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Abstract. Energy storage is the process of accumulating, releasing, and managing energy using storage devices. Today, this principle of energy storage
is playing an important role in energy supply, as renewable sources become more and more responsible for energy production. Moreover, since it is not
possible to regulate the amount of energy from renewable sources, it is necessary to store energy during periods of lower demand or higher production,
from sources such as solar and wind energy. Over the past century, a wide range of energy storage technologies have been developed, from large-scale
hydroelectric power plants to advanced electrochemical storage. Hydroelectric power plants remain the main method of long-term energy storage due
to their high capacity and durability. At the same time, lithium-iron-phosphate and sodium-ion batteries open up new opportunities for energy storage
at the local level, making them promising for integration into modern power systems. In addition, the efficient use of energy storage can minimize the risks
of electricity shortages during critical periods and ensure the stability of the power system. This is achieved due to the ability of energy storage
to effectively level the load, compensate for fluctuations in renewable energy generation, and provide reliable backup power. In particular, LiFePO,
and Na-lon technologies demonstrate high energy efficiency, which allows them to be integrated into various segments of the power system — from
household devices to large-scale industrial plants. Their use also helps to reduce the carbon footprint of the energy sector, which is important for
achieving sustainable development goals. In this paper, we compare two types of electrochemical storage devices — LiFePO, and Na-lon. Particular
attention will be paid to their durability, energy efficiency, materials from which they are made, and technical characteristics. Also, their economic
feasibility and prospects for implementation in commercial and domestic applications will be assessed.
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ANALIZA PORQWNAWCZA URZADZEN DO MAGAZYNOWANIA ENERGII Z UZYCIEM
AKUMULATOROW LITOWO-ZELAZOWO-FOSFORANOWYCH | SODOWO-JONOWYCH

Streszczenie. Magazynowanie energii to proces gromadzenia, oddawania i zarzqdzania energiq za pomocq urzqdzer magazynujgcych. Obecnie ta zasada
magazynowania energii odgrywa wazng rolg w dostawach energii, ze wzgledu na to, ze zrédla odnawialne stajg si¢ coraz bardziej istotne w produkcji
energii. Ponadto, poniewaz regulacja ilosci energii ze Zrodet odnawialnych nie jest mozliwa, konieczne jest magazynowanie energii w okresach nizszego
zapotrzebowania lub wyzszej produkcji, ze Zrodel takich jak energia sloneczna i wiatrowa. W ciggu ostatniego stulecia opracowano szerokq game
technologii magazynowania energii, od wielkoskalowych elektrowni wodnych po zaawansowane magazyny elektrochemiczne. Elektrownie wodne
(szczytowo-pompowe) pozostajg gtowng metodg diugoterminowego magazynowania energii ze wzgledu na ich wysokq wydajnosé i trwatosé. Jednoczesnie
akumulatory litowo-zelazowo-fosforanowe i sodowo-jonowe otwierajg nowe mozliwosci magazynowania energii na poziomie lokalnym, co czyni je
obiecujgcymi do integracji z nowoczesnymi systemami energetycznymi. Ponadto efektywne wykorzystanie magazynow energii moze zminimalizowa¢ ryzyko
niedoborow energii elektrycznej w krytycznych okresach i zapewnic¢ stabilnos¢ systemu energetycznego. Osigga sig¢ to dzigki wykorzystaniu magazynow
energii do skutecznego wyréwnywania obcigzenia, kompensowania wahan w wytwarzaniu energii odnawialnej i zapewniania niezawodnego zasilania
rezerwowego. W szczegdlnosci technologie LiFePO, i Na-lon wykazujq wysokq wydajnosé¢ energetyczng, co pozwala na ich integracje z réznymi
elementami systemu energetycznego - od urzqdzeri gospodarstwa domowego po duze zaklady przemystowe. Ich zastosowanie pomaga réwniez zmniejszy¢
slad weglowy sektora energetycznego, co jest wazne dla osiggnigcia celow zréwnowazonego rozwoju. W tym artykule poréwnano dwa rodzaje
elektrochemicznych urzgdzeh magazynujqcych — LiFePO, i Na-lon. S Szczegdlna uwaga zostanie zwrdcona na ich trwalosé, wydajnosé energetyczng,
materialy, z ktorych sq wykonane oraz charakterystyke techniczng. Oceniona zostanie rowniez ich ekonomiczna wykonalnos¢ i perspektywy wdrozenia w
zastosowaniach komercyjnych i domowych.

Stowa kluczowe: akumulatory sodowo-jonowe, akumulatory litowo-zelazowo-fosforanowe, magazynowanie energii, monitorowanie fadowania

Introduction

Ensuring access to a reliable, affordable energy grid
is a challenge for modern societies facing population growth
and the depletion of fossil fuels. In terms of energy storage,
lithium-based batteries are currently the most widely used
and developed, with high density, long service life, and relatively
low weight. Such drives are widely used in portable electronics,
computers, electric vehicles, mobile devices, and stationary energy
storage systems. Despite the rapid growth in the use of this type
of storage device, the use of lithium is limited in the earth's crust
[19, 22]. Therefore, if the demand for lithium cannot meet
the demand for production, this role may be taken over by sodium-
ion storage, as sodium is much more abundant than lithium
in the Earth's crust. Even despite their lower performance, they
are attracting a lot of attention, as the technology is still under
development, and it is likely that the density and durability of this
type of storage will exceed lithium-iron-phosphate in the coming
years [7, 28].

In the search for safer and more economical energy storage
solutions, lithium iron phosphate (LiFePO,) and sodium-ion
(Na-lon) have become two technologies that have attracted
significant attention. However, lithium deposits are many times

smaller than sodium deposits. However, sodium is more evenly
distributed around the world and cheaper than lithium [3, 6].

At the same time, sodium-ion batteries have their own unique
characteristics that make them promising for large-scale stationary
storage. Unlike their lithium counterparts, Na-lon batteries
do not use scarce and geopolitically sensitive materials such
as cobalt or nickel, which significantly reduces supply chain risks.
In addition, recent advances in electrode materials, particularly
layered oxides and Prussian blue analogy, have significantly
improved energy density and charge retention in sodium-ion
systems [5, 18].

Another major advantage of sodium-ion batteries is their
better performance at low temperatures compared to lithium-ion
cells [10, 33]. This feature makes them particularly attractive
for applications in regions with harsh climates, where lithium
batteries often suffer from reduced performance. In addition,
the ability to use aluminium instead of copper as the current
collector further reduces cost and increases recyclability, which
reinforces their sustainability advantage over conventional Li-lon
technology [13, 15].

Nevertheless, commercialization of Na-lon storage devices
on a large scale is still challenging. Although laboratory
prototypes show promising results, commercial production
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requires the development of efficient manufacturing processes
and optimization of electrolyte formulations to improve cycling
stability. The relatively lower energy density compared to their
lithium-ion counterparts also means that sodium-ion batteries
are more suitable for stationary storage and power grids rather
than high-performance electric vehicles. However, ongoing
research and growing investment in this area suggests that Na-lon
technology will play an increasingly significant role in the energy
transition [16, 32].

These technologies work on a similar principle: the movement
of ions, but with different chemical compositions and have
significant differences in performance and application [19, 30].
In this research, we will review the key parameters of these drives,
compare their advantages and disadvantages, and find out which
type of drive is best suited for specific use cases.

With the advancement of technology, both types of drives are
evolving rapidly, constantly offering more options for energy
storage in the future [2, 37].

1. Materials of research

In this research, a comparative analysis of several types
of batteries, including lithium-iron-phosphate  (LiFePO,)
and sodium-ion (Na-lon) energy storage devices, was conducted.
For this purpose, we used data collected from scientific
publications, technical documentation from leading battery
manufacturers, and the results of experimental studies.
The sources of information were battery technical data sheets,
published scientific articles, laboratory tests, and generalized
statistics reflecting the experience of using these technologies
in various industries, such as renewable energy, electric transport,
and stationary power systems [6, 31].

The information collected allows us to assess the main
advantages and limitations of each type of battery, as well
as to find out under what conditions and for what applications
each type is most effective [11, 16].

2. Structure of batteries

To begin with, let's consider the structure of lithium-iron-
phosphate (LiFePO,) and sodium-ion (Na-lon) drives [19, 40].
Lithium-iron-phosphate batteries are composed of (Fig. 1):

o cathode made of lithium-iron-phosphate;

e anode made of graphite or other carbon material;

o celectrolyte, usually a liquid, gel or solid electrolyte based
on lithium salts in a solvent;

e a separator made of microporous polymeric material such
as polyethylene or polypropylene;

e ahousing made of metal or polymer.
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Fig. 1. Structure of the LiFePO, battery [35]

Lithium-iron-phosphate batteries use lithium-iron-phosphate
(LiFePOy,) as the cathode material and a graphite carbon electrode
with a metal substrate as the anode. Unlike other cathode
materials, LiFePQ, is a polyanionic compound consisting of more
than one negatively charged element [29, 37].
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A LiFePO, battery works on the same principle as other
lithium-ion batteries: lithium ions move between the positive
and negative electrodes during charging and discharging.
However, phosphate is a non-toxic material, unlike cobalt oxide
or manganese oxide, which makes it safer to use [36, 37].
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Fig. 2. Structure of the Na-lon battery [5]

Sodium layered
o ovide (e.g. NaNiO;)
o A

Let's consider the structure of sodium-ion (Na-lon) batteries
(Fig. 2) [8, 22]. This drive has a similar structure to a lithium-ion
drive, but using sodium instead of lithium and consists of:

e acathode made of a sodium compound;
o the anode is usually made of carbon materials such as solid

carbon, graphite or other carbon structures [7];

e the electrolyte is liquid, containing sodium salts such as

NaPFg, NaClO, in an organic solvent;

e the separator, as in LiFePO,, uses a microporous polymer
polyethylene or polypropylene;
e the housing is usually made of metal or polymer.

The basic design of a sodium-ion battery is also almost
identical to that of a lithium-ion battery. As shown in Fig. 2,
a sodium-ion battery also consists of two active electrodes:
an anode and a cathode, where energy is stored. A separator
is located between the anode and cathode to prevent short circuits
between the active materials [9, 24].

3. Comparative characteristics of LiFePO,
and Na-lon batteries

A comparison of the materials and characteristics of LiFePOy,
and Na-lon batteries is presented at the Table 1 and Table 2.

From these tables, it can be concluded that LiFePO, batteries
usually have a higher energy density, which makes them
preferable for applications where compactness and high capacity
are important [18, 23]. Sodium ion batteries are still inferior
in this regard, but are being actively improved [12, 27].
It is expected that within two years their energy density will reach
160-180 Wh/kg, and in five years 200 Wh/kg, which will make
them competitive. Also, both types of batteries support deep
discharge without a significant impact on service life, but LiFePO,
has a slight advantage due to its greater stability.

In terms of efficiency, LiFePO, batteries are characterized
by high efficiency, with minimal energy losses during conversion.
Sodium batteries are still some what inferior, but are also showing
progress.

Also, LiFePO, batteries have a longer life cycle with more
cycles before a significant decrease in performance. Sodium
batteries do not yet reach such indicators, but every year
the technology is being refined and the number of charge-
discharge cycles is increasing [7, 41]. But at low temperatures,
Na-lon batteries are much better, making them ideal for cold
climates. LiFePO, batteries can lose performance in such
conditions, which is their disadvantage [14, 34] (Fig. 3).
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Table 1. Comparison of materials between LiFePO, and Na-lon battery

Type

Sodium-ion battery
Na-lon

Lithium-iron-
phosphate battery
LiFePO,

Cathode Material

Layered oxides,
Prussian blue,
polyanions, etc.

Ternary materials,
lithium iron
phosphate, lithium
manganese oxide, etc.

Anode Material Amorphous carbon Graphite
Electrolvte Sodium Lithium

Y hexafluorophosphate | hexafluorophosphate
Cathode Current Aluminum foil Aluminum foil
Collector
Anode Current . . .
Collector Aluminum foil Copper foil
Separator PP/PE PP/PE

Table 2. Comparison of LiFePO, and Na-lon battery characteristics

I S Lithium-iron-
gt B vk [
Nominal voltage 3.0V 3.2v
Operating Voltage 2.8-3.5V 2.5-3.65V
Weight Energy Density 120-200 Whikg 150-220 Whikg

Volume Energy Density

180-280 Wh/L

200-350 Wh/L

Typical Cycle Life (@80%) 1000-3000 Cycles 3000-6000 Cycles
Calendar Life (@80%) 15-20 Years 8-10 Years
-20°C Capacity Retention Rate >90% 60-70%

Temperature Range

-40°C to 60°C

-20°C to 50°C

Overdischarge Resistance

ov

2V

Depth of Discharge (DOD)

100%

100%

Charging Speed

Charged to over 80%
in 15 minutes at room
temperature

Charged to over 80%
in 45 minutes at room
temperature

Cost

Low

High

Thermal Runaway

350°C (662°F)

270°C (518°F)

Maximum Safe Charge

50-100%

100%

Safety

No risk of thermal
runaway, Non-toxic

Can overheat and
catch fire, Non-toxic

Environmental Impact
& Recyclability

Simple recovery
process

Complex separation
of metals may be
required

Memory Effect

NONE

NONE

One of the Kkey

advantages  of

sodium  batteries

is the significantly lower cost of sodium compared to lithium.

For example, data from the Shanghai metallurgical market shows

a striking 20-fold difference in the price of pure sodium

and lithium compounds [16, 23]:

e Sodium carbonate costs approximately $290 per metric ton;

e Lithium carbonate (99.5% battery grade) has a much higher
price of about $35,000 per metric ton (even after a significant
decline since mid-2022).

At the moment, the demand for sodium in battery production
remains insignificant, especially compared to the rapidly growing
demand for lithium used in LiFePO, batteries [6, 17]. In 2022,
prices for lithium-based battery packs showed growth for the first
time in 12 years, reaching $151 per kWh. This was the result
of high demand for batteries caused by the electrification
of passenger transport, the production of electric industrial
equipment, and the creation of energy storage systems [20, 28].

Capacity
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Fig. 3. Comparison Na-lon and LiFePO, battery [26]

These factors indicate the economic attractiveness of Na-lon
batteries for energy systems, especially in cases where cost
is a key criterion.

Advancements in production technology and cell chemistry
have contributed to reducing manufacturing costs. Combined
with global efforts to decrease fossil fuel consumption,
LiFePO, battery technology has facilitated the electrification
of billions of passenger and commercial vehicles.

A comparison of LiFePO, and Na-lon, as illustrated in Fig. 3,
highlights that each cathode material excels in different
key aspects. Na-lon benefits from a higher cell voltage,
power density, and specific capacity, giving it a clear edge
in volumetric energy density — an essential factor for achieving
long driving ranges similar to those of internal combustion
engine vehicles (e.g., 1,000 km on a single tank of fuel).
In contrast, LiFePO, stands out for its longer cycle life, superior
rate capability, and enhanced safety. The lower risk
of thermal runaway in the event of mechanical damage
makes LiFePO, particularly well-suited for commercial vehicles
with frequent charging access (such as buses, forklifts,
and scooters) and for stationary energy storage systems,
often used in conjunction with solar farms or wind power plants.

4. Experimental performance of LiFePO,
and Na-lon

LiFePO, and Na-lon test performance. In this section,
we'll look at the practical performance of two types of storage
devices in the 18650 form factor. As a prototype, we will
use the HAKADI Sodium ion 18650 3.1V 1500 mAh
and LiFePO, BATTERY CELL 18650-3.2V-1600 mAh,
comparison of which is shown in Figures 3. From
the characteristics, we can see that LiFePO, slightly wins over
Na-lon in terms of capacity. So, let's further analyse the charge
discharge graphs of these drives and test them.

The graphs at Figures 4, 5, 6 and 7 show that sodium-based
drives are able to discharge to a lower voltage than phosphate-
based ones [3, 29], and in our case, to 1.55 volts with
a high capacity gain. Instead, the LiFePO, drive can discharge
up to 1.95 volts. Another important aspect is the efficiency
of capacity utilization at different stages of discharge.
The graphs show that sodium-ion batteries tend to have a more
even distribution of capacity during discharge, while LiFePO,
batteries show a more pronounced decline in the final stages.
This means that although LiFePO, batteries may have a higher
initial capacity, their performance at low levels of abuse
may be less than that of sodium-ion batteries.



52 IAPGOS 1/2025

Sodium 18650, Celll, Discharge Curve
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Sodium 18650, Celll, Charge Curve
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Fig. 7. LiFePO, battery charge and discharge graphs [20]
5. Comparison with Li-lon

Since we used 18650 form factor drives for our test, we will
compare them to lithium-ion drives in this size. Their chemical
composition and design features are similar, as they use lithium
as the key component that ensures high density. Sodium-ion
batteries use sodium ions, which facilitates fast charging but
reduces energy density due to the larger size of the ions [4, 13].

Both types of batteries have a similar design: anode, cathode,
electrolyte, and separator. However, Na-lon current collectors
are made of aluminium, while Li-lon current collectors are made
of more expensive copper. Also, in comparison, sodium-ion
batteries are more environmentally friendly due to the wide
availability of sodium, as well as their lower environmental impact
during production [21, 39]. They are safer because they
do not explode in case of overheating. Lithium-ion batteries
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require more careful temperature control due to the risk
of thermal overclocking. In the following, we will consider
the practical performance of Li-lon batteries, using
the example of the Samsung INR18650-25R 3.7 V
2500 mAnh battery [1, 25].

The graph above shows that the minimum discharge
voltage is 2.5 V, and they also have a uniform distribution
of capacity, just like sodium batteries, but different from
lithium-iron-phosphate  batteries. Also, | will distinguish
by the charge discharge on the graph that the charge was
up to 4.2 V, unlike sodium with a discharge of 3.95 V
and phosphate 3.65 V in our case.

This reflects a general trend where lithium-ion batteries

provide high energy density but require stricter control
of charging processes to prevent material degradation.
Sodium and phosphate batteries, on the other hand,

have slightly lower energy density characteristics, but benefit
from durability and safety, making them more suitable
for stationary energy storage systems.

6. Conclusions

Sodium and LiFePO, batteries have their own unique
advantages and disadvantages, making them suitable
for different applications. Sodium batteries are a more
cost-effective  solution and offer better  performance
at low temperatures, while LiFePO, batteries offer higher
energy  density, longer life and increased safety.
The choice between these technologies depends on specific

application  requirements, such as cost, performance,
and environmental friendliness. In the future, we can
expect improvements in both types of batteries, which

will contribute to more versatile and sustainable energy
storage solutions.
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