
 

 

1. Introduction 

The research field of electricity storage systems has signifi-

cantly advanced in the last few years. However, there are still 

research gaps that need to be examined and improved. One of 

the key issues is an efficiency-cost ratio; while many storage 

technologies currently coexist, their efficiency and cost-effec-

tiveness still require further development. Additionally, durabil-

ity and environmental impact of energy storage systems are also  

aspects under constant research, as it is crucial to deeply under-

stand a long-term durability and environmental footprint (e.g., 

materials used, recycling of the whole system, etc.). To investi-

gate these topics, further experimental research is required. As 

the globe transitions towards cleaner energy solutions (e.g., pho-

tovoltaics, wind turbines), integration of storage systems with 

renewable energy installations remains quite a challenge. Now-

adays, the electricity grid is filled with renewable energy 

sources. Most of these installations are launched in households, 
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creating a new role in the Energy Market – that of a prosumer. 

In the past, the electricity grid was very straightforward. There 

were two types of grid users: producers (big energy concerns 

and companies) and consumers. Due to this simplicity, the en-

ergy system used to be stable most of the time. Of course, there 

were critical situations for some electricity grids, causing black-

outs on various dates, like on August 14, 2003. At 04:00 PM 

(during time of increased energy consumption, discussed in par-

agraph 3.1.), Northeastern states of the USA (Ohio, Michigan, 

Pennsylvania) and Southeastern parts of Canada (Ottawa, Mon-

treal, Toronto) faced one of the biggest power grids shut down 

in the 2 000 s. Power shortage lasted for 2 days for most of the 

regions, but some of these areas lacked electricity for 4 days un-

til systems were back to normal state. These circumstances con-

tributed to at least 11 deaths [1]. It caused great disturbance in 

the US stock market and affected an enormous volume of trades 

and great price losses. This example shows how national energy 

systems impact the lives of every citizen, as well as national 

markets. 

As mentioned before, modern energy systems are full of re-

newable energy sources, relying heavily on weather conditions. 

The higher the percentage of that kind of installation, the more 

unstable the grid is. In Europe, a trend can be noticed. Most 

countries must meet the requirement of renewable installation 

percentage in the whole energetic production system. In the case 

of Poland, the European Parliament expects that as a part of the 

European Union, the percentage of renewable energy production 

will rise to 32% by 2030 [2]. The newest reports show that by 

2020 Poland has reached 16.13% [3] of this criterion (energy 

produced by renewable sources) according to Central Statistical 

Office. This score is questionable for the European Parliament 

because of one of the assumptions, which states that wood used 

to generate heat at households in furnaces and fireplaces counts 

as a renewable energy source. Discussion about the accuracy of 

this assumption is not a subject of this paper, but this decision 

helped to avoid penalties. On the other hand, these requirements 

forced the government to make progress in terms of a cleaner 

energy system. It can be accomplished within two independent 

levels. Macro scale level, which consists of the modernisation 

of existing power plants (mostly based on coal) by building new 

turbogenerator units powered by gas or other alternative fuels 

like RDF (Refuse-Derived Fuel). The micro-scale level is more 

individual, and it is based on households and small renewable 

energy installations. This led to many “citizen-friendly” cam-

paigns, which allowed the building of photovoltaic installations 

or solar thermal collectors in many households. These programs 

were extremely popular and led to greater awareness of consum-

ers and creating of prosumers – electricity grid users with possi-

bilities to generate and consume electricity in a scale of their 

own demand.  

Photovoltaic installation is one of the most common small 

systems integrated on a small scale, which is because all the 

campaigns help investors to fund that kind of power source. Be-

fore the law revision planned for the year 2022, refund and terms 

of billing allowed to achieve SPBT (Simple Payback Time) in 

the range of 6−7 years [4]. Updated terms of billing extended 

this value to about 11 years, which means that PV installation 

working on terms after revision will take 45 years more to pay 

back than before the revision. 

These two examples of the USA electricity blackout and the 

Polish share of renewable energy are the main reasons why en-

ergy storage is such a critical issue in modern energy systems. 

An efficient energy storage system could make national grids 

more stable (macro-scale) and make small PV installations even 

more profitable for investors (micro-scale). Discussion about 

various methods lasts for decades, and this paper brings an anal-

ysis of one traditional and two alternative approaches. The con-

ducted review aims to describe, confront and escalate mentioned 

research gaps with possible solutions, providing insights for re-

searchers, policymakers as well as industry stakeholders. Based 

on the review, the identification of the best practices and imple-

mentation examples will be described. Secondly, the evaluation 

of opportunities and threats of each solution will be analysed. 

Lastly, providing some innovative solutions may be a sufficient 

choice after further research. 

2. Review materials and methodology 

The rapid growth of intermittent renewable energy sources, such 

as wind and solar, has led to increased interest in electrical en-

ergy storage. The research is based on a literature review of var-

ious journal articles, conference publications and chapters of 

books. All of the mentioned materials referred to electricity stor-

age systems subject. 

The methodology of this review includes a collection of 

available scientific research, articles and reports. The below 

steps have been taken to proceed with the paper. The first step 

involved the definition of what aspects of electricity storage 

need to be investigated in this research. To provide a compre-

hensive analysis, both technical and economic principles of dif-

ferent applications were described. Next, based on reliable sci-

entific databases, such as Science Direct, Research Gate, and 

Google Scholar, a suitable bibliography has been selected and 

analysed. Publications have been selected based on date, subject 

matter, innovation, and reliability. 

The review begins with an indication of electricity consump-

tion data according to databases provided by third parties and 

also based on personal research data, as well as a description of 

Photovoltaic installations used in residential systems. With basic 

values of energy consumption defined, elaboration of chosen en-

ergy storage systems has been conducted, including both tech-

nical and economic advantages and disadvantages, as well as 

possibilities of implementation for analysed residential systems.  

3. Household energy consumption and systems 

Before focusing on energy storage analysis, unified starting con-

ditions and assumptions shall be determined. A semi-detached 

house domiciled by a family of 4 people, with a standard power 

connection of 16 kW, has been selected as a basic model for this 

research. This means that electricity is used to power basic home 

appliances and induction hob. Households’ energy consumption 

is the main factor which is required for this study. In this re-

search, energy consumption data from several Polish households 
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has been used to show characteristics and crucial points of 

higher and lower energy demand. 

3.1. Energy consumption characteristics 

Figure 1 shows the average electricity demand of the studied 

sample household throughout the year. The maximum power 

(around 3 kW) is used for a brief period of time due to simulta-

neous usage of some of the most energy demand equipment 

(e.g., induction hub, dryer, electric kettle). Most of the time dur-

ing the entire year, consumption is lower and caused by devices 

like lighting and fridges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 represents the average energy daytime consump-

tion. This characteristic is closely related to the activity of resi-

dents and their work type.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of our example (and it is the most common ex-

ample), the Fig. 2 shows us two peak points. At 06:00, energy 

consumption rises as residents prepare to leave for work, and 

after 07:30, energy demand signifyingly drops. The next peak is 

affiliated with work return and evening activity in households. 

Data from Figs. 1 and 2 allows us to estimate the average annual 

energy demand, which is equal to 4 500 kWh. 

 

3.2. Photovoltaic installations used in households 

This paper focuses on statistics and data from Poland (Central 

Statistical Office). In November 2020, photovoltaic (PV) instal-

lation power in Poland reached 3 954.96 MW [3] (Central 

Statistical Office, 2022). However, another 1 000.00 MW is as-

sumed as the power of small household micro-installation [5], 

which indicates the total power of PV systems in Poland at the 

level of 4 954.96 MW. Energy production from PV installation 

increased from 710.67 GWh (in 2019) to 1 957.92 GWh, which 

shows the significant development of this energy source. Ac-

cording to recent studies and simulations [6], if 30% of all 

households in Poland have independent small PV installations 

(about 6 kW), analysis shows a significant reduction of maximal 

hourly energy demand for those households because of demand 

covered by PV installation, no power grid. In the case of months 

from April to August, this demand drops accordingly by 50, 23, 

85, 68 and 19 MWh. This scenario where 30% of households 

own small PV installation, reduces the demand by about 50% in 

May and by 7% in December [6]. Considering the fact that rural 

households consume about 7% of total energy consumption in 

Poland, even though the scenario shown above will impact na-

tional energy demand, it can result in a sample standard devia-

tion ratio at a level from 13.5% to even 20% (in December). 

However, even with this scenario, there is still one major 

problem, which will be even more significant if the percentage 

of household PV installations increases above 30%. This prob-

lem is energy surplus, as an increasing amount of residential PV 

installations will lead to excess energy being generated on the 

national power grid scale. PV installations have similar condi-

tions on vast regions that can cause major grind disturbances. 

The reason of this excess energy production is a fact that it is 

impossible to cover all of the PV energy production during the 

day with consumption, as it is shown in Fig. 2. Figure 3 shows 

how increasing number of PV installations in households (in 

percentages) will correspond with energy surplus production ra-

tion (energy surplus to energy produced by system). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the situation where 10% of households use PV 

installation to generate electricity according to Fig. 3, there is no 

impact on energy surplus exported to the energy system grid and 

examined ratio is close to 0. However, above 10% this impact 

rises greatly and for theoretical conditions where 100% of 

households use PV, ratio reaches about 70%. Therefore, 70% of 

 

Fig. 1. Number of hours of instantaneous power demand. 

 

Fig. 2. Instantaneous power demand during daytime. 

 

Fig. 3. Energy surplus to generated energy ratio of PV system 

depending on number of PV installations [7]. 
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generated energy is exported to grid as a surplus. As PV instal-

lations are small and are used by 10% of households’ energy 

surplus can be easily used and controlled by national power grid. 

The more of these installations are plugged to power grid, the 

more notable this energy surplus issue become and one of the 

most promising solutions for this problem seem to be energy 

storages. 

4. Energy storage different technologies and ben-

efits 

Every single fossil fuel can be determined as an energy storage, 

even simple kettle filled with water has a features of energy stor-

age. Wherever there is energy conversion to different type of 

energy and this energy is not consumed instantly (or where there 

is a process which consume energy to cover demand or lower 

the energy consumption at different time or place) – we can 

speak of energy storage. Several global factors driven interests 

to this prosses, two of them are: increased energy consumption 

each year with increasement of energy production from renew-

able sources of energy and lower cost and greater access to stor-

age technologies like lithium-ion batteries. In most of the coun-

tries (also in Poland) pumped hydropower technology is a main 

form of storage significant amount of energy. In Poland, there 

are currently six primary pumped-storage power stations: Żar-

nowiec (716 MW), Porąbka-Żar (500 MW), Solina-Myczkowce 

(200 MW), Żydowo (167 MW), Niedzica (92 MW), and 

Dychów (90 MW) power plants. Its role in power grid is really 

simple and well-known from 1907 (in Switzerland). During pro-

duction peaks electricity is used to pump water to upper reser-

voir, usually located hundreds meter above lower reservoir (also 

supply water source) – e.g. in Żarnowiec, the reservoirs have 

a level difference of 125−108 meters. During increased demand 

of electricity this process is reversed and whole facility works as 

a normal water power plant. Water flow through the pipelines in 

Żarnowiec during the discharge cycle can reach 700 m3/s. 

Energy storage equipment and applications are increasingly 

popular topic during scientific conferences and also commercial 

presentations. In Google Scholar 17 900 articles for phrase “en-

ergy storage” has been found in years 20002005. In period of 

2015-2020 this number of papers changed to 75 600. These so-

lutions play relevant part in power grid optimization by cutting 

peaks and filling valleys of energy demand. Storages also lowers 

energy surplus to generated energy ration in almost every re-

newable energy source (not only PV installations). Increased 

economic efficiency and also flexibility of small residential en-

ergy installation can be also achieved. Implementation of wide 

range of small, decentralized storages will require also “smart 

grids” solution where one centralized national power grid is re-

placed by many deferent smaller power grids in a local scale. 

Even nowadays, with such cheap costs of lithium-ion batteries 

(in September 2021, the cost of lithium-ion batteries was ap-

proximately in the range of 100 to 200 per kilowatt-hour 

($/kWh)) there is still problem to use efficient technical solution 

too store greater amounts of energy or smaller (residential) 

amount of energy, simultaneously and without huge value of 

CAPEX (Capital Expenditures). To consider cost of stored en- 

 

ergy, a few parameters need to be described. First of which is 

cost of maximum power output ($/W) – related with CAPEX 

and cost of energy produced ($/Wh) – related with OPEX (Op-

erating Expenditures). Along these it is also crucial to consider 

system lifetime and recharge cycles amount determined by en-

ergy losses and material properties. Final factor describing en-

ergy storage technology is cost of maintenance and reliability, 

both of them can determine usage of particular technology to 

different sectors like national power grid, industrial power grid, 

residential power grid. Last but not least factor – round-trip ef-

ficiency and it is percentage of electricity put into the storage, 

which is later retrieved, the higher this factor is the less amount 

of energy is lost within storage process. 

A few types of energy storages technologies can be de-

scribed such as: mechanical energy storage, compressed-air en-

ergy storage, thermal energy storage, electrochemical energy 

storage. One of the large-scale mechanical storages was men-

tioned before – pumped hydropower plants. In case of this tech-

nology cost of maximum power output is estimated by 

1 000.00–2 500.00 $/kW, there is no cost of energy being pro-

duced as electricity to supply pumps is cheaper than that pro-

duced during demand valley. Its round-trip efficiency factor 

equals 70−85% [8]. This solution has one major limit – geo-

graphical location. Such installation requires special shape of 

landscape to be effective enough – which means there is no place 

for this technology on small residential scale. Thermal storage 

requires about 1 250−1 500 $ per every kW of storage installed, 

cost of energy refund is at level of 20−30 $/kWh. Round-trip 

efficiency of this technology is one of the lowest – about 33% 

[8]. The main disadvantage is that only heat can be stored using 

such technology, there are no geographical requirements and 

present technology is well developed in that kind of systems and 

devices, this energy storage technology is widely used in heat 

water supply installations. 

To use the full possibilities of variable renewable energy 

(VRE) sources it is crucial to develop efficient energy storage 

technologies. According to performed research in United King-

dom showing that implementation of energy storage system 

alone itself can reduce annual electrical bills by 25−35% [9], 

only by benefiting from electricity tariff (low prices on valleys 

and unaffordable prices on peaks). Moreover, when integrated 

with PV installation those savings can increase even to 41−74% 

[9], depending of course on many factors like weather condi-

tions, electricity prices and tariffs policy regulations. The new 

European Union Renewable Energy Directive (2018/201) are 

one of the main documents in Europe that focuses on the prob-

lem of increasing renewable energy self-consumption, asking 

member countries to rely on energy storage installations. As 

electricity prices raising each year, achieving global ˮall-time 

heights” (ATH) prices at the turn of 2021 and 2022 a significant 

rise of energy storage interests occurred. For instance, after elec-

tricity prices raised in Germany, about 65 000 home PV-batter-

ies [10] were installed only in 2019. Also declining price of bat-

tery systems caused vast impact on this rapid growth. Figure 4 

illustrates energy produced by PV systems self-consumption in 

solar PV system alone and with implementation of electricity 

storage system based on li-ion batteries.  
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Also, Fig. 5 shows how different residential energy systems 

(with PV alone, with energy storage) affect the energy consump-

tion curve/production curve under time of use (ToU). 

To summarize all different energy storage systems, Table 1 

shows comparison of different energy storage technologies in 

terms of: CAPEX cost [$/kW], OPEX cost [$/kWh], round-trip 

efficiency, charge, and discharge rates any other features, that 

can determine storage technology choice. 
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For residential usage, consumers savings form electricity 

storage system highly depends on evolution of the electricity 

and energy systems. Investor before storage system implemen-

tation should not only focus on storage capacity but also how 

this system fill corresponds with possible renewable energy 

sources. Regarding domestic circumstances and residential PV 

installation some of those storage technologies seem to be more 

suitable. For the purpose of this paper in further analysis and 

 

Fig. 5. Energy conversion through the day for different residential  

energy systems [9]. 

Table 1. Energy storage technologies and parameters [8]. 

Technology 
Cost 

[$/kW] 
Cost 

[$/kWh] 
Round-trip effi-

ciency [%] 
Charge/Discharge 

rates 
Cycles/prod-
uct lifetime 

System size Key limitations 

Pumped hydro 
1 000‒
2 500 

‒ 70‒85 
Rate specified by 
maximum rated 

power: 6‒4·106 kW 
20+ years 

6‒4·106 kW/ 
102‒107 kWh 

Geographically limited 

Compressed 
air 

1 000‒
2 800 

‒ 

With natural gas: 
Energy ratio: 0,8; 
<55% efficiency. 
Adiabatic com-
pression alone: 

70-75% 

Charging: 
0.25‒0.65 C 
Discharging: 
0.04‒0.5 C 

20‒30 years 
1‒110 000 kW/ 
2 640 000 kWh 

 

Geographically limited, historically de-
pendent on natural gas 

Thermal stor-
age 

1 250‒
1 500 

20‒30 33 0.05‒0.33C 25‒40 years 
100‒280 000 kW/ 
1 000‒1 100 000 

kWh 

Typically paired with concentrated so-
lar systems 

Flywheel 250‒300 
1 000‒
5 000 

90‒95 10‒35C 20+ years 
100‒250 kW/ 

3‒25 kWh 
High energy costs, self-discharge rate 

Lithium-ion 
batteries 

250‒500 175‒225 80‒85 0.03‒6C 10‒20 years 
1‒40 000 kW / 

10‒120 000 kWh 
Dependent on minerals 

Sodium-ion 
batteries 

250‒500 250‒300 90‒95 0.05‒0.8C 20+ years 
10‒50 000 kW / 
20‒300 000 kWh 

Dependent on minerals, larger ion 
size (more expansion) 

Vanadium flow 
battery 

150‒400 125 75‒95 0.1‒0.66C 20 years 
5‒5 000 kW/ 

40-10 000 kWh 
Additional system hardware, high 

storage material cost 

Iron flow bat-
tery 

150‒400 7 ≤70 0.16C 20+ years 10kW/60kWh 
Additional system hardware, high 

storage material cost 

ZnBr flow bat-
tery 

150‒400 10 65‒75 0.16‒0.5C 10 years 
3‒1 000 kW/ 

50‒6 000 kWh 
‒ 

Lead acid 250‒500 100‒300 81 0.025‒2C 5‒10 years 
2‒10 000 kW/ 
7‒10 500 kWh 

Low energy density and specific ca-
pacity, battery useful like highly de-

pendent on cycling behavior 

Capacitors 25‒50 
10 000‒
20 000 

75‒95 2‒720C 20+ years 
28‒4 000 kW/ 
3.5‒150 kWh 

Excellent power density and cycle life 
but very low energy density, limit the 
duration of charging and discharging 

cycles without extreme cost 

 

 

Fig. 4. Illustration of energy storage benefits 

in terms of PV self-consumption [9]. 
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research of three chosen technologies will be made: battery en-

ergy storage, hydrogen fuel cell, compressed air and hydrogen 

energy storage. 

 

5. Battery energy storage  

Regarding coming changes on energy market battery energy 

storage are more common with every year, in specific batteries 

based on lithium-ion technology. The main appliances of this 

technology include emergency power supply (UPS), current and 

frequency stabilization of power grid, increasing of renewable 

energy sources self-consumption. In present times battery (lith-

ium-ion) energy storage market is increasing and there is predic-

tion that in 2022 it will rise by 11%, in 2023 by 13% and by 16% 

in year 2024 [11]. 

5.1. Battery energy storage specification 

Due to electrochemical processes of energy conversion, it is pos-

sible to store energy surplus generated by PV residential systems 

and to raise self-consumption of those installations. Growing 

popularity of this solutions is based on high energy density 

(150−500 Wh/dm3) [11] and high efficiency (round-trip effi-

ciency) reaching even 97% [11]. However, Li-ion batteries have 

high self-discharge rate at level of 8‒31% [12], which results of 

energy leakage during time. In terms of life cycles lithium-ion 

batteries can withstand 1 000 to even 10 000 of cycles [11]. Ta-

ble 2 introduces different batteries and their parameters in terms 

of energy storage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Most of energy battery storages system construction include 

two elements: physical batteries groups and power conversion 

system [13]. Group of batteries are installed in waterproof con-

tainer to protects cells from weather conditions. Depending on 

storage capacity groups can be organized in bigger modules 

where each module is configured as an individual cell [14]. 

Along those modules there is also system that protects those call 

from variant circumstances like high temperature, high voltage. 

One of each is BMS (Battery Management System) and other 

TMS (Thermal Management System). They are responsible for 

monitoring parameters and protecting from situations mentioned 

in previous sentence, which can lead to battery performance and 

efficiency reduction. Moreover, those monitoring systems are 

responsible for SOC (State of Charging) control. Depending on 

the application, the power conversion system consist of DC/DC 

conversion and/or DC/AC conversion (DC - direct current, AC 

- alternating current). In power converter there are rectifiers and 

inverters along with output power filters and transformers. 

Figure 6 represents visual scheme of standard battery energy 

storage system. 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Battery Energy Storage Systems (BESSs) shown in Fig. 6, 

consist of two main elements: the physical battery pack(s) and 

the interfacing Power Conversion System (PCS). The battery 

pack is typically housed in a weather-resistant container and 

comprises battery racks containing multiple battery modules, 

each with specific configurations of individual battery cells. 

Monitoring and protective systems are implemented to ensure 

battery safety and performance. The PCS includes various com-

ponents, such as DC/DC and/or DC/AC, Power Conditioning 

Units (PCUs), DC and/or AC filters, and, for most AC systems, 

a step-up transformer. The complete system-level architecture 

of the BESS used in grid-connected Microgrids (MG) is de-

picted in Fig. 6. At the device layer, the battery pack is config-

ured to achieve a certain voltage and capacity. The Battery Man-

agement System (BMS) and Thermal Management System 

(TMS) continuously monitor and protect the battery racks and 

cells from voltage, temperature, and SOC fluctuations that could 

affect battery performance. In the power conversion sublayer, 

various components like DC/DC converters, DC/AC inverters, 

passive LCL filters, and step-up/down transformers are em-

ployed based on the specific application. A power electronic 

controller integrated into the PCS handles the switching of the 

converter and inverter circuitry, utilizing Pulse Width Modula-

tion (PWM) for inversion. The supervisory layer comprises an 

Energy Management System (EMS) that gathers data from both 

internal and external sources of the BESS. Internally, the BMS, 

TMS, and power electronic controller provide readings on tem-

perature, voltage, current, DC link voltage, and measurements 

at the Point of Common Coupling (PCC). Externally, the EMS 

may receive information from system operators, historical data, 

weather forecasts, and energy markets. Based on the collected 

data, the EMS interprets and makes decisions by setting specific 

control points for conversion, BMS/TMS/PCS operation, and 

parameter limits. These decisions aim to optimize system per-

formance and extend battery lifetime. Communication facili-

tates the exchange of information between the EMS and various 

components for power flow management, battery protection, 

Table 2. Battery energy storage examples based on Soltec company 

solutions [11]. 

Type and brand 
Capacity 

[kWh] 
Mass 
[kg] 

Dimensions 
[mm] 

Modularity 

Huawei, Li-ion, 
LFP 

5.00 51.8 670×150×600 up to 3 units 

Pylontech, Li-ion, 
BD 

3.552 35.5 296×296×450 
up to 4 units 

(min. 2) 

BYD, Li-ion, LFP 2.56 38 585×233×298 
up to 15 

units (min. 2) 

Sofar, Li-ion, BD 2.25 30 515×480×125 
up to 10 

units (min. 4) 

 

 

Fig. 6. Battery energy storage system elements [13]. 
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and maintenance. The continuous feedback loop allows for dy-

namic control during grid-tied and islanded operations, ensuring 

compliance with operational and performance guidelines. 

Along the most popular type of battery – lithium-ion type 

batteries, there are several diverse types of rechargeable batter-

ies that can be used in battery energy storage system. For in-

stance, sodium-based batteries, flow batteries, nickel-based bat-

teries, lead acid batteries, metal air batteries. Lithium-sulfur (Li-

S) battery are lighter than Li-on batteries. Currently develop-

ment of those batteries showed that they can reach density of 

2 800 Wh/dm3 [15] and this score downgrades Li-on battery in 

this regard. Another type of lithium iron phosphate (LFP) fea-

tures in increased safety both for user and environment as they 

produce no waste. This kind of batteries also show successful 

life cycle of 2 000 cycles [16]. Lithium-air batteries have possi-

bility to achieve 20 272 Wh/dm3 [17]. In specific circumstances 

(if the oxygen supplied is not included in the calculation) this 

type of storage can provide density of 11 000 Wh/kg [17], which 

can be competitive with liquid fuels. These batteries can be 

found in appliances like personal electronics, electric vehicles 

and large-scale grid storage. Production of sodium-based batter-

ies is cheap due to abundant natural resources of sodium salts. 

Sodium-sulfur (Na-S) battery features high efficiency and no 

self-discharge, which meant that there is no energy leakage dur-

ing charged stance. However, the operating temperature for this 

batter in at 300°C to maintain the electrolyte in liquid state [18]. 

This fact crosses out this type of batteries as an energy storage 

system solution for residential PV installations. Flow batteries 

technology consists of two separated fluids with the membrane 

between them. They feature with flexibility in system design, 

good cost to capacity ratio, high efficiency fast responsiveness, 

long durability and reliability [19,20]. Among these group va-

nadium redox and zinc-bromine batteries can be found. Vana-

dium redox is the most promising technology of these flow bat-

teries, which can be introduced on a commercial scale in the fu-

ture. It uses same metal ions in both of electrolyte, the electrodes 

and membrane, this feature determines longer life [21] as cell 

capacity does not decrease over time. Figure 7 shows how di-

verse types of batteries are used in different kind of appliances, 

depending on storage time and power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2. Battery energy storage market and benefits 

Across last ten years lithium-ion batteries prices rapidly dropped 

down. In 2019 cost of this type of batteries was around 175‒

225 $/kWh [22], which was 13% less than in 2018 and even 80% 

than in 2012 [13]. As it is showed in this example cost of kWh 

reduced by almost 100% in 7 years, due to technology develop-

ment and reducing manufacturing costs. According to predic-

tions in 2025 the total cost of lithium-ion batteries can be estab-

lished at level of 100 $/kWh. Among one of the most recogniz-

able manufacturers of ESS based on lithium-ion batteries Sam-

sung, BYD, LG, Huawei, Sofar Solar can be listed. Basing on 

prices of batteries, components, taxes, cost of the whole BESS 

working with lithium-ion batteries can be estimated and it 

reaches price of 535−1 095 $/kWh [13] depending on size. Ac-

cording to research conducted in Germany [23], the average in-

stallation for home energy storage systems in the country during 

2020 consisted of 4 kW of power capacity and 8 kWh of storage 

capacity. However, due to a reduction in the price of these solu-

tions and increased availability of the technology, the market for 

home energy storage systems experienced substantial growth. In 

2019 alone, around 60 000 new units were installed, resulting in 

a total of approximately 185 000 units in the country [23]. Over-

all, these installations yield a total power capacity of 750 MW 

and a storage capacity of approximately 1 420 MWh. These fig-

ures are comparable to those of a medium-sized hydro-pump 

storage power plant, such as the Żarnowiec plant with a capacity 

of 716 MW. In 2019, the average price for medium-capacity 

storage (ranging from 5 kWh to 10 kWh) was estimated to be 

around 1 100 €/kWh. This cost estimation, which aligns with 

previous research from other references, e.g. [13], encompasses 

all expenses related to electronics, taxes, and installation ser-

vices. We can also observe that 40% of battery home storage 

systems is coupled with heat pump installation and about 10% 

with electric car charging station [13]. According to researchers 

[24], BESS have enormous potential to develop and to help to 

create secure smart power grids, powered by renewable energy 

sources. Although significant progress has been made, certain 

crucial aspects still require improvement in BESS. Among the 

most vital challenges are enhancing the design of BESS DC-AC 

converters by incorporating advanced circuit technologies and 

ensuring reliable support for multiple grid services. Addition-

ally, it is essential to develop accurate and simultaneous battery 

models to enhance the overall performance of BESS. Enhancing 

the design of BESS DC-AC converters requires advanced circuit 

technologies and functionalities to improve efficiency and reli-

ability. A critical challenge is to ensure BESS can reliably pro-

vide multiple grid services simultaneously, necessitating sophis-

ticated control strategies and energy resource management. De-

veloping accurate real-time battery models is crucial for opti-

mizing BESS performance, preventing overcharging, and ex-

tending battery lifespan. The potential improvements mentioned 

above will have a significant impact on both the economic and 

technological performance of battery energy storage systems. 

While these systems are becoming more widespread each year, 

certain issues remain that require resolution in order to fully op-

timize their capabilities. 

 

 

Fig. 7. Different types of batteries regarding storage  

time and power [13]. 
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6. Utilizing hydrogen for energy storage 

Hydrogen energy storage systems are emerging as promising so-

lutions for storing energy generated from renewable sources. 

These systems exhibit exceptional specific energy parameters, 

enabling them to store a substantial amount of energy per unit 

mass or volume. The high energy density of hydrogen makes it 

an attractive option for large-scale energy storage applications. 

Additionally, hydrogen storage systems boast long life cycles, 

meaning they can maintain their performance and capacity over 

an extended period, making them durable and reliable choices 

for energy storage needs. One of the key considerations for hy-

drogen energy storage systems is round-trip efficiency, which 

measures how efficiently the system converts electrical energy 

to hydrogen during charging and converts the stored hydrogen 

back to electricity during discharge. A high round-trip efficiency 

is essential to minimize energy losses and optimize the overall 

performance of the storage system. The cycle life of hydrogen 

storage systems is also crucial, as it determines the number of 

charge and discharge cycles the system can undergo before ex-

periencing significant degradation. A longer cycle life ensures 

the system's longevity and economic viability. Safety is a para-

mount concern for hydrogen energy storage systems, given hy-

drogen's flammable nature. Rigorous safety measures must be in 

place for handling, storage, and transport to ensure secure oper-

ations. Cost considerations play a vital role in the widespread 

adoption of hydrogen storage.  

The cost of production, distribution, and infrastructure for 

hydrogen can impact the competitiveness of this storage tech-

nology compared to other energy storage options. Scalability is 

an important feature of hydrogen energy storage, allowing it to 

be adapted to varying energy storage requirements, from small-

scale applications in remote areas to large utility-scale installa-

tions. Integration with renewable energy sources is another crit-

ical parameter, as hydrogen storage can help stabilize intermit-

tent renewable energy grids by providing a reliable energy 

buffer.  

Finally, the environmental impact of hydrogen production 

and storage is essential in evaluating its sustainability. The over-

all carbon footprint and greenhouse gas emissions associated 

with hydrogen generation need to be minimized to ensure that 

hydrogen energy storage remains an environmentally friendly 

choice for the transition to cleaner and more sustainable energy 

systems. With ongoing research and advancements, hydrogen 

energy storage systems hold great promise as a key component 

in the future energy landscape, offering grid stability and en-

hanced renewable energy integration.  

However, one of the barriers for customers to implement this 

technology to residential and industrial energy storage systems 

is its initial cost (CAPEX). This highly explosive gas (when 

mixed with oxygen) is widely used in chemical industry but with 

every year it increases its popularity across energetic sector. One 

of the types of evidence of growing hydrogen interest is number 

of scientific papers in Scopus database regarding hydrogen us-

ing keywords ˮhydrogen energy production and storage”. In 

1990 there were only 10 papers related to this issue and over 680 

in 2021 [25]. Hydrogen is a common element on planet Earth; it 

is related to such substances like water and fossil fuels [26].  

It has the highest energy density per kg of all the other known 

elements but has the lowest volumetric energy density among 

all other commonly used fuels – 0.01079 MJ/dm3) [27]. Nowa-

days, over 95% of consumed hydrogen worldwide is obtained 

from fossil fuels like natural gas by a technique called steam re-

forming. This process requires the gas-steam mixture to reach 

a temperature between 700°C‒1000°C. The process itself emits 

10 kg of CO2 into the atmosphere for every kilogram of pro-

duced H2 [28]. Although this method makes hydrogen not as en-

vironmentally friendly and green as it seems, there are no doubts 

that this is the most economical way to obtain hydrogen on 

a larger scale. Even though the cost of the production is esti-

mated at around 1.5 €/kg, which is three times higher than natu-

ral gas extraction [29,30].  

However, there is one method that allows the receipt of 

clean, green hydrogen (without the emission of greenhouse 

gases). This process is called electrolysis, and it requires an en-

ergy supply to power the electrolyser. if this power is from re-

newable energy sources, we can qualify hydrogen as green and 

environment friendly. For example, if it is powered by a power 

grid which mostly relies on nuclear power, the hydrogen label is 

yellow – which means that this way of production is not that 

environmentally friendly [31] For the purpose of this paper, we 

will only discuss green-labelled hydrogen produced by residen-

tial PV systems.  

There are several types of electrolysers mentioned before. 

The most common ones are: alkaline water electrolyser using an 

aqueous solution of sulphuric acid (H2SO4) [32], solid oxide 

electrolysers (SOE) operating at temperature above 773 K [33] 

and polymer electrolyte membrane usually called proton ex-

change membrane (PEM). This last type – PEM operates in 

lower temperatures than SOE, about 333‒363 K [34]. There are 

plenty of advantages of PEM electrolyser. Its response time is 

almost instant, which means that the process of hydrogen pro-

duction starts immediately after supplying power to the device.  

Moreover, the theoretical efficiency of hydrogen production 

in the PEM system of 80% [35], which is high and provides 

a solid source of hydrogen when combined with a renewable en-

ergy source supply. This means that for every 100 units of elec-

trical energy supplied to the PEM electrolyser, approximately 80 

units of (chemical) energy stored within hydrogen gas can be 

generated, with the remaining energy lost as heat. The lifetime 

of such a system is also promising and reaches 60 000 hours; it 

depends mostly on membrane thinning [36]. An innovative elec-

trolyser technology is in the works, aiming to achieve an energy 

consumption rate of 50 kWh per 1 kg of hydrogen (H2) produced 

at the plant level within the next few years. To produce 1 kg of 

H2, approximately 10 dm3 of water is required. Furthermore, 

during this hydrogen production process, around 8 kg of oxygen 

(O2) is generated per kg of hydrogen, along with approximately 

10 kWh of potential heat per kg of hydrogen. Thanks to the pos-

sible modular design of the PEM system, it can be easily imple-

mented in residential power supply systems. A detailed descrip-

tion of electrolysers can be found in paragraph 6.1. 

As hydrogen can be generated from PEM supplied by the 

energy surplus of PV installations, there is the next step to use 

this green element as an efficient energy storage system and to 
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store hydrogen itself. There are several methods to store hydro-

gen, and it can be in gas or liquid. Every solution differs in vol-

ume, pressure, and duration of the stored medium. There are also 

a few ways to store hydrogen as a gas. It can be achieved using 

tanks, cylinders, or natural underground caverns. Because the 

energy density of this gas is low, it is crucial to compress it into 

pressure above 700 bar. 

The process of raising hydrogen pressure also requires vast 

amounts of energy. To compress hydrogen from 1 bar to 

200 bar, there is a need to deliver about 7% of the energetic 

value of compressed hydrogen itself and even 10% to go up to 

700 bar [37,38]. This means that the storage process itself im-

mediately consumes 10% of the energy stored in this gas only 

during compression. Storing in huge underground caverns (e.g. 

abandoned mine shafts) allows for a reduction in investment 

costs (lower CAPEX expenses) and storage of abundant volume 

under even higher than seven hundred bar pressure. 

Until 2016 there were about 672 underground gas storages 

worldwide, mostly for natural gas, which contain altogether 

about 424 billion cubic meters of gases [25]. However, an un-

derground storage system has its geological limits. Because of 

its scale, it cannot be used as a residential solution. Storing hy-

drogen in cylinders and tanks in a compressed gas state provides 

a density of the substance at a level of 7‒30 kg/m3  depending 

on compression pressure [39]. To increase this density, hydro-

gen can be stored in a liquid state to achieve a density of 

70 kg/m3. However, to change the state of gas to a liquid, the 

temperature must drop to –253°C [40], which requires a constant 

and high amount of energy to be supplied, as well as a high-tech 

vacuum-insulated tank. This method is not suitable for pro-

longed periods of storage because of the gradual decrease of the 

hydrogen volume stored inside the tank due to the boil-off effect 

[41]. The last of the hydrogen states that can be used in the stor-

age process is the solid state. It can also be a hybrid or material-

based method because it creates new substances due to the reac-

tion of hydrogen and metal that results in the creation of metal 

hydrides [42]. 

Those substances enable to store hydrogen at high density 

due to extraordinarily strong bonds between metal and hydrogen 

atoms. Another advantage is the safety of that method of storage, 

due to storage in stable substances without the requirement of 

high pressure or low temperature during the entire process of 

storage. However, some of the metal hydrides still require these. 

Those parameters are required only during the phase of joining 

and splitting metal and hydrogen atoms. So-called reversibility 

is one of the key factors in choosing the proper metal-hydrogen 

combination substance, which means how strong bonds between 

atoms can be achieved and how much energy and time is re-

quired to change it back to separate metal and hydrogen, which 

can be used in further energy production. These days, one of the 

most promising metals to form metal hydrides is magnesium, 

which has been proven to have a low cost of usage and high re-

versibility [46].  

Fig. 8 represents different methods of hydrogen storage sys-

tems and density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

6.1. Electrolysers and fuel cells 

Hydrogen's energy is 140 MJ/kg, which is much higher than fos-

sil fuels [43] The energy density of fossil fuels is as follows: 

anthracite coal  about 25‒35 MJ/kg, lignite coal – about 

10‒25 MJ/kg, and natural gas 48−55 (MJ/kg). Many researchers 

seek the solution for future energetic crisis in this element. 

Nowadays, global hydrogen production is estimated at 

around five hundred billion cubic meters [44]. However, the 

produced hydrogen is not used in electricity production. It is 

used especially in industries like the gas and crude oil sector, 

agriculture fertilizers industry, metal refining industry and oth-

ers. Only a small amount of that hydrogen is used in fuel cells 

to generate electricity. 

As mentioned before, hydrogen is often described as a green 

energy source which will replace fossil fuels in the future; how-

ever, over 96% of hydrogen is being produced by non-renewable 

processes, like steam methane reforming (SMR) [45]. In this 

technique, methane produced from natural gas is used. Gas is 

heated with steam (and with catalyst), in this mixture of carbon 

monoxide and hydrogen is produced. To really qualify hydrogen 

as an eco-friendly fuel (green hydrogen), it must be generated 

with the use of renewable energy. 

These days, special attention has been given to the process 

of electrochemical splitting of water – electrolysis, powered by 

renewable energy sources. Taking into consideration residential 

installations, photovoltaics can be a perfect source of energy for 

electrolysis. Every decomposition of water in this process can 

be described by two separate processes (two half-cell reactions) 

taking place on an electrode with an energy supply. The first 

reaction is called the hydrogen evolution reaction (HER), and 

the second is the oxygen evolution reaction (OER). To perform 

these two reactions, electrocatalysts, made of precious metals 

like Au, Pt, Ag, etc., must be used in the electrolyser, making 

this method expensive regarding investment costs (CAPEX). 

The cost of an alkaline water electrolyser (AWE) is 500−1 000 

USD/kW, and the lifetime of the system is 90 000 h. The pro-

duction cost of a PEM electrolyser is 700–1 400 USD/kW [48]. 

In the next paragraph, three of the main electrolysis methods will 

be described in detail. 

 

Fig. 8. Different methods of hydrogen storage [26]. 
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Alkaline water electrolysis is the most developed electroly-

sis methos known present days. It was invented in the year 1789 

by two scientists, Troostwijk and Diemann [49]. This method 

can generate hydrogen at an operating temperature of 40−90°C. 

Substances like NaOH or KOH are used in AWE as electrolytic 

solutions with concertation range of 20−30% [50].  

To separate two electrodes from each other, a special mem-

brane made of asbestos is implemented to prevent the mixing of 

gas products. Cathodes, as the main elements of the application, 

are made of nickel material submersed into the electrolytes. At 

the cathode, surrounding parts of water are broken down into 

one molecule of hydrogen and two molecules of hydroxyl ions. 

Next, one of the products – the hydroxyl ion, moves in an anode 

direction, where four OH-molecules oxidize and produce one 

molecule of oxygen gas and two molecules of water with 4 free 

electrons. The primary principle of this reaction is hydrogen gas 

production on the cathode and oxygen production on the anode 

side. The main products of this reaction are separated by mem-

brane or diaphragm mentioned before. The scheme of AWE 

electrolysis is shown in Fig. 9 [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Despite the fact that this method is one of the most advanced 

and developed regarding electrolysis, it still has some major dis-

advantages, as high water consumption - around 20 dm3 per kg 

of H2 produced, according to stoichiometry calculations, only 

9 dm3 of water is required to produce 1 kg of H2. However, as 

water electrolysis generates heat, it requires more water as 

a cooling fluid. Confined current densities and low operating 

temperature and pressure indicate a low energy efficiency of 

70−80%. During this process, corrosion from electrolytes oc-

curs, as well as product (gases) migration throughout the dia-

phragm. However, it benefits from pure hydrogen and has no 

requirement for precious metals. Moreover, electrolysers based 

on the AWE method feature modularity that can increase the 

volume of production.  

Considering the purity of hydrogen, the next method, called 

Solid-oxide electrolysis (SOE), can generate hydrogen with an 

even higher level of purity than AWE, with greater efficiency. 

This technology was implemented by Doniz and Erdle in 1980, 

and it is not as advanced and developed. There is still much of 

research ongoing at present times [51]. In SOE technology, in-

stead of liquid NaOH electrolyte, solid ceramic electrolyte is 

used to increase its responsivity. This method operates at tem-

peratures of 500−1 000°C and can withstand pressure up to 

3 MPa; with those values, this technology is not yet commer-

cialized for residential usage. The basic principle of SOE is 

based on the reduction of molecules of water into two molecules 

of H2 and molecules of O2  ions, which move throughout the 

ceramic electrolyte to the anode side and oxidize, producing 

molecules of oxygen. SOE scheme is shown in Fig. 10 [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Among the most used materials for cathode nickel-zirconia 

and strontium, doped lanthanum magnetite can be found, and for 

the anode, zirconia is commonly used [52]. As main advantages, 

high efficiency (90−100%) and high output must be mentioned. 

Electrode degradation and usage of the ceramic electrolytes at 

a temperature of 1 000°C can be considered a disadvantage. As 

this technology is still in the development phase, there is still 

much research to perform. 

Proton exchange membrane electrolysis (PEME) is the last 

method of electrolysis taken into consideration in this paper. 

PEME was discovered in 1966 as a replacement for alkaline wa-

ter electrolysis. To prevent mixing of liquid special polymer 

electrolyte is used. This type of electrolyser operates in temper-

ature range of 20−100°C [49]. Devices based on PEME usually 

operate at high pressure - about 40 MPa), allowing the reduction 

of the energetic demand of the whole process due to compres-

sion. The PEME process scheme is shown in Fig. 11 [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The main difference in this method is the principle, where it 

is an H+ particle, which is moving throughout the membrane, not 

 

Fig. 11. Proton exchange membrane electrolysis scheme [47]. 

 

Fig. 9. Alkaline water electrolysis scheme [47]. 

 

Fig. 10. Solid-oxide electrolysis cell scheme [47]. 
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OH–. At the side of the anode, two particles of water H2O oxi-

dize to produce oxygen gas O2 and four ions of hydrogen H+, 

which move through the membrane. Next, two hydrogen (H+) 

molecules are reduced on the cathode side to produce one mol-

ecule of hydrogen gas  H2. For PEME cathode usually precious 

metals like Pt are used. However, for anode non-precious mate-

rial like Ir can be used [53].  

Electrochemical electrolysis is one of the fastest-advancing 

technologies nowadays. Scientists assume that it will be the 

main source of pure hydrogen in the next years. For now, PEME 

technology is the one that researchers are focusing on the most 

on implementing solutions that will allow the use of this tech-

nology commercially, while SOE technology is still in the ex-

perimental phase. Despite technology, one of the main chal-

lenges regarding electrolysis is the replacement of precious met-

als, which are rare, planned and expensive. Several techniques 

are currently under investigation where metal compounds and 

oxides such as Fe, Ni, Co and Mn based were used to replace 

precious metals for HER and OER electrodes half-cell reactions. 

Along with fuel cells, electrolysis is considered one of the main 

energy sources in the future, which will help to manage the sur-

plus of energy from renewable energies and provide clean fuel 

for transportation. 

In the global energy production transformation, there is also 

one type of device which will take a significant role, as a next 

step from electrolysis – fuel cells. Those devices, as mentioned 

before, convert hydrogen, generated by electrolysis, into elec-

tricity, which can be used to supply households’ industry, etc. 

Energy conversion that takes place in fuel cell is one of a few 

where chemical energy stored in fuel I converted into electrical 

energy without any kind of concomitant emission of gases like 

CO2, SO2, NOx. This concept of fuel cell was invented by Wil-

liam R. Grove in 1839, electrochemist and layer [54, 55]. Grove 

used two electrodes made of platinum dipped into electrolyte. 

One of which hydrogen catalytic reaction occurred: 2H2 → 4H 

(ads) → 4H+ + 4e−. On the other electrode he noticed O2 + 4H+ 

+ 4e− → 2H2O reaction. Despite of reactions there is also elec-

tron movement throughout external circuit, which generated 

electricity. Term ˮfuel cell” was used in 1889 by Ludwig Mond 

who researched Grove’s invention and improved electro-chem-

ical oxidation of hydrogen [56]. First practical hydro-oxygen 

fuel cell, which could be used commercially, was developed by 

Thomas Bacon in 1930. All Bacon’s patents regarding fuel cell 

were licensed by company Pratt & Whitney and were used dur-

ing Apollo 11 moon mission in 1969 to provide electrical power. 

Through all these years since first invention of fuel cell, today 

we can list several different types of fuel cells, among which 

Polymer Electrolyte Membrane Fuel Cell (PEMFC), Solid Ox-

ide Fuel Cell (SOFC), Molten Carbonate Fuel Cell (MCFC), Al-

kaline Fuel Cell (AFC), Phosphoric Fuel Cell (PFC), Reversible 

Fuel Cell (RFC), Direct Carbon Fuel Cell (DCFC) and Direct 

Methanol Fuel Cell (DMFC) can be listed. 

Polymer electrolyte membrane fuel cell (or PEM) is one of 

the most accessible among fuel cells, although it has a lot of ad-

vantages: fast start-up and shut-down times, high power density, 

low noise pollution and low operating temperature  around 

80°C. Researches predicts that this type of will be one of the 

main power sources for transportation in the future [57]. Due to 

not complex design PEM fuel cell can be used in simple instal-

lations and it requires minimal maintenance. Moreover, PEM 

fuel cell does not emit any kind of toxic gases during operation. 

Efficiency of PEM fuel cell can highly exceed efficiency of tra-

ditional heat engine. The electrical efficiency of PEM fuel cell 

can reach 40−60%, depending on purity of hydrogen. Fuel cell 

itself requires hydrogen-rich fuels and most of fuels like me-

thane, methanol, gasoline, etc. which contain hydrogen, are not 

suitable for PEMFC operation [58]. This type of fuel cell has 

two key issues during operation, first issue relates to water man-

agement and second to heat management. The polymer barrier 

required specific hydration level to provide efficient work. 

However, when hydration level reaches higher value than re-

quired, water floods holes of both catalyst and gas diffusion 

layer of membrane and it causes disturbances in mass transpor-

tation  Fig. 12 [59]. So, it is crucial to balance hydration level 

of PEM fuel cell and eliminate process of fuel cell degradation. 

Heat management is related with resistance and losses of mass 

transport which can cause deviation of operating voltage from 

the nominal voltage and as a result fuel cell releases heat to en-

vironment and generate even more losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solid oxide fuel cells are usually used in bigger installations 

such as cement plants and other industrial facilities. SOFC uses 

hard, non-porous ceramic alloy as electrolyte element, placed 

between electrodes. The shape of electrolyte can vary depending 

on application. SO fuel cell operates at much higher temperature 

ranges than PEM fuel cell, around 1 000°C (the same conditions 

as for SO electrolysis method). Electricity conversion process 

efficiency reached 50−60% [60]. SOFCs are considered high-

performance hydrogen-driven solutions without air pollution. 

One of the biggest advances of ceramic electrolytes is their solid 

state. Due to that, electrolyte losses are not a significant concern 

[61]. One of the main disadvantages of this technology is the 

high-temperature requirement, resulting in personnel thermal 

protection and heat resistant materials. Due to these facts, start-

up and shut-down times are longer than in the PEMFC solution. 

However, SOFC operating at lower temperature (800°C) are un-

der development, reducing temperature impact. 

Molten carbonate fuel cell can be fuelled with both natural 

gas and coal, so why is it compared with fuel cells that are asso-

ciated with ˮgreen” hydrogen electricity production? As men-

tioned before, all fuel cells have higher theoretical efficiency 

when compared with heat engines. The MCFC electricity pro-

duction process can achieve 75% efficiency. This is due to the 

 

Fig. 12. Basic fuel cell scheme [59] 
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fact that they do not operate according to Carnot or Rankine cy-

cles. MCFC has the potential to be integrated into applications 

like industrial electricity generation and military applications. It 

operates in the temperature range of 450°C to 650°C. This tem-

perature allows the use of non-precious metal on both anode and 

cathode. A ceramic matrix with carbonate-salt impregnation is 

used as an electrolyte. Moreover, MCFCs are not vulnerable to 

CO and CO2 fuel cell poisoning, which allows them to fuel with 

gases produced from coal. However, MCFC technology is only 

suitable when large-scale continuous duty is required (with big 

hydrogen storage), which makes the technology perform better 

in industrial areas rather than residential systems. 

An AFC features higher efficiency due to increased oxygen 

flow, which improves the electricity generation process. This 

type of fuel cell can be used with applications where higher cur-

rent densities with lesser voltage losses are needed. The OPEX 

cost is relatively low, as most of the AFC parts are made out of 

low-cost materials. Alkaline fuel cell also has a long lifetime due 

to minor corrosion issues. To increase performance and reach an 

operating point with the highest efficiency possible, a catalyst in 

the electrolyte is required [62]. Carbon dioxide pollution is one 

of the main threats to this type of fuel cell. It must operate in 

a no CO2 environment. After contact with carbon dioxide, car-

bonates are created, which can stop electrodes and result in elec-

tricity production failure. For this reason, fuel needs to be puri 

fied before application to remove all particles of CO2. This type 

of cells were widely used by NASA during the Apollo mission 

in the 1960s. 

The last type of fuel cell taken into consideration in this pa-

per is Phosphoric Acid Fuel Cell (PAFC). In this solution, liquid 

phosphoric acid (H3PO4) is saturated into a matrix made out of 

silicon carbide. PAFC operates at a temperature range of 

150−210°C. This type of electrolyte and temperature reduces the 

impact of carbon oxide and dioxide pollution, and fuel cells can 

be supplied with air instead of pure oxygen. Due to high-tem-

perature, waste heat is produced, which can be used to heat and 

electricity cogeneration, resulting in up to 80% efficiency. 

Moreover, PAFC can operate in atmospheric and also high-pres-

sure conditions. During the operation of every fuel cell type, wa-

ter is produced and it is a significant concern in PAFC. Excess 

water must be removed to prevent electrolyte form being dis-

solved. Water removal is usually performed by air passing 

through the cathode and transporting water as vapour. When 

starting and during normal operation heat must be also removed 

but it can be later used to increase efficiency [63]. Based on the 

previous description of different fuel cell types, it can be con-

cluded that the use of specific solutions is mostly related to the 

type of application. Table 3 lists several types of fuel cells with 

suitable applications where those can be used and also summa-

rizes their advantages and disadvantages. 
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6.2. Fuel cell energy storage 

As described in previous paragraphs. Electricity can be gener-

ated from stored hydrogen using fuel cells, which can be divided  

into four main groups considering the type of electrolyte and 

temperature of work: MCFC, AFC, SOFC and most common 

one PEMFC [64]. Most the fuel cells operate at a temperature 

lower than 200°C [65]; regarding fuel cell type, its electrical ef-

Table 3. Types of fuel cell divided by application type.  

Fuel cell 
technology 

PEMFC SOFC MCFC AFC PAFC 

Power range 1 W−100 kW 0.5−400 kW 0.5−400 kW 0.5−400 kW 0.5−400 kW 

Application 
Portable, Stationary, 

Transportation 
Stationary Stationary Stationary Stationary 

Examples 

•Military systems 
•Stationary systems 
•UPS 
•e-Mobility 

•Stationary systems combined 
with heat regeneration. 
•UPS 

•Stationary systems 
combined with heat re-
generation. 
•UPS 

•Stationary systems com-
bined with heat regenera-
tion. 
•UPS 

•Stationary systems com-
bined with heat regenera-
tion. 
•UPS 

Advantages 

•High power density in 
pressurized cell stack. 
•Operates easily with 
pressurized system due to 
mechanical properties of 
solid polymer electrolyte. 
•Low operating tempera-
ture (80°C) allows for 
cost-effective materials in 
cell stack. 

•Highest efficiency (up to 
80%). 
•No need for expensive mate-
rials. 
•Potential for long operative 
life cycle (to be demonstrated). 
•Simple cell structure stream-
lines production lines. 
•Very low emissions with hy-
dro-carbon fuels. 
•Low noise production system. 

•MCFCs achieve up to 
45% efficiency. 
•Combined heat sys-
tems boost efficiency 
to 50%-60%. 
•Use hydrogen-rich 
fuels, no need for ex-
ternal reformer. 
•Low-cost materials. 

•Simple cell structure 
•Fast start-up 
•Competitive construction 
costs 
•High electrical efficiency 
(65%) 

•65,000+ hours operating 
life cycle (150ºC to 220ºC). 
•Electric efficiency up to 
40%, can reach 60% with 
combined heat systems. 
•Partial immunity to car-
bon monoxide poisoning 
(low gas concentration). 
•Uses less pure hydrogen 
fuels. 

Disadvantages 

•PEMFC catalysts suscep-
tible to CO poisoning (low 
operating temp.). 
•CO concentration must 
be reduced below 10 ppm 
with CO removal when 
using reformate from hy-
drocarbons or alcohols as 
fuel for PEMFC. 
•Effective water manage-
ment is crucial for main-
taining sufficient ionic 
conductivity and optimiz-
ing cell performance. 

•High operating temperatures 
(above 600°C) with longer 
start-up times and material 
costs. 
•Vulnerable to thermal 
stresses and mechanical issues. 
•Sensitive to fuel impurities, 
leading to catalyst poisoning. 
•Limited durability and degra-
dation at high temperatures. 
•Lower efficiency at partial 
loads. 

•Short operative life 
cycle (corrosion, elec-
trolyte loss, cathode 
dissolution). 
•Slow starting times 
(required temperature: 
650°C). 
•No restart capability 
after shutdown. 

•Requires pure hydrogen 
as fuel, limiting fuel source 
options. 
•Sensitive to carbon diox-
ide in the fuel, leading to 
performance issues. 
•Shorter lifespan and dura-
bility compared to some 
other fuel cell technologies. 
•Typically, bulky and heavy, 
making them less suitable 
for certain applications. 

•Slower start-up times 
due to the phosphoric acid 
electrolyte characteristics. 
•Limited commercial avail-
ability and research com-
pared to more established 
fuel cell types. 
•Higher cost and complex-
ity of system components. 
•Bulkier and heavier, mak-
ing them less suitable for 
certain applications. 
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ficiency can reach 45% and even 90% of efficiency can be 

reached with heat recovery, as the process performed by the fuel 

cell is highly exothermic [66]. However, the mentioned effi-

ciency is related only to the discharging process of ESS (Energy 

Storage System) and does not cover electrolyser efficiency, en-

ergy needed to compress hydrogen and also hydrogen losses 

throughout the storage phase. When those factors are taken into 

consideration, the efficiency of the whole ESS itself can be esti-

mated at around 25%-30%. Table 4 below illustrates a techno-

economic comparison between PEM fuel cells and various 

sources of energy. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fuel cells, in most cases, include three main elements: an 

oxidant electrode (cathode), a fuel electrode (anode) and finally, 

an electrolyte placed between them. The electrodes are made of 

porous material covered with catalyst material (often platinum). 

Stored hydrogen is delivered as a gas-flow stream to the anode, 

where it reacts. The H2 oxidizes to generate hydrogen ions and 

also electrons. Those ions migrate through the electrolyte. 

Meanwhile, electrons are forced to find their way through an ex-

ternal electrical circuit – generating electricity. Finally, on the 

cathode, electrons and hydrogen ions react with oxygen from air 

and form water as a waste product. 

Fuel cells as an energy source have several unique features 

like no harmful emissions, high efficiency, modularity, static na-

ture, and a vast range of applications. In terms of no harmful 

emission, the products of the reaction held inside the cell are 

only water, DC electricity and heat. However, in the case of fuel 

cells and their emissions, it is crucial to also consider their fuel 

– hydrogen, and the method of obtaining it. Regarding this de-

scription as hydrogen produced in electrolyser supplied by sur-

plus form PV system, no-emission cells can be considered as 

real. Moreover, when hydrogen is produced by grid-supplied de-

vices and the grid system itself relies on conventional fossil fuel 

power plants, then electricity produced by the fuel cells is more 

harmful to the environment than the production of the same 

amount of energy in a conventional way. According to research 

performed by Argonne National Laboratory [68] 3 000 000– 

3 500 000 BTUs (British Thermal Units) of energy from fossil 

fuels is required to produce 1 000 000 BTUs of energy in a fuel 

cell (using hydrogen from “non-green labelled” source), which 

is comparable or even less than conventional production of en-

ergy in coal power plants. However, the cost of fuel cell-based 

plants is incomparably higher than that of traditional coal-fired 

power plants. The high efficiency of the cell, compared to the 

heat engine, which is limited by the ideal Carnot Cycle, reaches 

higher values. It is because of the fact that the fuel cell as an 

electrochemical device is not limited by the cycle mentioned be-

fore, and it mostly depends on chemical energy content bound 

with the provided fuel. The modularity feature is possible due to 

the simple construction of the fuel cell. System power output can 

be easily controlled by changing a number of cells in the stack 

or changing the number of stacks in the complete system. It is 

also worth noticing that stacking and increasing the power out-

put of cells does not affect the efficiency of the entire system, 

and this fact gives this solution enormous potential in terms of 

energy storage systems. Due to its nature, fuel cells as electro-

chemical devices can feature very static workflow. There are al-

most no dynamic parts that could cause vibrations or major 

faulty damage, which is why this source of energy is very relia-

ble and also safe. However, as presented in Table 4, fuel cells 

are undoubtedly much more expensive than conventional 

sources of energy. The high price is determined by the usage of 

exceedingly rare materials as catalysts (mostly platinum), and 

delicate membrane manufacturing techniques. Experts estimate 

that the cost per one kW with a fuel cell must drop by 10 times 

[69] to successfully appear on the residual energy market. There 

is potential to lower the price as with every year, fuel cells are 

more likely to be “mass-produced”. Another issue is the dura-

bility of the cells as power-generating devices. It is assumed that 

for sustaining the power supply device, the durability of the fuel 

cell needs to be increased more than 5 times (of current durabil-

ity) to achieve industrially reasonable, more than 60 000 h of 

lifetime. 

6.3. Compressed air and hydrogen energy storage 

One of the newest and also complex methods to store energy 

combines the traditional method of Compressed Air Energy 

Storage (CAES) with hydrogen fuel used to produce Synthetic 

Natural Gas (SNG). CAES system involves air compression 

during energy surplus, storage and then air expansion to receive 

energy in an analogous way as it takes place in pumped hydro-

power plants. CAES system can correspond with SNG from hy-

drogen to become an efficient energy storage system. Both com-

ponents (compressed air and SNG produced from H2) can be 

easily stored and used to produce energy, e.g., in gas turbines 

later, during energy demand valleys. 

That kind of hybrid system, which relies indirectly on hydro-

gen production during energy storage, is called the Power to Gas 

to Power (P-t-G-t-P) system [68]. One of the newest ideas of 

energy storage called the Compression Air and Hydrogen En-

ergy Storage (CAHES) system, combines both storage methods 

mentioned before, CAES and P-t-G-t-P system (or P-t-SNG-t-P 

for synthetic gas). 

Table 4. Technoeconomic comparison of PEM fuel cell and different energy sources [67]. 

Transportation propulsion technology 
Power 

level [kW] 
Efficiency 

[%] 
Specific power 

[kW/kg] 
Power density 

[kW/l] 
Vehicle range 

[km] 
Capital cost 

[$/kW] 

Proton exchange membrane fuel cell 
(on-board fuel processing) 

10−300 40−45 400−1 000 600−2 000 350−500 100 

Proton exchange membrane fuel cell 
(off-board hydrogen) 

10−300 50−55 400−1 000 600−2 000 200−300 100 

Gasoline engine 10−300 15−25 >1 000 >1 000 600 20−50 

Diesel engine 10−200 30−35 >1 000 >1 000 800 20−50 

Diesel engine/battery hybrid 50−100 45 >1 000 >1 000 >800 50−80 

Gasoline engine/battery hybrid 10−100 40−50 >1 000 >1 000 >800 50−80 

Lead-acid or nickel metal hydride battery 10−100 65 100−400 250−750 100−300 >100 
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Figure 13 shows the scheme of the CAHES system. The en-

tire system consists of several different devices with distinct 

roles. As a part of the P-t-SNG-t-P system, we can note water 

treatment installation, hydrogen generator, optional oxygen and 

hydrogen compressors, hydrogen tank, oxygen tank, mechani-

zation unit, SNG and CO2 compressor, combustion changer and 

finally, flue gas turbine. On the other side of this system, there 

is the CAES part, including an air compressor, heat exchangers, 

and compressed air turbine. There are also devices that fulfil the 

entire system and cannot be assigned as a part of only one sub-

system; these are the water tank, generator, moisture separator, 

and compressed air tank. As Fig. 13 illustrates the CAHES sys-

tem design scheme, it also represents three phases that feature 

most of the energy storage sub-systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first subsystem consists of a hydrogen generator, water 

preparation installation, hydrogen and oxygen compressors, and 

storage tanks for hydrogen, oxygen, and water. The hydrogen 

generator operates during low electricity demand or increased 

renewable energy production. Hydrogen and oxygen are stored 

in H2−T and O2−T tanks at 30−40 bar. The hydrogen goes to the 

methanation unit, while oxygen is used as an oxidant for burned 

SNG in the SNGOCSs. 

The Methanation Sub-system (MSs) receives a mixture of 

carbon dioxide and steam, a byproduct of flue gas drying during 

SNG oxycombustion. It includes three methanation reactors 

with heat exchangers. The Compressed Air Energy Storage Sub-

system (CAESSs) includes a three-section air compressor (Air-

C) with cooling sections. Atmospheric air is compressed to 

4 000 kPa, and the pressure can be adjusted from 2 000 kPa to 

6 000 kPa. The compressor's internal efficiency is 88%, with 

a 98% electromechanical efficiency. Compressed air can be 

stored in an underground tank and then divided into two streams: 

one is heated using the methanation process, and the other is 

heated by high-temperature flue gas. Both streams are directed 

into separate expanders. 

The expanded air can be utilized to more efficiently dry ex-

haust gases before they enter the methanation process. The flue 

gases expander (FG-Ex) operates in the SNG Oxy-Combustion 

Sub-system, fuelled by SNG combustion in the combustion 

chamber (CCH). Oxygen from the electrolysis process is used 

for combustion. The expander's pressure is 4 000 kPa, and its 

temperature ranges from 800°C to 1 100°C. 

 

Fig. 13. CAHES system concept scheme.  

CCH – Combustion Chamber, SEP – Moisture Separator, HG - Hydrogen Generator, MU - Methanation Unit, HX - Heat Exchanger, WTI – Water 

Treatment Installation, M – Motor, G - Generator Air-Ex (Air Expander), FG-Ex – Flue Gases Expander, O2-T – Oxygen Tank, H2-T – Hydrogen 

Tank, H2O-T – Water Tank, CO2-T – Carbon Dioxide Tank, Air-T – Compressed Air Tank, Air-C – Air Compressor, H2-C – Hydrogen Compressor, 

O2-C – Oxygen Compressor, CO2-C – Carbon Dioxide Compressor, SNG-C – Synthetic Natural Gas Compressor [70]. 
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The flue gases expand to 600 kPa, providing high-tempera-

ture gases for the HX exchanger inside MU (Methanation Unit) 

to heat the air in the CAESSs expander. The exhaust gas from 

the CCH is a mixture of CO2 and H2O. Under ideal conditions, 

the oxygen used for combustion matches the oxygen produced 

by the hydrogen generator in the MSs. The Drying Sub-system 

(DS) condenses water vapour in the flue gases from the FG-Ex 

by cooling them below the dew point. The flue gases are first 

cooled to 30°C in the standalone HX heat exchanger. Further 

cooling is achieved by optionally using the low temperature of 

the air, leaving the CAESS Air-Ex. 

The first charging phase occurs during sunny weather and 

PV electricity generation surplus. The energy that cannot be 

used by residential devices right away is used to supply hydro-

gen electrolysers and air compressors. Both gases are then stored 

inside tanks. 

However, according to Fig. 8 and section 6 of this paper, 

there is the possibility of implementing different methods of hy-

drogen storage. But those cases should be part of further re-

search. Moreover, it could also be possible to use the produced 

hydrogen straightforwardly inside the mechanisation unit and 

then store SNG instead of H2. As tanks are filled with PV energy 

surplus products, the second phase starts – storage itself. The 

last discharge stage is complex and covers several different pro-

cesses like using hydrogen in methanization unit (if not per-

formed in other phases), combustion of SNG inside the cham-

ber, expansion of flue gases on the turbine, compressed air ex-

pansion, power generation from generator coupled with flue gas 

and compressed expanders, separation of moisture from flue 

gases. There are also minor processes which provide efficiency 

due to heat recovery in heat exchangers, like using heat gener-

ated inside the mechanisation unit to increase the temperature of 

compressed air heading to the air expander. According to re-

search [69] CAHES system, presented in Fig. 13, can achieve an 

efficiency of 38.15% (2020 y), which is higher than P-t G(H2)-

t-P sub-systems alone but is lower than CAES sub-system con-

sidered individually. The whole idea is covered by patent proce-

dure [71]. Regarding efficiency of this CAHES system only puts 

many doubts to this idea and points to the superiority of energy 

storage methods like BESS or hydropower technology. How-

ever, as this technology is new and features with higher com-

plexity, there are many parts that are under improvement and 

development, which can result in great efficiency grow as re-

search continues. 

7. Conclusions 

The current global energy landscape is characterized by rapid 

energy price increases, frequent delivery disruptions, and geo-

political tensions, highlighting the urgent need for energy stor-

age solutions to enhance energy sustainability. It is undeniable 

that energy storage systems will play a pivotal role in the future 

development of both residential and national energy grids. With 

the growing global electricity production from renewable but 

non-reliable sources, one of the major challenges in today's sci-

entific landscape is to find the most efficient means to utilize 

any surplus energy that occurs and use it when needed by con-

sumers. At the residential scale, energy storage solutions offer 

a promising avenue to improve the performance of photovoltaic 

installations, increasing the rate of auto-consumption. However, 

the range of energy storage methods discussed in this paper re-

veals that there is no one-size-fits-all approach for every appli-

cation. While hydropower technology is well-suited for vast na-

tional grids, it presents technical limitations that make its imple-

mentation on a residential scale unfeasible. 

Battery energy storage systems (BESS) emerge as a more 

accessible and effective solution for residential conditions. 

BESS boasts advantages such as low inertia, high reliability, and 

efficiency. Despite these benefits, the excessive cost and limited 

lifespan of BESS systems continue to hinder their widespread 

adoption for most domestic installations. Additionally, the envi-

ronmental implications of batteries, containing substances 

harmful to the environment and generating considerable waste, 

raise concerns from an ecological standpoint. 

The future of energy storage lies in innovative technologies 

based on hydrogen energy, which offer promising and environ-

mentally friendly solutions when successfully implemented. 

However, the primary challenge surrounding hydrogen storage 

systems is their current implementation phase, with most hydro-

gen installations in early or mid-development stages. Accessi-

bility to common consumers is limited, as certain devices re-

quired for such systems are not readily available. Furthermore, 

the investment cost (CAPEX) remains a significant barrier to 

widespread adoption. Nevertheless, the growing adoption of hy-

drogen energy technologies in the automotive and electrical sec-

tors, coupled with mass production, is expected to drive down 

costs over time. Efforts to lower the cost of devices related to 

hydrogen energy, such as electrolysers and fuel cells, are wit-

nessing a surge of research and publications. Scientists and re-

searchers focus on optimizing hydrogen energy technologies to 

reduce expenses and promote broader accessibility. This re-

search trend aims to replace precious materials like platinum 

with more readily available and cost-effective substances, con-

tributing to cost reduction in hydrogen energy systems. 

Lastly, the Compressed Air and Hydrogen Energy Storage 

(CAHES) method represents a unique combination of modern 

hydrogen-based technology with a more traditional compressed 

air-based approach. While CAHES is still under investigation 

and necessitates further research, it holds immense potential for 

significant improvement. This advancement could result in an 

efficient and cost-effective solution, viable for residential scale 

implementation alongside photovoltaic installations. A success-

ful implementation of CAHES technology can lead to reduced 

energy costs and a more reliable and environmentally friendly 

energy system. 

In conclusion, the current state of energy storage systems in 

residual installations presents a spectrum of viable options, each 

with its unique advantages and challenges. The increasing focus 

on hydrogen energy technologies, along with advancements in 

BESS and CAHES, represents a promising future for energy 

storage. Further research and innovation are necessary to opti-

mize these solutions, making them more accessible, cost-effec-

tive, and environmentally friendly. As global demand for sus-

tainable energy solutions intensifies, energy storage systems 

play a crucial role in shaping a greener and more resilient energy 

future.  

Developing cost-effective solutions for long-duration stor-

age systems is one of a key directions for the future researches 

in this field. While lithium-ion battery solutions dominate the 

market, they are not sufficient systems for extender storage re-

quirements. Researchers should focus on alternative and inno-

vative technologies. One of the crucial aspects that requires fur-

ther investigation is post-lithium-ion battery technologies, 
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which will not rely on lithium as a basic material. This element 

is currently widely sped; however, the lithium mining procedure 

generates high criticism and inequalities (especially in the re-

gions of Africa). Materials Science and Engineering play a piv-

otal role in advancing electrical energy storage technologies. 

Researching new materials for electrodes, electrolytes, and sep-

arators to enhance energy density, cycle life, and safety is im-

perative. Additionally, exploring recycling and second-life ap-

plications for retired batteries can minimize environmental im-

pact and optimize the costs of installations. 

Along with the great development of artificial intelligence 

we witness these days, the development of advanced control al-

gorithms for optimal energy usage, dispatch, and grid stability 

will also be a huge part of the next research. Future research may 

focus on enhancing predictive analytics capabilities by leverag-

ing computer algorithms. These solutions can analyse vast da-

tasets, including historical energy usage patterns, weather fore-

casts, market trends, and grid conditions, to provide accurate 

predictions of energy demand and supply dynamics. AI-driven 

predictive analytics can enable more efficient energy storage 

planning and management by predicting energy fluctuations 

with higher precision. 

Interdisciplinary Collaboration is a key to addressing the 

multifaceted challenges in energy storage. Technological, eco-

nomic, and social challenges can be solved collectively by fos-

tering collaboration between researchers, engineers, policymak-

ers, and industry stakeholders. By fostering collaboration among 

these diverse stakeholders, energy storage challenges can be ap-

proached from multiple angles, leading to more comprehensive 

and effective solutions. For example, researchers may develop 

new battery chemistries with improved performance, engineers 

can design efficient storage systems based on these innovations, 

policymakers can create supportive policies and regulations to 

incentivize deployment, and industry stakeholders can imple-

ment and scale up these solutions in the marketplace. In sum-

mary, the future of residential electrical energy storage research 

is characterized by an interdisciplinary approach that encom-

passes advanced battery technologies, seamless integration with 

renewable energy sources, smart energy management systems, 

grid-interactive capabilities, and sustainability considerations. 

By advancing research in these directions, we can unlock the full 

potential of residential energy storage to drive the transition to-

wards a more sustainable and resilient energy future. 
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