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Abstract 
Energy storage systems are currently expanding worldwide. This is seen as a result of an increased 

amount of renewable intermittent energy in the electrical grid. Energy storage is mainly used to balance 

the supply and demand and increase the reliability of the grid. Energy storage is also used for 

applications such as heating and cooling of buildings, in electric vehicles and in portable electronic 

devices. 

 

This project aims to give an introduction and a general overview to most of the current energy storage 

technologies used globally. This has been done by providing concise descriptions of the chosen 

technologies, complemented with an overall comparison matrix showing data for these technologies, 

and finally with a technical and sustainability discussion. The technologies are segmented under four 

main categories: mechanical energy storage, electrochemical energy storage, thermal energy storage 

and chemical energy storage.  
 

The study has shown that Pumped Hydroelectric Energy Storage (PHES) is and will still be the main 

energy storage technology for years to come. Other technologies such as sensible heat storage and 

Lithium-Ion batteries have undergone significant developments in the recent years, and might become 

viable options in place of PHES in the future. Currently there is no one single optimal energy storage 

system which is fitting for all applications; therefore, this study was not able to define a single storage 

technology that can be promoted as the “best”, globally. Instead, a mix of several types of energy 

storage technologies is the most optimal storage solution. 
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Sammanfattning 
Energilagringssystem för närvarande expanderas över hela världen. Detta ses som ett resultat av en 

ökad mängd förnybar intermittent energi i elnätet. Energilagring används främst för att balansera 

utbud och efterfrågan och öka tillförlitligheten i nätet. Energilagring används också för applikationer 

såsom uppvärmning och kylning av byggnader, i elfordon och i bärbara elektroniska enheter. 
 

Detta projekt syftar till att ge en introduktion och en allmän översikt för några av de nuvarande 

tekniker för energilagring som används globalt. Detta har gjorts genom att tillhandahålla en 

sammanfattande beskrivning av de valda tekniker, kompletterad med en övergripande jämförelse 

matris som visar data för dessa tekniker, och slutligen med en teknisk och hållbarhets diskussion. 

Teknikerna är uppdelade i fyra huvudkategorier: mekanisk energilagring, elektrokemisk energilagring, 

termisk energilagring och kemisk energilagring. 

 

Studien har visat att pumpad vattenkraft är och kommer fortsätta att vara den mest utnyttjande 

energilagringsteknologin i många år framöver. Andra tekniker såsom sensibel värmelagring och 

litiumjonbatterier har genomgått en betydande utveckling under de senaste åren, och skulle kunna bli 

ett hållbart alternativ till pumpad vattenkraft i framtiden. För närvarande finns inget optimalt 

lagringssystem för energi som kan appliceras för alla energilagringsbehov, på grund av detta kunde 

inte denna studie definiera en enda lagringsteknik som anses vara den bästa för global implementering. 

Istället är en kombination av flera typer av energilagringstekniker den mest optimala lösningen.  
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1. Introduction 
Energy Storage Systems is the storage of different forms of energy over a period of time. New 

technologies provide efficient and environmentally friendly storing systems. Currently there are 140 

GW of large scale electrical, grid connected, energy storage installed worldwide. Up to 99% of this 

consists of Pumped Hydroelectric Energy Storage (PHES) technologies, making it the largest type of 

energy storage. The remaining 1% consists mainly of a mixture of Compressed Air Energy Storage 

(CAES), Flywheel Energy Storage (FES) and  Electrochemical Energy Storage (EES) in the form of 

Sodium Sulphur (Na/S) batteries and Lithium-Ion (Li-I) batteries [1], [2]. 

  

From an economical point of view, storing energy is becoming increasingly important. Taking the 

price of electricity as an example; globally the electricity price is moving from flat rate pricing to a 

Time-of-Use (TOU) tariff, where the price varies due to the consumption at any given hour.  With 

this type of pricing, the cost of electricity usually has its peaks during daytime working hours when 

most businesses are operating at full capacity. The price of electricity at peak hours can often be 400% 

higher than the price during the night [3]. The TOU pricing is based on the fact that electricity must 

be produced and consumed at the same time. In an electrical grid where developed energy storage 

systems are used, the electrical energy can be stored as mechanical, thermal or electrochemical or 

chemical energy when the production exceeds the demand and then be released back into the market 

as electricity when the demand is higher, thereby reducing the price peaks during a given time interval 

[4]. 

 

Energy storage is also very attractive for balancing the load on the electrical grid. It can be used to 

minimize fluctuations in the frequency and thereby increasing the flexibility and reliability of the grid. 

The use of energy storages is especially useful in locations consisting of a large amount of renewable 

energy resources, like wind and solar farms, since it can enable the optimization of their production 

and have a more constant supply even though the renewable source is intermittent [5]. 

 

Energy is also stored as thermal energy for heating and cooling applications. Ice can be seasonally 

stored in isolated rooms to be used in air conditioning on warm periods of the year and heat from the 

summer sun can be stored for colder periods of the year [6]. Waste heat from factories can also be 

stored and used both for generation electricity and for heating of buildings. To store and reuse waste 

heat could reduce greenhouse gas emissions and contribute to a more sustainable development [7].  
 

1.1. Problems and goal 
Studies regarding the comparison of different energy storage technologies have been done but lack 

either sufficient referencing or a total comparison for many of the available energy storage 

technologies. Some studies such as by Fernandes et al. [8] provide some data for several technologies 

and perform in-depth analysis for a certain energy storage technology. Other studies like by Hauer [9] 

provide a more general comparison for many of the different technologies but need to be 

complemented with additional analysis and discussions in order to improve its reliability. The problem 

which needs to be addressed is that no report so far provides an overview of the available energy 

storage systems complemented with sufficient referencing, analysis and discussion.  

 

This thesis will serve as a complement to previous studies where the main objective is to produce an 

objective and comprehensive platform for comparison of several energy storage technologies. Criteria 

which can be used to compare different types of energy storage, e.g. capacity and power, will be 

included in the comparison. Technology specific criteria, e.g. specific heat (Thermal energy storage) 
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or revolutions per minute (Flywheels), will be excluded. The goal is to gather data from several 

different studies which have not yet been compared, this will then be compiled into one 

comprehensive comparison matrix. This thesis is expected to give an an introduction and an overview 

of several of the energy storage systems available on a global level.  

 

1.2. Method 
The method consists of gathering available data regarding the most crucial criteria for each storage 

technology. Furthermore, the gathered data are studied and compared in order to produce a 

comprehensive matrix with comparable criteria. Some data is only available for some specific 

technologies; thus some data are not comparable. A discussion of how the different criteria are 

measured and why some criteria cannot be compared for different technologies is included. 

 

The data for this thesis was mainly gathered from acknowledged databases such as ScienceDirect [10], 

government organizations, international organizations and from companies operating in the energy 

storage industry. Some data which could not be found online was complemented with discussions 

with staff at the Energy Technology department at the Royal Institute of Technology. 

2. Technologies 
In this section, a short summary of each storage technology is provided followed by a table of the 

most general criteria concerning each technology. Definitions of the different criteria are provided at 

the end of the thesis under 3.1 Criteria analysis. The technologies are categorized according to the 

type of energy the technology stores and examples of applications are provided. The types of energy 

storage technologies are as follows: 
 

1. Mechanical  
• Pumped Hydro Energy Storage 

• Compressed Air Energy Storage 

• Flywheels 

2. Electrochemical  
• Lithium Ion Batteries  

• Flow Batteries  

• Sodium-Sulfur Batteries 

3. Thermal   
• Sensible Heat Storage 

• Latent Heat Storage  

• Thermo-chemical Heat Storage 

4. Chemical  
• Hydrogen Storage 

 

2.1. Mechanical energy storage 
Mechanical energy storage is currently the most commonly used energy storage type in the world. 

Mechanical energy storage is either stored as potential energy or as kinetic energy. These types of 

energy storages are mainly used to reduce fluctuation due to intermittent renewable energy sources 

and thereby increasing the reliability of the electrical grid. They can also be used for large term energy 

storage where pumped hydroelectric energy storage is the leading technology in the world today [1].  
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2.1.1. Pumped Hydroelectric Energy Storage 
Pumped hydroelectric energy storage (PHES) consists of two water reservoirs with a significant height 

difference between the lower and the upper reservoir. When the supply of electricity exceeds the 

demand, pumps are used to move (pump) the water from the lower reservoir to the upper reservoir, 

thereby increasing the water's potential energy. When the demand for electricity exceeds supply, the 

process is reversed. Then the potential energy is released from the water in the upper reservoir by 

allowing it to flow back to the lower reservoir [4], [3]. The water is then led through turbines that 

generate electricity, which is sent back to the main power grid as shown in Figure 1. 

 

 
Figure 1: Conceptual solar PV power based pumped hydroelectric storage (PHES) system [11]. 

As can be seen in Table 1 , PHES has relatively low energy cost, very high capacity, and long 

lifetime. Other characteristics of PHES are short start-up time and flexibility in the production of 

electricity. Due to these characteristics, hydropower reservoirs, both conventional and PHES, are 

currently the main way of storing electricity, consisting of 99% of the worldwide large-scale electrical 

storage capacity [2].  Conventional hydro power plants with reservoirs are constrained in their 

generating capacity due to hydrological limitations such as: rainfall, seasonal weather, stream flow, 

limitations in reservoirs etc. Pumped hydro systems have been used since the 1890s and can 

overcome some of these limitations by connecting to a solar or wind farm, and using excess energy 

to pump water to the upper reservoir (as in Figure 1), thereby optimizing the use of such 

intermittent renewable energy resources [2], [11].  
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Table 1: Pumped Hydroelectric Storage technical data summary 

Power [MW] 450 – 3000 [12] 

Storage Capacity [MWh] < 126 000 [13] 

Round trip efficiency [%] 70 – 85 [8] 

Storage Period Days – Months  [9] 

Cycle lifetime [Cycles] 12800 – 33000  [8] 

Expected lifetime [Years] 30 – 60  [8] 

Specific Energy [Wh/kg] 0.5 – 1.5  [8] 

Specific Power [W/kg] 0 [8] 

Energy Density [kWh/m3] 0 [8] 

Power Density [kW/m3] 0 [8] 

Energy Cost [$/kWh] 0 – 23  [8], [2012] 

Power Cost [$/kW] 600 – 2000  [8], [2012] 

Initial investment cost [$/kW] 500 – 4600  [1], [2014] 

 

2.1.2. Compressed Air Energy Storage  
In Compressed Air Energy Storage (CAES) facilities, air is compressed and is stored under high 

pressure in underground caverns. CAES is an alternative to pumped hydro since it has relatively high 

power output and storage capacity. However, with CAES, instead of pumping water to an upper 

reservoir when the electricity supply is high, atmospheric air is compressed and stored in underground 

facilities under high pressure as shown in Figure 2. When the demand for electricity is high, the stored 

air is heated and expanded and led through a turbine driving a generator, which is used for electricity 

production [14]. 
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Figure 2: Schematic diagram of a CAES system [15] 

CAES supports various applications on the grid such as load shifting at peak hours, energy storage 

over long periods of time and stabilization of the electrical grid. At present there are only two CAES 

plants in the world, one 290 MW power and 580 MWh energy plant in Huntorf, Germany [16] and 

one 110 MW plant in Alabama, USA [17]. These plants are unique in the world today but there are 

others being developed. The data used for power and capacity in Table 2 represent largest plant 

currently operational, although research shows both the power and the capacity of CAES can be 

increased [18]. As can be seen in Table 2, CAES has long lifetime and relatively high storage capacity 

which makes it an alternative to other large scale energy storages.  

 

Table 2: Compressed Air Energy Storage technical data summary 

Power [MW] < 290  [16] 

Storage Capacity [MWh] < 580  [16] 

Round trip efficiency [%] 57 – 85  [8] 

Storage Period 
Days – 

Months  
[9] 

Cycle lifetime [Cycles] 
8000 – 

17000   
[8] 

Expected lifetime [Years] 20 – 40   [8] 

Specific Energy [Wh/kg] 30 – 60   [8] 

Specific Power [W/kg] 0 [8] 

Energy Density [kWh/m3] 3 – 6  [8] 
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Power Density [kW/m3] 0.5 – 2  [8] 

Energy Cost [$/kWh] 2 – 140  [8], [2012] 

Power Cost [$/kW] 400 – 800   [8], [2012] 

Initial investment cost [$/kW] 500 – 1500  [1], [2014] 

 

2.1.3. Flywheel Energy Storage 
A flywheel is a mechanical device, typically made of steel, which enables the storage of rotational 

kinetic energy. The amount of stored energy is proportional to the square of the flywheel’s rotational 

speed. The traditional flywheels are generally limited to a rotational speed of a few thousand 

revolutions per minute (RPM) due to bearings and materials. Modern flywheel systems are made from 

carbon fiber and use magnetic bearings and a vacuum to minimize friction and drag. These flywheels 

can reach revolution speeds of up to 60 000 RPM which greatly increase the energy storage capacity 

and efficiency [19]. 

 

Flywheel Energy Storage (FES) systems can be very beneficial in a number of areas, among which one 

is improving the electricity grid by providing increased reliability and flexibility. Flywheels can be 

charged by intermittent energy sources and deliver more constant electricity to the grid. They are also 

able to react instantly to changes in the grid which makes them ideal for frequency regulation [19]. 

 

Some advantages of FES, as seen in Table 3, are long life and high specific power. This makes them, 

as mentioned before, ideal for reliable frequency regulation. Other advantages are negligible 

environmental impacts and low maintenance [20]. Some of the negative aspects with flywheels are the 

relatively short storage period, and high price per kilowatt hour [21]. Because of this FES are more 

commonly used for grid stabilization and in hybrid electric vehicles rather than storing energy over 

long periods of time.  

  

Table 3: Flywheel energy storage systems technical data summary 

Power [MW] < 20  [22], [23] 

Storage Capacity [MWh] < 5  [22], [23] 

Round trip efficiency [%] 70-95 [8] 

Storage Period Hours – Days  [9] 

Cycle lifetime [Cycles] 20 000 – 175 000  [8], [20] 

Expected lifetime [Years] 15 – 20 [8] 

Specific Energy [Wh/kg] 10 – 30 [8] 
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Specific Power [W/kg] 400 – 1500 [8] 

 Energy Density [kWh/m3] 20 – 80 [8] 

Power Density [kW/m3] 1000 – 2000 [8] 

Energy Cost [$/kWh] 250 – 400 [8], [2012] 

Power Cost [$/kW] 230 – 150 000 [8], [2012] 

Initial investment cost [$/kW] 130 – 500 [1], [2014] 

 

2.2. Electrochemical energy storage 
Electrochemical energy storage (EES) systems mainly consist of different types of rechargeable 

batteries. The battery systems which have been included in this thesis are the most common ones on 

the market today. Older systems such as lead-acid batteries have been excluded due to less promising 

application on large scale storage, low energy density in comparison to other systems and higher 

environmental impact. Lead-acid batteries are mainly used as starter batteries in cars since they have 

relatively high power density [24]. Capacitors and super capacitors have also been excluded due to low 

energy density and storage capacity in comparison to batteries [25], [26].  

 

2.2.1. Lithium-Ion Batteries  
Lithium-Ion (Li-I) batteries are the most common type of rechargeable batteries. These batteries 

utilize the movement of lithium ions between the negative and positive electrodes during the charge 

and discharge cycles [27].  Li-I batteries are generally used as a small scale energy storage system, thus 

far. The technology is commonly used in consumer electronics such as mobile phones, portable 

computers, tablets, toys, etc. In recent years there has also been a significant increase in the number 

of electric cars in the world, hence increasing the use of Li-I batteries in medium to large scale energy 

storage. There are also emerging technologies using Li-I batteries which can store enough energy to 

power households or even factories and residential areas such as the Tesla Powerwall and the Tesla 

Powerpack [28], [29], [27].  

 

The lifetime of rechargeable batteries can be measured as the number of full charge-discharge cycles. 

After 500 cycles, the capacity of lithium ion batteries begins to drop and the capacity is reduced to 

around 50% after 1200-1500 discharge cycles [30]. Lithium batteries self-discharge even if they are not 

in use (i.e. when not delivering current), with a self-discharge rate stated to be around 8 % per month 

at room temperature [31]. The fast paced improvement of Li-I technology has resulted in the invention 

of several new types of Li-I applications (e.g. Tesla Powerwall and Powerpack). As seen in . 

Table 4, Li-I batteries have the potential to store large amount of energy, making them suitable not 

only for portable electronics and electric vehicles, but also for larger scale energy storage. The largest 

Li-I power plant in the world, the 48 MW, 12 MWh Gyeongsan Substation in South Korea, became 

operational in January 2016 [32]. Other even larger plants in the US and India are planned, which 

indicates that the technology is developing fast [33], [34]. 

Table 4: Lithium Ion Batteries technical data summary 
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Power [MW] < 48  [32] 

Storage Capacity [MWh] < 250 [28] 

Round trip efficiency [%] 80 – 92.5 [28], [35] 

Storage Period Hours/Months [9], [28] 

Cycle lifetime [Cycles] 1000 – 10000  [36] 

Expected lifetime [Years] 5 – 15  [8] 

Specific Energy [Wh/kg] 150 [36] 

Specific Power [W/kg] 150 – 315  [8] 

 Energy Density [kWh/m3] 400 [36] 

Power Density [kW/m3] 0 [8] 

Energy Cost [$/kWh] 175 – 4000  [8], [2012] 

Power Cost [$/kW] 500 – 2500  [8], [2012] 

 

Tesla Powerwall and Powerpack 
Tesla Powerwall is one of the latest technologies of electrical storage for residential use. It was 

announced in 2015 by Tesla Motors [29]. It consists of a rechargeable lithium-ion battery that enables 

storage of energy generated by solar panels or when the electricity price is low [29]. 

 

Tesla Powerwall is a very unique integrated solution when it comes to load shifting, domestic electricity 

consumption and backup power. A Tesla Powerwall in a domestic house will be connected to solar 

panels on the roof in order to store electricity from sunlight during the day, and making it available 

whenever the household power demands arise. In this way, the Powerwall can provide electricity to a 

household independently from the utility grid and it creates initiative for house owners to use 

environment friendly power sources such as solar panels. If the sun does not shine, the Powerwall can 

charge itself directly from the grid and will do so when the electricity price is low, e.g. during the night. 

When the price of electricity is higher, the Powerwall will provide power to the house instead of the 

power coming from the grid and will thereby reduce peak electricity prices. Tesla Power Wall has a 

storage capacity of 6.4 kWh with a cost of 3000 US dollars. It has an efficiency up to 92 % and provides 

3.3 KW of power [29].  

 

The standard Powerwall system requires solar panels and consists of an inverter for transforming 

electricity between direct current (DC) and alternating current (AC). An inverter is a measurement 

instrument for measuring battery charge, and a secondary circuit that powers key household appliances 

[29]. 
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Tesla also has a larger system called Tesla Powerpack. The Powerpack is essentially a larger version of 

the Powerwall and has, according to Musk et al. [28], a capacity of 100 kWh per unit.  The units are 

modular and can be scaled infinitely for a potential GWh class storage or higher [28]. Possible 

applications for the Powerpack are peak energy price savings, load shifting, capacity reserve and fast 

demand response for factories, large retail stores, office buildings, and so forth [37].  

 

2.2.2. Flow batteries 
Flow batteries are an EES system which belong to the rechargeable type of batteries. Flow batteries 

are divided into different classes, where Redox Flow batteries are the most common. Flow batteries 

utilize the difference in chemical potential between two solutions stored in separate tanks, where one 

solution serves as an anode (negative electrode of the battery) and the other as the cathode (positive 

electrode of the battery) [38]. These solutions are then allowed to come in contact with one another 

through a membrane in a battery cell. Through this process, electrons are released from a state of high 

chemical potential to a state of lower chemical potential, which in turn produces a current [39]. One 

of the advantages with flow batteries is that they can immediately be recharged by replacing the 

electrolyte liquid within the battery when the difference in chemical potential has been depleted [38].  

 
Redox batteries 
Redox batteries consist of two tanks with electrolyte solutions which are allowed to flow through an 

electrochemical battery cell during the charge and discharge cycles. In this process one of the solutions 

is reduced and the other one is oxidized. Through this chemical reaction, the chemical potential energy 

is converted into electric energy as illustrated in Figure 3. For further reading on the chemical reactions 

see separate literature e.g. Energy Storage Association [40]. If compared to solid-state type batteries, 

i.e. batteries which have both solid electrolytes and solid electrodes, Redox flow batteries can store 

larger amounts of energy while remaining cost-efficient. The reason for this is that conventional 

batteries are limited in size by the size of the entire battery while redox flow batteries are only limited 

by the size of the tanks used to store the electrolytes. According to Skyllas Kazacos et al. [41], UNSW, 

these tanks can be made considerably larger than the solid state-type batteries without being 

increasingly expensive.  

 

The latest technology in redox batteries is vanadium redox batteries. These use electrolyte solutions 

based on the metal vanadium on both sides of the battery, stored in two separate tanks. By using only 

one substance, there is no cross-contamination between the two tanks. This enables up to 100 000 of 

charge-discharge cycle as stated in Table 5 [41], [40]. Since flow batteries use separate tanks to store 

the electrolytes, the criteria in Table 5 is given as ranges depending on the size of the tanks. Capacity 

is a good example of this, where larger tanks provide larger storage capacity.    
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Figure 3: Charge discharge cycle of a Vanadium Redox battery [42] 

Table 5: Redox Flow Batteries technical data summary 

Power [MW] 0.01 – 15 [40], [43] 

Storage Capacity [MWh] 0.5 – 60  [40], [43] 

Round trip efficiency [%] 60 – 85  [8] 

Storage Period Hours – Months  [9], [40] 

Cycle lifetime [Cycles] 12000 – 100 000 [8] 

Expected lifetime [Years] 5 – 15 [8] 

Specific Energy [Wh/kg] 10 – 30  [8] 

Specific Power [W/kg] 0 [8] 

 Energy Density [kWh/m3] 16 – 33  [8] 

Power Density [kW/m3] 0 [8] 

Energy Cost [$/kWh] 150 – 1000  [8], [2012] 

Power Cost [$/kW] 175 – 1500  [8], [2012] 
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2.2.3. Sodium-Sulfur batteries 
Sodium-sulfur (Na/S) batteries are also an EES system, which were developed by Ford Motors in the 

1960s. Sodium-sulfur is a type of molten-salt batteries consisting of sodium (Na) and sulfur (S) liquids 

[44], where molten sulfur serves as the positive electrode and molten sodium as the negative one. The 

electrodes are separated by ceramic sodium alumina, which also acts as the electrolyte [45].  

 

There are both positive and negative aspects of Na/S battery systems. They are able to store energy 

with high density, are manufactured from relatively cheap materials and have a round trip efficiency 

of up to 90%, as summarized in Table 6. This makes Na/S batteries cost-effective in comparison to 

other batteries, which can be seen when comparing the energy costs in, Table 4, Table 5 and Table 6. 

Meanwhile, because of temperature requirements of between 300 °C and 350 °C and the corrosive 

materials used, these types of batteries are mainly suited for stationary applications [45].  

 

Table 6: Sodium Sulfur Batteries technical data summary 

Power [MW] < 50  [45], [46] 

Storage Capacity [MWh] < 300 [45], [46] 

Round trip efficiency [%] 70–90 [8] 

Storage Period 
Hours – 

Days  
[9] 

Cycle lifetime [Cycles] 2500 [8] 

Expected lifetime [Years] 5 – 15  [8] 

Specific Energy [Wh/kg] 150 – 240  [8] 

Specific Power [W/kg] 150 – 230 [8] 

 Energy Density [kWh/m3] 150 – 250 [8] 

Power Density [kW/m3] 0 [8] 

Energy Cost [$/kWh] 250 – 500  [8], [2012] 

Power Cost [$/kW] 150 – 3000  [8], [2012] 

 

This system is currently mainly used in Japan, where there are over 190 sites with Na/S battery systems 

mainly used for balancing the production capacity of the country's wind farms and other renewable 

energy power plants. The largest installation in the world is a 50 MW, 300 MWh unit in the northern 

part of Japan [46], [44], [45]. 
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2.3. Thermal energy storage 
Thermal energy storage (TES) involves a number of diverse technologies. Thermal energy can be 

deposited as sensible heat, latent heat and chemical energy using chemical reactions. The choice of the 

storage method to use depends on the heating or cooling application and the source of the thermal 

energy. TES transfers heat or cold to the storage media through the charging period, and releases the 

heat or cold during the discharge. It can be practically applied in e.g. solar plants or in industrial 

processes e.g. storing waste heat for re-use [47]. It can also be used in residential and commercial 

establishments. 

2.3.1. Sensible heat storage 
Sensible heat storage (SHS) is based on storing energy by cooling or heating a fluid or a solid storage 

medium such as water, sand, rocks and molten salts, where water is the most-used option. This type 

of heat storage is often used in solar towers, as shown in Figure 4, and parabolic trough collectors. 

For this application of SHS, the most common storage materials are molten salts and mineral oils, 

respectively. 

 

 
Figure 4: Schematic diagram of solar tower with sensible heat storage [48] 

SHS typically provides a specific energy between 10-50 kWh/t, with storage efficiencies between 50 – 

90% as can be seen in Table 7. These intervals depend on the insulation technologies being used and 

the heat capacity of the storage medium [6]. The heat capacity of a medium is defined as “the amount 

of heat needed to raise the system's temperature by one degree” [49]. Materials which have low heat 

capacity include mineral oils and synthetic oils, whereas materials with medium to high heat capacity 

are cast iron, nitrate salts and carbonate salts, respectively [8]. Comprehensive details on thermal 

energy storage and various storage mediums used can be found in different literature, e.g. Fernandes 

et al [8]. SHS is relatively cheap, but its disadvantages are its low energy density (in comparison to 

latent heat and thermo-chemical heat) and its variable discharging temperature [50]. At present SHS 

is the most common type of thermal energy storage and in 2013 the world’s largest sensible energy 

storage plant became operational. This is a solar power plant called Solana Generation Station, Arisona 

US and it uses SHS with molten salts to store up to 280 MW power and 1680 MWh energy [51]. 

 

Table 7: Sensible Heat Storage technical data summary 

Power [MW] 0.001-280  [51], [6]  
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Storage Capacity [MWh] 1680 [51] 

Round trip efficiency [%] 50-90  [6] 

Specific energy [kWh/t]1 10-50  [6] 

Storage period Days – Months  [6] 

 Energy Cost [$/kWh] 0.1-11  [6], [2013] 

Initial investment cost [$/kW] 500 – 3000  [1], [2014] 

 

2.3.2. Latent heat storage 
Latent heat storage (LHS) systems are based on phase change materials (PCMs), where solid-liquid 

conversion is considered to be the most effective conversions as compared to liquid-gas and solid-

solid [8]. This is due to the large change in volume in liquid-gas transition and the low value of latent 

heat in solid-solid transition [8]. Compared to SHS, LHS enables larger specific energy and controllable 

discharging temperatures. PCMs can be used for short-term (hourly) storage as well as for long-term 

(monthly) storage. PCMs are classified with regards to their melting temperature and can be divided 

in two main segments: low temperature (<200°C) and high temperature (>200°C) [8]. 
 
Several materials can be used to store energy as latent heat. Some common materials used as PCMs 

are paraffin, ice and Erythritol. Ice is an example of a way of storing cold which is commonly used 

and have been used for a long time. It can be found in cooling systems at schools, hospitals, office 

buildings and supermarkets [52]. This thesis however will mainly discuss the different types of heat 

storage and will therefore not go more deeply into ice storage. The materials used have different 

properties which enable them to store different amount of heat per unit mass or volume. Because of 

this, the technical data in Table 2 are given as intervals. This type of energy storage can for example 

be applied as passive heating and cooling systems in buildings. Here a PCM cools and solidifies at 

night and melts during the day in order to produce cold air via an air conditioning system [6]. 

Table 8 Latent Heat Storage technical data summary 

Power [MW] 0.001-1  [6] 

Round trip efficiency [%] 75-90  [6] 

Specific Energy [kWh/t] 50-150  [6] 

Storage period Hours – Months  [6] 

Energy Cost [$/kWh] 11-57 [6], [2013] 

 

2.3.3. Thermo-chemical heat storage 
Thermo-chemical heat storage (TCS) is the most recently developed method of storing thermal energy 

and utilizes reversible chemical reactions to store energy. The materials used in TCS are referred to as 

1 This is defined as “Capacity” in the source but the unit kWh/t corresponds to what the rest of sources defines as “Specific 

energy”. For comparison purposes “Capacity” is therefor changed to “Specific energy. The same change is done for latent 

heat storage and thermo-chemical heat storage.  
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thermochemical storage materials (TCMs). The heat in this type of storage ranges from low grade 

heat, at 300°C, to high grade heat, at 1000°C [47]. In Figure 5, the charge and discharge cycles are 

shown. There, during the charging process, energy in the form of high grade heat is absorbed by an 

absorbent causing an endothermic chemical reaction. The reaction products are either stored for 

reverse use or exhausted. When energy is needed, high grade heat is generated through an exothermic 

reaction, which is then converted into electricity and low grade heat.  

 

 
Figure 5: Thermal energy storage by reverse of chemical reactions [47]. 

TCS is currently still in the research stage but shows great potential in storing energy over long periods 

of time. This is due to the fact that unlike latent and sensible heat storage, chemical heat storage is not 

limited in time due to heat loss [47]. TCS also provides higher specific energy in comparison to both 

sensible and latent heat storage as can be seen when comparing Table 7, Table 8 and Table 9 but is 

still considered a more expensive option. 

Table 9: Thermo-chemical heat storage technical data summary 

Power [MW] 0.001 – 1   [6] 

Round trip efficiency [%] 75 – 100  [6] 

Specific energy [kWh/t] 120 – 250   [6] 

Storage period Hours – Days  [6] 

Energy Cost [$/KWh] 9 – 112  [6], [2013] 

Initial investment cost [$/kW] 1000 – 3000  [1], [2014] 

2.4. Chemical energy storage 
The chemical energy storage (CES) is a relatively young technology and is still under development for 

large scale applications. In this thesis Hydrogen energy storage is the only chemical energy storage 

system which is examined. Researches show that there is great potential for Hydrogen storage and 

there is an increasing interest in this technology [53].  
 

2.4.1. Hydrogen Energy Storage  
Hydrogen Energy Storage (HES) is a chemical energy storage system. HES enables electricity to be 

converted into hydrogen by electrolysis, which can be stored and then re-electrified. Hydrogen can be 

re-electrified in fuel cells with round-trip efficiencies up to 50% [53]. Currently there are two different 

mature technologies for converting electrical energy into hydrogen: Alkaline electrolysis and Proton 

Exchange Membrane (PEM). These are used for large centralized and smaller decentralized systems 

respectively, and both have a one way efficiency of 65-70% [53]. An emerging technology is high 

temperature electrolysis where both electricity and heat can be used to produce hydrogen, this 

technology has a possible efficiency of up to 90% [53]. 
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According to the Energy Storage Association [54], at present there are two large scale and three smaller 

scale hydrogen storage caves in use in the world. The large-scale ones are situated in Texas, USA where 

the largest one can store over 100 000 MWh of hydrogen. The smaller ones are situated in Teesside, 

UK and can store 27 000 MWh each [55], [56]. Hydrogen as a clean energy carrier is considered to be 

a clean energy source of the future both for large scale energy storage and for the transport sector 

[57]. 

 

The efficiency of HES, given in Table 10, is relatively low in comparison to other storage technologies, 

both on a small scale (batteries) and on a larger scale (PHES and CAES). But due to a very high storage 

capacity, the interest of HES is increasing [53]. The storage capacity of 100 GWh stated in Table 10 

corresponds to the amount of electricity which can be produced from hydrogen stored in a salt cavern 

of 500 000 m
3
 at 200 bar [53] [56]. 

 

Table 10: Hydrogen Energy Storage technical data summary 

Storage Capacity [MWh] < 100 000 [53] 

Roundtrip efficiency electrical [%] 30 – 50 [53] 

Roundtrip efficiency heat [%] < 60 [53] 

Expected lifetime [Years] 30 [53] 

Energy cost [$/kWh] 2-20  [57] [Year N/A] 

Initial investment cost [$/kW] 500 – 750  [1], [2014] 
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3. Results and evaluation 
In this section of the thesis, the data presented in the technology description part is compiled and 

displayed in an overall comparison matrix, Table 12. The data for the empty cells were either not 

found or lack reliable and sufficient sources. Before the matrix, a description of each criteria, in Table 

11 followed by an analysis of the different criteria are provided.  

Table 11: Criteria description 

Criteria  
Unit of 
measurement  

Definition 

Power MW 
Available output power for the storage 

system. 

Capacity  
MWh 

 

The storage capacity, i.e., the maximum 

amount of energy that can be stored in a 

specific storage device.   

Round trip efficiency % 
Efficiency for the entire charge-discharge 

cycle of a storage system. 

Storage period  
Hours  - Days - 

Months 

The period of time for which energy can be 

efficiently stored. 

Cycle lifetime  Cycles 

The number of full charge-discharge cycles 

which can be finished before the storage 

system is depleted.  

Expected lifetime Years The expected lifetime of the storage device. 

Specific energy J/kg 
Amount of energy stored in a particular 

energy storage system per unit mass [58]. 

Specific Power W/kg 
Amount of power stored in a particular 

energy storage system per unit mass. 

Energy density kWh/m
3 Amount of energy stored in a particular 

energy storage system per unit volume [59]. 

Power density kW/m
3 Amount of power stored in a particular 

energy storage system per unit volume [60]. 

Energy cost $/kWh 
The cost of storing a certain amount of 

energy in a specific storage system. 

Power cost $/kW The cost per unit power. 

Initial investment cost $/kW 
The initial investment required per kW of 

power. 
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3.1. Criteria analysis 
Some of the criteria used to define a certain storage system are difficult to be compared over different 

types of storage systems and therefore require an additional analysis.  

 

Efficiency for example can be seen in thermal storage as the amount of heat put into the system in 

comparison with the amount of heat you can extract after a certain amount of time. In order to 

compare this with for example PHES, the energy would have to come from electricity and later be 

converted back into electricity instead of heat. This causes problems for the comparison since different 

systems are designed to store different types of energy.  

 

Power and capacity are two criteria which are quite straightforward in their definition and significance 

for each separate energy storage technology. However, these are also criteria where comparison over 

different systems can become irrelevant. When compared, flywheels have many times smaller storage 

capacity than pumped hydro, but the applications for these storage systems are quite different.  

 

Specific energy, specific power, energy density and power density are criteria which provide both opportunities 

and problems when comparing different technologies with each other. Since these are defined as 

energy or power per unit mass or unit volume, the criteria will enable an engineer to get an image of 

how big a storage device should be in order to store a certain amount of energy or power. Problems 

occur when analyzing and comparing for example the specific energy in a flywheel. In this case it becomes 

unclear whether the mass is the mass of the actual flywheel or if it is the entire mass of the flywheel 

construction. This can of course be defined, but as of now we could not find any general definition 

even though the criterion is used throughout several energy storage technologies.  

 

Energy cost, Power cost and Initial investment cost are difficult to interpret the actual meaning of. In some 

cases, the investment cost could be included in both the power cost and the energy cost of the storage 

system. In other cases, the investment cost might not be included, which can create some confusion 

of what the actual cost for an energy storage system is. The data for the initial investment cost is similar 

to the power cost for several technologies. The data comes from different sources but have the same 

unit of measurement. This could indicate that they are measured in similar ways. Since explanation 

regarding these criteria was not available, an analysis or critical assessment needs to be included when 

comparing the energy-, power- and initial investment cost of different storage technologies with each 

other. The costs are not to be regarded as exact figures, but rather as indications where different 

technologies can be highlighted.  

 

Cycle lifetime provides a rough indication of how long a certain storage technology will last. This 

however does not say anything of how long a cycle is or how much energy can actually be stored and 

extracted in a cycle. For instance, some energy storage cycles can provide energy for an entire house, 

factory or residential area, while others can only help stabilizing the power grid or provide a cellphone 

with charge for a single day.    

 

Expected lifetime is dependent on how many charge and discharge cycles the storage system goes 

through in a certain time period. This also relates to the expectations on the complete available period 

of the storage, from the first cycle till the depletion of its ability to release the stored energy.  
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3.2. Overall Comparison Matrix 
In this section the comparison matrix will be presented in Table 12. This is a compilation of the data presented in the technology part of the thesis.  

Table 12: Overall Comparison Matrix 

   

The costs presented in the matrix are taken from the following years: 
1
2012 

2
2013 

3
2014 

4
N/A

Storage 
technology 

Storage 
mechanism 

Power 
[MW] 

Capacity  
[MWH] 

Roundtrip 
efficiency 

 [%] 

Life 
time 

[Years] 

Life 
time 

[Cycles] 

Energy 
cost 

[$/kWh] 

Power 
cost 

 [$/kW] 

Initial 
investment 

cost 
[$/kW] 

Storage 
period 
[Time] 

Energy 
density 

[kWh/m^3] 

Power 
density 

[KW/m^3] 

Specific 
energy 

 [Wh/Kg] 

Specific 
Power 

[W/kg] 

Self-discharge  
[%Energy/day] 

Source 

Pumped 
Hydroelectric 

Mechanical 
450 – 

3000 

8000  –  

126000 
70 – 85 30 – 60 

12800 –  
33000 

0 – 23
1 600 – 

2000
1 500 – 4600

3 Days – 

Months 
0.5 – 1.5 0 0.5 – 1.5 0 0 

[1], [8], 

[9], [12], 

[13] 

Compressed 
Air Energy 

Mechanical 
1 – 

2000 
1 – 1000 57– 85 20 – 40 

8000 – 

17000 
2 – 140

1 400 – 

800
1 500 – 1500

3 
Days 3 – 6 0.5 – 2 30 – 60 0 0 

[8], [9], 

[15], 

[18] 

Flywheel Mechanical < 20 < 5 70 – 95 15 – 20 
20000 – 

175000 

230 – 

150 000
1 

250 – 

400
1 130 – 500

3 Hours – 

Days 
20 – 80 1000 – 2000 10 – 30 

400 – 

1500 
1.3 - 100 

[8], [9], 

[20],  

[22], 

[23] 

Lithium-Ion 
batteries 

Electrochemical <12 <250 80 – 90 5 – 15 
1000 – 

10000 

500 – 

2500
1 

175 – 

4000
1 - 

Hours – 

Months 
400 0 75 – 200 

150 – 

315 
0.1 – 0.3 

[8], [9], 

[28], 

[32], 

[35] 

Redox Flow 
batteries 

Electrochemical 
0.01 – 

15 
0.5 – 60 60 – 85 5 – 15 

12000 – 

100000 

150 – 

1000
1 

175 – 

1500
1 - Hours 16 – 33 0 10 – 30 0 0.2 

[8], [9], 

[40], 

[43] 

Sodium-
Sulfur 
batteries 

Electrochemical <50 <300 70 – 90 5 – 15 2500 
250 – 

500
1 

150 – 

3000
1 - - 150 – 250 0 150 – 240 

150 – 

230 
0.05 – 20 

[8], [9], 

[45], 

[46] 

Sensible heat Thermal 
0.001 

– 280 
1680 50 – 90 - - 0.1 – 11

2 
- 500 – 3000

3 Days – 

Months 
- - 10 – 50 - - 

[1] , 

[6], [51] 

Latent heat Thermal 
0.001 

– 1 
- 75 – 90 - - 11 – 57

2 
- - 

Hours – 

Months 
- - 50 – 150 - - [6] 

Thermo-
chemical 

Thermal 
0.001 

– 1 
- 75 – 100 - - 9 – 112

2 
- 

1000 – 

3000
3 

Hours – 

Days 
- - 120 – 250 - - [1], [6] 

Hydrogen Chemical - 
< 100 

000 

heat: 30-

50   

electrical:  

< 60 

- - 
0.002 – 

0.49
4 - 500 – 750

3 
- - - - - - 

[53], 

[57] 
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4. Discussion 
In this section of the thesis, the results are discussed and some general comparisons are made for the 

different technologies. This discussion is carried out in the following steps: 
 

1. The different technologies which fall under the same categorization i.e. thermal, mechanical, 

electrochemical and chemical energy storage, are compared and discussed. E.g. comparing 

SHS with LHS and TCS.  

2. A general discussion is made where the different energy storage categories are compared (e.g. 

a comparison between mechanical and thermal energy storage).  

3. Some examples of comparisons where energy storage technologies which are relevant to each 

other but do not fall under the same category are done (e.g. pumped hydroelectric and Li-I 

batteries).  

4. The data presented in the comparison matrix are discussed with regards to its credibility and 

reliability. 

 

4.1. Thermal energy storage 
The current Thermal Energy Storage (TES) technologies are sensible heat, latent heat and thermo-

chemical. For technology description, see 2.3. Thermal energy storage. The matrix which is attached 

in Table 12, provides different criteria which enables a comparison of the mentioned technologies. 

 

Latent and thermo-chemical heat storage have lower power output but higher specific energy when 

compared to SHS. The higher output power could make SHS more suitable to be converted into 

electricity and used for balancing the grid or for heating larger residential areas. Whereas, a higher 

specific energy could make latent and thermochemical heat more suited for heating smaller houses for 

longer periods of time.  

 

At present, sensible heat is still the most mature technology and is already being used in large scale 

with storage facilities providing heating or electricity for several hundreds of houses [51], [61]. The 

fact that it a commercialized technology could be one of the reasons for it to have a higher output 

power and the lowest power cost. But as more research is done on the other technologies it is possible 

that those numbers would equalize for all three types. 

 

As mentioned in the technology description, thermo-chemical heat storage is the most recent TES 

technology. It shows great potential for storing energy with both a higher specific energy and higher 

round trip efficiency than sensible and latent heat storage. But it is still the most expensive option, 

which could be explained by it still being in the research state. Because of this, it is important that 

further studies are made to make this technology more economically efficient.   

 

When comparing the criteria data for latent heat storage with the other two, it can be identified that it 

is placed between sensible heat and thermo-chemical heat for most of the criteria. For instance, it has 

a higher specific energy and better roundtrip efficiency than sensible heat but lower than 

thermochemical heat. This could create some concerns for the future of the technology, since it is not 

yet as developed as sensible heat and does not show the same high potential as thermochemical heat. 

But this is difficult to say since the applications for all three types are different from one another. 

 

24 



4.1.1. Data reliability 
The data which is used for thermal energy storage was hard to be acquired and one source was used 

for much of the data. The reason for this was that most of the data regarding thermal energy storage 

is related to the different thermal properties of the material which is used to store energy, e.g. melting 

point, heat of fusion, specific heat etc. That type of data is not very useful when comparing thermal 

energy storage with other types of energy storage but rather for engineers working specifically with 

thermal energy storage. However, the data used in this thesis comes from the International Renewable 

Energy Agency [6], which could be considered a reliable source.  

 

4.2. Electrochemical energy storage 
EES consists of various types of batteries. When comparing the different types which are represented 

in this thesis, it can be seen that they all have similarities within some criteria such as lifetime and 

efficiency. The intervals provided for these criteria are however quite large, which indicates that the 

quality of battery systems used globally vary greatly. This can depend on the manufacturer, the 

maintenance and how much the battery is being used.  

 

All the different batteries can be constructed modularly by connecting several batteries of the same 

type with one another. Consequently, both power and storage capacity can be increased by adding an 

additional battery to an existing energy storage plant. Elon Musk at Tesla suggests that Li-I batteries 

can be built large enough to store several GWh of energy [28] and the same statement is made by 

Skyllas-Kazacos et al, and other researchers regarding vanadium redox batteries [62], [41].  

 

Redox batteries have the highest cycle lifetime of the three types of electrochemical energy storage, 

while still having a relatively low energy and power cost. This becomes increasingly relevant when 

constructing large scale storage plants since it will be very expensive to change batteries frequently. 

Cycle lifetime and energy cost are significant criteria that should be improved for the other battery 

types in order to support the sustainable development of EES.  

 

Li-I batteries have the highest energy density, making them most suitable for portable electronics (i.e. 

cell phones and laptops), where as much energy as possible is required in a limited volume. This is not 

surprising since portable electronics currently are the main application of Li-I batteries. This also 

indicates that the gathered data is connected to real world applications which provides some support 

to the reliability of the data.    

 

4.2.1. Data reliability 
The data for EES are taken both from researches e.g. on ScienceDirect [10] and from the industry. 

The data taken from the industry, such as the capacity of Li-I batteries obtained from Tesla [29], can 

be discussed according to their relevance since the companies have incentives to promote their own 

solutions. The data from ScienceDirect is supposed to be more independent and therefore do not 

have the same incentive. This increases its reliability but one could still argue if the origin of the data 

is based on assumptions or actual measurements. The data used for capacity and power are based 

either on the largest currently operational storage facility for Li-I and Na/S and on the largest planned 

storage facility for redox flow. Because of the fast development pace in EES today, these data could 

be subject to drastic changes in the future. 

4.3. Mechanical Energy Storage 
Mechanical energy storage currently includes the most common and mature way of storing energy. 

Up to 99 % of the total stored, grid connected, electric energy in the world today consists of pumped 
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hydro, and according to the International Energy Agency [1], a large part of the remaining 1 % is 

CAES (even though there are only two operational CAES plants in the world). The reasons for PHES 

being, by far, the most common type of energy storage are many. It has a very high capacity and falls 

among the lowest energy costs of all technologies. The initial investment cost, however, for building 

a pumped hydro power plant is considerably higher than both CAES and Flywheels. Pumped hydro 

is also the technology which has the highest environmental impact, with dams affecting both wildlife 

and local inhabitants.  

 

Flywheel energy storage can go through considerably more full charge-discharge cycles than both 

PHES and CAES. But it is important to remember that one cycle for a flywheel is considerably shorter 

and delivers a lot less energy than a cycle from PHES or CAES. Flywheels, in contrast to CAES and 

PHES, also have a low investment cost, low power cost and very high power density. Current flywheel 

applications therefore differ from PHES and CAES applications in that the technology is mainly used 

for stabilization of the electrical grid and not for any long term energy storage. However, with the 

advancements in high speed flywheels, there could be applications in the future where flywheels are 

used to store energy over at least a couple of days.  

 

4.3.1. Data reliability  
The data for these different technologies are taken from articles, documents on ScienceDirect [10] 

and from organizations such as the energy storage association [54]. The intervals which are presented 

for each storage technology are, when possible, given from a combination of the different sources.  
 

PHES is a very mature technology which could indicate that the data provided are reliable and not 

based merely on engineering-guesses. CAES and FES have been around for a long time, but are still 

undergoing development [63] which could indicate that some of the data are based on qualified 

guesses. An example of this is the cycle lifetime of flywheels, where the sources say that there are 

many flywheels which can reach “over 100000” cycles but that there are new types which have the 

possibility of reaching up to 175000 cycles [19], [20].  
 

4.4. Overall discussion  
An overall comparison between all different types of energy storages is difficult and the comparison 

matrix can serve only as a guideline for such a comparison. The reason for this is that both the source 

of energy, the way of storing it and the end application of the energy differ very much for the different 

energy types and from situation to situation. 

 

If a factory for example produces a lot of waste thermal energy, the factory management might 

consider installing a type of energy storage. The waste energy is most likely going to be in the form of 

thermal energy, heat or cold. Because of the energy loss which occurs when energy is converted from 

one type to another, the most efficient of storing waste heat is in the form of heat.  
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4.4.1. Maturity 
The maturity of the technologies also makes the comparison difficult. Some types of energy storages 

e.g. thermo-chemical are still in a research stage while some other technologies are very mature and 

already have several operational plants e.g. PHES. Therefore, a useful and accurate comparison is 

difficult to do without first performing more in-depth research.  This can be deduced when looking 

at Figure 6, where some large scale energy storage technologies are presented with respect to the 

maturity of the technology on the X-axis. On the Y-axis, the capital requirement and technology risk 

(i.e. the probability that the technology will succeed in relation to the capital requirements) is presented 

[1]. 

 
Figure 6: Technological maturity overview2 [45], [40], [1], [28], [64], [46], [51]  

Figure 6 is redrawn based-on a figure presented by the International Energy Agency in 2014 [1] and 

complemented with both other studies [45], [40] [28], [46], [51], data from the Department of Energy 

[64] and some assumptions. It is not to be taken as an absolutely accurate measurement but rather as 

an overview of the current situation. Figure 6 also only represents some examples of large scale storage 

technologies, which means that e.g. Li-I batteries for use in portable electronics are excluded. When 

it comes to the advancement in the maturity of a technology, a lot depends on how much the research 

institutions are willing to invest in research and development of the less mature technologies. One 

could argue that the speed at which less-mature technologies are developed might decrease as a result 

of several technologies already becoming commercialized. Figure 7 shows the original figure made by 

the IEA; their original source is from 2013. When comparing Figure 6 and Figure 7 it can be 

established that several additional technologies have reached their commercialization point since 2013. 

2
 The maturity figure is redrawn from a figure in a study made by the International Energy Agency (IEA) [1]. It is 

complemented with assumptions based on data from the U.S. Department of Energy [58] and with discussions with 

researches from the Energy Technology department at the Royal Institute of Technology.  
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If this development continues, all technologies might reach the point of commercialization in some 

years’ time.  

 

 
Figure 7: Original technology maturity overview from IEA, 2014 [1] 

4.4.2. Large scale energy storage discussion 
PHES is the most mature and available technology for large scale energy storage [1], therefore other 

systems which have potential to store large amounts of energy are here discussed and analyzed in 

comparison to PHES.   
 

There are several storages which have the possibility of storing large amounts of energy and thereby 

becoming an alternative to PHES. Hydrogen storage is one technology which could serve as a 

replacement to PHES due to its high storage capacity and low energy cost. It also requires a similar 

initial investment as PHES and does not require flooding of large areas. However, hydrogen is highly 

flammable and is stored at high pressure, therefore storing it includes risks which are not present in a 

PHES plant. As seen in Figure 6 hydrogen storage technology is still under development and it might 

take some time before it could be an actual alternative or complement to PHES.    

 

Electrochemical storages are also increasing in size and could become alternatives to PHES. There are 

already large EES facilities operational, mainly in Japan, USA and South Korea, capable of storing 

several MWh of energy. In Japan, the largest Na/S power plant currently operational can store 50 MW 

power and 300 MWh of energy [46] and in Korea one Li-I storage facility with 48 MW power and 12 

MWh energy storage capacity has recently become operational [32]. These are examples of the largest 

operational electrochemical storage plants at present in the world. In addition, there are also several 

hundreds more, still of considerable sizes, currently in operation [64] while many even larger are 

planned, such as the 100 MW, 400 MWh Alamitos Energy Storage Array contracted in California, 

USA [33]. This indicates that EES technologies have matured to the point of commercialization and 

therefore could become a viable alternative to PHES in a few years. Batteries can also be used in flat 

landscapes where PHES is not an option and requires a smaller area for storing a considerable amount 

of energy. However, there are currently several different types of EES options available which might 

suggest that some will suffer in order for one technology to become the most dominant one.  
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As mentioned, PHES still is by far the most dominant energy storage option, with 99 % of the world’s 

140 GWh installed electrical energy storage capacity. This, in combination with the low energy cost 

and technological improvements, indicates that the technology most likely will remain the dominant 

type of energy storage for several years to come. However, PHES still has a rather high initial 

investment cost and if other technologies improve in this area it could lead to a paradigm shift in the 

distant future.  

 

4.4.3. Overall Data Reliability 
Data for several of the energy- and power costs are taken from a study made by Fernandes et al. [8] 

in 2012 and the initial investment costs are taken from a technology roadmap made by the 

International Energy Agency [1] in 2014. Because of changes in the economy, the consistency of this 

data could be questioned with regards to whether the prices are accurate for 2016. Since 2012, the 

global economy has seen a lot of major changes, especially when looking at commodity prices. This 

could have indirect effects of the prices of renewable energy due to changes in supply and demand. 

An example of this is the oil price, which has dropped from 123 $ per barrel in March 2012 to 30 $ 

per barrel in January 2016 [65]. This will most likely affect the prices for certain energy storage 

technologies, but without further research it is difficult to say how exactly these effects are shown.  
 

The data provided in Table 12 could be compared with other similar matrices such as the one made 

by Hauer, in 2013 [9]. In a comparison it can be established that there are differences in the data. In 

general, the differences are not that big and the data are in most cases in the same magnitude. But 

with for example Li-I batteries Hauer’s matrix has set the power to <1.7 MW and the storage capacity 

to <22 MWh [9]. The data presented in this thesis set the power to <12 MW (currently the largest Li-

I plant in the world [46]) and the storage capacity to 250 MWh (the largest Li-I storage plant ordered 

according to Musk [28]. With this example it can be interpreted that the differences in data between 

these two researches could depend on the fact that there have been major developments for several 

of the technologies over the last couple of years. Another factor which needs to be taken into account 

is the research done to attain the data and the reliability of the original sources. Unfortunately, the 

original sources used by Hauer [9] were not found when performing this thesis and therefore cannot 

be assessed. It is also understandable that the data differs given the fact that different sources have 

been used in the different matrixes.  

 

The data in this thesis come from many different types of sources where some could be based on 

assumptions and others on actual measurements. This depends naturally on the maturity of the 

technology. For example, the generalized data for a technology which still is in the research state is 

more likely to be based on some level of assumptions. The data reliability is also dependent on the 

origin of the source, where data taken from companies could be more-biased and thus too optimistic 

than data taken from independent researchers and government organizations. This is due to the fact 

that companies have incentive to make their product appealing and might therefore only represent the 

most optimistic data for a specific technology. 

 

4.5. Sustainability and ethics discussion 
PHES requires artificial water dams. The impact which these dams have on inhabitants in the area, 

local wildlife and environment can be discussed from an ethical point of view and be regarded as 

unethical if the effects of artificially flooding an area are substantial and negative. There are many dams 

around the world which are very controversial and have been protested against with little result. The 

Three Gorges dam on the Yangtze river in China is an example where 1,5 million people were moved 
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from their homes so an area could be flooded by the river. This dam however also provides safety 

from flooding for the people living downstream of it. This is as the Yangtze river is very prone to 

flooding and the Three Gorges dam prevents the river flooding and thereby enables people to live 

closer to it [66]. Another example of the impacts which dams can have is the Belo Monte dam in the 

Xingu, Amazonian area, Brazil. The dam is currently under construction and will be one of the largest 

in the world and will cause major flooding (478 square kilometers) in one of the world’s biological 

hotspots, affecting and threatening not only wildlife but also the indigenous people living in the area. 

The impacts of this dam can not only be seen in the area which is flooded but also in the area 

downstream the river when it will cease to exist, that will cause the area to be dried out in the hot 

climate [67]. Although these dams are not used for pumped hydroelectric energy storage, they are 

good examples of what the impacts these dams can have on local environment and societies. So even 

if hydroelectric power is seen as one of the most environmentally friendly and reliable energy storages 

in the world, there are certain aspects of the technology which might not be so friendly. One advantage 

PHES have over conventional hydro power plants is that it does not need to be placed close to a river, 

but in fact only needs two reservoirs at different heights. If dams need to be constructed in areas 

where people live, there will of course be economic and social repercussions when moving local 

inhabitants. New power plants will however provide new jobs, improved infrastructure and more 

reliable energy.  

 

When comparing PHES with alternative mechanical energy storage technologies such as flywheels 

and CAES, one could argue that the environmental effects of a flywheel and CAES are almost 

negligible. Flywheels are relatively small storage devices and does not require people moving from 

their homes or have any major effects on the environment. CAES storage systems utilizes large caves 

in the ground which would otherwise just be empty cavities, so one could argue that there are no 

considerable negative environmental or social impacts from these systems either. However, PHES 

currently has a far greater energy storage capacity than both CAES and flywheels and therefore a 

comparison of the ethics between these technologies is difficult as neither flywheels nor CAES are 

viable alternatives to PHES.  

 

Today Lithium batteries are used more than ever. Several studies have projected how the demand will 

increase in the future, partly due to the high pace development of electric vehicles but also due to the 

increase of lithium batteries in portable consumer electronics and new large scale Li-I storage plants 

[68], [69]. This increase of global consumption is relatively new and researchers are still unsure about 

what the environmental impacts are in the life cycle of lithium batteries. Production of these batteries 

could however have positive social and economic impacts, for instance the development of the new 

Tesla Giga Factory in Nevada, USA, provides new job opportunities for the state and local inhabitants.  

 

Lithium batteries help reduce CO2 from fossil fuels by replacing fossil fuel cars, but according to a 

study made in 2012 entitled “Science for environment policy” made by the European Union, the 

production process requires an average of 1.6 kg of oil to produce 1 kg of usable lithium [70]. This 

means that lithium ion batteries are ranked as the most energy consuming battery storage technology 

and also have the highest environmental impact during production with 12.5 kg of CO2 equivalent 

emitted per kg of battery. As lithium is most commonly found in salt flat areas and the mining process 

requires large amounts of water, local water depletion as a result of lithium mining is a problem both 

for the population and the nature in the area. Other negative environmental aspects of lithium batteries 

include poor handling of toxic chemicals and metals which are necessary in the mining process and 

low recycling rates even in developed countries resulting in most used batteries ending up in landfills 
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[70]. Health impact of lithium mining can include respiratory capacity, pulmonary and neurological 

effects [71]. 

 

Other battery systems such as Redox Flow batteries and Sodium-Sulfur batteries have lower 

environmental impacts during the production process [72]. But with the technology that is available 

today, these batteries are not yet suited for the same applications as Lithium batteries, such as electrical 

cars and portable electronics.   

 

The environmental impacts related to thermal energy storage are negligible as long as the storage 

medium is water. When other mediums are used, such as molten salts, mineral oils, paraffins or 

cements, the local environmental impact is increased due to chemical involvement. The magnitude of 

the impacts depends on the chemicals being used in any specific case. The productions process of the 

storage mediums and related chemicals could directly or indirectly have both environmental and health 

impact. The waste process of the chemicals could also have negative environmental impacts.  

5. Conclusions  
The goal of this thesis was to give the reader a general overview and comparison of several different 

energy storage technologies which are available today. This has been done through a summarized 

description of each technology, compilation of the data for each technology in an overall comparison 

matrix and finally analyzing and comparing the results.  

  

Through this report it can be concluded that there is no optimal energy storage system for all 

applications, i.e. no single energy storage technology can be promoted as the only one to be further 

researched and developed. Instead, a combination of several types of energy storages is the best way 

forward. This is also the development which is seen in the world today, where several different 

countries invest in several different technologies.  

  

As has been mentioned before, PHES is and will still be the largest energy storage technology, at least 

in terms of installed capacity, for many years to come. Other storage systems still have a long way to 

go before they can replace or be an alternative to PHES. PHES will most likely never be replaced but 

rather complemented with other systems. The alternatives which are undergoing the fastest 

development and are therefore very likely to be the most viable alternatives to PHES for large scale 

energy storage are the electrochemical energy storage systems, followed by sensible heat storage and 

possibly hydrogen energy storage.  

  

In future studies, this thesis could be improved by filling the gaps in the matrix and by defining criteria 

which can be used to compare several different types of energy storage without too much confusion.  

This needs to be done by more research with expert opinions and careful assumptions. However, 

comparing and analyzing different types of energy storage technologies poses several problems when 

only looking at the numbers presented for different criteria of different technologies. Specific cases 

must be analyzed independently in order to find out the optimal energy storage system for that specific 

application. Therefor the comparisons which have been done in this thesis can only serve as guidelines 

and as introductions. In a real world application other aspects needs to be considered, such as local 

environment, geographical location, application, infrastructure, economic conditions and the original 

energy source. 
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