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Abstract  

The increasing share of renewable electricity will make energy storage 
technologies indispensable in the future. In this study, the potential of grid 
energy storage technologies is discussed, focusing on the Nordic countries as 
well as Germany.  

It is challenging to balance the intermittency of wind power and solar power 
production in the energy system. In Norway and Sweden, and to some extent 
Finland, hydropower is a very important balancing resource.  

Compressed Air Energy Storage (CAES) is a technology that has not had a real 
breakthrough yet. There are ongoing projects at different locations where one 
of the targets is to achieve better round-trip efficiency by taking care of the 
heat generated at compression.  

Pumped hydroelectric storage (PHS) has advantages in being cost-efficient and 
has a high round-trip efficiency. There is probably a high theoretical potential 
of new generating capacity in Norway and Sweden, but the electricity cost 
does not vary enough for new developments to be profitable at the moment. 
The environmental and social impact of PHS plants is an important and 
difficult aspect to handle.  

Power-to-gas, power-to-power and hydrogen storage has been getting more 
attention recently but needs more research to increase the round-trip 
efficiency and to reduce the costs of electrolysers, storage and fuel cells.  

Batteries can be well suited as a minute reserve or for peak shaving but are 
currently not cost-efficient for long-time storage. With lower prices and the 
possibility of using more abundant metals with less environmental and social 
impact batteries could play a larger role in electric grids. There might be 
possibilities of integrating batteries in electric vehicles with power systems as 
well.  

To speed up the development of energy storage technologies, governmental 
subsidies might be necessary. In the future, a larger variation in electricity cost 
can be expected during different times of the day and the year, which will 
make energy storage facilities more profitable.   

Keywords: grid energy storage, CAES, power-to-gas, pumped hydroelectric 
storage, battery energy storage system  
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Nomenclature 

Abbreviations 
BESS – Battery Energy Storage System 
CAPEX – Capital Expenditure 
CHP – Combined Heat and Power 
CCS – Carbon Capture and Storage 
LCOS – Levelized Cost Of Storage 
LME – London Metal Exchange 
OPEX – Operational Expenditure 

 
Glossary 
Adiabatic – work is performed without transfer of heat or mass between the system 
and its surroundings 
Base load power plant – a power station that provides a continuous supply of 
electricity throughout the year  
Black start - the process of restoring an electric power station to operation without 
relying on the external electric power transmission network 
Cycle life – the number of times a battery can be fully charged and then fully 
discharged 
Diabatic – change of state in which the system exchanges energy with its 
surroundings 
Energy density – the amount of energy stored per unit volume or per unit mass 
Frequency regulation – making sure that demand always equals supply on the grid  
Isothermal – a change of a system in which the temperature remains constant 
Load following – a power plant that adjusts its power output as demand for 
electricity fluctuates throughout the day 
Minute reserve - the generating capacity available to the system operator within a 
short interval to meet the demand in case a generator goes down or there is another 
disruption to the supply 
Molten salt energy storage – stores heat from the sun and then helps producing 
superheated steam which powers a turbine 
Peaking power plant – power plants that generally run only when there is a high 
demand  
Peak shaving – to reduce demand for electricity during peak usage times 
Ramping – a change in power flow, or power generation, from one time unit to the 
next 
Round-trip-efficiency – the ratio of energy put in to energy retrieved from storage 
Sabatier reaction – a reaction of hydrogen and carbon dioxide to produce methane 
Steam reforming – a chemical synthesis where steam reacts with methane to produce 
hydrogen  
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1 Introduction to the study 

The situation with global warming and climate change is alarming and many 
measures need to be taken in order to reduce the greenhouse gas emissions. This 
study focuses on the need of grid energy storage in the Nordic countries as well as 
Germany, as the share of intermittent renewable electricity is expected to increase. 
There are different ideas on which storage technologies are suitable for which 
purpose. Geographical conditions, technical characteristics, cost efficiency, 
environmental and social impact are affecting the potential of each technology. The 
motive for this study is a deep interest in how fossil-based electricity production can 
be replaced with renewable production along with an interest in the different 
technologies of energy storage that involve a variety of storage techniques; 
mechanical, chemical and electro-chemical.  

1.1 Aim and approach 

The aim of the study is to review and assess the need and the potential of four 
different technologies of grid energy storage that can support the increase of 
renewable electricity from wind power and solar power. The thesis is based on 
review, interviews with power companies and energy consultants, reports and 
comparison of several scientific articles. The technologies are studied from a 
technical, economic, environmental and social point of view.  

The technologies that have been studied are compressed air energy storage, pumped 
hydroelectric storage, electrochemical batteries and power-to-gas. Some existing 
technologies, such as flywheels and super-capacitors are not relevant to this study 
due to short storage time. Molten salt energy storage is not within the scope either, 
since it has better potential in sunnier parts of the world.  
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2 Introduction to energy storage 

2.1 Energy storage benefits 

The need for energy storage will partly be driven by the intermittent nature of many 
renewable energy sources, such as wind and solar power. Energy storage as an 
integrated part of the grid is also receiving increasing attention. The main benefits 
are presented in section 2.1.1-2.1.3.  

2.1.1 Electric supply benefits 

One of the electric supply benefits is the electric energy time-shift, which means 
storing of electric energy when energy use and costs are low, so that energy can be 
used or sold when energy use and costs are high, as illustrated in Figure 1. When the 
demand for electricity is high, the production cost for energy at that time is often 
high as well, primarily because less fuel-efficient generation is used. Those 
generation resources are referred to as peaking power plants.  

 

Figure 1: Electricity demand and storage use [1]. 

Another electric supply benefit is the capacity benefit, related to a reduced need for 
electricity generation equipment. In other words, if storage use reduces the need to 
install generation capacity, then the benefit from storage is the reduced cost 
associated with building and owning that generation equipment.  
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2.1.2 Grid operation benefits 

According to the Energy Storage Association [1], energy storage can support a high 
number of benefits for the stakeholders of the grid. Some examples are load 
following, frequency regulation, ramping, reserve capacity, voltage support and 
black start. These will not be described in detail in this study but in general, energy 
storage can provide services for an efficient, stable and reliable electricity grid.  

2.1.3 Renewable integration benefits 

Storage is expected to enable effective and reliable integration of renewable energy 
generation whose output is shifting depending on wind conditions, amount of 
sunlight and other factors.  

2.2 Electricity production and energy agreements 

2.2.1 Electricity production in the Nordic countries and Germany 

The electricity production and the net generating capacity in the Nordic countries 
and Germany is presented in Table 1 and Table 2. The most recent data regarding 
Denmark, Finland, Germany and Sweden is from 2018 and regarding Norway from 
2017. Conclusions from the data is that different countries face different challenges 
when it comes to increasing the share of renewable electricity. The access to 
hydropower can support investments in wind power and solar power, which will be 
described further in section 2.3. 

Table 1: Electricity production (GWh) in 2018; Denmark, Finland, Germany, Sweden [3] and in 2017; 
Norway [4]. 

Energy source Denmark Finland Germany Norway Sweden 
Nuclear  21 889 72 274  65 801 
Hydro, incl pumped 15 13 145 25 298 143 112 60 977 
Fossil fuels 9 130 13 895 305 836 3 436 3 711 
Wind 13 889 5 859 107 164 2 854 16 639 
Solar 959 162 41 157   

Biomass and biogas 3 667 12 515 40 112  9 838 
Renewable waste 1 267  4 733  1 311 
Total 28 927 67 464 596 573 149 402 158 277 
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Table 2: Installed capacity (MW) in 2018; Denmark, Finland, Germany, Sweden [3] and in 2017; Norway 
[4]. 

Energy source Denmark Finland Germany Norway  Sweden 
Nuclear  2 785 9 516  8 614 
Hydro, incl pumped 7 3 148 10 340 31 837 16 630 
Fossil fuels 6 536 6 579 83 170 1 108 3 869 
Wind 6 123 2 013 58 228 1 188 7 205 
Solar 1 000 113 43 921  254 
Biomass and Biogas 2 066 1 804 7 570  3 145 
Renewable waste 323  892   

Total 16 055 16 442 213 637 34 133 39 717 
 

2.2.2 Denmark 

According to an energy agreement from June 2018 [5], Denmark will work towards 
net zero emissions, in accordance with the Paris Agreement, and advocate for the 
adoption of a target of net zero emissions in the EU and Denmark by 2050 at the 
latest. The political parties have agreed to phase out coal in electricity production 
between now and 2030. The agreement will give Denmark a renewable energy 
share in electricity above 100 percent of consumption.  

Denmark had a relatively small electricity production of 28.9 TWh in 2018. To 
phase out coal until 2030 Denmark has a challenge in replacing the 6.9 TWh of coal-
based electricity production, produced in 2018, with electricity from renewable 
sources.   

An expected scenario is further development of offshore wind power, re-powering 
of existing onshore wind power as well as conversion of existing fossil to non-fossil-
based electricity production [6].  

2.2.3 Finland 

In Finland, the Energy and climate roadmap 2050 [7] states the following: ‘The energy 
system must be converted to a nearly emission-free state by 2050. At the same time, 
fossil fuels and peat must be almost entirely discontinued in the production of 
electricity and district heating unless the commercialisation of Carbon Capture and 
Storage (CCS) enables their use’.  

Finland has four nuclear reactors and one under construction. They have a challenge 
in reducing the amount of fossil fuels. A relatively large expansion of onshore and 
offshore wind power is happening in Finland. It is also expected that there will be a 
gradual replacement of fuel from fossil fuels to biomass in combined heat and power 
plants [6].  
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2.2.4 Germany 

In January 2019, an agreement was reached to close all 84 coal plants in the country 
by 2038 [8].  

Germany will strive to accelerate the development of electric renewable energies. 
By 2030, wind and solar power will have to account for 65 percent of the electricity 
consumption [9]. 

Of the countries included in this study, Germany is probably facing the biggest 
challenge, having the largest amount of fossil fuels in 2018. Also, the availability of 
hydropower is limited and as a result, it is a challenge to generate the amount of 
power needed from renewable sources at times when there is a lack of wind and 
sun. Intuitively, energy storage will play an important role in the transition from 
fossil fuels and nuclear power to renewable electricity production.  

2.2.5 Norway 

According to the Norwegian climate policy, Norway will make a commitment to 
reducing greenhouse gas emissions by an amount corresponding to 30 percent of 
Norway's emissions in 1990 and that Norway will be carbon neutral in 2050 [10].  

With more than 95 percent of the electricity being produced by hydropower, 
Norway itself has no need for other forms of grid energy storage of electricity. 
Other European countries might be able to take advantage of the availability of bulk 
energy storage in hydropower dams in Norway.  

2.2.6 Sweden 

In an energy agreement from 2016 [11], the target is 100 percent renewable 
electricity production by 2040. According to the agreement, this is a target and not 
a termination date that prohibits nuclear power and does not involve shutdown of 
nuclear power by political decisions. Currently there are no plans to build new 
nuclear power in Sweden. Sweden has eight active nuclear power reactors and two 
of them will be phased out in 2019 and 2020 respectively. As the nuclear power 
plants are gradually phased out, more power from other sources is needed.  

2.3 The challenge of a higher share of renewable 
electricity 

Variations in the electricity consumption and production connected to the power 
grid have to be balanced by active control. To avoid power failure, the exact amount 
of electricity must be produced momentarily.  
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Hydropower is the most important balancing resource in the Nordic system. 
However, most countries must rely on other solutions, since they do not have access 
to hydropower. In the transition to high penetration of intermittent renewable 
sources, balancing services are becoming increasingly important. A decline in 
conventional generators, which have provided such services, is forcing fundamental 
changes in grid operation and power electronics.  

Because of their quick response flexibility to demand changes, gas turbines play an 
important role in electricity supply systems in many countries and help match 
supply to demand. The increasing proportion of non-dispatchable assets like wind 
turbines and photovoltaics embedded in the power network poses grid planning and 
load balancing challenges to managers. Maintaining increasing amounts of spinning 
reserves and frequency regulation compensates for the intermittency of non-
dispatchable assets [12]. A spinning reserve is the extra generating capacity that is 
available by increasing the power output of generators that are already connected to 
the power system. 

The Swedish Energy Agency expects an increasing demand of electricity in Sweden 
in the future, as the society is evolving and new innovations are born, along with a 
higher share of buildings being heated by heat pumps and an expected electrification 
of transports. At the same time, this trend is to a certain degree counterbalanced by 
the increasing energy efficiency in buildings and appliances. 

In Norway, Sweden and to some extent Finland, hydropower will play an even 
larger role in the future, through an increased output but also through larger dams 
or pumped hydropower. With a higher share of intermittent renewable sources, 
hydropower will need to handle larger and more unpredictable fluctuations in the 
production.  

Figure 2 and Figure 3 indicate the challenge of supplying the demanded amount of 
electricity, if wind power would be expected to represent a high share of the total 
electricity production. There is no correlation between the wind power production 
and the total electricity demand. The data corresponds to a randomly chosen week 
in the end of March 2019 showing the electricity demand and the wind power 
production in Sweden.  
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Figure 2: Total amount of electricity used (blue) and produced electricity from wind power (orange) in Sweden 
during the last week of March, 2019 [13]. 

 

Figure 3: Total amount of electricity used and produced electricity from wind power in 2018 in Sweden [13]. 

The intermittency on a scale of a number of days could become one of the biggest 
challenges in a system with a large share of wind power. A situation that could occur 
is longer periods of low wind power production. If that happens during one or two 
weeks in January in Sweden for example, hydropower plants and CHP plants would 
have to produce the maximum amount of electricity. Some electricity might have to 
be imported as well, resulting in higher electricity costs. [14] 

Demand and supply flexibility can solve some of the challenges in the future 
electricity system. It involves balancing production and use over different time 
scales, from milliseconds to seasons, including taking care of excess from renewable 
electricity production and handling bottlenecks in the grid.  
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Some examples of flexibility resources that are significant for Sweden when it comes 
to achieving a 100 percent renewable electricity system are the following [14]: 

1. Demand side flexibility. This means shifting demand to intervals where 
electricity is abundant and cheap, and away from when the grid is 
constrained, or power is expensive. 

2. Gas turbines. These have short start-up time compared to other power 
sources and are therefore suitable for regulation on a short timescale. To 
achieve 100 percent renewable production the fuel needs to be bio-based.  

3. Power-to-gas, batteries and other storage solutions. 

4. Combined heat and power (CHP). CHP is contributing to balancing the 
electricity system as it is producing most energy during the winter season 
and much less during the summer.  

5. Hydropower. It is playing an important role as a flexibility resource. 
Hydropower can handle shifting in production and demand in a cost-efficient 
way. 

Two fundamental questions related to energy systems with a high share of 
intermittent renewable sources are:  

1. What do we do when the wind is not blowing, and the sun is not shining? 

2. What do we do when the energy produced is higher than the demand? 

These questions will be discussed further in section 9. 
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3 Compressed Air Energy Storage 

Compressed Air Energy Storage (CAES) is a technology where ambient air is 
compressed, using excess power, and stored in a reservoir. The reservoir could be 
an underground cavern, such as a salt dome, an aquifer, a depleted mine or a tunnel. 
It could also be an above ground solution, for example a pipeline. When electricity 
is required, the pressurised air is heated and expanded in an expansion turbine 
driving a generator for power production.  

The first commercial plant was established in Huntorf in Germany in 1978. It can 
produce 321 MW for two hours and it is using a 310 000 m³ cavern with a pressure 
tolerance between 50-70 bar. The round-trip efficiency is 42 percent [15].  

The other existing commercial plant is in McIntosh, in the United States. It is using 
a 538 000 m³ salt cavern with a pressure of 45-76 bar, providing an output of 110 
MW up to 26 hours. The round-trip efficiency in the McIntosh plant is better than 
in the Huntorf plant, 54 percent, since McIntosh’s power station is a combined 
cycle. [16] 

3.1 Diabatic CAES 

The current generation of CAES plants, such as the ones in Huntorf and McIntosh, 
are classified as diabatic CAES. The term diabatic means that there is a change of 
state in which the system exchanges energy with its surroundings due to a 
temperature difference between them. During compression, the air heats up 
strongly and without heat recovery, the CAES plant has a relatively low efficiency 
factor. Cooling the air is necessary to avoid overheating of the machines handling the 
air as well as the walls of the cavern.  

The loss of heat energy in diabatic CAES has to be compensated for during the 
expansion turbine power generation phase by heating the high-pressure air in 
combustors using natural gas fuel. Therefore, diabatic CAES is part energy storage, 
part natural gas combustion. The process is illustrated in Figure 4. 
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Figure 4: The principle of diabatic CAES [16]. 

3.2 Advanced Adiabatic CAES 

In Advanced Adiabatic CAES (AA-CAES), the heat generated by the compression of 
air is stored in a separate thermal energy storage. This stored heat is used later, on 
discharge, to reheat the high-pressure air before expansion in the turbine. The 
process is illustrated in Figure 5. The thermal energy storage puts the limit on how 
long energy can be stored in the plant, without having too much energy losses.  

An example of a pilot plant where AA-CAES technology is used, is one by the 
company ALACAES. It is located in the Swiss Alps near the city of Biasca, and it is 
exploiting a disused transportation tunnel as its pressure cavern, by using two 5-
meter-thick concrete plugs to seal the pressure zone. The plant is a 120 m section of 
the 5 meter in diameter tunnel and has a capacity of 1 MWh. In a pilot-scale 
demonstration, plant efficiencies were estimated using the measured mass flow rates 
and thermal energy storage inflow/outflow temperatures. The estimated efficiencies 
were between 63-75 percent. During the demonstration, the expected pressures 
could not be reached because of leeks that were traced mainly to the concrete plugs. 
[38]  
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Figure 5: The principle of AA-CAES [16]. 

3.3 Isothermal CAES 

Isothermal CAES aims for an isothermal compression process so that the 
temperature achieved during the compression is not far above ambient. Presently 
this process generally involves a water spray in the compression chamber of a 
specially designed reciprocating compressor/expander unit. The water droplets 
absorb the heat of compression and their high specific heat capacity causes the 
temperature increase to be much smaller. This warm water is then stored and on 
discharge is re-injected as a mist into the reciprocating machine which now acts as an 
expander. 

3.4 CAES in combination with a district heating system 

Fortum, a Finish power company, together with Sweco, a Swedish consultancy 
company, has studied the potential of using caverns below a new large urban area 
called “Norra Djurgårdsstaden” in central Stockholm, undergoing brownfield 
redevelopment. The caverns were used in the mid 1900’s for oil storage. Using the 
caverns for compressed air storage and integrating it with the district heating system 
would be a way of using the heat generated by the compression of air. The result 
would be a relatively high round-trip efficiency.  

Fortum did not find it economically feasible to proceed with the project at that 
time, in 2013. The solution might have been too “extreme” and too early in a 
Swedish perspective says Magnus Lindén, senior energy consultant at Sweco, in a 
personal interview.   
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3.5 Performance characteristics and previous studies 

The Huntorf plant is used today as a minute reserve. A minute reserve is the 
generating capacity available to the system operator within a short interval to meet 
the demand in case a generator goes down or there is another disruption to the 
supply. A medium load power station, driven by coal for example, can take 3-4 
hours to generate full capacity before it can provide short-term power. The 
intervening time is preferably covered by the CAES plant. Another typical use is for 
peak shaving in the evening, when no more pumped hydro capacity is available. An 
additional application is associated with the strong increase in the number of wind 
power plants in north Germany in recent years. Because the availability of this type 
of power cannot be reliably forecast, the plant in Huntorf is able to quickly 
compensate for any unexpected shortage in wind power. [15] 

In a conference article from 2018 [39] the round-trip efficiency has been compared 
for CAES systems with waste heat recovery and compression heat utilisation. 
According to the authors, the results indicate that recovery of waste heat of exhaust 
gas is beneficial to improve system efficiency. This is based on diabatic CAES where 
heat from burning natural gas is added. In their analysis, the electric round-trip 
efficiency is increased from 41.6 percent to 55.7 percent. For AA-CAES with 
utilisation of compression heat, the system efficiency reaches up to 68.7 percent. It 
is noticeable that this study results in very similar numbers compared to the 
efficiencies in the Huntorf plant (42 percent) and the McIntosh plant (54 percent).  

3.6 Cost efficiency 

It is challenging to estimate the development cost of CAES. The implementation 
costs involved are very site-specific and often depend on local environmental 
constraints. Using a readily accessible cavern could result in a low overall cost. But 
if the cavern needs to be excavated out of hard rock, building costs will rise 
significantly. Since there are so few previous CAES projects it is difficult to compare 
costs. Also, comparing costs with pumped hydropower storage projects is difficult, 
since these are often built long ago, under different energetic and economic 
frameworks.  

Energy installation costs for CAES in 2016 were estimated to be USD 53/kWh for a 
typical future project. By 2030, this typical cost could decline to USD 44/kWh. A 
key challenge remains the lack of projects under development and with other 
electricity storage technologies attracting greater investment, thus the outlook for 
CAES is highly uncertain. [16] 
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AA-CAES systems require separate thermal energy storage, that increases the 
complexity of the system and significantly raises investment costs. On the other 
hand, these have the potential to achieve round-trip efficiencies of up to 70 percent. 
[16] 

3.7 Ecological and social sustainability aspects 

Compared to other energy storage technologies, CAES has a relatively small impact 
on the environment. Diabatic CAES does result in more CO2 emissions during 
discharge, since natural gas fuel is being used. Using readily accessible caverns 
reduces the local environmental impact and AA-CAES or isothermal CAES reduces 
the energy losses and improves the round-trip efficiency. The social sustainability 
impacts are also considered to be relatively small when existing underground 
caverns are used.  

In a Swedish study [40], the potential of CAES on the island of Gotland in the Baltic 
sea has been evaluated. Wind energy is an important field of development for the 
island and it has set targets to generate 100 percent of its energy from renewable 
sources by 2025. The feasibility of utilising the Middle Cambrian Faludden 
sandstone reservoir for CAES is assessed in the study. The properties of the 
Faludden sandstone and associated cap rock appear favourable for the application. 

The authors discuss that geochemical or microbiological aspects of a CAES operation 
are not considered in the study. For example, injection of air could lead to chemical 
reactions or microbial activity within the reservoir that could result in dissolution or 
clogging. Therefore, to gain a better understanding of the feasibility of the Faludden 
reservoir for CAES it would be important to investigate how the presence of air 
could affect the reservoir quality over the lifetime of a CAES operation, over 
periods of 10–50 years. 
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4 Pumped Hydroelectric Storage (PHS) 

According to the International Hydropower Organisation [17] there are four general 
hydropower typologies: 

1. Run-of-river hydropower: a facility that channels flowing water from a 
river through a canal or penstock to spin a turbine. Typically, a run-of-river 
project will have little or no storage facility. Run-of-river provides a 
continuous supply of electricity, also referred to as base load, with some 
flexibility of operation for daily fluctuations in demand through water flow 
that is regulated by the facility. 

2. Storage hydropower: typically, a large system that uses a dam to store 
water in a reservoir. Electricity is produced by releasing water from the 
reservoir through a turbine, which activates a generator. Storage 
hydropower provides base load as well as peak load. Peak load is the ability 
to be shut down and started up at short notice according the demands of the 
system. It can offer enough storage capacity to operate independently of the 
hydrological inflow for many weeks or even months. 

3. Pumped hydroelectric storage: provides peak-load supply, harnessing 
water which is cycled between a lower and upper reservoir by pumps. This 
is explained further below.  

4. Offshore hydropower: a less established but growing group of 
technologies that use tidal currents or the power of waves to generate 
electricity from seawater 

A pumped storage system requires two water reservoirs, an upper and a lower, as 
illustrated in Figure 6. Excess energy is used to pump water from the lower to the 
upper reservoir. The excess energy is thereby transferred to gravitational potential 
energy. The energy can be converted back into electrical energy later by allowing 
the water to flow back down from the upper to the lower reservoir through a 
turbine and a generator, just like conventional hydroelectric technology.  
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Figure 6: The principle of pumped hydroelectric storage [18]. 

PHS projects are sometimes classified as “open-loop”, “semi-open loop” or “closed-
loop” systems, depending on their connection with rivers or other flowing water 
bodies. Open-loop pumped storage projects are continuously connected to a 
naturally flowing water feature while closed-loop systems are not. Figure 7 shows 
an example of a semi-open loop PHS system. 

Closed-loop systems are often preferred because of the fewer environmental 
impacts associated with these developments [2]. After the initial filling of the 
reservoir, there is no transfer of water from a free-flowing source other than the 
potential need for evaporation make-up water, thereby greatly reducing aquatic 
issues such as fish passage, sediment migration, etc. The reservoirs may be natural or 
artificial. Off-site water sources, including greywater, may be used for the initial 
filling and evaporation makeup water. 
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Figure 7: The Goldisthal pumped storage in Germany with one artificial reservoir and one reservoir being part 
of a river system, also referred to as a semi-open Pumped Hydroelectric Storage system. 

4.1 Performance characteristics and applications 

PHS, as well as traditional hydropower, is useful when the production of electricity 
cannot keep up with the electricity demand. The round-trip efficiency of the process 
is dependent on pump, motor, turbine and generator efficiencies as well as the 
evaporation rate. It is not unusual for these kinds of plants to expect a 70-80 percent 
round-trip efficiency. Pumped storage plants are relatively common worldwide. 
The main disadvantage to pumped hydroelectric storage is that it needs favourable 
geography; both a lower and a higher reservoir are required as well as favourable 
terrain between them. The difference in height between the reservoirs is normally 
achieved by the reservoirs being naturally located on different levels. In some places 
there are no natural differences in height above ground, and then underground 
reservoirs can be used. Other options for the lower reservoir are seas or lakes. The 
storage capacity depends on size of the reservoirs and the power on the flow and 
head of the water.  

Pumped hydroelectric storage comprises 3 percent of global installed power 
capacity installed and 96 percent of global installed electrical energy storage [18]. 
PHS has a time response from a few seconds to a few minutes, a large-scale output 
and storage capacity with hourly to daily output durations. It can be used to provide 
many grid operation benefits such as frequency control, peak shaving and load 
following. 
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4.2 Examples of grid energy storage 

In Sweden there are three relatively small PHS plants with a total capacity of 
approximately 90 MW [51]. 

In Norway there are a few PHS plants. The biggest one, situated in Saurdal in 
Rogaland, is providing an output of 640 MW with a head of 500 meters [19]. The 
purpose with most PHS plants in Norway is seasonal storage of energy from summer 
to winter. PHS plants in other parts of the world are used for regulation on 24-hour 
cycles instead, meaning pumping up water at night and producing electricity in the 
day.  

In Germany, approximately 7 GW of pumped energy storage is installed. The 
power plants are designed for a daily power supply of 4-8 hours. This results in a 
total storage capacity of about 40 GWh [20]. 

Norway has a technical potential of producing even more energy from hydropower 
and an idea is to allow excess power from Europe's growing network of solar arrays 
and wind farms to be sent to Norway to pump water up from lower reservoirs to 
higher reservoirs. Then, when those countries need this power again, Norway can 
generate power in its hydropower turbines. Ongoing projects with subsea cables are 
going to connect Norway and Germany as well as Norway and the UK. Planned 
commissioning is 2021 for both projects.  

If this plan is implemented, it will make investments in solar and wind energy more 
attractive. It will mean that producers of these forms of energy will always be able 
to sell their energy for reasonable prices. At the same time, it is likely that this 
“battery” could only cover a part of the entire future need of energy storage in 
Germany.  

In an Australian study from 2018 [44] 22 000 off-river pumped hydro sites were 
found with storage potential of 67 TWh, which is approximately 150 times more 
than required to support a 100 percent renewable electricity grid in Australia. The 
authors state: 
“We modelled a 100 percent renewable electricity system for Australia and found 
that the cost of balancing is only about US$20/MWh, comprising pumped hydro 
storage, additional interstate transmission and spillage of PV and wind.” 

These results are interesting, especially since PHS is a cost-efficient technology with 
a relatively high round-trip efficiency. The study does however not focus on 
environmental effects. All systems in the study are closed-loop systems and there 
are fewer environmental impacts associated with these developments than open-
loop systems. But still, it can be assumed that producing building materials for the 
reservoirs demands much energy. These sites will also be an intrusion in nature.  
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A GIS algorithm has been used in the study to search Australia for potential sites. 
Some used parameters are minimum head, minimum energy storage capacity and 
minimum slope between upper and lower reservoir. A similar study would be 
interesting to perform, looking at the Nordic countries. 

4.3 Cost efficiency 

Traditional PHS plants are well understood and it is a mature technology with 
decades of operating experience. No major technology improvements are therefore 
anticipated in the coming years in terms of cost, structure or transformation 
efficiency. Energy installation costs for PHS in 2016 were estimated to be USD 
21/kWh for a typical future project. Given the very site-specific nature of PHS 
systems, costs for individual projects are likely to vary significantly. [16] 

In Sweden, establishing new PHS plants is not economically feasible based on what 
the electricity market looks like claims Toni Kekkinen, manager of hydropower at 
Fortum Sweden in a personal interview. It would take more varying electricity costs 
for PHS to get more attention.  

In an Italian study [42], the utilisation rate of PHS systems in Europe is evaluated. 
According to the authors, underutilisation	and	inactive	capacities	can	undermine	
future	investments	in	PHS.	This	could	have	severe	effects	on	the	overall	climate	
performance	and	on	the	renewable energy sources	integration	capabilities	of	the	
national	energy	systems. 	 

Some	of	the	drivers	behind	the	PHS	utilisation	identified	in	this	study	fall	out	of	the	
control	of	the	PHS	owners	or	operators,	such	as	the	electricity	price	margins,	but	
some	of	the	drivers	can	be	positively	influenced	by	them. If	differentiated	price	
regimes	are	introduced	for	PHS	peak	and	base	prices	for	the	various	loads,	
postponing	or	anticipating	bulk	of	the	operation	can	increase	revenues.	 

Countries	with	redundant	PHS	capacities	could look for increasing their potential 
market share by selling their services in neighbouring countries. Opening up cross-
border markets for balancing capacities could also serve as an important incentive to 
increase the use of the existing PHS capacities.  

4.4 Ecological and social sustainability aspects 

There are several environmental considerations that needs to be dealt with, since 
hydropower plants have large impact on the landscape. Some of the ecological and 
social aspects are the following, concerning systems that are continuously connected 
to a naturally flowing water feature:  
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- Large reservoirs can result in submersion of extensive areas upstream of the 
dams, destroying biologically rich and productive land.  

- Water exiting a turbine usually contains very little suspended sediment, 
which can lead to scouring of riverbeds and loss of riverbanks [21]. 

- When water flows it can transport particles heavier than itself downstream. 
Siltation can fill a reservoir and reduce its capacity to control floods along 
with causing additional horizontal pressure on the upstream portion of the 
dam.  

- It has been noted that the reservoirs of power plants in tropical regions 
produce substantial amounts of methane. This is due to plant material in 
flooded areas decaying in an anaerobic environment and forming methane, a 
greenhouse gas [45]. In reservoirs in Northern Europe, however, 
greenhouse gas emissions are typically much lower.  

- If a reservoir is used for recreational fishing, pumping operation can have 
strong impacts through turbine passage mortality, change of habitat etc. 
River systems can be important for other recreational activities as well and 
these activities can be affected or threatened by hydropower projects.  

When introducing pumping, there will be changes in water quality due to increased 
volumes of water travelling from one reservoir to another. There will also be visible 
changes in a shoreline zone due to bigger and more often changes of water level of 
reservoir.  
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5 Power-to-Gas and Power-to-Power 

Power-to-Gas (PtG) is a method of storing electric energy in the form of gas. In 
general, it means using electricity to produce hydrogen by electrolysis. The 
electrolyser separates water into hydrogen and oxygen, as described in Figure 8. 
The oxygen produced is a valuable biproduct, that can be sold to improve the 
profitability of the electrolysis.  

 

Figure 8: Hydrogen production through electrolysis [22]. 

Compressed hydrogen gas is usually stored in high pressures tanks, although there 
are other alternatives, for example liquefied hydrogen or metal hydrides. Another 
option could be underground caverns, if large quantities need to be stored.  

It is also possible to use the produced hydrogen to produce methane gas in a so-
called Sabatier reaction, which is a reaction of hydrogen and carbon dioxide.  

Power-to-Power (PtP) systems are unusual when compared to other types of energy 
storage systems in that they use these two different processes for the charging and 
discharging of the energy storage system. Normally, a fuel cell is used to produce 
electricity, although hydrogen can also fuel a gas turbine.  
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In the fuel cell, an electrochemical process takes place where the fuel is combined 
with oxygen from the ambient air to produce electricity with heat and water as the 
waste products [24] as illustrated in Figure 9. Unlike batteries, fuel cells will 
continue to generate electricity as long as a source of fuel is supplied. Fuel cells are 
two or three times more efficient than combustion and the electricity generation 
process is quiet and pollution-free [24]. A single fuel cell consists of an anode, a 
cathode, with an electrolyte in between, similar to a battery. The material used for 
the electrolyte and the design of the supporting structure determine the type and 
performance of the fuel cell.  

 

Figure 9: The principle of a fuel cell [23]. 

The hydrogen used to power a fuel cell may come from a variety of sources. In the 
Nordic countries, hydrogen is generally produced using renewable sources. 
However, globally most of the hydrogen is produced through a method called steam 
reforming [43]. It is a chemical synthesis where steam at a high temperature and 
pressure reacts with methane in the presence of a nickel catalyst. Methane is the 
main component in natural gas. In countries where electricity production is based 
mainly on fossil fuels, this way of producing hydrogen can be less damaging to the 
environment than using an electrolyser.  

Hydrogen based energy storage systems are promising technologies that are 
currently the subject of much attention. Some people are talking about the 
“hydrogen society”. Hydrogen and fuel cells find applications in longer duration 
energy storage. This is because their conversion efficiency is low, but they have 
negligible self-discharge and hydrogen can hence be stored for a long period of time. 
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It is also well suited to peak shaving and energy management applications in which 
hydrogen is generated at off-peak times or when output from renewable sources is 
large. This can then be stored for hours or days or months without significant losses 
and used when the demand is higher. 

Major downsides of PtP as energy storage option are large costs and low efficiency 
[36].  

Even though hydrogen storage and fuel cells have received large amounts of funding 
globally and have been the subject of much research, this technology is still under 
development and so far, only pilot/demonstration projects have been undertaken. 
Single fuel cells produce low voltages and must be used in series in order to generate 
large voltages. The main obstacle is the high costs and before large scale deployment 
can occur, a major cost reduction is necessary. Recently prices have started to drop. 
An increase in manufacturing, driven especially by the car industry, might reduce 
the price of fuel cells further. Hydrogen storage also needs further development to 
allow large quantities of hydrogen to be stored in a manageable volume and thus 
easily transported. [24] 

Platinum is a metal used in fuel cells. It is a rare and expensive metal, but it is 
significantly more effective than silver and gold at converting hydrogen and oxygen 
into water and electricity. Through research, the amount of platinum needed in fuel 
cells is continuously being reduced.  

5.1 Examples of grid energy storage 

One example from the Nordic countries is the first full-scale wind-hydrogen energy 
plant and testing facility in Denmark, that commenced operation in 2007. It is 
located on the island of Lolland, where wind power is abundant. The island of 
Lolland has a wind power production exceeding the energy demand by 50 percent, 
and the hydrogen project was aiming to locally store excess wind power in the form 
of hydrogen for use in residential buildings and industrial facilities. The hydrogen is 
stored in low-pressure storage tanks and fuels two Fuel Cell Micro Combined Heat 
and Power stations of 2 kW and 6.5 kW, respectively. [25].  
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The steel industry in Sweden, which is large consumer of energy, has committed to 
a target to become fossil free. Currently, there is an ongoing research project called 
HYBRIT, a cooperation between the mining companies SSAB and LKAB and the 
power company Vattenfall. If the project turns out successfully, it could result in a 
10 percent reduction of the total CO2 emissions in Sweden. But it would be more 
dependent on electricity compared to the current process of steel making [26]. 
Within the HYBRIT project, hydrogen storage is an important part says Johan 
Westin, senior R&D engineer at Vattenfall in a personal interview. The purpose is 
not just to secure stable operation of important steel production processes, but also 
to even out the varying electricity production in the grid. An idea is to use 
underground caverns. Dimensioning and costs of using such caverns remain to be 
studied. Westin assumes that the cost for storage tanks would soon become 
significant for a big project like HYBRIT. Therefore, storage tanks would probably 
be unrealistic and some kind of underground cavern would be more promising.  

There are small-scale PtP projects in Sweden, for example a project with multi-
dwelling buildings in Vårgårda in the western parts of Sweden. These buildings have 
been renovated and at the same time equipped with solar cells, batteries, an 
electrolyser, hydrogen storage tanks and fuel cells, for seasonal storage. Hans-Olof 
Nilsson, the technical director of Nilsson Energy, is responsible for the system and 
integration. In a personal interview he claims that small-scale as well as large-scale 
energy storage is necessary in order to make renewable electricity and hydrogen an 
alternative when it comes to reducing the use of fossil fuels. Nilsson believes that 
certain caverns can be suitable as large storage volumes. Nilsson predicts that the 
electrical system of the future in Sweden will have a large share of wind power and 
solar and become more decentralized and installed where electricity is needed. Then 
there will be relatively small, but a higher number of, storage units of hydrogen.  

In a Polish study from 2019 [44] it is stated that underground hydrogen storage does 
not significantly differ from natural gas storage. Nevertheless, it is not yet an 
available and technically feasible manner of storing energy and it will not prove to 
be one in the near future. The lower cost of hydrogen production through 
electrolysis will be the decisive factor for the implementation of this method 
of energy storage on an industrial scale. Numerous problems and challenges in this 
field are presented. The fact that specific properties of gaseous hydrogen will have 
to be handled adequately to provide tightness during underground storage, transport 
and withdrawal is one main challenge.   
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In a Dutch study [46], 60 other studies have been reviewed in the area of Power-to-
gas and long-term storage. One of the conclusions is that the pumped hydro storage 
global potential, to satisfy the demand of storage for 100 percent renewable energy 
systems, is not enough. It is claimed that new technologies with a higher energy 
density are needed. Hydrogen, with more than 250 times the energy density of PHS 
is a potential option to satisfy the storage need according to the authors. It is stated 
that changes are needed in infrastructure to deal with high hydrogen content and the 
suitability of salt caverns for its storage can pose limitations for this technology. 
Converting power to methane, using the Sabatier reaction, arises as possible 
alternative overcoming both the facilities and the energy density issues. A conclusion 
of the study is that the global storage requirement from using power-to-methane 
would represent only 2 percent of the global annual natural gas production or 10 
percent of the gas storage facilities. The more options considered to deal with 
intermittent sources, the lower the storage requirement will be.  

A reflection regarding the Dutch study is that although storing methane gas might be 
easier than storing hydrogen, the round-trip efficiency would be lower this way, if 
electricity is to be generated in a gas turbine cycle, compared to being generated in a 
fuel cell.  

5.2 Cost efficiency 

In a German study from 2017 [46] it is estimated that for generating hydrogen, a 
cost-covering operation of PtG in Germany is not possible at least until 2030. In the 
future, the situation may change if there is a progress in R&D concerning investment 
and efficiency of electrolysis and high shares of renewable electricity storage lead to 
situations with low electricity prices. However, these must occur in a greater 
number, as PtG plants need a capacity utilisation of approximately 2 000 operation 
hours or more to be competitive with other hydrogen production methods, such as 
steam gas reformation [46].  

5.3 Ecological and social sustainability aspects 

There are many concerns regarding the ecological impacts of the manufacture of 
hydrogen. Hydrogen is made either by electrolysis of water, or by fossil fuel 
reforming. Reforming a fossil fuel leads to higher emissions of carbon dioxide 
compared with direct use of the fossil fuel in an internal combustion engine. 
Similarly, if hydrogen is produced by electrolysis from fossil-fuel powered 
generators, increased carbon dioxide is emitted in comparison with direct use of the 
fossil fuel. 
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There have also been some concerns over possible problems related to hydrogen gas 
leakage. Molecular hydrogen leaks slowly from most containment vessels. It has 
been hypothesized that if significant amounts of hydrogen gas escape, hydrogen gas 
may, because of ultraviolet radiation, form free radicals (H) in the stratosphere. 
These free radicals would then be able to act as catalysts for ozone depletion. A 
large enough increase in stratospheric hydrogen from leaked H2 could exacerbate 
the depletion process. However, there is research claiming that the effect of these 
leakage problems may not be significant. [27].  
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6 Batteries 

A battery is a pack of one or more cells, each of which has a positive electrode - the 
cathode, a negative electrode - the anode, a separator and an electrolyte. Using 
different chemicals and materials for these affects the properties of the battery – 
how much energy it can store and output, how much power it can provide or the 
number of times it can be discharged and recharged, also called cycling capacity. 

Battery companies are constantly experimenting to find chemistries that are 
cheaper, denser, lighter and more powerful. 

The principle of a rechargeable battery is illustrated in Figure 10. The chemical 
reactions in the battery causes a buildup of electrons at the anode. This results in an 
electrical difference between the anode and the cathode. The electrons want to 
rearrange themselves to get rid of this difference and move to the cathode. The 
electrolyte keeps the electrons from going straight from the anode to the cathode 
within the battery, but when the circuit is closed, the electrons will be able to get to 
the cathode.  

When a battery is recharged, the direction of the flow of electrons is changed using 
another power source. The electrochemical processes happen in reverse, and the 
anode and cathode are restored to their original state and can again provide full 
power. 

 

Figure 10: The principle of a rechargeable battery [28]. 
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6.1 Flow batteries 

A flow battery is a cross between a conventional battery and a fuel cell. Liquid 
electrolyte of metallic salts is pumped through a core that consists of a positive and 
negative electrode, separated by a membrane. The ion exchange that occurs 
between the cathode and anode generates electricity. Most commercial flow 
batteries use acid sulfur with vanadium salt as electrolyte and the electrodes are 
made of graphite bipolar plates. The floating electrolyte can be stored outside the 
battery cell in tanks, and by this enabling a larger storage volume. This feature, 
along with short response time, is two of the advantages of flow batteries. The 
downsides with these batteries are low energy density. This is however not a big 
issue when it comes to grid energy storage. [29] 

Figure 11 illustrates the flow battery concept. 

 

Figure 11: Flow battery. Electrolyte is stored in tanks and pumped through the core to generate electricity; 
charging is the process in reverse. The volume of electrolyte governs battery capacity. [29] 

6.2 Lead-acid batteries 

This is a mature battery technology, dating back to the mid-1800s. Lead and lead 
dioxide constitute the negative and positive electrodes, respectively, and sulphuric 
acid is used as the electrolyte. These batteries have low cost and known reliability, 
but they have poor cycle life at deep discharge, and the toxicity of lead is another 
disadvantage [52]. Their life expectancy varies much depending on the application, 
discharge rate and the number of discharge cycles.  

Lead acid batteries are widely used in combination with small-scale renewable 
electricity production. Some examples are solar cells and batteries used in homes in 
developing countries like Morocco or Bangladesh.  
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The energy density is approximately 50 Wh/kg, which is generally lower than for 
lithium-ion batteries [52]. As with most battery technologies, lead acid battery 
performance is constantly improving in new versions.  

6.3 Lithium-ion batteries 

Lithium-ion (Li-ion) batteries were introduced in the early 1990s and has since 
become the most common battery type in many electronic appliances. In the 
traditional Li-ion battery, the anode is a carbon-based material, generally graphite, 
while the cathode contains a transition metal-oxide, for example of cobalt. The 
electrolyte contains a lithium salt dissolved in a variety of organic solvents. The Li-
ion family include a range of chemistries mostly related to the choice of cathode 
material. The cathode can be a composition of some of the metal’s cobalt, nickel, 
manganese, aluminum and iron. The different compositions of metals all result in 
different characteristics and costs for the batteries.  

The lithium iron phosphate (LFP) technology possesses relatively high power 
capability, the environmental advantage of an inexpensive and non-toxic cathode 
material and a long lifetime. These characteristics, as well as the relative low 
discharge rate, makes the LFP Battery Energy Storage System (BESS) a very 
attractive technology for stationary applications. [30] 

The Li-ion batteries in general have a high storage density and high discharge rate 
compared to other batteries. It makes them space efficient. They also have a high 
round-trip efficiency, around 92-96 percent. [16] 

One of the main challenges for Li-ion batteries is safety. The high energy density, 
the fact that lithium is highly reactive and flammable, and the presence of oxygen 
involves a risk of overheating and fire.  

In addition to the “regular” Li-ion battery, there is also the Li-ion polymer battery. 
The Li-Ion polymer technology is the same as the regular Li-ion battery type, except 
that the electrolyte is a polymer gel, which makes it a safer but more expensive 
choice.  

6.4 Sodium-sulphur batteries 

Sodium-sulphur batteries, or NaS batteries, is a type of molten salt battery from 
liquid sodium (Na) and sulphur (S). This type of battery has a high energy density, 
high efficiency of charge/discharge and long cycle life, and is made from inexpensive 
materials. The systems operate at a high temperature, 300 to 350 °C, which can be 
an operational issue for intermittent operation. 
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NaS batteries have been extensively used for grid services in Japan. More than 300 
MW of NaS storage power is installed in more than 170 projects throughout the 
country. The technology is used in the U.S. as well.  

Advantages of NaS BES systems include relatively high energy densities compared to 
flow batteries, and they correspond to the low end of the Li-ion energy density 
range. The energy density of NaS systems is now between 140 Wh/L and 300 
Wh/L. 

They also have the advantage of using non-toxic materials and have a high 
recyclability rate of approximately 99 percent. Currently, total energy installation 
costs for NaS BES systems range between USD 263 and 735/kWh. [16] 

6.5 Possible future battery technologies 

Sodium-ion batteries work in the similar way as Li-ion batteries. They are cheaper 
but have a lower energy density and can therefore only be used in stationary 
applications. This might include storing excess electricity generated by renewable 
energy sources. A variety of sodium-based materials can be used as the battery’s 
positive electrode, which is decisive when it comes to performance, longer life and 
cycling capacity for example. [31] 

Lithium-sulphur batteries use ultra-light active materials, sulphur in the positive 
electrode and metallic lithium as the negative electrode. Therefore, its theoretical 
energy density is extraordinarily high; four times greater than that of Li-ion. That 
makes it good for the aviation and space industries. Li-S technology needs further 
research and development work to improve its life expectancy. [31] 

Solid-state batteries represent a paradigm shift in terms of technology. The liquid 
electrolyte has been replaced by a solid compound which nevertheless allows lithium 
ions to migrate within it. The first huge advantage is a marked improvement in 
safety. Inorganic solid electrolytes are non-flammable when heated, unlike their 
liquid counterparts. The other advantage is that these batteries can exhibit a high 
power-to-weight ratio, so they may be ideal for use in electric vehicles. [31] 

6.6 Examples of grid energy storage 

The biggest Li-ion battery in the Nordic countries so far was installed during spring 
2019 at the hydropower plant Forshuvud in Sweden. This combination enables 
more rapid frequency regulation. It also prevents risks of turbines and generators 
being worn out prematurely as those are exposed to rapid output changes. The 
batteries have a capacity of 6.2 MWh and a power output of 5 MW and can provide 
full output within milliseconds, while it takes up to one minute before the hydro 
turbine can do the same. [32] 
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The Hornsdale Power Reserve is a facility comprising of a 100MW/129MWh Tesla 
Powerpack system located in South Australia. The power reserve is the largest Li-
ion battery in the world. The battery storage facility aims to stabilize the South 
Australian electricity grid and facilitate integration of renewable energy in the state. 

 

Figure 12: The Hornsdale Power Reserve in South Australia [33]. 

The facility can support the South Australian electricity grid by providing frequency 
control and short-term network security services. A portion of the battery will also 
be dedicated to trading on the electricity market. This capacity will be used to store 
power from the Hornsdale Wind Farm when demand is low and dispatch it when 
demand is high. This reduces the need for expensive gas peaking plants. 

If Li-ion BESS units of the type in South Australia were to become globally utilised, 
operational concerns include rate capability, cost and lifetimes, efficiency, as well as 
safety and environmental and social life cycle analysis.  

Martin Anderlind, chief business development officer at the Swedish battery 
company Northvolt, says in a personal interview that integrating Li-ion batteries in 
electric grids will become more and more common. He thinks batteries can provide 
similar services as the ones in The Hornsdale Power Reserve but other storage 
technologies might be more suitable when it comes to storing very large amounts of 
electricity for a longer period of time, more than four hours.  

Over time the battery performance in a Li-ion battery will degrade. With 
conservative operation, Li-ion batteries can sustain relatively long operation. The 
ultimate lifetime of a battery is crucially determined by its mode of operation and is 
typically reported to vary within a large range between a few to up to 20 years, and 
the prediction of remaining useful time of a battery is quite complex.  
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6.7 Cost efficiency 

Li-ion batteries could cost approximately 176 $/kWh in 2018 [34] as illustrated in 
Figure 6.2. 

 

Figure 13: Lithium-ion battery price survey results [34]. 

According to Martin Anderlind at Northvolt, it is likely that the cost of batteries will 
continue to decrease. At the same time Anderlind points out that future battery cost 
is challenging to forecast since they depend to a large extent on the development of 
metal prices.  

6.8 Ecological and social sustainability aspects 

The carbon footprint per Li-ion battery is estimated to be 150-200 kg CO2-eq per 
kWh [53]. As the Tesla Gigafactory and Northvolt are striving to obtain a near-zero-
carbon-footprint for battery production by using a substantial amount of renewable 
energy, this parameter may not necessarily be considered a major bottleneck. 
However, not all battery manufacturers have the same ambitions when it comes to 
using renewable energy.  

The likelihood of Li-ion batteries becoming a prevalent means of grid energy storage 
is reduced by the fact that many of their main components such as lithium and cobalt 
are relatively scarce compared to a global scale demand. These are also often being 
mined from ores in conflict zones, and therefore highly problematic in a human 
rights and environmental perspective. 
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The worldwide production capacity of lithium will need to increase to meet the 
demand of battery technologies, involving environmental impact and risks in 
handling due to its reactivity. The large amount of cobalt required is potentially 
even more worrying as the worldwide cobalt demand is being substantially sourced 
from the vast reserves in the Democratic Republic of Congo, a region of the world 
characterized by military conflict and significant human rights abuses upon workers, 
raising ethical issues as well as reliance issues. The London Metal Exchange (LME) 
might ban or delist brands that are not responsibly sourced by 2022 under an 
initiative to help root out metal tainted by child labour or corruption [35].  
Graphite sourcing is currently dominated by China and it has equally raised ethical 
and environmental issues. Advances in synthetic production of graphitic carbon may 
buffer the reliance on mined graphite in future. New cobalt and lithium ores are 
currently being explored in areas where ecological and ethical issues are taken into 
consideration a little bit more, such as North America and Australia.  

Sourcing of battery raw materials from recycling is still at an early stage, but will 
become essential, considering the limited amount of metals available for battery 
production.  

Currently Li-ion batteries are more efficient in terms of energy density than 
hydrogen, though more environmentally harmful.  

6.9 Previous studies regarding battery storage 

In an Italian study from 2016 [48] two systems for renewable energy production and 
storage applied to a single-family house located in Turin have been studied under 
different aspects. One aspect was based on photovoltaic and hydrogen technology, 
electrolyser coupled with a fuel cell, and the other based on photovoltaics and 
batteries. 

According to the authors, the system based on hydrogen storage needs a higher 
number of solar panels, due to the energy requirement of the electrolyser. This is 
affecting the cost of this system, which is higher than the cost of the system with 
photovoltaics and batteries. The electrolyser and the fuel cell still represent niche 
products from a commercial point of view. The system based on Li-ion battery 
storage is a more mature technology than the hydrogen-based storage. The cost is 
more competitive compared to hydrogen-based systems since it is more 
commercialised and sold in form of kits. From an environmental point of view, 
however, LCA results show the lower burdens of the hydrogen technology. 
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7 Cost comparison of technologies 

A method that can be used to analyse and compare different energy storage 
technologies is the Levelized Cost Of Storage (LCOS) method. Such a comparison 
has been performed by Verena Jülch [49] in a comprehensive report from 2016. The 
results for the long-term storage show that Pumped Hydroelectric Storage has the 
lowest LCOS among the mature technologies today. Power-to-Gas technologies, 
once established on the market, may also provide long-term electricity storage at 
even lower LCOS. Pumped Hydroelectric Storage is also the cheapest technology 
for short-term storage systems. Battery systems still have high costs but are 
expected to have a sharp price fall in the near future. Power-to-Gas and Adiabatic 
Compressed Air Energy Storage systems may become cost competitive as short-
term storage systems as well.  

In a German study from 2018 [50] it was found that the highest shares in costs are 
related to investing in renewable energy generation capacities, while only a minor 
share is related to the storage costs. For the storage, the costs for capacities were 
found to be generally lower compared to the costs for charging and discharging.  

The results from the study also indicated that storage based on hydrogen as well as 
pumped-hydro storages might be favourable to be installed where there is a 
significant share of wind power. Li-ion storage with its high efficiencies but high 
capacity costs was only found to be present in case of scenarios with high shares of 
photovoltaics. It was confirmed that the daily fluctuations in the solar scenarios lead 
to a need for efficient, small daily storage, whereas seasonal storage is required for 
scenarios dominated by wind energy. This implies that the cheap capacity costs of 
hydrogen storage can partly overcome its low efficiency. 
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8 Comparison – technical characteristics 

Table 3 is a summary of technical characteristics of the four different storage 
technologies discussed in this study. Its purpose is to give an overview and make 
comparisons between technologies easier.   

Some comments regarding Table 3 is that the electrical round-trip efficiency is the 
ratio of electricity put into the system to electricity retrieved from storage. A 
possibility would be to compare the systems using the energy round-trip efficiency 
where heat generated in the process of charging or recharging is taken care of in 
some way. An example is taking care of heat generated in a fuel cell in a PtP system, 
which would result in a higher energy round-trip efficiency than the electrical 
round-trip efficiency. 

The round-trip efficiencies are regularly increasing for some of the technologies. 
Therefore, a table like this soon goes out of date. This especially goes for battery 
technologies, but the efficiency of electrolysers and fuel cells are gradually 
improving as well. The CAES technology can be expected to improve its efficiency 
as long as there is an interest in doing research and development of such projects. 
The PHS technology is a mature technology and its round-trip efficiency is not likely 
to improve much in the following years.  

The technical lifespan of batteries is affected by many different stress factors 
including temperature, discharge current, charge current, and depth of discharge.  
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Table 3: Technical characteristics of energy storage technologies.  

  Mechanical Chemical Electro-chemical 

  CAES PHS PtP 
Flow 
batteries 

Lithium-ion 
batteries 

Sodium-
sulphur 
batteries 

Area of use 

Peak 
shaving, 
minute 
reserve 

Peak shaving, 
minute 
reserve, long 
time storage 

Peak shaving, 
minute 
reserve, long 
time storage 

Peak shaving, 
minute 
reserve 

Peak shaving, 
minute 
reserve 

Peak shaving, 
minute 
reserve 

Possible storage time 
< 24 hours 
[16] 

Seconds-
months 

Seconds-
months 

Seconds-
months 

Seconds-
months 

Seconds-
months 

Capacity 

Depending 
on storage 
size 

Up to 5000 
MW [1] kW-GW kW-MW kW-MW kW-MW 

Electrical round-trip-
efficiency 

42-54% 
(diabatic) 
[15] up to 
70% 
(adiabatic) 
[38] 65-85% [1] 34-44% [36] 65-85% [16] 92-96% [16] 85% [16] 

Losses/self-discharge 
0-10% per 
24 hours [1] 

0-0.5% per 
24 hours [1] 

0-1% per 24 
hours 

No self-
discharge 

5% in 24 
hours, then 1-
2% per 
month [37] 

0.05% per 24 
hours [16] 

Start-up time Minutes 
Seconds-
minutes Minutes Milliseconds Milliseconds Milliseconds 

Technical lifespan 
25-40 years 
[52] 

50-100 years 
[52] 

5-20 years 
[52] 

10-20 years 
[16] 

5-20 years 
[16] 

10-25 years 
[16] 

Production phase 

diabatic: 
commercial, 
adiabatic: 
development 
phase 

Commercially 
available 

Commercially 
available/ 
development 
phase 

Commercially 
available 

Commercially 
available 

Commercially 
available 

Installation cost 

53 
USD/kWh 
[16] 

21 
USD/kWh 
[16] N/A 

315-1360 
USD/kWh 
(2016) [16] 

176 
USD/kWh 
(2018) 

263-735 
USD/kWh 
(2016) [16] 

Geographical 
conditions 

Close to salt 
dome, 
depleted 
mine or 
aquifer 

Altitude 
difference 

None/ 
underground 
cavern for 
large-scale 
storage None None None 

Energy density 

0.5-0.8 
kWh/m3 (60 
bar, 
depending 
on pressure) 
[52]   3 kWh/Nm3 

20-80 Wh/l 
[16] 

200-735 
Wh/l [16] 

140-300 
Wh/l [16] 

Cycle life 50000 50000   >10000 [16] 
2000-10000 
(LFP) [16] 

1000-10000 
[16] 
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9 Discussion 

It is a common view that there will be an increasing need of energy storage solutions 
in the Nordic countries and Germany in the future. A reasonable question is if and 
to what extent the Nordic and European countries should co-operate in providing a 
combination of renewable power production along with energy storage facilities. 
The ongoing projects with subsea cables between Norway and Germany and 
Norway and the UK are interesting in that sense. Excess electricity from renewable 
sources in Germany can be used to pump up water in Norwegian PHS plants and 
electricity can be delivered back to Germany when there is a lack of wind or sun. 
However, one has to bear in mind that the installed capacity of hydropower in 
Norway is 32 GW and the entire installed capacity in Germany is 214 GW, which 
indicates that other storage solutions will be necessary as well.  

Seeing the ongoing climate change as a global problem, it may make sense that 
countries with potential of establishing PHS plants and CAES facilities should do so 
and be able to trade electricity with other countries that have fewer options of 
establishing energy storage facilities. In the end it will be a financial matter. There 
has to be large enough variations in the electricity cost, in order to make an 
investment in an energy storage facility profitable.  

CAES seems to have difficulties getting a real breakthrough, since there are only two 
commercial plants in the world. Ongoing demonstration projects, such as the one in 
Switzerland by ALACAES, might result in new commercial plants with a higher 
round-trip efficiency, taking care of the heat generated at compression. It seems as 
this technology could work quite well in combination with solar power, generating 
electricity during the daytime and storing excess energy as compressed air that can 
be run through a turbine at night. It would be interesting to see a solution where a 
CAES plant is integrated with a district heating system such as the idea that was 
studied in Stockholm but was not implemented. The obstacles in that case seemed 
to be the technical challenge of obtaining an airtight cavern as well as the fact that 
electricity cost in Sweden does not vary enough over time.  

One of the most cost-efficient storage technologies is pumped hydroelectric storage. 
A question is if more investments in this technology should be made in the Nordic 
countries. According to an Australian study, many potential locations was found in 
Australia which could easily cover the need of energy storage. All located sites in 
Australia were potential closed-loop pumped-hydro energy storage projects, located 

away from rivers with little environmental impacts. A similar study would be 
interesting to do regarding the Nordic countries. However, risks with loss of 
ecosystem services, impacts of wildlife and environment need to be thoroughly 
examined.  
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Another idea could be to reconstruct existing storage hydropower plants to enable 
pumping. This would however not increase the total amount of installed capacity in 
the grid. Also, according to Toni Kekkinen at Fortum, storage hydropower plants 
are in principle tailor-made, hence reconstructing them might be difficult. 
Hydropower is a mature technology, but there seems to be a lack of studies of the 
technical potential as well as the environmental and social impact of closed loop or 
semi-open loop PHS systems in the Nordic countries.  

Despite the low round-trip efficiency of PtP, the interest in hydrogen energy storage 
is growing due to the much higher storage capacity compared to batteries and 
CAES. Reducing the price of the electrolyser, storage facilities and fuel cells are 
necessary to make the technology more competitive. Further research concerning 
large-scale hydrogen storage in caverns is necessary, as hydrogen itself puts high 
demands on tightness to reduce losses.  
PtP is receiving more attention in Denmark and Germany which might have to do 
with the limited access to hydropower in these countries, than in the other countries 
in the study. Several ongoing demo projects in Germany will likely result in more 
efficient solutions. Although the round-trip efficiency is relatively low, the 
technology can still be relevant as long as it is cost-efficient, and the number of 
future PtP facilities and wind and solar power facilities is large enough to obtain near 
100 percent renewable electricity production. The cost-efficiency is challenging to 
discuss, as the technology is not as mature as the other technologies in the study.  

There are many available battery technologies, each with its advantages and 
disadvantages. Costs are regularly decreasing, especially when looking at Li-ion 
batteries. Still, batteries are currently not cost-efficient when it comes to storage of 
large amounts of electricity for days or weeks. Batteries are however useful in grids 
as minute reserves and for peak shaving. It is likely that the integration of batteries 
in grids will increase.   

The best battery technology for electric vehicles (EV) is not necessarily also the best 
for grid energy storage. Since energy density is not as important, other technologies 
using metals that are more abundant and have less environmental and social impact 
could be more appropriate. Examples of those are Li-ion batteries with a cathode of 
iron phosphate (LFP), NaS batteries and flow batteries. The LFP batteries might be 
replaced by sodium-ion batteries in the future.  

As the deployment of electric vehicles (EV) accelerates, these could play an 
important role in supporting power system operation. Private cars are typically in 
use for 10 percent of the time or less, meaning that if they are connected to charging 
infrastructure the rest of the time, they are potentially available to provide services 
to the grid.  
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It can be difficult from a legal point of view to use batteries in EVs for peak shaving 
and other services. A solution according to Martin Anderlind at Northvolt might be 
to let the energy companies lease the batteries from the car owners.   

A reflection is that since the development of energy storage technologies need to 
speed up, it may be necessary for governments to subsidize R&D focused on energy 
storage. Currently the variations of electricity costs are too small to guarantee 
profitability in an investment in energy storage, at least in Sweden. In the future it is 
likely that electricity costs will fluctuate more, and the costs will be higher during 
peak demand.  

Another issue says Lennart Söder, professor in electric power systems at KTH in an 
interview, is the issue of trust. Can different countries trust each other if more 
momentaneous capacity is needed, can we be certain that it is possible to import 
capacity at that point?   

Söder also reflects on PtP storage. It may not always be a good idea to use excess 
electricity to convert it into hydrogen. At certain times it may be more efficient to 
use the excess electricity to heat water in a district heating system.  

The question what to do when the wind is not blowing, and the sun is not shining is 
difficult to answer and varies in different kinds of energy systems. In Norway, 
energy storage of electricity is in principle not an issue since most of the electricity 
production is based on hydropower. In Sweden the large share of hydropower 
contributes to balancing the intermittency of wind power generation, but other 
measures need to be taken as well, such as reducing peak demand, greater 
integration with adjoining national electricity networks and perhaps also increasing 
the share of bio-based CHP. In Denmark, Finland and Germany, investments in 
energy storage becomes more important due to the limited access of hydropower. 
Energy efficiency measures is key as well as integration with other national grids.  
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10 Conclusion 

10.1 Study results and outlook 

In order to reach the targets of the energy agreements of each country in the study 
the development of energy storage technologies needs to speed up. The following 
measures are recommended: 

1. The future of CAES is uncertain but a project where CAES is integrated with 
a district heating system would be interesting to implement. However, as 
there are only two commercial plants in the world, the cost efficiency in a 
project like this is difficult to estimate, and thereby risky.   

2. Pumped hydroelectric storage is a relatively cost-efficient technology with 
high round-trip efficiency. The potential of developing such facilities, open-
loop, semi-open loop and closed-loop systems should be studied, focusing 
on Norway, Sweden and Finland, where there is more potential than in 
Denmark and Germany. The study could be performed as a GIS analysis and 
environmental and social impact is of great importance. It is likely that 
future electricity prices will make investments in energy storage more 
profitable, but for the moment, such studies and projects might need 
governmental funding. There may be market opportunities for Norway and 
Sweden in the future in providing storage opportunities for other countries, 
to provide “green batteries” in the form of PHS plants.  

3. Regarding power-to-gas, more research is necessary to reach a higher round-
trip efficiency. The costs and the technical solutions regarding large-scale 
hydrogen storage in tanks or caverns needs to be studied further. An option 
is to store methane from a Sabatier reaction of hydrogen and carbon dioxide 
but converting methane to electricity in a gas turbine cycle is not as efficient 
as a fuel cell. One main issue with hydrogen storage is achieving air tightness 
to reduce losses. This technology is more in focus in Denmark and 
Germany, due to the limited access to hydropower.  

4. Batteries are useful in grids as a minute reserve and for peak shaving. 
Limiting factors are costs and the fact that some metals used in batteries are 
rare and sometimes sourced from reserves that has high environmental and 
social impact. In the future, batteries manufactured from cheaper and more 
abundant metals, less environmentally harming, might be used in an even 
larger scale for storing electricity for longer periods of time. Technical and 
legal aspects of integration of batteries in electric vehicles supporting power 
system operation should be studied further. 
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5. All storage technologies need to be studied from a social and ecological 
perspective. Multidisciplinary analysis is necessary.  

10.2 Perspectives 

Grid energy storage is one major part in achieving energy systems where wind and 
solar power represents a high share of the electricity production. It is necessary to 
develop the storage technologies further in order to reduce the effects on global 
warming. Looking at the energy policies for each country in the study, the changes 
of how electricity is produced could result in more fluctuations in electricity prices, 
and thereby make energy storage more profitable.  
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