consumption exceeds production. To ensure efficient operation,
the off-grid PV-H2-SS should not start in winter when PV electricity generation is
lower than demand. An off-grid system should ideally commence operation when
daily energy generation exceeds consumption. Based on this criterion, the system is
assumed to begin operation at 2,604 hours, corresponding to April 19th at noon.

To determine the optimal size of the hydrogen storage tank, it is essential to
calculate the maximum amount of hydrogen that can be stored at any given time.
This is achieved by evaluating the cumulative hydrogen production over the
operating period. The stored hydrogen mass at hour h (starting from hour 1 of
operation, which corresponds to April 19th at noon, and continuing until the 8760th
hour) can be calculated as follows:
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My (h) = flh[mHZ,prod (h’) - mHZ,cons (h,)] dhn’, (6)

where 1y, proq(t") is the rate of hydrogen production (mass flow rate of hydrogen
generation, kg/h) at time t' and 1y, ¢ons(h') is the rate of hydrogen consumption
(mass flow rate of hydrogen usage, kg/h) at time t'.

The maximum cumulative hydrogen for storage over the entire year is
determined by:

m = max {mgy,(h)}
H2,max hE[1,8760]{ HZ( )}

To convert this maximum mass of hydrogen into the required tank volume,
the Van der Waals equation is applied [17]:

m RXT 1 m
Ptank — H2max X X a X . X ( Hz,max)z, (7)
My Veank—nb Viank My

where R is the universal gas constant (8.314 J/mol-K); T - the absolute operating
temperature (assumed to be 298.15 K, corresponding to a storage temperature of
25 °C); Mz - the molar mass of hydrogen (0.002016 kg/mol), and Ptk - the storage
pressure (assumed to be 350 bar, equivalent to 35x10° Pa); Viank - required tank
volume; a - the dipole interaction or repulsion constant (a=2.476x102 m*Pa-mol?)
and b - the volume occupied by the hydrogen molecules (b =2.661x10° m*mol™).

Accordingly, by applying Eq.(6) to each hour in Fig.7, the cumulative
hydrogen production for every hour is determined. The maximum cumulative
hydrogen is found to be 1,958 Nms, which corresponds to muzmax = 176 kg. Using
this value in Eq.(7) and solving for Vian Nnumerically, the required hydrogen tank size
at a storage pressure of 350 bar is calculated to be 8 ma.

Hydrogen has a low volumetric energy density in both its gaseous and liquid
states due to its low atomic mass, despite having a high gravimetric energy density.
To improve its storage viability, its volumetric energy density must be increased.
One common method is compression, which reduces the hydrogen volume by
increasing its pressure. A hydrogen compressor is a device that elevates hydrogen
pressure, thereby minimizing its storage volume. In the proposed PV-H2-SS,
hydrogen generated by the electrolyzer is directed to a compressor before being
stored in a designated hydrogen storage tank. The power required for hydrogen
compression is determined using the following equation [18]:

k-1
1 k . RXT p_z)T _
Pcomp - Neomp X (k-1) X Mu2,max X My X <(P1 1>; (8)

where 7zomp (taken 0.7) represents the compressor efficiency; my; max (K9/s) denotes

the maximum mass flow rate of hydrogen entering the compressor, and k represents

the heat capacity ratio (1.41 for hydrogen). The pressures before and after
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compression are denoted as p: (for the selected electrolyzer, 30 bar = 30x10° Pa)
and p2 (for the chosen hydrogen storage tank, 350 bar = 35x10° Pa), respectively.

According to the analysis presented in Fig. 7, the maximum mass flow rate of
hydrogen produced by the electrolyzer is 4.548 Nm?/h, which corresponds to 0.4
kg/h. For secondary production, the mass flow rate would be 1.1x10* kg/s. Using
this value in Eq.(8), the power capicity for compressor found to be 0,676 kW.
Considering a conservative approach, the compressor with a capacity of 0,7 kW is
chosen for this case study site.

Techno-economic assessment. After finalizing the sizing of the off-grid solar
PV-H:-SS, it is crucial to assess its overall performance. From a technical standpoint,
validating the PV-H.-SS is necessary to ensure that the selected capacity aligns with
the energy needs. On the economic side, components related to hydrogen, such as
electrolyzers, compressors, storage units, and fuel cells, involve significant costs.
Therefore, conducting a financial evaluation is essential to determine whether the
PV-H.-SS is economically viable.

Based on the load profile, available energy resources, and PV-H»-SS sizing,
and considering the proposed energy management algorithm in [11], a one-year
operational performance analysis of an off-grid PV-H:-SS at the Polytechnic
Educational and Wellness Camp has been conducted.

The total energy demand over the year is 10.4828x103 kWh, while the PV
generation for the same period is 31.999x10% kWh, which is approximately three
times higher than the load demand. This excess PV generation is necessary to
account for the low efficiencies of the electrolyzer, which converts surplus PV
energy into hydrogen, and the fuel cell, which generates electricity from the stored
hydrogen.

The electrolyzer produces 5,111 Nm3 (459 kg) of hydrogen over the course of
the year, while the fuel cell consumes 5,053 Nm?3 (455 kg) of hydrogen annually to
compensate for the energy deficit.

The energy state of the hydrogen storage tank throughout the year is
summarized in Fig. 8. At the beginning of operation, surplus PV generation is
utilized to produce hydrogen via the electrolyzer. During the summer months,
hydrogen storage gradually increases until it reaches its maximum capacity of 176
kg. Toward the end of the year and the beginning of the next (during winter),
hydrogen storage declines as it is consumed by the fuel cell to generate electricity
and meet the load demand. From Fig.8, it is evident that there is always a sufficient
amount of hydrogen available to cover energy deficits.

114



200

o
=]

180
160
140

120

100
80
60

B
=

Energy state of the hydrogen storage tank. k

o

314
627
940
1253
1566
2192
2505

2818
3131

= M~ O
= u I~
= ~ O
oM o=

1879
4383
4696
5009
5322
5635
5948
6261
6574
6887
7200
7513
7826
8139
8452

Hours in a year

Fig. 8. The energy state of hydrogen storage tank (kg) throughout the year

Fig. 9 and Fig. 10 illustrate the profiles of load demand, PV generation, SoC
of the Li-ion battery, and the hydrogen storage energy state for a summer day and
the worst-case winter day, respectively.
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Fig. 9. The load demand [kW], PV generation [kW], the energy state of the battery [kWh],
and the energy state of the hydrogen storage tank [kg] on a summer day

On a summer day (Fig. 9), PV generation is high during daylight hours
(12:00-19:00). The surplus energy is initially used to charge the Li-ion battery until
it reaches its maximum SoC. Once fully charged, any excess PV energy is directed
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toward hydrogen production via the PEM electrolyzer, as indicated by the increasing
state of energy in the hydrogen storage tank. In the evening (19:00-00:00), when PV
generation ceases, the Li-ion battery supplies power for five minutes to compensate
for the energy deficit, allowing the PEM fuel cell to warm up. Once the PEM fuel
cell reaches operational capacity, it assumes the load, and the Li-ion battery ceases
discharging. During the night (00:00-06:00), the fuel cell shuts down, and the Li-ion
battery supplies power for the standby load. The following day, surplus PV energy
is again prioritized for charging the Li-ion battery, with any remaining energy
allocated to hydrogen production via the PEM electrolyzer.
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Fig. 10. The load demand [kW], PV generation [kW], SoC of Li-ion battery [kWh], and the
energy state of the hydrogen storage tank [kg] on a worst-case winter day

On the worst-case winter day (Fig. 10), PV generation meets the demand only
between 12:00 and 14:00. During the remaining hours, PV output is minimal,
requiring the Li-ion battery to supply power for five minutes to compensate for the
energy deficit while the fuel cell warms up. Once the fuel cell reaches full operational
capacity, it assumes the load demand (14:00-00:00), and the Li-ion battery ceases
power delivery. During nighttime hours (00:00-06:00), the PEM fuel cell shuts
down, and the Li-ion battery supplies the standby load. The following day, as PV
generation increases, surplus energy is first allocated to charging the Li-ion battery
until it reaches its maximum SoC, ensuring immediate availability for short-term
demand coverage and providing sufficient capacity to supply the next night's standby
load. Once the Li-ion battery is fully charged, any additional PV energy is directed
toward hydrogen production via the PEM electrolyzer.
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The operational analysis verifies that all components of an off-grid PV-H,-SS
are appropriately sized to meet the required energy demands, ensuring an effective
energy balance. Hydrogen is primarily produced during the summer for utilization
during the winter, while the PV system generates sufficient electricity daily to charge
the Li-ion battery, accommodate short-term energy demand coverage, and supply
the nighttime standby load. By integrating Li-ion batteries for short-term and
hydrogen storage for long-term stability, the PV-H:-SS effectively manages energy
resources, ensuring reliable and sustainable operation.

The Levelized Cost of Electricity (LCOE) represents the discounted cost per
unit of electricity produced over the lifespan of a project. It serves as a fundamental
metric for comparing different energy technologies, providing an objective
assessment of their economical viability [19]. The economic feasibility of the
proposed off-grid PV-H:-SS is evaluated by analyzing its LCOE. The economic
analysis of the off-grid PV-H:-SS relies on cost parameters outlined in Table 3.

Table 3
Cost parameters of the Off-Grid PV- H2-SS
CapEx OpEXx %
(1$=1¢) of
Components Investmen Replacement CapEx | References
cost cost, liftetime ($/year)
PV modules 234 $/kW 25 years 1 [20.21]
BOS 400 $/kW 25 years
400 $/kW
Stacks replaced
PEM Electrolyzer 1400 $/kW every 80,000 h or 4 [22,23]
10 years
1052 $/kW
Stacks replaced
PEM Fuel cell 3000 $/kwW 0.9 [24-26]
every 10 years
Hydrogen storage 470 $/kg 30 years 15 [26,27]
237 $/kWh
Liion Battery 237 $/kWh Lifetime is taken 25 [28.29]
10 years.
Compressor 300% kgH,/day
orkw | hmeimesn | 2Syers |05 | [30]
Nm?(3.27kg)

Using the cost parameters outlined in Table 3, the investment costs for
individual components of the PVV-H.-SS were calculated. The initial investment cost
was determined to be $143,121. The cost distribution among the components
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accounts for around: PV (4.08%), BOS (7%), electrolyzer (22.5%), fuel cell (6.29%),
hydrogen storage (57.8%), battery (1.65%), and compressor (0.68%).

The LCOE of the off-grid PV-H2-SS (LCOEpy.H2-ss), expressed in $/kWh, is
calculated using the following equation [31]:

s (Cpy—H2-SS,y+tOPV-H2-SSy)
Q> 9
yn Edemand,y ’
y=1 (@+n¥

LCOEpy-p2-ss =

where Cpy_p,_ssy represents the capital expenditure costs (CapEx) of the PV-H.-

SS in year y (including initial investment costs and major replacements in later
years), Opy_p2-ssy denotes the operating expenditure (OpEX) costs in year y (In
year 0, OpEXx is zero) , n is the total project duration (25 years), r - the discount rate
(6.57% for Armenia [32]) and E4emana,y represents the electricity demand in yeary
(based on the daily load profile established in the previous section).

To assess the practicality and feasibility of the off-grid PV-H--SS, the study
also examines the LCOE of extending the electrical grid. A distribution grid can be
deployed in any environment where physical conditions permit. A grid extension
comprises several components, including distribution transformers, circuit breakers,
and transmission lines. The technical and economic parameters of the grid extension
are analyzed in detail below.

The primary distribution voltage at the selected case study site is 6 kV, with a
frequency of 50 Hz. The hourly energy consumption of the end user at the site was
detailed in the previous section, with an annual total consumption of 10,482.8 kWh.
Given this consumption and a peak demand of 2.6 kW during the fiscal year, a
transformer with a 10 kVA capacity is selected, as it meets the minimum standard for
a 6 kV distribution voltage.

In compliance with Armenian distribution network regulations, which align
with international and regional standards, steel-aluminum conductors with a cross-
sectional area of 35 mmz2 are minimum for 6 kV overhead lines to ensure safety and
reliability [33]. The overhead line's current capacity is 160 A, which is adequate for
supplying the case study site, given the maximum load demand of only 2.6 kW.

From an economic perspective, the evaluation of grid extension is based on
two key cost parameters: CapEx and OpEX. CapEXx includes all investment costs
associated with design, installation, acquisition, and transportation of infrastructure.
OpEX covers operation and maintenance expenses, as well as costs related to failures
and repairs.

The cost parameters for grid extension, which are critical for economic
analysis, are presented in Table 4.
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Table 4
Grid extension cost parameters

OpEXx % of
CapEx CapEx (yearly)
Cost type [LAMD=400 References
USD] [1AMD=400
USD], Lifetime
6 kV Electrical distribution
network extension
(Includes: design and engineering
services, construction and
mstal_latlon works, 35 mm? 27656 $/km 8 % [34]
aluminum-conductor steel-
reinforced overhead line and
associated hardware, load break
switches, and metering
equipment.)
Transformer 10 kVA 7275 '$ 5% [34]

The LCOE of the grid extension (LCOEgid) is calculated using the following
equation [31,35]:

Z;:o(cgrid,y'*'ogrid,y‘l'ECy )(1 +r)7Y
23:1 Egemand,y(1+1)7Y

LCOEgyq =

, (10)

where Cgrigy represents the CapEx for grid extension in year y (including initial
investment costs), Ogrigy denotes the OpEX in year y (in year 0, OpEX is zero.), ECy
represents the annual electricity consumption cost from the grid in year y
(considering the electricity tariffs in Armenia and the proportion of nighttime and
daytime energy consumption at the case study site, the weighted average cost of 1
kWh is calculated to be $0.1287 [36], assuming 1 USD = 400 AMD).

Both energy supply options are compared in terms of LCOE. Using the cost
parameters from Table 3 and applying Eq. 9, the LCOEpy.12-ss IS calculated to be
1.48 $/kWh. In fact, it is obvious that feeding the case study site from the grid up to
a certain distance creates lower costs than PV-H2-SS. Therefore, the LCOEygiq iS
calculated for various distances, starting from 1 km, using the cost parameters from
Table 4 and applying Eq. (10). The analysis helps determine the break-even point at
which the off-grid PV-H>-SS becomes economically viable compared to grid
extension. This break-even distance is calculated as 3 km where the LCOEgq iS
found to be 1.51 $/kWh. In other words, extending the grid by 3 km or more for the
case study site is not cost-effective, making the off-grid PV-H.-SS the only
economically viable solution.
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Conclusion. The technical and economical analysis of the proposed off-grid
PV-H:-SS confirms its technical viability and economic competitiveness for
decentralized power supply, as demonstrated through a detailed case study in
Hankavan, Armenia. The integration of PV solar power, electrolyzer, fuel cell,
hydrogen storage tank, compressor, and Li-ion batteries was meticulously sized to
ensure a consistent, year-round electricity supply despite fluctuations in solar energy
availability and demand patterns.

The PV system efficiently meets the daily energy requirements and effectively
charges the Li-ion battery, which functions as a critical short-term energy buffer.
This battery storage supports the daytime transition periods (PEM fuel cell warm-up
intervals) and the standby nighttime loads. Hydrogen generation, primarily
concentrated during summer when solar resources are abundant, provides a
sustainable solution to seasonal energy deficits, particularly in winter, reinforcing
long-term energy reliability.

From an economic perspective, the calculated LCOE for the PV-H:-SS stands
at 1.48 $/kWh, making it competitive when compared with an electrical grid
extension alternative, which has an LCOE of 1.51 $/kWh at a break-even distance of
3 km. This finding emphasizes the economic feasibility of deploying PV-H.-SS in
case study site situated 3 km or farther from existing grid infrastructure, especially
relevant for rural and remote areas where the construction of a new grid
infrastructure presents significant investment challenges.

Moreover, the adaptability of the PV-H.-SS ensure its scalability, making it
particularly suitable for various rural electrification scenarios. This off-grid solar
PV-H2-SS not only addresses the economic constraints associated with extending
traditional energy infrastructure but also aligns with global sustainability goals by
offering a clean, renewable, and efficient alternative. Consequently, adopting PV-
H.-SS technology could significantly contribute to energy independence,
environmental conservation, and sustainable development in remote and off-grid
regions worldwide.
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TEXHUKO-9KOHOMUYECKHWI AHAJIN3 ABTOHOMHOM COJTHEYHOM
JEKTPOCTAHIIUU C ”HTETPUPOBAHHOM BOJIOPOJHOM CUCTEMOM
XPAHEHUSA: KEVC-CTA/IA HA IPUMEPE AHKABAHA, APMEHUA

P.O. ABosin

B kauecTBe aBTOHOMHOT'O HCTOYHHUKA YHEPTOCHAOKEHHUS JUISl HCCIIETyEMOT0 OOBEKTa
B AmnkaBane (ApMeHHMs) TpeanaraeTcsi CoNHe4yHas (DOTORNEKTpUYECKash CTaHIUS,
WHTETpUpOBaHHas C cucrteMoil BomopomHoro xpaneHus (COPICCBX). OmnpenerneHb
npodune Harpy3kd M JIOCTYHHBIE HEPIeTHUECKHE PECypChl IUIsl JaHHOTO ydacTka. Ha
OCHOBE ITHX JIaHHBIX MPOU3BEIEHBI pacueT U Mo100p OCHOBHBIX KOMITIOHEHTOB CODCCBX,
BKJIIOYAst (POTOBIIEKTPUUYECKYIO YCTAHOBKY, 3JIEKTPOJIU3ep, TOIUIMBHBIA JJIEMEHT, JIUTHH-
WOHHBIH aKKyMyJISITOp, BOZOPOJIHOE XpaHWiIMile W Kommopeccop. OnepanuoHHas
spdpextuBHocts  COOCCBX  anammsupyercs Uil  oOecledeHHs  HAJEKHOTO
JJIEKTPOCHA0)KEHHUST B TEYEHHE BCEro roja.  Pe3ysbTaThl aHamM3a 3KCIUTyaTallMOHHBIX
XapaKTEePUCTUK CHCTEMBI IIOATBEP)KIAIOT, YTO BCE €€ KOMIIOHEHTHl I0A00paHbl B
COOTBETCTBHH C TPeOyeMOH MOITHOCTBIO M YJOBJIETBOPSIOT TPEOOBAaHUAM SHEPTETHIECKOTO
Oarmanca. Bomopon BolpaOaThIBaeTCs NPEUMYIISCTBEHHO B JIETHHH Iepuoj Ui
MOCJIEIYIONIET0 HCIIOJIb30BaHMsl 3UMOI M TPUMEHSETCS Ui KOMIICHCAlMU JIe(HIuTa
anekTposHepruu B aHeBHOe Bpems (¢ 06:00 mo 00:00). Ilpu atom doroanekTpuueckas

124



CHCTEMa €)XKETHEBHO BBIPA0ATHIBAET JOCTATOYHOE KOJIMUECTBO SJIEKTPOIHEPT U AJISI 3apSAAKH
JIUTHH-MOHHOTO aKKyMyJisitopa. IlyTeM MHTerpanuu JUTHH-MOHHBIX aKKyMYJSITOPOB IS
KpPaTKOCPOYHOW CTaOWiIM3alMi W BOJOPOJHOTO XPaHWIMINA JUIS  JOJTOCPOYHOTO
ynpasienust sHepropecypcamu COOCCBX obecneunBaeT 3QeKTUBHOE PEryJINpOBaHUC
9HEPreTHYecKoro Oajanca B TeueHue roja. Jis oneHkn 3KOHOMHYECKOH 11e1ec000pa3HOCTH
COOCCBX paccunThIBacTCs HOpPMUPOBaHHAsI CTOMMOCTB aiiekTpodneprun (HCD), kotopas
cpaBHuBaercsa ¢ HCO, cBA3aHHOI ¢ paclIupeHHeM 3IeKTpUUecKuX cereil. OmpeneneHHoOe
JUTS pacCMaTPUBAaEMOTro 00BEKTa PacCTOSHIE 0€3yOBITOYHOCTH CcoCTaBiseT 3 ku. PacueTHas
HCD pmna CODOCCBX cocrasuser 1,48 $/kBm-u, torma kak HCD ans paciumpeHus
anekTpuueckoi cetn Ha 3 xm cocrtasiser 1,51 $/kBm-y. Ha ocHOBaHMH NpPOBEIEHHOTO
ananu3a aBToHoMHasi CODCCBX sBisieTcss 5KOHOMHUYECKH I1e1ecO00pa3HO A1 yCTaHOBKU
Ha pacCMaTpUBaeMOM OOBEKTE MPH YAAJICHHOCTHU OT IEKTPUUIECKOM ceTH Ha 3 kv u Ootee,
obecrieunBast 9KOJIOTHIECKH YHCTYIO U YCTOHUYMBYIO QIbTEPHATHBY ACLEHTPAIN30BAHHOMY
sHeprocHaOxeHuto. Kpome Toro, mosrydeHHbIe pe3yJIbTaThl ITOATBEP)KIAIOT BO3MOXKHOCTD
MacmTabUpoOBaHUS W aJalTalMyd JAaHHOH CHCTEMBI JUIA TNPUMEHEHHS B CEIbCKUX H
YIQJICHHBIX paioHaxX, HEe IOAKIIOUCHHBIX K IIEHTPAJIM30BAHHBIM JHEProcHUCTEMaM, TIe
CTPOUTENBCTBO HOBOM 3HEPreTHYecKOr WH(pacTpyKTypsl NOTpeOyeT 3HAYMTENIBHBIX
KaIlMTAJIbHBIX BJIOXKEHUI.

Kniouesvle cnosa: conneynast pOTOINEKTPUIECKas CHCTEMA, CHCTEMa BOJOPOLHOTO
XpaHEHHs, DJICKTPOIIN3EP, TOIUIMBHBIHA 3JIEMEHT, JINTHH-NOHHBII aKKyMYJIATOP, KOMIIPECCOP,
HOPMHPOBAaHHAs CTOMMOCTb 3JIEKTPOIHEPTUH.
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