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Abstract

In this work, we study domestic renewable energy installations using compressed gaseous hydrogen as
a storage system. The article analyzes the suitability and feasibility of this installation type considering
energy, technical, and security aspects. The proposed configuration represents an alternative to the
classical storage energy system in batteries, reducing dependence on grid supply for a negative balance
of self-power generation to energy consumption. The hydrogen storage system is valid for any
household installation, provided a specific safe place is available. Compressed hydrogen reduces the
tank size but increases the risk of explosion, thus forcing us to reinforce the security measurements. The
simulation run for an installation prototype shows that a hydrogen tank of 150 liters operating in the
range from 0 to 70 bars, stores enough energy to maintain a null dependence on the energy grid. The
system shows the advantage of having a flexible energy storage capacity, which adjusts through the
tank pressure. The energy storage capacity range depends on the tank pressure tolerance, which
depends on the tank material. The simulated system operates within a 25% extra capacity range, higher
than any battery storage system.

Keywords: Autonomous system, energy balance, household installation, hydrogen storage, renewable
energies, self-consumption

INTRODUCTION

Modern trends to reduce grid dependence in household installations promote self-consumption
through autonomous renewable energy systems, such as photovoltaics [1]. Because solar radiation is
intermittent and depends on meteorological conditions, the balance between power generation and
energy consumption may result in positive, negative, or null values [2]. For negative balance, grid
connection or storage system dependence is mandatory. Currently, the grid connection has a power
supply limited by the grid line capacity, whereas the storage energy capacity depends on the system
topology [3]. The current storage system is a battery block, lead-acid, or lithium type, whose energy
capacity depends on the battery block size and configuration; the optimization of battery size reduces
the null energy balance [4].

Energy storage in batteries suffers from continuous degradation, which reduces its energy capacity
over time [5], thus limiting household installation autonomy and increasing its dependence on grid
connections [6]. The battery storage capacity should match the negative peak value throughout the year
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to avoid grid dependence. However, this
configuration increases battery size and cost, which
causes user rejection [7].

Small residential batteries (3-5 kWh) are
designed for self-consumption of electricity,
including peak-demand shaving and time-of-use
shifting [8, 9]. People who worry about missing
excess energy when photovoltaic generation
exceeds energy consumption  select this
configuration; the alternative option to battery block
installation is the so-called virtual battery, which is
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nothing but an energy exchange with the grid [10]. However, a virtual battery has the advantage of no
energy capacity limits compared to the classical battery block.

Virtual batteries are becoming popular among PV system householders as a replacement for the
battery block because they reduce investment and maintenance costs and represent a compensating
method for excess energy when PV generation exceeds energy consumption [11]. However, virtual
batteries suffer from local and national regulations and private company policies, which may impose
restrictions on energy exchange between the household power system and grid or low compensation
prices for the energy excess [12].

Hydrogen storage is an alternative to the use of battery blocks or virtual battery systems. An energy
storage system based on hydrogen is flexible and energy-storage capacity adapted [13] and avoids grid
dependence. Although hydrogen storage technology is well known, it is applied to vehicles [14] and
large installations [15]. Until now, few commercial household energy storage systems based on
hydrogen exist [16-19]; therefore, this configuration type allows for deeper development.

In this work, we propose implementing a hydrogen storage unit as a reservoir system to absorb the
excess energy from a household PV installation and deliver the stored energy when power requirements
exceed PV generation. The prototype uses a compressed hydrogen tank as a storage unit with pressure
as the relevant parameter to establish the system energy capacity, thus providing flexibility to the
operational mode and enlarging the energy capacity within the technological setup limits. The proposed
prototype represents a novelty in the household energy storage field and a challenge for implementing
hydrogen storage technology in domestic residences.

THEORETICAL FOUNDATIONS

Chemical storage uses excess electrical energy to produce compounds and store them conveniently.
When required, these products are converted back into electricity. The compounds considered for storage
are hydrogen and hydrocarbons such as methane or synthetic gasoline. The advantage of these compounds
is their higher energy density compared to other storage systems, such as mechanical storage systems.
Among them, hydrogen is the most efficient and feasible because it can be produced directly from
renewable energy, whereas the other compounds are derived from hydrogen and a carbon source [20].

The physical and chemical properties of hydrogen make it particularly suitable for domestic energy
storage. The principal characteristics are listed below.
e Light and abundance
Highly flammable
Low volumetric energy density
High mass-energy density
Colorless, odorless, and tasteless

Owing to these properties, hydrogen requires little space for storage if compressed at adequate
pressure, but it should be handled carefully because of its high flammability.

Hydrogen produces energy in two ways: through fuel cells and combustion. In the latter, hydrogen
reacts with oxygen to produce water and energy according to the following equation:

Hy 430, > H,0 +Q (1)
Where, Q = 286 kJ/mole = 0.08 kwh/mole [21].

Applying the hydrogen molecular mass, we have combustion energy per mass unit.
§comp = 441 kWh/kg(H,) )
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Molecular hydrogen production is achieved by electrolysis or reformation. Electrolysis requires water
while reforming requires hydrocarbons. At the industrial level, both processes are feasible, but in
domestic residences, hydrogen generation should be produced by electrolysis because the reforming
process requires between 400°C and 800°C [22].

Molecular hydrogen produced by electrolysis requires the energy generated by the PV system on a
building rooftop. The electrolysis energy value is 237.13 kJ/mole of water, equivalent to 237.13 kJ/mole
of hydrogen because electrolysis generates one hydrogen mole per mole of water (Equation (3)).

H,0 > Hy +3 0, ©)
Now, applying the hydrogen molecular mass once again:

ety = 32.9 kWh/kg(H,) 4)
The energy efficiency of the electrolysis/combustion process was poor at 13.4%. Nevertheless,

because the energy for electrolysis is free, as it comes from the solar panels, the only cost is the
compression work, which is expressed as

w ="tz gp (5)

sz

my,and py, are the hydrogen mass and density, and 4P is the pressure gain.

Considering the compression work and combustion power, we define the COP as:

COP = fgomb — szfcomb (6)
w mpy, AP
Replacing value from Equation (2) and using the hydrogen density [23]:
6
COP = 1.429x10 (7)
AP

Equation (7) shows that the COP decreases as the pressure increases. Representing the COP versus
the pressure gain (Figure 1), we notice that the COP quickly lowers for pressure gains up to 30 bar, and
then reduces slowly until it remains almost constant from pressure to 100 bar.

Because the hydrogen density, and thus the mass, depends on pressure, the combustion power for a
pressurized tank is.

Ve 0®
tkaz Pig (8)

my, Patm

$comb = Ez(:)omb

Vi and Py are the hydrogen tank volume and pressure, respectively. Super-index o for hydrogen
density corresponds to ambient pressure, Pam

160
1.40
1.20

a 1.00
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0.60
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Figure 1. Theoretical evolution of COP with pressure gain.
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On the other hand, the hydrogen compression requires a power given by:

) _ My
- poz AP (9)

I/Vcomp 0

Gas compression produces heat, which increases the gas temperature. For a constant volume, such as
in a compressed hydrogen tank, the Boyle-Mariotte law applies. Therefore,

P_p
T TO (10)

P° and T° represent the ambient pressure and temperature, respectively, and P and T correspond to
the final pressure and temperature in the gas tank after compression, respectively.

The heating rate in a gas tank depends on the compression time, considering the hydrogen tank
immersed in water at a constant temperature, and applying the heat conduction differential equation [24]:

dr, KA
MgasCqas % =T (Tgas - Tw) (11)

Because mgas changes with time, considering hydrogen as an ideal gas, Equation (11) is converted into.

d(PT) as WA
VoasCgas dtg = _KT (Tgas - Tw) (12)

The sub-indexes gas and w account for hydrogen and water; ¢ and T are the hydrogen-specific heat
and absolute temperature, respectively; and A, k, and e are the tank area, thermal conductivity, and
thickness, respectively.

Solving Equation (12):

(PT)gas = (PT)y + [(PT)amb - (PT)w]e_at (13)
With:
= G a4

Solving for t in Equation (13):

1 [(PDgas—(PDw
- l [(PT)amb (PT)W] (15)

Replacing (PT)gas from Equation (10):

1 P2asTamb—P2ms T
t=—=1 [ 925 amb_w (16)
Pamb (Tamb_Tw)

Operating at constant ambient pressure and temperature and considering that the water temperature
remains constant, Equation (16) is converted into.

_ 1 PﬁasTamb_A
t= g in [ (17)
With:
A= Pc%mbTw ; B= Pgmb (Tamp — Tw) (18)

Applying the first derivative to Equation (17), equaling to zero for the maximum condition and operating

2 P —Pamb
Atmax = amb Pgas (Pyas zam ) (19)
a Pgas Tamb—PampTw
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Equation (19) provides suitable time for hydrogen compression as a function of the final pressure,
Pgas, minimizing the heating rate, and maintaining the gas temperature.

Now, applying Equations (9):

VVc%mp = Pz Ttk (Pgas - PO) (20)

PI(-)IzAtmax

pu, represents the compressed hydrogen density.

Since the compressor does not work ideally:

, Weom v
Weomp = o2 = 1 _PHz"tk_(p . po) (21)

comp —
p Ncomp Ncomp leZIZAtmax

Where 5comp represents compressor efficiency, and the super-index o for the power accounts for ideal
operating conditions.

Equation (21) shows the power required from the PV panels to compress hydrogen. Therefore, the
global PV power Pgy, is:

PI?V = VVcomp + I/;)plmax (22)

Vop IS the operating voltage, and Inax is the peak current of electrical appliances and accessories.

Considering energy losses and DC-AC converter efficiency, #7conv:

V‘V +Vopl +12 Rpy
— Ycomp™ Yop max DC _I_IgCR (23)

P
Fv Nconv
The sub-indexes AC and DC account for alternate and direct current, respectively, and Rev and R are
the line resistances from the PV panels to the converter and from the converter to the home electric
board meter, respectively.

We calculated the energy balance & in the system using the following expression:
Enet = PFV (pSh) - V;)p ?:1 Iiti - Igc (RFV + Vrzngonv) top (24)
V: represents the voltage ratio at the converter, Voc/Vac, and top is the operation time.

If the energy balance is positive, excess energy is used in the electrolyzer to produce hydrogen.

HOUSEHOLD INSTALLATION CHARACTERISTICS

We selected a semi-detached house with a 238 m? living area and a 70 m? basement for parking, a
workshop, and a storage room. The living area was divided into three floors: low-level, main floor, and
attic. The parking zone has a reserved area for heating and hot water tanks, a thermal comfort control
system and accessories, a space for batteries, an electrolyzer, and a water tank containing a hydrogen tank.

The household installation has a global power of 8.84 kW. Because the panels are oriented east—west,
we calculated the power generation for a south orientation, resulting in a value of 6.63 kW. The
household installation had a grid input power limitation of 5.5 kW for an operating voltage of 220 Vac.
The maximum current is 25 A. The PV panels connect to the electric mainframe, so the household
installation has a maximum power of 12.13 kW.

The peak power demand was 10.92 kW, considering the simultaneity factor for all appliances and
accessories; therefore, the maximum allowed power was above the peak power demand by 11.1%. The
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standard power demand depends on the thermal comfort unit because it is the most consuming element;
when the aerothermal equipment is working, the standard power demand is 5.125 kW; otherwise, it is
4.125 kW. According to these values, the household installation may operate on a PV system or grid on
sunny or cloudy days.

The household installation is located near the city of Madrid (Spain) with a yearly average value of the
peak sun time of 4.21 hours; however, to be more accurate, the monthly peak sun time is provided in Table
1 [25]. Household installation is automated to avoid excessive power demand; if the power demand
exceeds the power limit, the control system automatically disconnects the consuming element to reduce
the power demand below the limit. The element selection follows a setup pattern according to element
relevance; the fridge never disconnects.

Design Layout

Hydrogen production and storage systems consist of a PV system as a power source, a double
DC/AC, and an AC/DC converter to adapt the supplied DC voltage from PV panels, an electrolyzer, a
compressor, a hydrogen tank, and a water container. Other accessories such as voltage and current,
energy, and hydrogen flow meters are part of the hydrogen system. We used a K-type thermocouple
attached to the hydrogen tank surface and immersed it in a hydrogen tank and water container to
determine the temperature.

The PV system consists of 22 panels of 36.2 V output voltage and 11.1 A maximum output current
for an output power of 401.8 W. Two strings of 11 panels in series each are connected in parallel; each
parallel line generates 398.2 VDC for a total power of 4420 W. The two power lines supplied a
maximum output power of 8840 W.

The hydrogen tank, with a capacity of 150 liters capacity, was built into stainless steel to avoid
hydrogen losses and to favor thermal energy transfer to water. A pressure gauge measured the hydrogen
pressure inside the tank, and when the pressure reached the maximum setup value, the control system
opened a relay and disconnected the DC/DC converter from the PV power, interrupting the power
supply to the electrolyzer and hydrogen production.

The household mainframe supplied an alternate current to operate the distilled water pump and
hydrogen compressor. The control unit commands the commuter, relays for the water distiller pump,
and DC/AC and AC/DC converters. We used a double converter, DC/AC, and AC/DC, because there
is no single converter from 400 Vac to 12 Vpc.

We show a schematic representation of the operational system in Figure 2. We replaced the fuel cell
with a hydrogen burner to save money because fuel cells are expensive and require maintenance.
Figure 1 does not include a hydrogen burner because it is similar to a gas burner with no technical
relevance for this study.

SIMULATION

We consider three energy consumption configurations, low, medium, and high-power demand,
characterized by their peak powers of 2961 W, 6080 W, and 10372 W. Every configuration corresponds
to a consumption element distribution and includes all elements that operate simultaneously.

The simulation was run on sunny days to make the PV system available as a power source. We used
the monthly peak sun hours listed in Table 1 to simplify the calculation. We assume that on cloudy
days, the household installation runs on a grid power supply, and the hydrogen storage system is useless.

We based the simulation analysis on the energy balance between photovoltaic generation and
household installation consumption because the excess energy, if any, is used to generate hydrogen at
the electrolyzer, thus allowing the storage of the produced hydrogen.
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Figure 2. Schematic view of the operational system.

Table 1. Monthly peak sun hours for the location of Madrid (Spain).
J FI M| A | M| J A| S| O]|N|D

455|502 |562|625|679 | 706|693 | 647 | 586 | 524 | 469 | 440

The energy balance calculation is based on the daily period. Although it simplifies the calculation, it
reduces the accuracy, as all days are assumed to be equal for the selected month. Nevertheless, it is a
common practice when dealing with renewable energy sources, such as solar photovoltaics.

Because the energy demand changes according to human needs and habits, which depend on the
period of the year, we should establish a pattern for the energy demand throughout the year; to that goal,
we establish three periods for the year, according to the monthly energy demand [26]. These three
periods correspond to July and August (high-power demand), December through March (medium-
power demand), September through November, and April to June (low-power demand).

Energy Balance
The daily solar photovoltaic generation is derived from the monthly peak sun hours and the maximum
solar radiation for clear-sky days [27] as follows:

Ery = Mooy Neeny < NPry (psh) f, (25)

N is the number of PV panels, Pry is the panel peak power, 7conv is the converter efficiency, and f, is
the azimuth correction factor due to the east-west panel orientation. Super-index DC-AC and AC-DC-
DC converter efficiencies account for the continuous-to-alternate conversion and vice versa.

For the prototype household installation, the DC/AC and AC/DC converter efficiencies are 0.975
[28] and 0.93 [29], respectively. The maximum inverter power is 3000 W because the electrolyzer
consumes 1538.5 W and its efficiency is 75%, thus requiring an input power of 2051 W [30].

The daily average solar photovoltaic energy depends on the time of the year since the peak sun hours
are different for every month. Considering the peak sun hours from Table 1, a variable number of panels
from 4 to 22 in 2-step intervals, the efficiency of the converters, the individual PV panel peak power
(Prv=401.8 W), and the azimuth correction factor (f,=0.75) (Figure 3).

The selection of panel numbers is based on the premise that they should be installed in pairs because
of the rooftop orientation, east-west, which forces this configuration to maintain power generation
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Figure 3. Monthly daily average PV generation and household energy demand.

Table 2. Daily average energy demand.
Power level demand | Low | Medium | High
Energy demand (kwh) | 3.650 | 6.640 11.773

balance throughout the day. The minimum number is set to four because it is the standard default
number for semi-detached and detached houses; the top number of 22 corresponds to the maximum
available rooftop coverage factor. The horizontal solid lines correspond to the average daily household
energy demand levels: low, medium, and high.

The average daily household energy consumption depends on the time of use of each appliance or
device. Considering the three proposed configurations, low, medium, and high-power demand, 2961
W, 6080 W, and 10372 W, respectively, and the hourly distribution of daily usage, the average energy
demand is determined (Table 2). We established the daily energy balance by comparing the photovoltaic
generation and energy demand. The results of the calculations are shown in Figures 4-6.

Each bar group corresponds to the same panel distribution, starting at 22 panels to 14 panels,
following the sequence 22, 20, 18, 16, and 14 panels. This configuration applies to Figures 4-12.

45 022 @20 ®18 816 m14

40
35
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Figure 4. Monthly daily energy balance for household low energy demand and variable PV panel
configuration ((a) 22 to 14 panels; (b) 12 to 4 panels).

40

||:|22 20 ®18 ©16 014
35

30

25

20

15

Energy balance (kWh)

10

15

10

Energy balance (kWh)

Month

Figure 5. Monthly daily energy balance for household medium energy demand and variable PV panel
configuration ((a): 22 to 14 panels; (b) 12 to 4 panels).
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Figure 6. Monthly daily energy balance for household high energy demand and variable PV panel
configuration ((a) 22 to 14 panels; (b) 12 to 4 panels).

We split the energy balance evaluation for each household energy demand level into two graphs to
make the reading more comfortable. The bar distribution for every group runs from the highest to the
lowest number of PV panels.

We realize that for low energy demand levels, all PV configurations exhibit a positive energy balance,
which makes them suitable for hydrogen storage systems. A similar analysis applies to the medium
level, except for the case of the 4 PV panels configuration, where a negative energy balance occurs,
making the hydrogen storage unit non-feasible. Finally, for high energy demand levels, from the eight
PV panel configurations, the hydrogen storage system is nonsense because of the negative energy
balance. The calculated energy balance neglects electric wiring power losses from PV panels to
household mainframes because of its low value (<1%).

Storage System
The principal storage system characteristic is the pressure of the hydrogen storage tank. We can
accumulate as much hydrogen as is produced from the energy balance until the pressure limit is reached.

Because the electrolyzer operates at an efficiency of 75%, we determined the hydrogen production using
the following expression:

M, = ety (£22) (26)

fely
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Applying Equations (4) and (26) we obtain to the energy balance data from Figures 4-6.

The missing bars corresponding to four panels and 4-6 panels PV configuration in medium and high
energy demand levels are due to the negative energy balance; therefore, no hydrogen production is feasible.
The hydrogen produced is compressed in the storage tank at a pressure given by the following expression:

_ _MH,
N pHZVEk (27)

For a tank of 150 liters, the current size for the semi-detached and detached houses is as follows.

Analyzing the tank pressure values shown in Figures 10-12, we realize that the compressor operates in
the 0-70 bars range, which is compatible with many models in the market. The associated energy for
hydrogen compression is derived from Equation (21), and considering hydrogen as an ideal gas, we have:

1
VVcomp = —Vy AP (28)

Ncomp

The compressor efficiency depends on the pressure gain, compressor type, and fluid; therefore, we
operated with the standard average value for the air compressor, which is the most currently used, and
a maximum pressure gain of 70 bars, corresponding to the upper limit in our simulation. In this case,
the estimated value was 77% [31].
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Figure 7. Monthly daily hydrogen production for household low energy demand and variable PV panel
configuration ((a) 22 to 14 panels; (b) 12 to 4 panels).
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Figure 8. Monthly daily hydrogen production for household medium energy demand and variable PV
panel configuration ((a) 22 to 14 panels; (b) 12 to 6 panels).
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Figure 9. Monthly daily hydrogen production for household high energy demand and variable PV
panel configuration ((a) 22 to 14 panels; (b) 12 to 8 panels).
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Figure 10. Hydrogen storage tank pressure for household low energy demand and variable PV panel
configuration ((a) 22 to 14 panels; (b) 12 to 4 panels).

© STM Journals 2024. All Rights Reserved 34



Hydrogen Storage System for Household Installation Carlos Armenta-Déu

70

022 820 B18 816 mi4

60

50

40

30

P (tank) (bar)

20

10

=
[8)]

P (tank) (bar)

[N
o

1 2 11 12
()] Month

Figure 11. Hydrogen storage tank pressure for household medium energy demand and variable PV
panel configuration ((a) 22 to 14 panels; (b) 12 to 6 panels).
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Figure 12. Hydrogen storage tank pressure for household high energy demand and variable PV panel
configuration ((a) 22 to 14 panels; (b) 12 to 8 panels).

Hydrogen compressor energy consumption is important; however, the ratio of this energy to the PV
generation represents a more significant parameter to understand the influence of hydrogen compression
on the energy balance; therefore, combining Equations (25) and (28), we have.

Weomp _ VikAP

29
SFv ncompngoCn:JAcngggchNpFV(pSh)fy ( )
Now, applying data from our prototype, we obtain:

Yeomp _ 0,018 (30)

9344

This value represents less than 2% of the energy generated. Therefore, we consider that the hydrogen
compression process barely affects the global energy performance of the installation.

HYDROGEN STORAGE SYSTEM ANALYSIS

The simulation analysis shows the viability of the proposed system with coherent results that are
compatible with the standard household characteristics. The simulation proved that hydrogen storage is
feasible and guarantees self-consumption installation with a daily null or positive energy balance,
avoiding dependence on the grid.

Compared to battery storage systems, hydrogen storage has advantages and drawbacks, which are
summarized in Table 3. The comparative analysis of the advantages and drawbacks of battery and
hydrogen storage systems can tip the balance towards one or the other depending on the objectives
pursued. For household installation with a PV power source, a flexible capacity to adapt to variable
power generation is critical, especially in off-grid conditions, because the variability in solar radiation,
and thus in electric energy generation, may result in overproduction, which a battery cannot absorb. The
hydrogen storage system, however, can absorb all the excess energy within the limits imposed by the
maximum pressure supported by the storage tank.

Table 3. Advantages and drawbacks of hydrogen storage system [32-35].

Advantages Drawbacks

Higher power and energy density Higher price

Longer autonomy More complex design

Higher storage capacity Higher maintenance costs

Adaptive capacity to variable energy excess | Larger room

Lower self-discharge Higher security measurements

Lower environmental impact Additional elements
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ECONOMIC ASSESSMENT

Because the proposed system involves new elements, we evaluated the investment and maintenance
costs compared to a conventional system using batteries as storage units. Analyzing the layout in Figure 2,
we can establish the differential elements between our design and the conventional design (Table 4).

The current design requires higher investment because of the many additional elements; however,
because the batteries are expensive, especially lithium-ion technology, the installation cost is similar.
Table 5 presents the average prices of the components listed in Table 4.

On-grid installations do not suffer from this problem because the excess energy that the battery does
not absorb can be injected into the grid, avoiding battery overcharging. Hydrogen storage systems can
inject electric energy into the grid or export hydrogen overproduction to external facilities, showing
higher flexibility, which could make them more attractive. Concerning the safety measurements for
hydrogen handling and storage, we refer to specialized literature, which describes hydrogen production,
transmission, distribution, and storage [36-39].

Comparing the N and C element prices, we realize that the conventional design is more expensive,
with 5268€ ($5742) versus 2500€ ($2725) for a month's battery storage capacity. If we match the new
and conventional design prices, we should reduce the battery capacity by half, allowing only two weeks
of autonomy.

CONCLUSIONS

A hydrogen storage system for household installations is feasible, as shown in the simulation run in
this study. This system is compatible with standard on-grid and autonomous household installations.
We tested the system for low-, medium-, and high-energy demand levels for PV panel variable numbers.
The test results show that some configurations with high energy demand and a low number of PV panels
are incompatible with hydrogen storage systems because of the daily average negative energy balance.

Table 4. Differential elements between the current
design and conventional system.
Current design Conventional system

Distilled water tank
Electrolyzer

Pump

Compressor

Water container
Hydrogen tank
Valves

Battery block

Table 5. Differential elements between the current
design and conventional system.

Element Average cost (€/$)

Distilled water tank (N) 22.00/23.98
Electrolyzer (N) 575.22/627.00
Pump (N) 33.02/36.00
Compressor (N) 205.50/224.00
Water container (N) 84.20/160.00
Hydrogen tank (N) 1100.90/1200.00
Valves (N) 52.00/56.68
Hydrogen burner 426.60/465.00
Battery block Li-ion (C) 5412/5900
Battery block Lead-acid (C) 5124/5585

The type (N) corresponds to the new design and (C) to the conventional one.
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The simulation proves that the hydrogen storage system can absorb excess energy from the PV panel
generation under variable solar radiation. The simulation was run for a household prototype with
characteristics similar to those of a conventional semi-detached or detached house.

The simulation results show a storage pressure range of 0—70 bar, which is compatible with most
mid-range commercial air compressors. The electrolyzer for hydrogen production and the fuel cell for
electricity generation are also compatible with commercial standards for a low-power range.

The proposed technology provides an alternative to the battery storage system with higher flexibility
and adaptive capacity under variable operating conditions, especially in off-grid installations where
battery storage may not be able to absorb all the excess energy generated, leading to an overload that
damages the storage system or releases the excess energy in the form of heat, which significantly
reduces the efficiency of the system.

The new system is economically viable and saves money compared with the conventional system,
with a 50% investment reduction. The traditional system can match the cost by reducing the battery
capacity; therefore, the energy storage autonomy is reduced by half.
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