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INTRODUCTION

Energy storage has been a challenge since the revolution of renewable energy.
Energy storage systems are crucial for integrating renewable energy sources into
the power grid. The growing presence of variable renewable resources requires the
implementation of extensive energy storage systems to guarantee the long-term
reliability and stability of the power grid[1].

Currently, photovoltaic (PV) power plants are experiencing the most rapid
growth among renewable energy sources globally. The rapid expansion of
photovoltaic (PV) sources is adversely impacting the control of the electric power
system. An approach to alleviate this impact is to store the energy produced by
photovoltaic (PV) systems during periods of surplus electricity in the electrical grid
and distribute it to the grid when needed, namely during peak periods of the daily
load curve[2]. This challenge is described in a chart called the “Duck curve” as
shown below:

3.0 MW

14% peak load
reduction

-
59% peak ramp
rate reduction

/ ™

2020 without SIS 2020 with SIS

4 AM 8 AM 12 PM 4 PM 8 PM

Fig. 1.0 The Duck Curve [3]

From the curve, it is shown that at midday, when PV electricity supply is high,
the power demand is low, and when the demand is high in the morning or night, the
supply is low. With this cycle, the energy supply at midday goes to waste. On the
other hand, the peaks of demand should be supplied from either stored energy or
from surplus capacities of (traditional) power generation.
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To lessen this impact, PV energy can be stored during times of grid oversupply
and fed back in during times of peak demand on the daily load curve [2]. As the
curbing measures of the challenges faced in energy supply and demand progress, it
becomes increasingly apparent that energy storage will be crucial in the push to
increase the integration of variable renewable sources into power infrastructures
around the world.

Regardless of the way these efforts to mitigate it are carried out, it is becoming
evident to all parties involved that energy storage will play a crucial role in the
endeavor to enhance the Integration of varied renewable sources into worldwide
power grids. Strategically implemented storage technologies can decrease the
highest level of electricity demand, enhance everyday dependability, offer backup
power during generation interruptions, lower costs for consumers and utilities by
alleviating load balancing difficulties, reduce emissions and enhance the integration
of distributed and renewable energy into the power system.

[4]. Storage systems are designed to store surplus energy and release it when there
is a high demand for electricity. They also help to reduce the intermittent nature of
solar energy. Storage provides significant benefits to the energy industry. Storage
has a beneficial impact on both off-grid and grid-connected setups by enhancing
the use of photovoltaic (PV) systems [5].
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1.ENERGY STORAGE TECHNOLOGIES

Energy storage technologies comprise a variety of systems that are crucial for
maintaining grid stability, incorporating renewable energy sources, and addressing
changing energy needs. These technologies can be categorized into different groups
according to their operational principles and uses. Energy storage can be classified
into different types based upon the form of energy stored. These categories include
electrical energy storage, magnetic energy storage, mechanical energy storage,
thermal energy storage, electrochemical energy storage, and chemical energy
storage [6].

Hydrogen

Energy Storage
Systems

Electromagnetic

Fig. 1.1 Classification of energy storage sytem [7]

1.1. Mechanical Energy Storage

1.1.1. Flywheels (FESS)

Flywheels store energy in the form of kinetic energy and are commonly used in
various applications such as energy storage systems and transportation. They work
by spinning a rotor at high speeds, which stores the energy in its rotational motion.
This stored energy can then be released when needed, providing a reliable and
efficient source of power. Flywheel-based energy storage systems are suitable
whenever numerous charge and discharge cycles are needed with medium to high
power during short periods (seconds) [8]. Flywheels offer several advantages over
other energy storage methods, including high power density, fast response times,
and long cycle life. They are also environmentally friendly as they do not produce
any emissions during operation. Flywheels exhibit rapid response times for both
charging and discharging operations; however, they are limited in their ability to
store large amounts of energy. This characteristic renders them more appropriate
for grid quality control. In addition, they exhibit low resistance to external
mechanical impacts that cause vibrations and subsequently lead to power loss,
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results in major changes in both the amplitude and frequency of the output voltage

[9].
Bi-directional DC-Link
Converler
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— bearing
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bearing _

Fig.1.1.1 How a flywheel works [10]

The motor generator function efficiently extracts energy from the rotor during
power outages or periods of low energy. This causes the rotor to slow down.
Additionally, the FES system can be utilized for both planned, long-term energy
supply and emergencies. Unlike several alternative energy-storage methods, this
process of charging and discharging can be repeated without any observable
deterioration or aging mechanism.

Challenges

The initial appeal of FESS designs is both compelling and distinctive. During the
period from the 1950s to the 1970s, municipal buses were subjected to testing as a
potential mobile power source. However, none of these buses proved to be
successful, and consequently, all of them were subsequently removed from service.
Among the multiple reasons mentioned, there is a distinction between starting or
stopping a traditional engine in the workshop to assess its performance and having
to initiate or terminate the rotation of a rotor and wait. There were discussions on
implementing FESS (Flywheel Energy Storage System) in conventional
automobiles equipped with a compact internal combustion engine to initiate the
rotation of the rotor, even when the vehicle was stationary. Nevertheless,
individuals expressed unease over the concept of a rotating rotor located in the
vehicle's trunk, even when equipped with an additional protective enclosure. This
enclosure also contributed to the overall weight of the vehicle. Subsequently, there
were problems with the handling of the vehicle caused by gyroscopic forces [10].
Although flywheel-based energy storage may initially appear appealing, it poses
several significant obstacles. The amount of energy stored is directly proportional
to the moment of inertia of the rotor wheel and the square of the rotational speed.
Therefore, it is desirable to have a relatively high rpm, often ranging from 50,000
to 100,000 rpm. The rotor is subjected to clear material strains, which have major
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effects in terms of both micro-failures and macro-catastrophes, both in the short and
long term [11].

The chamber housing the rotor must be a vacuum to prevent air-induced friction,
which could lead to excessive heating of the rotor. Traditional ball or mechanical
bearings are not suitable for this application; Therefore, an active closed-loop
magnetic-levitation bearing is used [10].

1.1.2. Pumped hydro storage (PHES)

Pumped hydro energy storage is the predominant energy storage method utilized
inside energy systems on a significant scale [12]. It involves using excess electricity
to pump water uphill into a reservoir, and then releasing the water downhill through
turbines to generate electricity when demand is high. Pumped hydro storage
systems have a long lifespan and can provide large amounts of energy for extended
periods of time, making them an important component of grid stability and
renewable energy integration.

Fig. 1.1.2 Pumped hydro storage [13]

Due to its large capacity, PHES is used in storing and producing energy on a
large scale, but it has the geographical challenge as it requires some geographical
features like good elevation difference and access to water source [9]. The
installation of pumped hydro storage plants might incur high expenses because of
the requirement for substantial infrastructure. Notwithstanding these limitations,
pumped hydro storage continues to be a key technology for ensuring the
dependability of power grids, facilitating the incorporation of renewable energy
sources, and enabling large-scale energy storage.
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1.1.3. Compressed air energy storage (CAES)

Compressed air energy storage (CAES) has been widely recognized as a well-
established and very promising technique for the storage of energy on a large scale
[14]. It is considered one of the most mature technologies for grid-scale storage.

A-CAES is a highly efficient and environmentally friendly method for
integrating renewable energy sources and managing peak energy demands. This
technology is characterized by its substantial capacity, efficient operation, and little
carbon emissions [15]. The system has the capability to store and release energy
through the compression and expansion of air, without relying on a thermal fluid.

D et Sy

-
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Exhaust Waste heat
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i
High Low Generator
pressure pressure
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Compressed
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Fig. 1.1.3 How a CAES works [16].

Table 1 Characteristics of mechanical energy storage options [4]

Energy Energy cost | Discharge Self- Energy cycle life | Power
storage Efficiency time discharge Density rating
echnology | (%) per day (Wh/kg) (MW)
Flywheel | 95 Milli- 100% 100-130 | >125,000 | 0-1
seconds-
15min
PHES 65-80 $1700- | 1-24h+ Very small | 0.3 7Syears | 100-
$5100/ 5000
kW
CAES 50 o 1-24h+ small 10-30 40years | 5-400
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1.2. Electrochemical Energy Storage

Electrochemical energy storage is a key part of making sure that renewable
energy sources are stable and reliable. It does this by storing excess energy when
production is high and releasing it when demand is high. Additionally, progress in
this area has led to the creation of batteries that perform better and cost less, which
makes them perfect for powering portable electronics and accelerating up the
acceptance of electric transportation [17]. Electrochemical storage devices are in
the form of batteries.

1.2.1. Conventional batteries

Battery storage plays a crucial role in the utilization of solar power by addressing
the intermittent nature of solar energy [18]. The integration of battery systems with
solar power offers numerous benefits, including managing peak demands,
improving grid reliability, and facilitating the integration of renewable energy
sources. Several types of batteries are being explored for grid applications.

Sodium-sulfur batteries are commercially available, has a high energy density
and also field proven and have been used for grid-scale energy storage, but one
challenge is the shuttle effect, which refers to the migration of polysulfide species
between the cathode and anode during charge and discharge cycles, and also sodium
sulfur has a high operating temperature, this can lead to capacity loss and poor cycle
life, although, strategies to immobilize polysulfides and prevent their migration
have been explored to mitigate this issue [19].

The power output of a Redox flow battery can be easily adjusted by changing
the size of the electrode and the flow rate of the electrolyte, allowing for more
flexibility in meeting different power demands. Redox-flow batteries offer the
advantage of scalability and suitability for large-scale storage, but it has a low
energy density and expensive compared to other batteries [20].

Lead acid batteries are the most used in energy storage including PV system, it
is the oldest rechargeable battery in existence, widely available, deep discharge
capability, good performance at high and low temperatures, cheap and easy to
manufacture and suitable for off grid application [19]. However, it has low specific
energy, long charge and is not environmentally friendly [9].

Maybe the most spreading type of batteries now is Lithium ion, although the
lithium element is rare, but it is the most used currently. They can be made smaller
and lighter, have a high energy density and low self-discharge rate [21]. It can
overheat and cause an explosion if not properly managed, long-time availability of
Lithium is not ensured [22].
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Fig. 1.2.1 Operation of a battery [23]

Table 2 Characteristics of electrochemical storage options [24]

Energy Energy cost Discharge | Self- Energy | cycle life | Power
storage Efficiency time discharge | Density | (cycles) rating
technology | (%) perday | (Wh/kg) (MW)
Lead acid | >70 o Seconds- | 0.1- 30 -50 1500 0-20
hours 0.3%
Lithium ~90 $2500- Minutes- | 0.1- 150- 5000 0-
ion $3900/kW | hours 0.3% 200 100kW
Sodium 75-90 o o 0.2 - >200 4500 15—
sulphur 15% 100kW
Redox 82 o Seconds- | small 15-25 | >12,000- | 30kW-
flow hours 14,000 3IMW
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Table 3 Pros and Cons analysis of electrochemical storage options [25] [26] [21]

Technologies | prog Cons
o - Can be made smaller and lighter -Thermal runaway
Lithium ion -high energy density - Rare element
-low self-discharge rate
' -wide availability -No maintenance
Lead aid -deep discharge capability -cheap and easy to
-suitable for off-grid application manufacture

-Good performance at high
and low temperatures

. -commercially available -Shuttle effect
Sodium sulfur | _high energy density - High operating temperature
Redox flow -long lifecycle -Limited life cycle
-suitable for large scale storage -high maintenance
requirements

-low energy density

1.3. Electromagnetic Energy Storage

1.3.1. Supercapacitors

Supercapacitors, which are also called ultracapacitors or electrochemical
capacitors, are energy storage devices that are getting a lot of interest because of
their high-power density, have a long lifespan, and charge and discharge quickly.
Instead of chemical reactions, supercapacitors store energy by separating positive
and negative charges on the electrodes' surfaces. Because of their special way of
working, supercapacitors can store and release energy quickly and efficiently. This
makes them perfect for uses that need short bursts of power, like electric cars and
regenerative braking systems [27].



UNIVERSITY OF DEBRECEN
FACULTY OF ENGINEERING
DEBRECEN DEPARTMENT OF MECHANICAL ENGINEERING

UNIVERSITY of

a. Electrolytic capacitor b. Electrical double c. Lithium ion battery

Dielectric (oxide layer) layer capacitor

Porous Carbon

Separator with
Electrolyte

Fig.1.3.1 lllustrations of (a) electrolytic capacitor, (b) super-capacitor, and (c)
lithium-ion battery [28].

1.3.2. Superconducting Magnetic Energy Storage (SMES)

Superconducting magnetic energy storage (SMES) is an energy storage system
that utilizes a superconductor to store energy in the form of direct current (DC)
electricity. This is achieved by moving current through the superconductor, which
in turn creates a DC magnetic field to store the energy. [9].

The utilization of magnetic energy storage systems has garnered a lot of interest
owing to its potential in boosting the efficiency and durability of power systems,
particularly when integrated with renewable energy sources. Superconducting
Magnetic Energy Storage (SMES) has been identified as a very promising
technology for energy storage due to its ability to provide rapid reaction and achieve
high energy density. Furthermore, the implementation of Superconducting
Magnetic Energy Storage (SMES) has been suggested as a means of stabilizing
power flow in microgrids that incorporate solar generating [29]. Moreover, the
significance of Superconducting Magnetic Energy Storage (SMES) in boosting the
performance of dynamic systems has been confirmed, highlighting its potential to
increase the stability and dependability of power systems [30].

10
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Fig. 1.3.2 Illustration of an SMES system [31]

Table 3 Characteristics of electrical storage options [4]

Helium/
Nitrogen

Energy Energy cost Discharge Self- Energy cycle Power
storage Efficiency time discharge | Density life rating
technology | (%) perday | (Wh/kg) (MW)

Super- 95 Minutes 10-20% <50 10k — | 10kW
capacitor 100k
SMES >95 1000- Milli- Very 20 20+ 20-40MW
10000 | seconds to high MW/hr years [Error!
$/kWh | minutes Reference
source
not
found. ]

11
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1.4. Power to Gas Storage System

Power-to-Gas (PtoG) energy storage is an exciting breakthrough that converts
excess or intermittent power into gaseous hydrogen. It is used for storing energy for
a long time and managing grid congestion. Power-to-Gas technology may be
suitable for seasonal energy storage purposes, particularly in cases where energy is
generated during periods of low demand, such as the winter season, and stored for
later use during peak demand days in the summer. By harvesting surplus energy to
generate hydrogen through the process of water electrolysis, it is possible to store
and distribute energy within the current natural gas systems, allowing for use at the
desired time and location, which in turn allows for seamless integration of
renewable energy sources such as solar or wind power [32].

The P2G process encompasses the conversion of electrical energy into gaseous
energy carriers, such as hydrogen or methane, by means of water electrolysis and,
if desired, methanation. This process offers enhanced adaptability to the electrical
system and serves as an economically viable method for long-term energy storage
[33].

Fig. 1.4 A power to gas system [34]

1.4.1. Hydrogen fuel cell

Hydrogen (H2) is the most abundant element in the universe (75%), the lightest,
and the one with the highest density (p) of energy around 120 kJ/g. Hydrogen is not
considered a sustainable energy source; rather, it serves as a means of storage and
energy delivery. It can be derived from either renewable sources or fossil fuels.
Hydrogen gas (H2) has a high degree of versatility due to its ability to be stored in
large amounts and its nonpolluting nature. The combustion of hydrogen only
releases moisture, hence exhibiting an acceptable environmental impact [9].

12
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Fuel cells are electrochemical devices that facilitate the conversion of chemical
energy that's present in a fuel, such as hydrogen, into electrical energy by means of
an electrochemical process. These devices possess notable attributes such as great
energy efficiency, low emissions, and reduced operational noise, rendering them
appealing for a wide range of uses, including mobility, stationary power generation,
and portable electronics. Fuel cells possess the capacity to fundamentally transform
the way we generate power for our vehicles and households. This is because of the
way they generate electricity without involving the process of combustion, so
leading to a decrease in the emission of greenhouse gases and an enhancement in
the quality of air. In addition, fuel cells possess the benefits of easy refueling and
extended lifespans in comparison to conventional batteries, rendering them a highly
attractive prospect for the attainment of a sustainable energy future [35]. The
utilization of hydrogen in fuel cells currently constitutes a very little proportion in
the market, although it holds significant potential for future expansion.

Table 4 Characteristics of Power to Gas storage options

Energy Energy Discharge Self- Energy | cycle | Power
storage Efficiency | time discharge | Density life | rating
technology | (%) per day (Wh/kg) (MW)
Hydrogen | 40-60 Seconds- | Almost ~33.6 o 0-
fuel cells 24h+ Zero S50MW
Heat ‘% 5 Heat

Hydrogen in

o
c
s
8
£
@
=

anode

FUEL CELL |

Fig. 1.4.1. Hydrogen fuel cell [36]

1.5. Thermal Storage

Thermal energy storage (TES) is mostly used in concentrated solar power plant,
In the field of thermal energy storage (TES), materials are commonly classified into

13
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three distinct categories: sensible heat storage (SHS), latent heat storage (LHS), and
thermochemical heat storage (THS). Sensible heat storage encompasses materials
such as water, air, oil, rocks, brine, concrete, sand, and soil. It involves storing
thermal energy within the storage medium by increasing temperature without
undergoing any phase transformation [37]. Latent heat storage involves the use of
organic and inorganic substances, eutectics, and low-melting-point metals. It is
important to think about the materials and uses of phase change energy storage to
figure out the cost, power density, and discharge time of latent heat storage. Phase
change materials (PCM), also referred to as latent heat storage, are favored over
sensible storage due to their notable storage density and limited phase transition
range [38]. Phase change materials (PCMSs) are very important in latent heat thermal
energy storage systems (LHS) because they can take in, store, or release a lot of
latent heat through changes in phase [39]. Nevertheless, phase-change materials
(PCMs) exhibit the drawback of possessing low thermal conductivity. Both sensible
and latent heat storage systems have the capability to store heat for a specific
duration, often lasting a few hours. These thermal energy storage (TES) systems
are incapable of retaining energy for an extended duration, such as a whole season.
Specifically, they lack the ability to accumulate excess energy during the summer
months, characterized by longer periods of sunlight, and subsequently utilize this
stored energy throughout the winter season. In terms of achieving the desired
objective, THS is considered a more feasible option due to its utilization of high-
energy-intensive endothermic processes [40]. The gas-solid reaction is used in
thermochemical heat storage methods. Thermochemical heat storage (THS)
exhibits considerable potential as a method for the effective conversion and storage
of underutilized thermal energy. It presents numerous benefits in comparison to
alternative energy storage methods, including a relatively high energy density
which can reach levels up to ten times higher than that of latent heat storage. and
the ability to store energy for extended periods of time at ambient temperature
conditions [41]. Thermochemical heat Storage (THS) possesses the capability to be
employed in forthcoming power generation facilities that operate at elevated
temperatures.

I Thermal Energy Storage ‘

A
Sensible Heat Latent Heat I ThermoChemical

Stored Heat
Stored Heat
Stored Heat

gaet

Temperature Temperature Temperature

Fig. 1.5 Classification of TES systems and the heat stored with temperature
variation [42].
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Concentrated Solar Power (CSP) systems are highly efficient in using focused
sunlight to heat a thermal storage medium to high temperatures, thus generating
heat for thermal energy storage (TES). After focusing the intense sunlight onto the
receiver, the thermal storage material inside the receiver is heated. The thermal
storage medium can consist of either a liquid, such as molten salts, oil, or a heat
transfer fluid (HTF), or a solid substance, such as rocks or concrete. The selection
of the thermal storage media is contingent upon parameters such as the desired
temperature, thermal durability, and cost-efficiency [43].

When there is a requirement for thermal power, the heat that is stored can be
removed from the storage media and used as desired. This can be accomplished
by passing the warmed thermal storage medium via a heat exchanger to transfer
the thermal energy to a working fluid, such as water or oil, or straight to the final
application.

Receptor

Solar irradiation
Fluxes

Heat transfer fluid

I ]

. Electricity
Turbine [ ) ==

TES Boiler

N .7

B e : !

Reflectors

Fig. 1.6 A CSP and TESS [40]

Table 5 Characteristics of thermal storage options [44]

TES Capacity | Power | Efficiency | Storage Cost (€/kWh))
System (KWht) MW) (%) period (h,
d, m)

Sensible | 10-50 0.001 -|50-90 Days- 0.1-10
(hot 10 months
water
PCM 50- 150 0.001 —|75-90 Hours - 10-50

1 months
Chemical | 120-250 | 0.01-1 | 75-100 Hours - 8-100
reactions days

15
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2. APPLICATIONS

2.1. Small scale applications (household, mobile and small
businesses)

The daily consumption patterns of residential households exhibit a range of
fluctuations. Typically, there are two distinct periods of high consumption
observed: one occurring in the morning between the hours of 6 and 8, and another
taking place in the evening at approximately 20 hours. The observed peak largely
arises because of the population's active working period. During the morning peak,
there is a notable surge in household demand as individuals wake and engage in
various chores, such as showering, cooking breakfast, and preparing for their daily
work or educational commitments. Likewise, the evening peak manifests because
of individuals' reentry into their residences following their daily engagements,
resulting in an upsurge in energy consumption for activities such as meal
preparation, use of electronic devices, in addition to using grid electricity, a hybrid
system can be used to better control usage. The implementation of a hybrid system
supports the integration of renewable energy sources, such as solar power, thereby
enabling a reduction of energy consumption derived from the grid. With the
utilization of solar energy during daylight hours, homeowners and small business
owners can minimize their dependence on conventional electricity sources and
potentially decrease their overall energy expenses. Furthermore, the capacity to
effectively oversee and track consumption patterns via a hybrid system offers
significant data for enhancing energy utilization and generating well-informed
decisions regarding future energy investments.

A
i
i
; : Lowe>’\eak kw
i Lower Damand Charge
3 \ \
x N
- X
§ X
5 1 | ,
o . /“.',.
1% /

YU T L I O N L T LT T R I R I |

2 4 6 8 10 12 14 16 18 20 22 24
Time of Day

Fig. 2.1 Peak demand reduction with PV system and battery storage [4]

2.2. Large scale (industrial and commercial)

To assess the influence of storage on commercial and industrial applications, it
Is imperative to consider the specific daily consumption profile being targeted. This
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profile can vary significantly depending on the nature of the application in question.
It can be proposed that the highest level of consumption in commercial and service
buildings occurs throughout the period of 9:00 AM to 7:00 PM. In the context of
various industries, it is important to note that the peak consumption levels may vary,
depending on the specific industry in question. There are those that engage in a
continuous work schedule of 24 hours per day, 7 days per week, while others adhere
to a more conventional work schedule of 9 hours from 9 am to 6 pm, 5 days per
week.
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Fig. 2.2 Industrial and commercial energy demand [9]

To achieve balance, it is necessary to incorporate a hybrid system consisting of
photovoltaic panels and batteries, especially hydrogen fuel cells mostly because of
its high efficiency, low emission, and large storage capacity. In the context of an
industrial application, the contracted power of 100 kW for example, the power
supply in question would remain uninterrupted for a duration of 24 hours,
concerning industries that work during nighttime or those who operate from 9-
18hours. In the latter case, there would be an additional residual usage of around 6
kW. Residual consumption covers some equipment that stays active throughout the
night.

In the scenario of an industry operating continuously, a suitable strategy would
involve the implementation of a hybrid system that combines direct energy
consumption with the utilization of photovoltaic panels. This system would not only
facilitate the direct utilization of energy but also incorporate battery storage
capabilities. The batteries would experience discharge throughout the night period,
specifically between the hours of 16:00 and 24:00. During off-peak hours,
particularly between 0:00 and 7:00, it is preferable to use the grid as the cost of
energy currently frame is somewhat lower.

The optimal method for commercial solar energy storage is the utilization of
pumped hydro storage. The technology exhibits a notably efficient method for
storing energy at a substantial scale, possesses a prolonged lifespan, and
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demonstrates the capability to retain energy stored over extended periods,
potentially spanning several decades. Furthermore, pumped hydroelectric storage
systems possess the capacity to promptly adapt to fluctuations in energy demand,
rendering them exceptionally versatile and dependable for commercial utilization.
Moreover, this technology exhibits an environmentally conscious characteristic as
it does not generate any gas emissions while in operation, so making a valuable
contribution towards the attainment of a sustainable energy future.

The next example makes it clear where pumped hydroelectric storage systems
stand in comparison to other ways to store energy. PHS systems in the USA made
up 93% of utility-scale storage power capacity and over 99% of electrical energy
storage in 2019. They were responsible for 553 GWh of energy storage. When all
utility-scale energy storage projects, like batteries, flywheels, solar thermal with
energy storage, and natural gas with compressed air energy storage, were added
together by the end of 2019, they only added up to 1.6 GW of power capacity and
1.75 GWh of energy storage capacity. In terms of power capacity and energy
storage capacity, these numbers show how important pumped hydroelectric storage
systems are in the United States [45].

2.3. Maturity and durability of energy storage systems

Based on how well-developed each energy storage technology is, pumped hydro
is the most developed and CAES (Compressed Air Energy Storage) is another well-
established technology. Using pumped hydro has been around for a long time and
is common all over the world. It is a safe and efficient way to store energy. On the
other hand, CAES has also been shown to be a good way to store large amounts of
energy. It does this by using compressed air to store energy and release it when it's
needed. Both technologies have shown that they work, and they are now being
improved and created to make them even more useful and cost-effective.
Furthermore, batteries have shown promise as a possible way to store a lot of
energy, and as technology keeps getting better, they become more efficient and
cheaper. The stages and durability of the energy storage systems are shown in the
figure below:
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3. CALCULATIONS OF BATTERY
STORAGE OPTIONS FOR STATIONARY
AND MOBILE USES

Governments around the world are implementing innovative measures to
promote the adoption of renewable energy in response to the increasing global need
for sustainable energy alternatives. Corresponding to this dedication, the Hungarian
government has recently implemented the Solar Plusz program, an innovative
initiative aimed at encouraging and facilitating the incorporation of solar
photovoltaic (PV) systems into residential properties. Within this extensive
program, there is a crucial focus on enabling users to fully utilize solar energy by
integrating effective energy storage devices, including batteries.

The Solar Plusz program acknowledges the crucial significance of energy
storage in maximizing the efficiency of solar power use. Energy storage, in the form
of batteries, plays a vital role in reducing the irregularity that is inherent in the
production of solar energy. Batteries improve the efficiency and economic
feasibility of residential solar installations by enabling families to store surplus solar
energy generated during peak sunshine and using it during times of low output or
high usage. Battery energy storage systems (BESS) are the predominant kind of
energy storage that may be incorporated into grid-connected photovoltaic (PV)
systems. A battery is employed to store energy during periods when photovoltaic
power is unavailable. Therefore, the selection of batteries in a PV system must
match the load requirements. Determining the battery storage capacity for both
mobile and stationary purposes require careful analysis to select the suitable battery
size for a particular use case.

Hungary's "SEP’24" is a big step toward using renewable energy because it lets
people use solar photovoltaic (PV) systems. As part of this innovative project,
learning about the different kinds of PV technologies, figuring out battery sizing,
and finding out how many households are qualified are all very important steps
toward integrating renewable energy. In this study, we want to find out more about
the different kinds of PV panels that are out there, the complicated factors that need
to be thought about when choosing the right battery size, and the types of homes
that can be a part of this innovative program. By breaking down these complicated
parts, solar energy progress and the goals of the SEP’24 can be seen and how they
can work together to help communities move toward a sustainable energy future.

3.1. The framework

Under SEP’24, the government is committed to developing new domestic mini-
power plants that facilitate the installation of solar panels and have the capability to
store energy. The objective of the assistance program is to promote the generation
and utilization of domestic resources for personal needs, as well as self-sufficiency
from an energy perspective.
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e The household power plant installation includes a 4-5 kW inverter and a
7.5-10 kWh storage tank.

e The power of the solar panels can be a maximum of 120% of the power
of the inverter.

e The maximum level of support is 66% of the entire investment cost, with
a cap of HUF 5,000,000.

e More than 15,000 households will receive support in this way.

e Exclusive support can only be provided for new investment.

e There are no limitations based on geographical boundaries [46].

The Hungarian government is targeting more than 15,000 household a beneficiary
of this program [46]

There are some factors that determine and affect the consumption of energy in a
household. The following factors are:

e Settlement size

e Housing tenure (ownership or rental)

e Number of children and adults residing in the housing
e Household income level

e Housing type

e Number of persons present during daytime hours [47]

3.2. Solar PV system design and sizing

3.2.1. Battery Parameters
e Battery Voltage

Chemical processes in the battery, the concentrations of the parts, and
polarization all play a role in determining the single cell open circuit voltage. The
nominal voltage is the output voltage when the battery is balanced, which is also
known as the recorded voltage across an open circuit.

You can get increased voltages by connecting more than one cell in series. For
example, connecting 6 cells with a 2 V voltage in series will make a battery bank
with a 12 V voltage.

e Change in voltage with discharge.

At the time of discharge, the output voltage changes because it depends on how
charged the battery is. This change could be because of the discharge conditions,
the concentration levels, or the polarization. We can see how the voltage changes
with charging time for different types of batteries in Figure 12.
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Fig. 3.1 Variation of voltage with discharge time [48]

e Cut-Off Voltage

Many types of batteries, like lead acid batteries, can't be discharged below a
certain limit. If they are, they could get permanently damaged. This voltage
is called "cut-off voltage". it changes based on the battery type, temperature, and
rate of discharge.

e Effect of Temperature on Voltage

The Nernst Equation can be used to find the equilibrium battery voltage, which
shows that the voltage of the battery will rise as the system temperature rises.

e Battery Charging and discharging parameters.

How the battery works changes based on how many times it has been charged
and discharged.

e Battery state of charge (BSOC)

One of the most important things about batteries is their battery state of charge
(BSOC). This is shown by the amount of energy that can be used as a share of the
total battery capacity. As an example, a battery with a BSOC of 80% and a stated
capacity of 500Ah will store 400Ah of energy.

e Depth of discharge (DOD)

As previously stated, the battery shouldn't be completely dead. Because of this,
there is a measure called depth of discharge (DOD) that shows how much energy
can be taken out of the battery. The manufacturer of the battery gives the DOD
number that doesn't shorten the battery's life. Using DOD numbers higher than these
will shorten the battery's life and make it less powerful. If the voltage of the battery
is low, on the other hand, it will have a deeper drain for the same amount of energy
used.

22



UNIVERSITY OF DEBRECEN
FACULTY OF ENGINEERING
DEBRECEN DEPARTMENT OF MECHANICAL ENGINEERING

UNIVERSITY of

e Rates of charging and discharge

Charge and discharge rates are measured in amperes, which are coulombs per
second and show how much energy is added to or taken away from the battery in
each amount of time. In other words, it tells you how long it takes for the battery to
fully charge or discharge.

Usually, this rate is shown as g

Where C = battery's volume
x = number of hours it needs to charge or discharge.

e Battery Efficiency

Battery efficiency is an essential aspect. The result is determined by two factors:
coulombic efficiency and voltage efficiency. The overall efficiency of the battery
is the multiplication of the two individual efficiencies.

The term "Coulombic efficiency” refers to the efficiency of a system in
converting electrical charge into a desired chemical reaction or process.

The coulombic efficiency (nc) is the proportion of charge that is successfully
recovered during the discharge of a battery, compared to the amount of charge
pumped into the battery in its charging process. The efficiency may diminish
because of losses caused by secondary reactions, such as water electrolysis. The
coulombic efficiency typically ranges around 95% and can be calculated using the
following equation:

[ 1, dt
Te = L1, dt
Where t; = discharge time
I; = discharge current
t. = charge time
I. = charge current
Voltage efficiency

The voltage efficiency (nv) is defined as a ratio of the average voltage while
discharging (Vd) divided by the average voltage while charging (V¢).

Va
Ve
The global or round-trip efficiency of the battery can be:

Ny =

Np = Mylc
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3.3. Calculation Steps:

To calculate the energy demand using a case scenario of three rooms flat for a
standard multi-class household in Debrecen below is the list of appliances and their

power rating:

Appliances Power Quantity | Total power | Back up time | Total energy
rating (W) (Hrs) demand(W/hr)
TV set 60 1 60 8 480
Refrigerator(30 | 150 1 150 18 2700
0l
heater 200 1 200 8 1600
Lighting bulbs | 15 10 150 8 1200
miscellaneous | 30 1 30 4 120
Electric cooker | 1000 1 1000 2 2000
Total 1590 8100
instantaneous
Power

The energy demand = 8100W/h
Adding 20% system losses = 9720W/h

3.3.1. Solar module sizing

To size the solar system, an average sunlight time must be known, in this study,
the lowest season of sunlight production will be considered. In winter, we have an
average sunlight hour of 3 to 2.5 hours daily. So, dividing the total energy demand
by sunlight hours gives the number of modules needed.

9720
3 = 3240W

This means 3240W is the total wattage of PV modules needed. With regards to
the framework of the SEP’24, the power of the solar panels can be a maximum of
120% of the power of the inverter, which means a solar panel of maximum of 6kW.
Using 400watts panels,

3240
400

8 panels of 400watts each are needed to give a power output of 3240W.
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3.3.2. Inverter Sizing

The inverter's capacity is typically determined by the total instantaneous power
required. In an ideal or worst-case scenario, where all appliances are running
simultaneously, the inverter should be able to power all appliances at once.
Although it is unusual for all gadgets to be running at the same time, it is best to
consider this extreme scenario when sizing a solar system.

Inverters do have inherent losses and exhibit a certain level of efficiency.
Therefore, it is important to consult the inverter manufacturer to obtain accurate
information regarding these parameters. The inverter efficiency refers to the rate at
which direct current (DC ) power is transformed into alternating current (AC)
power. In this scenario, it is generally recommended to use 50% if the efficiency of
the inverter from the provider at the specific location is not known. The inverter
size required can be determined by dividing the total instantaneous power by the
inverter efficiency of 50 percent.

1590 _ 3180W
05

An inverter of 3500W is good since there are no inverters of 3180W, it’s better
to choose the next available bigger inverter.

3.3.3. Battery Sizing
A simple calculation is used to estimate its size.

Battery capacity
energy demand X autonomy days X temp.compensation factor

Load subsystem ef ficiency X DoD (%) X DC voltage

3.3.3.1. Estimate System Losses

Sometimes we think we have an efficient appliance, but still there are losses that
needs to be accommodated because more energy than the system needs will still be
generated and some of the energy is lost in conversion, whether it's from DC to AC,
from electrical energy to chemical energy such as a battery or transmission over a
wire. There are also losses on the generation part of the solar system, but the focus
here will be on the load subsystem efficiency which includes:

e round-trip battery efficiency
e wiring loss and
e conversion efficiency.

e round-trip battery efficiency

As known, no battery is 100% efficient, a round-trip efficiency factor is usually
used to find out how much energy a battery keeps after it's been charged.
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When a battery is charged and discharged, some power is lost. The round-trip
efficiency for a lead acid battery is usually around 85%, while the round-trip
efficiency for a lithium-ion battery is usually around 95%. These loss estimates are
just based on the chemistry of each battery; for example, lead acid batteries usually
work with lower electrical currents and take longer to charge.

/ Lead-Acid \

Charge Discharge Charge 95 Discharge
Losses Losses Losses 100 100 =95% < : Losses

\ j —

For this example, a lead acid battery has a round trip efficiency of 85 percent
which corresponds to a factor of 0.85.

a. wiring loss

Looking at cable losses that might happen as the electricity moves from the
battery bank to the converter and back to the electrical wire. The voltage drops
across a wire depends on how long it is, but we usually want less than a 2% to 3%
voltage drop across the circuit. For this example, we'll say that the wire is 97 percent
efficient, which is written as a factor of 0.97.

e Conversion efficiency

It takes a battery inverter to change the relatively low voltage of a battery bank
to the standard AC voltage of 120 or 240 volts. Depending on the load level, battery
inverters are usually less efficient than solar inverters, with efficiencies ranging
from 92 to 94 percent. So, let's say the battery inverter in our AC-coupled system
has 92% efficiency. Now, we'll add up all these system losses into a single factor.
To do this, we'll multiply 0.95 for the round-trip efficiency by 0.97 for the wiring
losses by 0.92 for the conversion efficiency. This gives us an overall load subsystem
efficiency of 85%, or 0.85.

roundtrip ef ficiency X wiring losses X conversion ef ficiency
= load sussystem ef ficiency

0.95x 0.97 x0.92 = 0.85
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3.3.3.2. Choose a system voltage.

Most off-grid battery banks are either 12, 24 or 48 volts. 12-volt systems are
generally used with smaller maximum demands while 24- and 48-volt systems
provide the widest options. While higher voltages are available, we'll consider
these smaller system voltages in this research since we have a relatively small
energy demand of about 22 and a half kilowatt hours per day.

How is the voltage used in a system decided?

The first consideration may be what voltage the electrical loads are using, if a DC
load having a specific voltage like 12 volts is directly powered, then a 12-volt
battery bank is needed.

12v 12v = A

24\ 12y

1. The same voltage 2. Higher voltage

Higher voltage systems like a 24-volt system can't run 12-volt appliances without
a converter, and that may increase the cost of the system.

If an inverter is being used on the other hand to convert from DC to AC, then the
inverter may require a certain voltage coming from the input and higher outputs
from the inverter generally require higher DC inputs. A 2000-watt inverter for
example, may be available in 24-volt DC while a 6000-watt inverter may require
48-volt DC.

The solar array must also produce a higher voltage than the battery bank, a 12-volt
solar panel for instance generally can't be used with a 24-volt battery.

24\
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It is important to note that a 24-volt charge controller could be half the size of a
12-volt controller, which may reduce costs. So, if the solar panels are relatively far
from the battery bank, then the gauge of the copper wire could be reduced by
using a higher voltage, this is because of higher voltage levels. result in a lower
electrical current. So, if large loads are being pushed and have a 24- or 48-volt
system then a smaller less expensive wire could be used to reduce the cost of the
system.

With these considerations in mind, a nominal 24volt battery bank will be
considered.

3.3.3.3. Days of Autonomy

The duration of time we want to run the electrical appliances using the battery
bank during periods of low solar radiation, commonly referred to as days of
autonomy, is a measure of how many days we expect to have no or limited sunlight.
This ensures that sufficient power is obtained to sustain the electric loads, even
when solar output is reduced.

A perfect timeframe usually ranges from three to five days. When determining
the days of autonomy, it is important to examine several criteria, including the
historical weather data specific to your locality. You may observe that your website
experiences consecutive periods of inclement weather lasting for three, four, or even
five days.

If a shorter duration is selected, but a longer period of self-sufficiency is chosen,
the cost of the system may significantly increase.

In this scenario, we will choose a three-day autonomy period that will ensure an
ample reserve of power for the specific application and location at present.

3.3.3.4. Thermal Losses

Itis vital to know that some losses are due to heat because that 25 degrees Celsius
cell temperature is unlikely unless it is in a very cold place to be true on a sunny
day. Even in wintertime, panels heat up about 25 to 35 degrees above the ambient
temperature. So, this is wintertime here in Debrecen, where the daytime
temperatures are hovering around -5 to 10 degrees. So, in fact, the losses are quite
small, and the winter season is a kind of a bonus for this design. But if it is in a
hotter climate, the losses will be higher. It's in the data sheet for the solar modules.

Although batteries are usually rated at 77°F or 25°C, their capacity tends to
decrease at lower temperatures. To address this, a battery temperature
compensation factor can be utilized, which can be found in the manufacturer's
specifications or other resources such as the IEEE standard[49].
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Temperature Battery Temp
(°F) (°C) Multiplier
80 26.7 1.00
70 21.2 1.04
60 15.6 1.11
50 10.0 1.19
40 4.4 1.30
30 -1.1 1.40
20 -6.7 1.59

Fig 3.4.5 Temperature correlation factor [49]Error! Reference source not
found.

For this example, storing lead acid battery in a room having an average winter
temperature of 50°F. This temperature corresponds to a temperature correction
factor of 1.19.

3.3.3.5. Depth of discharge

The depth of discharge refers to the extent to which the battery bank can be
drained. Batteries are not intended to be fully discharged, and their lifespan
increases when they are drained less. Battery makers typically include a depth of
discharge chart for each battery.

Number of Cydes

Depth of Discharge

Fig. 3.4.6 Depth of discharge versus life cycle [4]

Lead acid batteries are often acknowledged to have a maximum depth of
discharge of 50 percent, whereas lithium-ion batteries can be discharged to
approximately 85 percent of their rated capacity without experiencing significant
deterioration in their lifespan. A lead acid battery with a power output of 1000
watts, for instance, typically provides approximately 500-watt hours. In contrast, a
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lithium-ion battery can deliver around 850-watt hours. Consequently, to achieve
the same capacity, a greater quantity of lead acid batteries may be required.

( Lead-Acid \
1 1

50% l

.3 J

However, there is a trade-off between battery longevity and size. Although a
larger battery may be more costly, it has the potential to last longer due to a
smaller percentage of its capacity being depleted. For certain lead acid batteries,
considering a maximum depth of discharge of 50 percent, which can also be
expressed as a factor of 0.5.

3.3.3.6. Battery sizing

o Lead Acid Option
A simple calculation is used to estimate its size.

Battery capacity
energy demand X autonomy days X temp.compensation factor

Load subsystem ef ficiency X DoD(%) X DC voltage

Where,
Energy demand = 8100Wh
Autonomy days = 3days
Temperature compensation factor = 1.19
Depth of discharge = 0.5
Voltage = 24V
Load subsystem efficiency losses = 0.85

8100Wh x 3d x 1.19

Battery capacity = 085 < 05 X 24V — 2835Ah

The lead acid battery equals a total usable battery capacity of 2835 Amp hour.
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The determination of the quantity of batteries required for this application can
be simply made, as battery capacities are commonly expressed in amp hours by
manufacturers.

For this situation, we could choose a set of 12-volt 215-amp hour lead acid
batteries. The aggregate battery capacity of 2835-amp hours is divided by the
individual rated capacity of each battery, which is 215-amp hours.

This implies that approximately 14 of these batteries are required to supply
power to all electrical loads with a backup duration of three days. However, this
solution is somewhat costly, each cost $69.99 close to 24,500huf, that is a high
price.

o Lithium-lon Option

e For Lithium-ion batteries, considering a maximum depth of discharge of
85 percent, which can also be expressed as a factor of 0.85.

e Also, according to the wiring regulations AS/NZS 3000, it is
recommended that there should be a maximum voltage loss of 5% to the
highest point of a circuit. In this design, I am deliberately selecting the
most unfavorable situation, a whole 5% decrease in this wiring system, so
it is 0.95 for a voltage drop of 5%. Therefore, the load subsystem
efficiency will be calculated as follows:

roundtrip ef ficiency X wiring losses X conversion ef ficiency
= load sussystem ef ficiency

0.95x0.95 x0.92 =0.83

This shows the fact that around 17% of the energy is lost throughout the process
of charging a battery and then discharging it through the transmission of energy
across a cable, as well as the conversion from direct current (DC) to alternating
current (AC).

o For the thermal losses in this option, assuming the battery is stored in a
room having an average winter temperature of 40°F/4.4°C. This
temperature corresponds to a temperature correlation factor of 1.30 from
fig 3.4.6.

Battery capacity
energy demand X autonomy days X temp.compensation factor

Load subsystem ef ficiency X DoD (%) X DC voltage

Where,
Energy demand = 8100Wh
Autonomy days = 3days
Temperature compensation factor = 1.30
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Depth of discharge = 0.85
Voltage = 24V
Load subsystem efficiency losses = 0.83

8100Wh x 3d x 1.30

Battery capacity = 083 <085 X 24V — 1866Ah

The lithium-ion battery equals a total usable battery capacity of 1866 Amp
hours, which will equal 5 pieces of a 400Ah battery.

But, instead of increasing the size of the battery bank, which is more costly than
solar panels, it is recommended to increase the size of the photovoltaic (PV) system.
This is because a larger PV system reduces the dependence on batteries. that is to
add additional solar capacity to the system as opposed to adding battery capacity.

Also, reducing the battery capacity by having more renewables helps to rapidly
recover with the low cost of solar panels. It's becoming much more achievable to
oversized PV systems. The more PV you have in a way, the less reliance on the
batteries.

3.4. Amount of energy produced.

The electricity output of solar systems is unpredictable, with higher production
during sunny summer months and decreased production during gloomy winter
months when household energy consumption tends to be higher. There are four
primary factors that will determine the amount of energy that solar panels will
generate:

The amount of sunshine

Features of the panel and the system altogether
The house roof.

The lifespans of the panel

o O O O

The amount of sunshine is an important component of the power that is generated
by a solar panel. The amount of electricity generated by the panel is directly
proportional to the amount of sunshine it receives. For example, in Hungary, we
have about 2.5 — 3hours of sunlight in winter and 9.48hours in summer (June)
according to the world data record [50]. While a 400watt panel can generate
1kWh in a day during winter, it will generate 4kWh in summer.

Also, not all roofs are suitable for solar installations. To optimize solar production,
it is advisable to place solar panels on rooftops that are not shaded and ensure that
they are free from any debris. The most effective positioning for solar panels is on
rooftops facing south, as this layout maximizes energy production.

In the case scenario and calculations above, a 400-watt solar panel was installed.
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e During summer, Hungary have approximately 9.5 hours of sunlight per
day. This implies that this panel would generate 3,800 watt-hours of
power daily. Electricity is often quantified in kWh, so to get the value
in kWh, dividing a total of 3,800 watt-hours by 1,000, resulting in
3.8kWh.

400 x 9.5 =3800Wh
3800 =~ 1000 = 3.8kWh per day
3.8 x 30days = 114kWh per month
3.8 x 365days = 1387kWh per year

e In winter when there is approximately 2.5 — 3 hours of peak sunlight
daily. The panel generates:
400 x 3 =1200Wh
1200 = 1000 = 1.2kWh per day
1.2 X 30days = 36kWh per month
1.2 x 365days = 438kWh per year

This is a simplified method of determining how much electricity a solar panel
generates. The actual amount will vary each day, even hourly, depending on all the
factors stated above.

Consequently, during the winter, a normal household generates an insufficient
or low amount of electricity to meet its needs, while during the summer, it creates
excess. Under optimal conditions, any excess can be supplied to the national power
grid, a process referred to as feed-in.

From the beginning of the year 2024, 93 percent of the circuits in Hungary will
be able to be connected to the grid for the purpose of providing electricity to
households or the small power plants that they operate [46].

For example, during summer, there will be more sunlight hours which in turn
result in more solar power production, when an individual or company generates
more power than they use, the extra energy can be put back into the grid. This
opportunity is available to both individuals and businesses. There are rules or
regulations in place in numerous markets that make it possible for residents or
companies to receive compensation for the power that they input into the grid. This
compensation is often provided at a predetermined rate that is referred to as the
feed-in tariff.
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4. CALCULATIONS OF POWER TO GAS
STORAGE OPTION FOR MOBILE AND
STATIONARY USES

A process called "power-to-gas" (P2G) turns electrical power into gaseous
energy carriers like hydrogen or methane. This process has gotten a lot of attention
because it could help with grid balance and energy storage, has the capacity to
improve energy security and decrease operational expenses in connected energy
center [51]. P2G technology offers several energy services, such as energy storage,
extra support services for the electrical grid, and the production of hydrogen for
industrial processes and transportation fuel. There are a lot of technical and
economic issues to consider with this process, as well as possible uses in new
electrical systems.

4.1. How it works?

The following steps explain the processes involved in power to gas technology.

e FElectrolysis

During this stage, electricity is used to separate water (H20) into hydrogen (H-)
and oxygen (O2) via the process of electrolysis.

The electrolysis reaction can be represented by the equation: 2H-O + electricity
yields 2H: + Oo.

e Hydrogen production:

The generated hydrogen can be utilized immediately or stored for future use.

Hydrogen is an environmentally friendly and flexible element that can be utilized
in diverse sectors such as transportation, manufacturing, and electricity production.

e Methanation (Optional):

Methanation is a process used in certain Power-to-Gas systems where hydrogen
and carbon dioxide (CO:) are mixed to form methane (CHa).

The chemical reaction is as follows:
4H> + CO2 — CHa4 + 2H-O0.

e (as grid injection or storage:

If the produced hydrogen or methane is compatible with the existing
infrastructure, it can be fed into the natural gas grid.

Alternatively, the gases might be stored for future utilization during periods of
increased energy demand.
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e Utilization of Hydrogen:

Hydrogen generated by Power-to-Gas can be utilized directly in diverse
applications, including fuel cells for electricity production or in industrial
operations.

e Means of conveyance:

Hydrogen generated can serve as a pristine fuel for hydrogen fuel cell
automobiles, offering a sustainable transportation alternative.

e Carbon Capture and Utilization (CCU):

When carbon dioxide is captured from industrial operations, it can be chemically
mixed with hydrogen to create synthetic fuels or chemicals using Carbon Capture
and Utilization (CCU) methods.

Power-to-Gas technology is essential for incorporating renewable energy
sources into the current energy infrastructure. It allows for the storage and
utilization of excess energy during times of less demand.

Primary Energy Source

Conversion

Biogas or Biomethane

A}

H2

Solar or wind are used Electricity Electrolysis

to produce electricity Through a process called elecirolys

electricity

nto hydregen end oxygen

Fig. 4.1 How hydrogen is produced [52]

Hydrogen Fuel cells that use have attracted considerable interest for their ability
to offer safe and effective energy options in various applications, whether mobile
or fixed. Hydrogen fuel cells have a high mass-specific energy density, which
makes them appropriate for buses, lorries, trains, forklifts, ships, and automobiles
[53].
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Mobile uses (Cars)

What is the power consumption of an average car user? A typical car uses an
average of 40kWh and 30kWh for jets flight daily. Once we have obtained the
conversion costs, we can perform basic arithmetic calculations:

energy used per day
_ distance traveled per day

= 5 it l
distance per unit of fuel energy per unit of fue

Designing a fuel-cell hydrogen system for a vehicle requires careful evaluation
to achieve the best efficiency and effectiveness. The power output needed for the
fuel cell technology is determined by parameters such the vehicle's size, required
speed, distance travelled, and extra energy requirements such as cooling, lighting,
and digital devices. The power produced by a fuel cell system for a passenger car
usually falls between 50 to 150 kilowatts.

Hydrogen fuel is stored either in gaseous, liquid, or solid states. But the most
used and preferable is storing using compressed gaseous state. To calculate and size
the power to gas technology, below are the steps that must be taken.

4.2. Steps to Calculate Power-to-Gas technology:

e (Calculate the electrical power input.
o Determining the power supply to the electrolyzer, is an essential element
in Power-to-Gas system.
o Collect data on the electricity usage during the electrolysis procedure.

e Efficiency of the electrolysis process:

» Calculate the electrolysis process efficiency by comparing the energy
intensity in the gas output to its electrical energy source. This requires
analyzing the electrolyzer's efficiency curve across various operating
situations.

36



UNIVERSITY OF DEBRECEN
FACULTY OF ENGINEERING

UNIVERSITY of

DEBRECEN DEPARTMENT OF MECHANICAL ENGINEERING
0.6
-
[&]
c
2
9
-
-
= m
-
0.5 *
20 40 60 20 100

Power [% P ]
nom

Fig. 4.2 Electrolyser efficiency as function of power input [54]

e Hydrogen or methane generation:

Determine the quantity of hydrogen or methane generated by the electrolyzer,
considering parameters like reaction kinetics, efficiency, and gas composition.
While also determining the energy component of the generated hydrogen or
methane which involves considering the lower heating value (LHV) of the gases,
which indicates the energy produced during combustion.

o Total Efficiency:

Determine the total efficiency of the Power-to-Gas process. This encompasses
the electrolyzer's performance, compressed gas efficiency, and other system losses.

e Economic Evaluation:

Consider economic aspects including the price of electricity, the initial
investment in the electrolyzer, as well as additional operating expenses by
performing a cost-benefit study to evaluate the financial viability of the technology.

e Sustainability Consequences:

Assess the environmental consequences, including releases of greenhouse gases,
if the power utilized in the operation is not sourced from renewable sources and
examine safety concerns of hydrogen generation, storage, and use.

There are a few challenges involving hydrogen. Hydrogen is a less feasible
energy storage option compared to other liquid fuels due to its large volume,
whether stored as a highly compressed gas or as a state of liquid (which needs to be
kept at a temperature of -253°C). At an operating pressure of 700 bar, which
necessitates a robust pressure carrier, its energy density is 22% of gasoline's energy
density. The cryogenic tank of the BMW Hydrogen 7 weighs 120 kg and can hold
8 kg of hydrogen [55].
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5. CALCULATIONS OF PHYSICAL
ENERGY STORAGE OPTIONS

Physical energy storage options include the use of flywheel, pumped hydro, and
compressed air energy storage. Mechanical storage options are mostly used as
stationary energy storage on a large scale and structures.

5.1. Operational techniques of a flywheel energy
storage system

A flywheel energy storage system (FESS) is a form of mechanical technology
for storage. Its primary feature is its lack of environmental contamination, high
density of energy, and high efficiency in converting energy into electricity, making
it a long-lasting energy source. The function of the FESS mainly involves the
charging and discharging of electricity energy, as well as the upkeep of operational
mode. When the gadget is charging, the motor will be active and can only supply
current to the flywheel. The components of the flywheel are currently operating at
a rapid speed Hence, the electrical energy generated by the solar cell is transformed
into kinetic energy stored in the flywheel unit.

Fixed Support
Structure

(o)
)

Bearing

claetncal
to mechanical
encrgy
converter § (@O e

Motor or -

Generator

Fixed Support
Structure

Fig. 5.1 components in an FESS [56]
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When the FESS is in the electricity output state, the motor will make a transition
to the electric energy output state. Currently, the FESS will achieve peak
operational efficiency, causing the motor to begin rotating. Simultaneously, it will
transition into braking mode. The kinetic energy stored in the flywheel will be
converted into electrical energy.

5.2. Sizing a flywheel

Flywheels are growing into the preferred choice for energy storage systems
compared to electrochemical cells in large scales [57] because they offer a greater
capacity for energy, longer duration, predictable state of charge, and
environmentally friendly operation. The mechanical efficiency of a flywheel is
influenced by three main factors: material strength, mechanics, and rotational
speed.

» Material strength

In flywheel energy storage devices, the material needs to be strong enough to
handle the mechanical stresses and loads that happen during the energy storage and
release cycles.
The materials used in flywheel energy storage systems must be very strong to make
sure they are stable, reliable, and good at saving and releasing mechanical energy.
To handle the centrifugal forces and high turning speeds that happen during
operation, the material needs to be very strong.

» Mechanics

The design of the flywheel covers its shape, size, and distribution of force,
Ensuring the flywheel is properly balanced and controlling vibrations are crucial
for ensuring stability while on function, which can affect the energy storage
capacity. It is crucial to optimize the basic structure to achieve desired energy
storage capacity while ensuring stability.

» Rotational speed
The speed at which the flywheel rotates affects its ability to store energy. Greater
rotational speeds result in larger energy storage capacity because of the increased
kinetic energy of the spinning mass. It is crucial to weigh the benefits and
drawbacks between rotational speed and the risk of higher wear caused by friction
on the flywheel parts. It is essential to find the ideal balance to maximize energy
storage efficiency.

The flywheel's potential to rapidly charge to its maximum and provide
considerable energy quickly makes it ideal for applications that experience frequent
fluctuations, such as compensating for differences in wind or solar energy. They
have been utilized in experimental and grid applications to meet an unexpected
demand for energy. The use of flywheel to supply power to the electrical start unit
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of a ship. and its multiple benefits and variety of applications have been examined
[11].

The flywheel spinning speed makes it possible to classify FESS into two
categories, the low speed and high-speed flywheel.

Table 6. characteristics of types of flywheel speed [57]
Note: The values are mostly based on the design considerations

Properties High speed FESS Low speed FESS

Rotational speed Higher speeds because they are | Lower speeds, they are made

often constructed from | from steel which ranges from
composite, it can reach up to | 450-400r/s
700r/s based on design

specification

Energy
capacity

storage | Higher capacity e.g a flywheel
design that uses lightweight
composite materials and has an
energy storage capacity of 800
Wh at a rotational speed of

35,000 RPM [58].

Lower capacity, it ranges from a

on the size and design

Applications Used in rapid storage
applications like in aerospace

industry

Suitable for moderate storage
applications in power quality

Efficiency Known for higher efficiency May have lower efficiency

Design complexity | Require more sophisticated

designs and materials

Generally simpler

Mechanical or combined with
magnetic

Bearings Magnetic

The advantages of utilizing flywheel storage come from its efficient utilization
and should be aligned with the specific utility needs it is meant to fulfill. For
instance, if the sizing is to regulate the frequency, then it must be done with respect
to the frequency fluctuation in the system because of the integration of renewable
sources. If the generated power from the PV needs to be adjusted, an amount of
energy is transmitted to the grid and the FESS handles the rest.

The size of a FESS can be categorized into power sizing and energy sizing.
Power sizing is the maximum power output or charging capacities in watts needed
from the FESS under any operational situation, while energy sizing is the watt-hour
amount of energy that could be stored. The energy stored within the flywheel could
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be affected by adjusting the flywheel's design. This is influenced by inertia and the
rotational speed of the flywheel.

The retrievable kinetic energy stored in a flywheel can be calculated as:
AE = % X I X (w? max — w?min)
I = moment of inertia
w = angular velocity/speed
w?max = maximum flywheel speed
w?min = minimum flywheel speed

The flywheel, with moment of inertia I, rotates at an angular velocity ,
accumulating energy from its motion AE. The moment of inertia is determined by
the weight of the flywheel and its structure, which is the square of its radius. The
electrical device converts kinetic energy into electricity and vice versa while
moving the flywheel. If the spinning speed of the flywheel rises, then it generates
electricity. The motor drives the flywheel, and it can sustain rapid acceleration only
if the motor's spinning torque exceeds the device's frictional force, indicating the
key role of the design of the rotor in the FESS.

Table 7 Applications and advantages of using FESS [45].
Applications Advantages

Uninterrupted They may rapidly provide stored energy to bridge
power supply (UPS) temporary shortages in case the primary source of
energy malfunctions, making them well-suited for
essential systems such as hospitals, information
technology facilities, and factories.

Public In electric trains or trolleys, FESS can store the
Transportation system | energy produced while braking and later use it for
accelerated speed or other energy requirements,
enhancing the system's efficiency, compared to battery
storage which has a lower efficiency due to internal
resistance and heat exchange.

Energy demand FESS can store energy for use during off-peak hours
balance and release it when demand is high. This can help
businesses whose power needs are unpredictable by
lowering their peak demand.
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Applications Manufacturing operations such as the use of electric

requiring high power | arc furnaces or cutting using lasers might benefit from

for limited time. FESS since they effectively provide bursts of high
power.

Frequency FESS can instantly release or absorb energy, which

regulation contributes to grid stability by keeping the frequency
stable.

Although, keeping a mass in motion at extremely high speed is a difficult and
costly operation that calls for smart engineering and cutting-edge materials like E/S
glass fiber/resin, Kevlar, Aluminum alloy etc. Additionally, FESS still has a
decreased energy-to-weight ratio compared to other storage solutions, which makes
it impractical for use in mobile applications.

5.3. CAES and PHS Sizing challenges

Designing a compressed air energy storage (CAES) system is difficult because
it is both huge and stationary, as it is complicated to accurately determine the
dimensions of volumetric compressors required for grid-scale uses. The lack of
mobility in CAES systems adds complexity to their sizing, as these systems are
fixed in place and necessitate specific geological formations for beneath the surface
storage, which restricts their installation options and flexibility [59].

To tackle these obstacles and optimize the potential of CAES techniques for
grid-scale applications. Extensive planning, design, and incorporation plans are
required to subsidize the challenges involved in sizing CAES systems resulting
from their large size and immobility.

Similarly, sizing pumped hydro is a complex process that requires consideration
of technical, economic, geographical, and operational constraints. By thoroughly
examining these parameters and using intricate simulators and modeling tools, it is
feasible to address the challenges related to determining the appropriate size of
these energy storage devices.
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6. CALCULATIONS OF THE
COMBINATIONS OF ENERGY
STORAGE OPTIONS

Hybrid energy storage systems (HESS) provide a flexible solution to tackle the
difficulties of energy storage by combining several storage technologies or
renewable energy sources to achieve the most effective results and capacity in a
range of applications. A popular approach is to combine a high-capacity energy
storage device with a long reaction time, such as a battery, with a high-power
storage device that has a quick response time, such as a supercapacitor.

The incorporation of diverse storage design offers a multitude of advantages and
possibilities for a wide array of applications.

An important benefit of HESS is their capacity to integrate the advantages of
several storage technologies. Battery-Supercapacitor HESS have been created to
combine the high energy density of batteries with the high power density of
supercapacitors, resulting in enhanced efficiency and productivity [60].

Moreover, the adaptability and a variety of uses of a hybrid system makes it
appropriate for a range of applications. Hybrid energy storage solutions provide
unique structures and control methods to fulfill the energy storage needs of many
applications, ranging from distinct microgrids with DC to railway systems and
electric-powered automobiles. To enhance energy storage qualities, these systems
commonly incorporate batteries combined with supercapacitors, lead-acid batteries
together with lithium-ion batteries, or alternative combinations.

Energy supply

Energy bus I i

Converter 1 I Converter 2 |

Energy demand

-----------------------------

Bieroy Storage Storage
nergy
Management (ESE) g (ESD '

Fig. 6.0 The basic set-up of HESS [61]
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It is vital to note that selecting proper HESS combinations depends on various
criteria, including the integration aims of the storage, the expenses associated with
the storage, the geographical location, and the extent of storage space, and also the
control strategy for a HESS is more intricate compared to a single form of
storage due to the necessity for a combined control system that considers the
distinct features of various combined storage technologies. ESS technology can be
high-power or high-energy. High-power storage systems supply energy quickly.
Out of all ESS devices, SMES, supercapacitors, flywheels, and high-power
batteries are included in this category. On the other hand, storage technologies
provide energy for a greater duration. This technology includes pumped hydro,
CAES, fuel cells and high-energy batteries. This classification classifies ESS
technologies in Table 6. Battery has an extensive characteristic which qualifies to
be used in both high power and high energy devices.

Table 8 Classification based on high power and high energy.

High power devices High energy devices
(fast response) (slow response)
Supercapacitor Pumped hydro
Flywheel CAES

SMES Battery

Battery Fuel cell

The high-power device is designed to fulfil short-term power requirements,
while the high-energy device was created to respond to long-term energy needs.
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Hybrid Energy Storage Technologies
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Fig. 6.1 Potential combinations of HESS [62]

The time axis, ranging from t = 0 to 1 year, is depicted on an exponential scale
that spans from 1 to 7.5. Supercapacitors and flywheels, which are short-term
storage devices, typically have a discharge time ranging from a few milliseconds to
a few minutes. The mid-term storage, or batteries, typically have a discharge time
that can range from a few minutes to several hours. The discharge rates, also known
as C-rates, for lead acid batteries typically range from 10 hours (0.1C), while
lithium batteries can discharge at an average pace of two hours (0.5C). Long-term
storage devices, such as flow batteries or fuel cell hydrogen systems, possess a high
energy density and are capable of discharging over a range of several hours to many
days.

The requirement for sizing a hybrid system includes:

e Energy usage profile: Recognize the energy demand characteristics of the
utilization, which includes the maximum power needs, the lifespan of storage
devices, and frequency of cycles.

e (Capacity for storing energy: Calculate the necessary energy storage required to
satisfy the energy requirements of the usage during demand peak or when
sources of sustainable energy are not accessible.

e Electrical power output: The system's power output requirements encompass
the maximum power output and the rate at which energy is dissipated.
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e Time of response: To determine the necessary response time for the storage
system to effectively supply power or use surplus energy in line with
fluctuations in demand or the supply of renewable energy.

e Limitations on space and weight: Consider any space or mass restrictions when
implementing the energy storage system, particularly in mobile or space-
limited scenarios.

¢ Financial limitations: Determine financial limitations and assess the efficiency
of various energy storage methods and setups.

6.1.
systems cmbination

Summary of literature on sizing of storage

Table 9 Research summary on storage options combinations.

Hybrid storage Power supply  |Application Optimization approach Ref.
[63]
Lithium-ion battery EV, Grid, [64]
+ supercapacitor PV microgrid, Dynamic programming | [65]
Pumped hydro + Genetic algorithm, grey | [66]
battery PV, wind wolf optimizer [67]
PV, wind, mixed integer linear
Battery + battery biogas EV programming [68]
standalone
multi-micro
Battery + TES grids Evolutionary PSO [69]
lead acid + lithium
polymer + flywheel
+SC driving cycles Mathematical algorithm | [70]
Battery (lead acid) + flexible design based on
SMES PV Residential use | expected load [71]
Battery + | 3-phase,4-wire Smart energy
Ultracapacitor PV Smart grid management algorithm | [72]
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6.2.

Battery and SMES hybrid storage technology

Considering battery and SMES combined technology, the electrochemical
battery is considered the most prevalent energy storage technology because of its
excellent combination of high-energy density, rapid response speed, and
affordability. Nevertheless, if the battery is subjected to frequent and rapid
charging/discharging cycles, together with high charging/discharging rates
resulting in high-current peaks, it will experience a notable decline in its overall

lifespan [73].

ke

SMES

&

Table 9 Pros and cons of the SMES and battery combination [73]

millisecond range.

quite expensive.

system that can be

SMES BATTERY (lead acid)

Pros Cons Pros Cons
It offers rapid It needs a Cost Limited life
response times in the | refrigeration effective cycle (1200-1800)

a high efficiency
of over 95%

demand
complex
maintenance.

High
energy density
(30-50W/kg)

Big and bulky

delivers high
power (multi-MW)
range.

Developing
large-scale
technically
challenging

a
is

Perfect for
extended
periods  and
high  energy
demands

Eco unfriendly

a long cycle life
and allows for four-
quadrant control.
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Due to the reduced lifespan, the expenses for maintenance and replacement are
elevated. On the other hand, the SMES is a developing Energy Storage
Technology that relies on the phenomenon of superconductivity in certain
materials. It has attracted interest because of its distinctive characteristics.

When comparing these two technologies, it's important to note that SMES offers
a high-power density, making it ideal for delivering immediate and substantial
power. On the other hand, batteries have a relatively high energy density, making
them well-suited for applications that require sustained and significant energy over
a longer period. The SMES regulates frequent and immediate power changes, while
the battery is designed to manage long-term changes. One can maximize power and
energy performance by fully harnessing these benefits.

A model of a wind powered grid connected with an SMES + battery HESS [74]
iIs presented in fig. 6.3 below:
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Fig 6.3 Flow direction model [74]
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According to the directions in a, the dynamic power balance can be expressed as
Psource + Ps + Pg +Pgrid =0

Where, Psource 1S the source power output, Ps and Py is the power transfer from
both the SMES and battery pack.

DC/AC converters have two main types: voltage source converter (VSC) and
current source converter. VSC is frequently used for energy balancing and voltage
or stability of frequency because it provides continuous voltage control. The VSC
Is used as a grid-side DC/AC converter to control power transfer swiftly and
effectively in each quadrant. SMES coil voltage is regulated by a DC chopper
because it is a DC source. Since the battery has a fixed voltage, a boost converter
regulates its current. VSC and two DC/DC converters get voltage from the DC link
capacitor. This setup has the benefit of the SMES DC chopper and battery
buck/boost converter working standalone on their power commands (PS and Pb)
from the system-level control plan, making the control approach feasible. This
setup greatly separates ES devices from the power system and saves them from
power disruptions.

An important parameter in calculating the energy output is the state of charge
(SoC) because an appropriate charge and discharge strategy can boost cycle
efficiency and lifespan.

It is calculated every time by [74]

P
Eini + fot (nchpch - nZiz) dt

Soc =

Emax

Where E;,; is the initial stored capacity, E,,,4, iS the maximum storage capacity,
P, and P, are the charge and discharge power values, ., and n,4;¢ are the charge
and discharge value of efficiency of each of the storage.

Using generic algorithms and fuzzy logic control with different optimization
points of both energy storage the simulations were carried out and the SoC result
shows:
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Fig. 6.4 Simulation results of both storage SoC [74]

The State of charge (SoC) results of SMES and batteries are compared
separately. Firstly, SMES prioritizes power compensation for high-frequency
components instead of using batteries. Consequently, the HESS may effectively
safeguard the battery by minimizing frequent charging and discharging, thereby
prolonging its cycle life. From the final line in Figure 6.4, it is evident that
the SoC of the SMES system occasionally drops to the minimum threshold of 0.05.
The results indicate that without a control system, it is essential to reach the
operational limits of ES devices. However, with the use of a controller, both SMES
and batteries can function effectively. Furthermore, utilizing a collection of fuzzy
rules, the SoC of Energy Storage devices can rapidly be restored to an optimal
condition, allowing the system to effectively mitigate power fluctuations in the
immediate future.
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6.3 Sizing Battery, supercapacitor, and hydrogen storage
(Using Pinch analysis)

Battery (valve regulated lead acid), supercapacitor and hydrogen storage
technologies can be useful in balancing a micro/macro grid system. In this case
study, Pinch analysis was used, it is a methodical approach used to identify the
places in a heat exchanger network where the smallest amount of energy is required.
The use of pinch analysis and design space technique to determine the appropriate
size of battery storage systems in isolated power systems was proposed by [75].

A standardized approach, utilizing pinch analysis and design space. Pinch
analysis employs a time series simulation of the system in which the generation
should consistently surpass the load.

Storage capacity
corresponding to
minimum generator

Feasible region
(Design Space)

Storage Capacity
Undersized
Generation

. Undersized
| storage capacity

I
Renewable generator rating

\ 4

Fig. 6.5 Generic curve for sizing storage device [75]
The minimum storage capacity is calculated by:

¢ = M3 [Qs(D)]
~ DoD

Where DoD is the depth of discharge of the different storage devices, Qs is the
energy to be stored, and t is the time step. The rate of energy storage change across
the device is determined by the power difference between the energy source and
load, considering their power conversion efficiency, as described:

dQ; _
—2= (6 = D)1t

D(t) is the load demand power, G(t) is the power generated from renewable
sources.

51



UNIVERSITY OF DEBRECEN
FACULTY OF ENGINEERING

UNIVERSITY of

DEBRECEN DEPARTMENT OF MECHANICAL ENGINEERING

Components Charging efficiency Discharging efficiency Depth of discharge

(%) (%) (%)
Hydrogen 50 (Fuel cell 80 (Electrolyser 100
storage efficiency) efficiency)
VRLA battery 84 84 80
Supercapacitor 90 90 80

Fig. 6.6 The storage technical parameters [62]

The power produced by the PV array can calculated using: P(t) = nAl(t),
where 1 is the PV array efficiency, A is the total area of the PV array, and I(t) is the
insolation at that instant.

DC-DC
. Converter/ )
PV DC Load Inverter

Controller

e

M}:ﬂ Hy Tank [==)| Fuel Cell [==)

gl MPPT I )

AC Load

Fig. 6.7 The energy flow route[62]

Power is transferred to the load via route 1 when solar PV is available. When
generation exceeds load, supercapacitor charges via route 2. The battery charges
through route 3 when the supercapacitor is full. When the battery is fully charged
(SoC =SoCmax), extra energy is diverted to route 4, where the electrolyser stores
hydrogen.

b. When PV generation falls below load, battery drain occurs via route 3 and 1.
The supercapacitor is depleted through route 2 if the load current exceeds the stated
battery voltage by three times. Route 4 uses fuel cell-hydrogen storage to meet the
load if battery charge is low.
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7.CONCLUSION

This thesis extensively examines several energy storage technologies, including
battery systems, power-to-gas conversion, flywheel energy storage, and hybrid
energy storage solutions. By thoroughly analyzing sizing approaches and
computations, we have acquired significant knowledge about the design,
optimization, and integration of these technologies in the changing energy
environment.

Battery technologies have emphasized their crucial role in facilitating grid
stability, integrating renewable energy, and electrifying many sectors. Through
meticulous sizing calculations, we have clarified the relationship between capacity,
power, efficiency, and lifetime factors especially with the recently implemented
Solar Plusz Program (Napenergia’24). This enables well-informed decision-making
when it comes to deploying and managing batteries.

The investigation into power-to-gas conversion has uncovered its capacity to
connect the disparity between renewable energy production and fluctuations in
demand. By conducting thorough evaluations of energy conversion efficiencies, gas
storage capacities, and system economics, we have discovered the adaptability of
power-to-gas technologies in enabling energy storage, grid balancing, and the
production of renewable fuel.

Flywheel energy storage has revealed its capacity to provide quick and powerful
performance, as well as its smooth integration with current grid infrastructure.
Through the clarification of the fundamental concepts of kinetic energy storage,
rotor dynamics, and efficiency enhancements, we have proven that flywheel
systems are practical, dependable, and environmentally friendly options for storing
energy.

The incorporation of hybrid energy storage systems has arisen as a viable method
to effectively integrate the advantages of several storage technologies. By using
advanced sizing methods and performance evaluations, how hybrid systems may
effectively meet the changing energy storage needs of modern power systems has
been demonstrated.
Achieving a sustainable energy future depends on successfully implementing and
incorporating various storage systems. By utilizing the knowledge obtained from
our research, governments, industry stakeholders, and researchers can together plan
a path towards energy systems that are resilient, adaptable, and free from carbon
emissions.

Finally, this thesis demonstrates the significant capacity of energy storage
technologies to profoundly influence the path of the energy sector in the years to
come. As we deal with the challenges of transitioning to new energy sources, let us
stay determined in our dedication to creativity, environmental responsibility, and
working together, to guarantee a more promising and robust energy future for future
generations.
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