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Abstract 

This study addresses the possibilities and profits of taking advantages of price differences 
on the electricity market by using a electrical energy storage system (EES) in Germany. 
The analysis of which technique that is chosen for the purpose is made from two views, 
one that reflects only over the 4 technical aspects explained in the study and the second 
one is based on the German market demands where an analysis of the electricity price for 
2013 is made. As we know we are moving towards a more sustainable society and with 
its path, problems will appear. One of the problems is well connected to the technique 
studied in this paper. The phase out of nuclear power that Germany is currently going 
through will have big impacts on how electricity will be produced in the future. Some of 
the electricity production will probably be generated by wind and solar power that will 
provide problems. With its incontrollable production of electricity and the electricity 
market as we know, the price differences of the electricity market will truly be greater 
than today and is more described by (Walsh, 2013; Caste, 2013). These differences in 
prices can be taken advantage of with an application of EES and not just be made into 
profit but help the electricity system to balance the production and consumption of the 
electricity in Germany.  Germany with its high elevations in landscape and electricity 
prices that do not vary rapidly has the perfect condition for an application of PHES 
system. That is one of 5 studied techniques in this report.  With the application of just a 
plant with a power of 2MW that can store twice as fast as generating electricity, profits 
can rise up to 80’000 € over a year. And with the possible savings of up to 
10‘000‘000’000 € with the simple model made in the study, the advantages of electrical 
energy storage systems are proved.   
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Sammanfattning 

Dagens elpris varierar med dygnet men också med årstiderna. Dessa skillnader i pris 
skapar möjlighet för vinster men måste också ses som ett problem då dessa skillnader 
kan vara större i framtiden på grund av en ökad andel förnyelsebara energikällor i 
produktionsmixen som är svårreglerbara.  
I denna rapport nämns fem olika typer av tekniker som är gjorda för lagring av elektrisk 
energi. Den första tekniken som nämns är CAES som är en teknik som bygger på att 
lagra energi i komprimerad luft. Denna teknik är lämpad för regional lagring, där dess 
styrka befinner sig i denna höga lagringskapacitet och höga verkningsgrad. Det som 
begränsar denna teknik är främst dess förmåga att inte kunna lagra och producera el 
snabbt i kombination med att den är starkt geografiskt anknuten till punkter där det finns 
gas som behövs i turbinen vid genereringen av elektricitet.  
Den andra typen av tekniken som nämns är PHES, som bygger på att man lagrar den 
elektriska energin som potentiell energi i vatten. För att återskapa elektrisk energin 
släpper man vattnet genom en turbin som i sin tur skapar elektricitet med hjälp av en 
generator. Denna tekniks fördelar är dess höga kapacitet och billig anläggningskostnad 
sett till dess kapacitet. Dess nackdelar är att den inte kan lagra och generera energi lika 
fort som andra tekniker kan men man kan anpassa generatorn och pumpen i systemet för 
att tillämpa tekniken efter marknadens behov. 
Den tredje typen av teknik som nämns i studien är batteriet. Denna typ av teknik har fått 
nytt liv på senare tid på grund av att den har ett flertal tillämpningsområden i det nya 
energieffektiva samhället som vi bygger upp. Dess användning i t.ex. elbilar har lett till 
intensiv forskning på området. Dessa synergier har lett till att man ser Lion batterier som 
ett perfekt komplement till större EES system i framtiden då batterier kan generar och 
lagra energi på sekunder men också för att de har en otroligt hög verkningsgrad. Det som 
håller tillbaka tekniken från att bryta igenom är dess kostnad. 
Den fjärde tekniken som nämns i studien är FEES. Denna teknik bygger på att lagra 
elektriska energin som kinetisk energi i ett svänghjul. Teknikens styrkor är bland annat att 
den kan lagra energi snabbt, men också för att tekniken är billig. Men svänghjulet kan 
inte lagra energi under längre perioder eftersom förlusterna är höga medan energin är 
lagrad i svänghjulet trots optimala förhållanden. 
Den sista tekniken som nämns i studien är TEES, som bygger på lagring i form av 
termisk energi. Denna teknik är en relativt outvecklad och inte så relevant för denna 
studie.  Resultaten i studien visar på att PHES är den bästa tekniken för Tyskland sett till 
de två olika typerna av analyser som gjorts, dels från vad Tysklands elmarknad har för 
behöv men också vad som rent tekniskt är bäst. Sett till de 4 aspekterna som är 
studerade. Med en applicering av en 2 MW anläggning som kan lagra energi dubbelt så 
snabbt som den producerar kan vinster uppgå upp till 80’000 €.  
Men den enkla modell som gjorts på slutet av studien av elmarknaden visar det sig att 
vinster på 10’000’000’000€ kan göras, vilket visar på potentialen som elektriska 
ellagringsystem har.  
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Nomenclature 

Name Sign Unit 
 
Hydro generation 

 
Pt 

 
[MW] 

Turbine efficiency 𝜉!  [%] 
Gravitation g [m2/s] 
Density ρ [kg/m3] 
Water discharge Ot [m3/s] 
Height of discharge Ht [m] 
Kinetic energy Ek [J] 
Momentum I [Nm] 
Angular velocity ω [rad/s] 
Kinetic energy per   
unit mass   

em [J/kg] 

Stress S [J/m3] 
Shape factor K  
Standard deviation  σ  
Mean 𝜇  
Amount of hours with high 
price 

Htot  

Amount of hours with low 
price 

Ltot  

Price at given point x  P(x) [€/MWh] 
Electricity generation Q [MWh] 
Pump power 𝑃! [MW]	  
Pressure pr [Pa] 
Pump Efficiency 𝜉! [%] 
Volume flow rate      𝑂! [m3/s] 
Cash inflow C [€]  
discount rate r [%] 
Time t [years]  
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1 Introduction 

Like the fire changed people’s lives in the Stone Age Charles Dufay with the discovery of 
the two separate charges would take the first step to production and consumption of 
electricity. This discovery would change the foundation of people’s lives. The earth we 
live on have made itself dependent to electricity as it is to food, water and protection. 
Wherever we look we see things that run on electricity. A life on earth without electricity 
would be unthinkable.  
 
The global warming is a highly debated topic. The changes in the climate and rising CO2 
emissions are directing us towards a change that forces us to change the type of energy 
that will fuel our society’s needs in the future. Electricity will probably be an essential 
part of our future society with the possibility of producing “green” energy. With the 
increased demand for “green” energy sources like solar- and wind power challenges will 
come. One of the biggest challenges will be the ability to regulate the production after 
the demand. It is for example impossible to control when the sun should shine or not. 
This problem can partly solved by increasing the consumption when the production is 
high like charging electrical cars in the night. But there will still be big imbalances 
between consumption and production, probably even bigger than today. The electricity 
price will truly follow this pattern with even bigger imbalances than we have today and is 
explained more in detail by (Walsh, 2013; Caste, 2013).  
 
As known demand and supply are strongly related to the price, considering the electricity 
market we know that the electricity that is produced at one point in time needs to be 
consumed at the same time. The electricity price varies within the day but also within the 
different seasons. In fact the price can be negative when production is higher than then 
consumption. With other words consumers are getting paid for consuming electricity. 
The fluctuation of the electricity prices creates huge possibilities of making a profit by 
buying electricity when the price is low, store it and later sell it when the price is higher. 
This united with the fact that we stand with one foot in a future that is in need of energy 
that is produced in a sustainable way, which leads to even more electrical power 
production that doesn’t have good regulation ability.  
 
This is why I have chosen to study the possibility of applying electrical energy storage 
systems in Germany. With the possibilities of the electrical market that presents the 
electrical prices one day ahead it is possible to know when to store electricity and not. By 
having valuable information about the future prices, big prof can be made by imposing 
the differences in price over the day.  
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2 Problem formulation and goals 

This study is based on the electricity market of Germany. The market prices are analyzed 
to determine when the electricity price is high and low to lastly analyze when high prices 
can be changed by low price. By doing this money can be saved but also make the 
consumption and production of electricity more even. There are different techniques for 
this purpose. In this study five different techniques are studied.  
The main goals of the study are: 

• Analyze the electrical price market data of Germany 2013 
• Study the different techniques 
• Find the most suitable technique for the German electricity market within two 

views  
o What the German electricity market demands  
o Four technical aspects 

• Make a savings simulation for this technique  
• How much profit can be made by applying EES  

3 Literature study 

3.1 Electrical energy storage  
Electrical energy storage (EES) refers to a technique that is used for taking electrical 
energy from a power network at some point in time and later generated it when 
electricity is needed. By this I mean when the price and demand of electricity is low 
electricity is stored to another form of energy. When the demand and price of it is high 
the energy is generated to electricity and later sold for a higher price. By doing this profit 
is made by the price difference of the electricity price.  In the study four different 
techniques will be analyzed with an additional one that is in the development phase. The 
EES techniques will be basically explain with four aspects in mind. Storage/generation rate, 
capacity, efficiency and cost  
The different techniques that will be presented will be divided in to two groups one that 
represent the once that are suitable for large-scale storage (>100MW in one unit). 
Compressed air energy storage systems (CAES) and pumped hydroelectrically storage 
(PHS). These two techniques are probably the most suitable for this study, but also the 
most common once on the market (Chen, 2011). The second group consists of 
techniques that are not common on the market, which makes them interesting to 
investigating in. This group is containing the following two storage systems, flywheel 
energy storage system (FEES) and battery energy storage (BES).   

EES 

- Fast storing 
- Low Capacity 

Battery Flywheel 

- Slow storing 
- High capacity 

Compressed 
air 

Pumped 
hydro 
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Figure 1: Map over the studied EES 

 
Figure 1 is a map over the different techniques that are investigated in the study. The 
techniques are divided into two groups. To the left the fast storing and low capacity EES 
are found. To right the slow storing and high capacity EES are found.   
 
3.2 Base data for Germany  

Table 1: Electricity production and allocation of Germany, (Statisisches Bundesamt, 2013) 
 

Energy sources Regulation 
ability 

2013 
MWh * 106 % 

Total electricity production  633,6 100 

Fossil energy sources  456 72,5 
Lignite (coal) Good 162 25,8 
Nuclear power Good 97 15,4 
Hard coal Good 124 19,7 
Natural gas Good 66 10,5 
Mineral oil products Good 7 1,1 

Renewable energy sources  141,9 22,6 
Wind power Bad 49,8 7,9 
Hydropower Good 21,2 3,4 
Biomass energy Good 42,6 6,8 
Solar power Bad 28,3 4,5 

Other energy sources N/A 31,1 4,9 

 

  
Chart 1: Chart over the electrical energy production Chart 2: How big amount of the       

production that affects the prices        
   

The total amount of electricity that was produced in Germany 2013 was 633,6*106 MWh. 
The majority of the energy more precisely 72,5 % of the total production was generated 
by fossil energy sources that are easy to regulate. This means that you can change the 
production after how the consumption varies and are not a big source to the fluctuations 

Lignite (coal) 
26% 

Nuclear 
power 
15% 

Hard coal 
20% 

Natural gas 
11% 

Mineral oil 
products 

1% 

Wind power 
8% 

Hydropower 
3% 

Biomass 
energy 

7% 

Solar power 
6% 

Other energy 
sources 

5% 

Production by sources 

Bad 
13% 

Good 
87% 



 10 

of the price compared to wind and solar power that stands for 12,8 % of the electricity 
production. These sources produce electrical energy when the wind blows or when the 
sun is shining and that makes it hard to adapt the production after the consumption  
Germany is currently phasing out there nuclear power plants and planning a total phase 
by 2020. The shortage of production by the phase out will mainly be covered by wind-, 
solar and hydropower that will increase the demand for EES in Germany (Wilson, 2013).  
 
There are many reasons for why there are price differences on the electricity market. As 
known the price is determined by the intersection of the supply and demand curves on the 
electricity market auction in Germanys case EPEX.  But it is hard to anticipate the 
intersection and the price because the electricity market is a rather complex market with 
many factors affecting the price. Some of the factors are water levels in reservoirs; cost 
of fuel for thermal power plants, how much wind it blows at the wind farms or 
regulation ability in the system.  
 

3.3 Compressed air energy storage (CAES) 
Compressed air energy storage (CAES) is a technique that converts the electrical energy 
to elastic energy; compressed air. The air is later stored in a storage cavity, normally a 
cavern. The energy stored in the compressed air is later converted to electrical energy 
when needed trough a turbine. 

 
Figure 2: Model of the CAES (San Martín, 2014) 

 
The CAES contains normally of five components.  
1. A converter that can convert the electrical energy to mechanical energy, in most cases 
an engine.  
2. Compressor that converts the mechanical energy to elastic energy 
3. Turbine that converts the energy in the compressed air to electrical energy trough a 
generator. 
4. Monitoring system, a form of control system that can manage the operations 
5. Storage cavity, where the compressed air is stored. 

 
Figure 3: Technical model of the CAES, (Chen, 2011) 
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Basic technical explanation of the CAES 
1-2 Air is compressed, with a compressor that runs on electricity. 
2-3 The compressed air transfers to the storage cavity. 
4 The pressure, stored air, storage rate, production rate and the rest of the important 
information’s are monitored trough the control system.  
3-5 The compressed air is guided through a turbine that generates mechanical energy  
5-8 The mechanical energy is converted to electrical energy via a generator. 
 
 
According to Chen the CAES is suited for a market where the storage efficiency is not 
important due to the normally long storage time. It takes normally hours to store the 
electrical energy, this is a long time compared other EES on the market. But by using 
more powerful compressors and turbines the storing/generation rate can increase.  
The efficiency of the CAES is varying between different sources. According to the study 
made by Chen the efficiency varies between 60-80 % but according to a study maid by 
Jeffery B the efficiency is around 77-89 %. The variations in efficiency depend mainly on 
the compressor and turbine of the system (Lund, 2008) that means an improvement of these 
components can affect the efficiency. The current CAES on the market are old while the 
once that are under development and construction are using new components that are 
more efficient, which also explain why the efficiency varies between different studies. 
Another issue that the CAES have is its dependence of a natural gas, for the reason that 
the compressed air is mixed with gas when released in to the turbine. This creates a huge 
constrain geographically, because you cannot place it on a given place if there is no 
distribution of natural gas in the surroundings. But the geographical constraint is slowly 
fading away with new type of turbines that do not use gas in the combustion and is 
explained in chapter 15 by (Imre P, 2003).  
 
One of the strongest aspects of the CAES is its storage capacity and power of the system 
where it can store big amounts of energy. The storage can technically be as big as 
demanded. The storing volume is the only constrain. In general you there can be stored 
12kWh/m3.  
To get a better picture an example for the CAES facility in Germany and Huntorf is 
made that is one of few CAES in the world at the moment. The CAES in Huntorf have a 
power of 290MW (Jeffery, 2006). According to a study made by the US department of 
energy CAES is one of the best techniques on the market if there is a natural gas source 
nearby and there is no need of storing energy fast. It is a technique that makes it possible 
to store big amounts of energy and it’s well suited for energy storage on a regional level. 
It is easy to optimize the input and output and it have a really fast startup time in the 
region around a few minutes. The storage and output rate is mainly depending on the 
compressor and turbine this means also that the facility can easily be optimized after how 
the market looks which is a big advantage.  
The construction cost varies from $400/kW   to $500/kW. So a CAES facility that have 
a power of 200MW would cost around 80 M$ (Imre P, 2003, chapter 15).  

3.4 Pumped hydro energy storage (PHES) 
Pumped hydro energy storage (PHES), is a technology that is mostly used for large-scale 
storage (> 100MW). It is widely used around the world with around 300 PHES spread 
over the earth. The principles of the PHES are easy. Electrical energy is used to move 
water between two reservoirs at different elevations. By other mean store the electrical 
energy as potential energy when the price and demand for electricity is low.  When the 
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price and demand is high the water is released and transform from potential energy to 
electrical energy via a turbine.  

 

 
Figure 4: Model of the PHES (San Martín, 2014) 

 
 
PHES contains usually of 4 components. 
1. Upper and lower reservoir of water. 
2. Turbine that can act like a pump or two separate units.  
3. Generator and transformer. 
4. Control gate that manages the flow of water. 
5. Control center that monitors the whole process  
The process is explained in detail by (J.P.Dean, 2009). 
 
As mentioned earlier the PHES is one of two technologies that have a big capacity 
usually over 100MW that makes it perfectly suitable for large scale storage. The storage 
size on the other hand is theoretically limitless.  What limits the storage size is the size of 
the reservoir. So theoretically speaking there are no limitations for how big the capacity 
of the PHES is. But according to Yang it is less profitable to build smaller PHES, which 
forces constructors to build big PHES. The constructions of these big storage systems 
usually take long time and have high capital cost. This makes it hard for single investors 
to build the plant; due to the big cost but also due to the long time before you can make 
a profit of the investment. The lifetime of a PHES is usually 50-100 years (Yang, 2008). 
The cost of building a PHES is in the same region as the CAES, 300 $ - 500 $/kW with 
an average cost of 434 $/kW.  So a plant that have a capacity of 100 MW would cost 
around 43’400’000 $ to construct (J.P.Dean, 2009).  
The efficiency varies a lot from plant to plant but generally the efficiency is around 60 % 
for older plants up to 80 % for new once and the turbine and pump efficiency for smaller 
plants is usually between 80 % and 85 %. 
The storage/production rate of the PHES depends mainly on the turbine and pumps 
power. This makes the PHES very flexible and can therefore be highly customized after 
how the market looks.  
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Figure 5: Current PHES and PHES (Weber 2011) Figure 6: Topography of Germany 

that are under constructions in Germany  
 

 
Figure 5 and table 2 are describing the different PHES projects that are ongoing or 
already built in Germany. This proves how big the potential of the PHES technology is 
in Germany. Figure 5 shows more specifically where the PHES are planned to be built 
meanwhile table 2 is giving more detailed information about how big the capacity of the 
PHES are, there cost, head and planned completion.  
Figure 6 is a geographical picture of Germany with its topography that is important 
because the altitude is a crucial factor for building an efficient and cost effective PHES.  
(Weber 2011) 
 
 

Table 2: The different PHES that are under construction or already built (Weber 2011). 
 

Plant project  Head (m) Capacity (MW) Cost (M€) Planned completion 
Vianden 280 200 155 2013 
Ruhr spoil tip plants 50-100 200 n.a 2014 
Blautal 170 60 60 2016 
Waldeck  360 300 250 2016 
Schweich 200 300 300-400 2017 
Reidl 350 300 350 2018 
Forbach 320-360 200 250 2018 
Atdorf 600 1400 1200 2019 
Heimbach 500 400-600 500-700 2019 
Simmerath 240 640 700 2019 
Nethe 220 390 500 2019 
Schmalwasser 200-300 400 500 2019 
Total  4890 4865  
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1.4.1 Dimensioning of a smaller pumped hydro electrical storage system 
A pump for a hydropower plant can be dimensioned by the following formula.  

𝑃! =
∆!"  !!
!!

     [1] 
The parameters used in the formula are the difference between the pressures before the 
pump and after, ∆pr =   𝑝𝑟! −   𝑝𝑟!"# which can be seen in figure 7, the volume flow 

rate (m3/s) Op and the efficiency of the pump 𝜉!. 
 
The pressure after the pump (P2) can be calculated by the following formula 
𝑝𝑟! = 𝜌𝑔𝐻!     [2] 

 
𝜌 is the fluid density which is in most cases 
water, g is the gravitation and Ht is the height 
that the pump needs to pump the water up 
to. For two or more parallel pump in the 
same system the formula 3 is used (Munson, 
2013). 
 

     Figure 7: visual explanations of formula [1] 
 
𝑃!"!#$% = 𝑃!,!

!"#$%&  !"  !"#!$
!!!  [3]  

  
The energy released by the hydropower generator can be calculated by formula 4. The 
energy released depends mainly on three parameters the elevation between the reservoirs, 
the overall turbine efficiency and how big the water discharge is: 
 
𝑃! = 𝜉!  𝑔  𝜌  𝑂!  𝐻! ∗ 10!!  𝑀𝑊         [4] 

 
𝜉! is the overall turbine efficiency, g is the gravitation (m2/s), 𝜌 the density of the matter 
(kg/m3). Ot is the average water discharge during a certain time (m3/s) and finally Ht 

which is the height between the water reservoir and the turbine (L.E. Benite, 2008).	  

3.5 Battery 

The technologies that have been mentioned earlier are the most common on the market, 
where PHES is the dominating technology with a 99 % of all the worlds energy storage, 
more precisely 127 000 MW installed storage capacity. Most batteries for EES purposes 
are still in development with just one type of battery that has been commercialized, the 
Na/S battery (Sodium/Sulfate). The total installed capacity to date is just 315 MW. There 
are many reasons for why the Na/s battery has not been a good alternative to date. The 
power is the main reason; it is not as powerful as other types of EES like the PHES for 
example. Additionally it is more expensive, the price for the NA/S battery varies 
between 3200-4000 $/kW (Dunn, 2011) which is 10 times more costly than the PHES.  
But due to the increased demand for electricity with an assumed future with twice the 
electrical consumption by 2050 and an electrical production with renewable sources that 
are hard to regulate. The interests for batteries as EES have increased. According to 
Haruna, batteries that are under development like the Li-ion batteries are going to be 
more compact and are not geographically dependent of a certain point like the most 
common EES today (Haruna, 2010). 
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Pp 

Op 



 15 

Table 3: Battery types with data on capacity, duration, efficiency and total cost (Dunn, 2011) 
Technology  Maturity Capacity 

(MW) 
Duration 
(hours) 

Efficiency  
(%) 

Total cost  
($/kW)  

CAES Demo 50 5 10 1950 - 2150 
Pb – acid Demo 1-12 3 - 4 75 – 90 2000 – 4600 
NA/S Commercial 1 7 75 3200 – 4000 
Zn/Br Demo 1-10 5 60 – 65 1670 -2015 
V redox Demo 1-10 4 65 – 70 3000 – 3310 
Fe/Cr flow R&D 1 4 75 1200 – 1600 
Zn/air R&D 1 5 75 1750 – 1900 
Li- ion Demo 1-10 2 - 4 90 - 94 1800 - 4100 

 
The most promising EES of the batteries is the lithium Ion battery (LIB) because it enables 
high-energy output, high energy density (compactness); it is reliable and is under 
intensive development due to the multiple sources that it can be used for. Like in cars for 
example (Dunn, 2011). 

 
Figure 8: Model of the LIB, (Dunn, 2011) 

 
Figure 8 points out a basic example of how a LIB works. When charging, Li-ons are 
removed from the layered oxide compound (right side) and intercalated into the graphite 
layers (left side). This process is then reversed when the battery is discharging. The 
process is explained in detail by (Dunn, 2011). 
The LIB in itself is not seen as a good alternative of storing electrical energy by itself. It 
is seen as a complement to other types of EES like PHES due to its high price. The LIB 
is a good complement with other EES that cannot store/generate energy that fast. The 
fact that it can respond (store/generate) energy very fast makes it perfectly suitable when 
there are rapid changes in the price within a small timeframe.  

3.6 Flywheel electrical energy storage (FEES) 
The flywheel electrical energy storage (FEES) is a technique that stores the electrical 
energy to kinetic energy in a flywheel that rotates. When electricity is needed the kinetic 
energy is converted to electrical energy. This technique is most suitable for systems that 
have few peak hours due to its high speed recharging and discharging time but also 
because its efficiency containing the energy for longer time is very low. 
The FEES contains of 5 components  

• Roter – spinning mass that is storing the kinetic energy 
• Bearings – pivots on which the rotor rests 
• Motor/generator – that converts the electrical energy to kinetic energy and the 

opposite for the generator 
• Power electrics – transforms the electric energy to the right frequency and 

voltage 
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• Control instruments – equipment that monitors the whole process  
the process is explained in detail by (Imre P, 2013) 
 

 
Figure 9: Model of FEES, (George, 2011). 

 
When demand is low and the price for electricity is low. The motor in the FEES 
consumes electrical energy from the system and converts it to a torque. The kinetic 
energy that creates the torque (the energy that makes the rotor to spin), can be calculated 
as: 
𝐸! =

!
!
𝐼𝜔!   [5] 

I is the momentum of the rotor and ω is the angular velocity. So theoretically it is 
possible to store as much energy as you want. The easiest way of doing this is to increase 
the velocity due to that it is powered by two. But it is not that easy due to all loses trough 
friction and that the equipment can just manage a certain amount of stress. The stress on 
the equipment mainly on the rotor varies with the kinetic energy per unit mass (em), the density 
of the rotor (ρ) and the shape factor (K).  The shape factor is a number < 1 and varies after 
how the shape of the rotor is. The Disc shape is the one with the highest shape factor (1). 
The stress on the rotor can be calculated as: 
 
𝑠 = !!  !

!
                     [6] 

 
The rotor is operating in vacuum or very low pressure to minimize the losses when 
containing the energy while rotating. When the demand is peeking and the price is high 
the energy stored in flywheel is converted trough a generator to electricity, which is then 
transformed to the right frequency and voltage to be useful in the grid (Bolund, 2005). 
 
The capacity of the FEES is highly adaptable. The capacity mainly depends on the mass 
of the rotor, the angular velocity, the size of the motor and generator. FEES with a big 
capacity normally run with a low rotor speed and have a big mass. FEEs with a small 
capacity usually run with a high speed and have a low mass. The power or capacity of the 
FEES systems varies from 500kW up to 5MW (Imre P, 2003).  
The efficiency varies from 70 % to 80 % according to Imre but drops dramatically when 
containing energy over longer periods. The recharge/output rate depends on the motor 
and generator but is usually the same. It in most cases responds in seconds. With other 
words it can be fully charged in a couple of seconds. But the short recharge discharge 
time makes it difficult to spread the energy over big periods of time (Imre P, 2003).  The 
price is varying between 200 and 350 $/kW (George, 2011). 
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3.7 Thermal-electrical energy storage (TEES) 
Thermal-electrical energy storage (TEES) consists of a heat pump that converts the 
electrical energy into thermal energy. When the demand and price for electricity increase, 
the stored thermal energy is converted to electrical energy through a thermal engine.  

 

 
Figure 10: Basic model of the TEES, (Mercangöz, 2012) 

 
1-3 Electrical energy is converted to thermal energy trough a heat pump 
5-7 The thermal energy is then converted to electrical energy trough a thermal engine. 
 
Compared to PHES and CAES the thermal electrical energy storage system is not 
dependent of a certain location. The biggest challenge that TEES have is to be able to 
store big amounts of energy. In the studies of Mercangöz with a TEES that uses CO2 as 
working fluid the efficiency of his model was 65 % with a capacity of 50MW. There are 
other types of TEES systems that for example create ice in the night and are later used 
for air conditioning in the day. But this types of technologies are still under development 
and not relevant at the time for this study, but should be mentioned and can be read 
more about in the reference (Mercangöz, 2012). 
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3.8 Summary of the electrical energy storage systems 
Table 4: A comparison of the different EES 

Energy storage 
system 

Storage/generation 
rate 

Capacity 
(MW) 

Efficiency  
(%) 

Cost  (€/kW)   
(1USD = 0,72€) 

CAES Hours > 100 60 - 89 288 – 360 
PHES Hours > 100 60 – 80 216 – 360 
Battery Minutes 1 - 10  90 – 94 1300- 2950 
FEES Seconds 0,5 - 5 70 - 80 144 - 245 
 
Table 4 demonstrates a comparison between the different EES to get a fast picture of 
how they preform within the studied aspects. At the top of the table the two biggest 
systems can be found and the two smallest can be found at the bottom.  
 

 
Chart 3:  The storage rate and capacity for different EES 

 

 
Chart 4: The efficiency and cost for different EES 

 
Chart 3 and 4 are visual comparisons between the different EES. Chart 3 is comparing 
the storage rate and capacity of the systems. As seen the PHE and CAES are the once 
with a high capacity and high storing rate. The higher storage rate the longer it takes for 
the EES to store and generate energy. The Battery and FEES on the other hand have a 
high storage/generation rate and low capacity.  
Chart 4 shows a comparison of the efficiency and cost for different EES. As written in 
the introduction chapter the battery is the most expensive one, but also the one with 
highest efficiency. The CASE, FEES and PHES are relatively cheap, compared to the 
battery with almost the same efficiencies.  
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Chart 5: Technical picture of the battery Chart 6: Technical picture of the FEES 

 
 

  
Chart 7: Technical picture of the PHES Chart 8: Technical picture of the CAES 

 
Chart 5, 6, 7 and 8 are all technical pictures of the EES to get a fast over their strengths 
and weaknesses. The charts consider the four aspects with the storage size as an 
additional parameter. Every parameter is rated within one to ten, where for example the 
cheaper the price is for the EES the bigger the area. So by other words the bigger the 
area is the better the technique is according to the analysis made of the different EES. As 
seen in the charts the PHES and CAES are the once that have the biggest area followed 
by the battery and finally the FEES.  
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4 Method 

In this chapter the model and method of the study are explained. In the beginning of the 
chapter the method is explained in detail followed by a visual explanation and model 
description at the end. 
 
4.1 Limitations  
The study will mainly investigate the possibility of an integration of EES in Germany’s grid 
system, which type of EES that is best suited for the Germanys market and finally how 
big the savings can be by applying the technology or technologies. The four aspects that 
are presented and geographical prerequisites will mainly determine the best technique. 
The study will not investigate where in the system the application of EES should take 
place or how it should be done. The study can be seen as a pilot study for integration of 
EES in Germany.  
 
The savings by applying EES will only be based on data from 2013 that limits the result. 
The only presumption of the future is that the price difference will be bigger due to 
increased consumption of electricity and fewer production sources that have good 
regulation ability, but the effects of EES on the price will also be considered.  
The calculations made in the study are based on a simple model and are not reflecting 
reality in detail that limits the result. Some of the simplifications are estimation of losses 
due to rain or evaporation or friction losses in tubes are zero.  
The EES applied can only store energy and generate it on the same day, this means that 
it cannot store energy on one specific day and then generate electricity 3 days later. It is a 
reasonable assumption because the electricity market prices are determined one day 
ahead so the planning for when to store and generate energy need to take place on the 
same day, because the price two days ahead is not known.  
 
4.2 Collection of data 
In this step data that creates the foundation of the study is collected. The main data that 
is needed is the electrical price data from 2013 for Germany. This data is gathered from the 
European power exchange. The data is reliable due to that it is the official site for 
electricity prices in Europe and Germany (Epexspot, 2013) 
 
Other data that is needed is the power production for Germany 2013. This is made to get a 
view of how big it is and the allocation of the electrical production. The allocation of the 
production is needed to review the sources that affect the price and not, beside the 
varying consumption. But also to know how the future production mix will be like due 
to global warming and phase out of big production sources like nuclear power and 
increased amounts of renewable power sources like solar- and wind power.  

4.3 Examine the different techniques 
The four most known EES are examined and explained with four aspects in mind. 
Storage/generation rate, capacity, efficiency and cost  
The different techniques that will be presented will be divided in to two groups one that 
represent the once that are suitable for large-scale storage (>100MW in one unit). 
Compressed air energy storage systems (CAES) and pumped hydroelectrically storage 
(PHS). The second group contains techniques that are not common in the market. The 
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group contains the Flywheel energy storage system (FEES) and battery energy storage 
(BES).  The majority of the information will be collected from recent studies on the field.  
 
4.4 Processing of data 
In this step the electricity price data is processed in Excel to get key numbers and charts. 
First of all the prices over the day are divided between prices that are low and high. The 
high and low prices are divided by being greater or less than the average price for that 
day.  The dividend can be changed throughout the study if the numbers need to be 
suited for the technique that is elected later. The number of hours with high and low 
price are then counted for everyday via proposition of the built in if function in Excel. 
The same thing is made for an average price for every hour of the month to get a bigger 
picture. The hourly price is then plotted into charts for every month to get a visual view 
of how the price varies over the day. 
 
4.5 Optimization analysis 
The electricity prices distribution between low and high prices can vary from day to day and 
with 365 days in in mind and 4 seasons where the demand can vary a lot combined with 
the fact that Germany can’t regulate some of their production. Creates two natural 
reasons for why the price varies over the day, month and year. To implement the right 
technology you need to know how many hours there will be a low price with an 
insurance that the amount of hours will be within some region. So with other words we 
want to know how many hours in general there is with a low price with a safety margin 
so the right technology will be elected and that it will fulfill its purpose over all the 365 
days of the year.  
 
To be able to know how many hours with low price varies the standard deviation (σ), mean 
and normal distribution is calculated in Excel with the following Excel functions. The mean 
is calculated with =average (Values), the standard deviation with =STDEV(Values) and the 
normal distribution with =NORM.DIST(x, mean, standard_dev ,cumulative). (Kyd, 2008) In this 
study a certainty of 95 % on how many hours that will have a low price. A certainty of 68 
% will also be considered. To have a certainty of 95 % the amount of hours will be in the 
following interval, 𝜇 ± 2𝜎 where 𝜇 is the mean and 𝜎  is the standard deviation. To have 
a certainty of 68 % the interval is 𝜇 ± 𝜎 (Körner, 1993). The key numbers are calculated 
for every month, season and year. 

4.6 Application of the best technique 
The main goal of this part is to match the best storing technology for Germany based on 
Germanys demands that is determined by the analysis of the electricity prices made in 
part 3.4.  And the fours aspects of the technologies studied in part 3.3 

4.7 Savings simulation 
Two types of savings simulations will be made in this part. First there will be a real case 
simulation with an actual application of a PHES in the system. The second simulation 
will show the potential savings with an application of EES in Germany.  
The savings for one day are illustrated visually by chart 9. The hours with low price (red) 
are the hours where the storage of electricity takes place. When the price is high (blue) 
electricity is generated and sold. By buying electricity for the low prices and sell it for the 
high prices profit can be made. The lower efficiency the system have the lower the 
profits gets.  
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Chart 9: Example of savings for one-day  

 

4.7.1 Practical illustration by application of a PHES  
The pump in the PHES will be illustrated with 3 types of pump systems. One with one 
pump, one with two and one with three pumps, the details of the systems will be 
explained in the result. The model is simplified which results in to estimation of the 
friction losses in the tubes and eventual losses or gains by evaporation or addition of 
water in to the reservoirs by rain. The estimation of the losses by evaporation or gain are 
depending on many factors evaporation, humidity, hours with rain or sun etc. This is 
hard to determine due to the location is not appointed for the PHES.  
 
The pump will have a dynamic storing and generating rate which means that the amount 
of hours that energy is stored and generated will be optimized for everyday to make as 
big profit as possible. The pricing model used is not precise because it only reflects on 
the power of the system and not the system as a whole this means that building a bigger 
reservoir will not affect the price, which is not the case, but the price given will be a good 
estimation of the real price. 
 
The calculation of the three systems and generated profit will be done by the following 
steppes.  
 
1. Determine the needed capacity of the system 
 

𝑃! =
∆!"!!
!

→ 𝜉 = ∆!"!!
!!

    [1] 
 
∆𝑝𝑟 = 𝑝𝑟! − 𝑝𝑟!"#    [7]  
 
𝑝𝑟! = 𝜌𝑔𝐻!   [2] 
 

𝑂!   =
!!  !!

!"!!!!"!"#
            [8] 

 
𝑁𝑒𝑒𝑑𝑒𝑑  𝑠𝑡𝑜𝑟𝑎𝑔𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦   = 𝑄 ∗ ℎ𝑜𝑢𝑟𝑠 ∗ 3600        [9] 
 
2. Determining the generation of electricity 
 
𝑃! = 𝜉!  𝑔  𝜌  𝑂!𝐻! ∗ 10!!             [4] 
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3. Calculate the savings without taking efficiency in account by replacing the hours with 
highest price by the hours with lowest prices for a fixed amount of hours. To determine 
Δp for one day the dynamic savings algorithm is used and is explained in chapter (3.7.2). 
 
4. Determine savings with losses (efficiency losses) 
 
∆𝑝!"!,!"#$%&! = ∆𝑝!"!𝜉   [10] 
 
5. Determining payback time and price for the systems 
 
4.7.2 Dynamic savings algorithm 
The following algorithm shows how the calculations are made for the savings of an EES 
that is possible to store twice as fast as it can store energy.  
 
𝑳𝒕𝒐𝒕 ≥ 𝑯𝒕𝒐𝒕 
The first group containes days that have more hours with a low price than a high price.  
The money saved for one specific day can be calculated by the following steppes: 

• Determine how many hours there is with high price (Htot) 
• Divide the amount by half, due to that the EES can store twice as fast as it needs 

to produce. If H1 is uneven it is rounded down. 
 
!!"!
!
= 𝐻!         [11] 

 
• The total cost of the hours with lowest price is summed up 

 
𝑝!"!,!"# = 2 𝑝(!)

!!
!!!        [12] 

 
This is made in Excel by finding the smallest price on a given position where the 
position is determined by the amount of hours with high prices. The following in 
Excel formula is used =SMALL(array;k) to find it. When the price at the position 
is found the hours with a lower price is summed up with the following in Excel 
formula. =SUMIF(array;"<="&position). 

• If H1 was round down the price for H1+1=H2 is added to 𝑝!"!,!"# 
 
𝑝∗!"!,!"# = 𝑝 𝐻! + 𝑝!"!,!"#  [13]  

 
• In the final step the Δ𝑝 is calculated as: 

 
𝑝!"!,!!"! = 𝑝(!)

!!"#
!!!!"!     [14] 

 
Δ𝑝 = 𝑝!"!,!"# − 𝑝!"!,!!"!    [15] 

 
𝟐  𝑳𝒕𝒐𝒕 > 𝑯𝒕𝒐𝒕 
The second group contains days that have more hours with a low price than a high. With 
the condition that it can store twice as fast as it needs to generate electricity. By other 
words if the amount of hours with a low price is multiplied by two there will be more 
hours with a low price than a high price.  
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The money saved for one specific day can be calculated by the following steppes: 
 

L1=1Ltot  [16] 
 

• The surplus of hours with low price is counted as:  
(L1-H)/2=D1, if D is uneven it is rounded up. 

• The amount of hours with low price needed is counted as: 
 

L2=𝐿!"! − 𝐷!   [17] 
 

• The total cost of L2 hours with lowest price is summed up, as in the first case the 
position of L2 is found by the =SMALL(array;k) function in Excel 
 
𝑝!"!,!"# = 2 𝑝(!)

!!
!!!      [18] 

 
The summation is made by =SUMIF(array;"<="&position) in Excel 

• If D was rounded up the price for L2+1=L3, 𝑝(𝐿!) is added to 𝑝!"!,!"# 
• In the final step the Δ𝑝 is calculated as: 

 
𝑝!"!,!!"! = 𝑝(!)

!!"#
!!!!"!        [14] 

 
 

Δ𝑝 = 𝑝!"!,!"# − 𝑝!"!,!!"!       [15]  
 

 
 
 
𝟐  𝑳𝒕𝒐𝒕 < 𝑯𝒕𝒐𝒕 
The third group contains days that have more hours with a low price than a high, even if 
it possible to store twice as fast as you need to generate electricity. 
The money saved for one specific day can be calculated by the following steppes: 

• Find the amount of hours with high price that cannot be replaced by low prices.  
 
𝐻!"! − 2𝐿!"! = 𝐷         [19] 
 

• The amount of hours with high price that can be replaced is then calculated by: 
𝐻!"! − 𝐷 = 𝐻!      [20] 

 
• The total cost for the hours with low price is calculated: 

 
𝑝!"!,!"# = 2 𝑝(!)

!!"!
!!!      [16] 

 
• The total cost for the hours with high price is calculated: 

 
𝑝!"!,!!"! = 𝑝(!)

!!"#
!!!!"!      [15] 

 
• In the final step the Δ𝑝 is calculated as: 
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Δ𝑝 = 𝑝!"!,!"# − 𝑝!"!,!!"!       [13] 
 

4.7.3 Possible savings 
To show the true potential of an application of EES in Germany the profit is calculated 
for the total production of electricity. There are no calculations on a scenario where the 
generation is faster than the storing rate because there are more hours with a high price 
than a low. In other words there is more need for an efficient storing than an efficient 
generation of electricity. The production of electricity is based on the production in 
Germany where assumed differences of the production over the year is made to make 
the simulation more realistic in a case study. There is for example consumed more 
electricity in the winter than it is in the summer. 
To determine the average total profit over the year the price difference Δ𝑝 is multiplied 
by the amount of electricity that is produced that day and then summed up for every day 
of the year to later be divided by the days of the year multiplied by 24 h. The division of 
24 hours is made because the model assumes that the production is linear through the 
day. This is one of the simplifications in the model to make it easier to calculate the 
savings. The simplification is made because the production of electricity is rather 
complex and hard to simulate.   
 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠   € = !! !
!""#$%&  !"  !"#$
!!! ∗!(!)
!""#$%&  !"  !"#$∗!"  !

    [21] 
 
To get the most precise answer on how much the total savings are the production of 
electricity over the year will be tested within four different scenarios. The scenarios are 
mainly based on different climates for different months. For example there is normally 
produced more electricity in the winter than it is in the summer. The scenarios will not 
reflect the reality but make a good estimate of it and more importantly show how 
different year with different climate can affect the total savings.  
 
4.7.4 Parameters and variables  
Variables Parameters 
Pt 𝝃𝒕 
Ot g 
σ ρ 
𝜇 Ht 
𝑂! Htot 
C Ltot 
P(x) 𝑷𝒑 
t 𝝃𝒑 
 pr 
 r 

The parameters that are used in the study can be found to the right and the variables can 
be found to the left.  
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5 Result and analysis  

In this chapter the results, analysis and conclusions are presented. The chapter will 
contain five parts, in the first part the electricity prices of Germany are analyzed and 
presented trough the calculations made in excel. Then the statistical analysis is presented 
followed by an analysis that will determine the best EES for Germany and a savings 
simulation for different systems.. 

5.1 Electricity price analysis 
The bigger sudden and irregular price differences on the market are mainly depending on 
the regulation ability of the system. With increased electricity production sources with 
bad regulation ability in the system like wind power for example the price tend to vary 
more, because it is hard or impossible to control the supply of electricity to the system. It 
is hard to control when it is going to be windy outside or not for example. As described 
in the introduction chapter Germany have currently 13 % power production that is hard 
to regulate. With 13 % the system can still maintain a balance of the price for most of the 
hours of the year. But there are still some big differences in the price especially in the 
winter and fall that can be seen in Appendix B chart 13.  A reasonable presumption is 
that this type of problems with sudden big price differences will increase in the future 
because there is an ongoing nuclear power plant phase out in Germany with a planned 
nuclear free Germany by 2020.Where there are possibilities that big amounts of the 
production will be replaced by wind power. This will increase the amount of power 
production with bad regulation ability up to 15 % and make up to 28 % of the power 
production hard to control. It is worth mentioning that this increase only represents the 
phase out of the nuclear power and not all the fossil fuel based production sources 
(Söder, 2011). 
 
With increased amounts of greenhouse gases in the atmosphere and changed climate, the 
debate of other electricity production sources in Germany that are not renewables will 
probably take place. If the nuclear power is not counted in 57,5 % of the total 
production of electricity is based on fossil fuel, to make it a total of 72,5 % if the nuclear 
power is counted in. The production of electricity with fossil fuels as coal or natural gas 
will be questioned like the nuclear power in the future if we want to live in a sustainable 
society. These changes to renewable sources will have impacts on the price with much 
greater differences than today if there will be no EES built in to the system. This is a 
radical view of the problem because there are still renewable sources that can be 
regulated well like hydropower plants for example and with research on the field there 
will maybe be other alternatives to. But it is still important to have the worst-case 
scenario in mind to prove the importance and benefits of EES. 
 
The smaller differences in the price that are regular, the “basic pattern” (every 24 hours) 
are mostly depending on the difference in consumption and production during the day. 
Looking at chart 10 there are two natural peeks during (blue line) the morning and during 
the afternoon, with a dip during the night when people are sleeping. With higher demand 
the prices raise and the electricity market is no exception. This type of demand/supply 
issue can partly be coped with by increasing the demand on hours with a low electricity 
price with measures like charging the electrical car or storage of warm water for the day 
during the night. But that it is hard to make it totally even and especially when there will 
probably be less regulation ability in the system in the future. 
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Chart 10 demonstrates the electricity prices in Germany 2013 visually. It will show how 
the average price varies over one day in general with the price in €/MWh at the y-axis and 
the hours of one day on the x-axis.  
The red line represents hours with a low price. This can be noticed between 0 and 7. The 
blue line represents hours with a high price this can be observed between 8 and 15. As 
described earlier the price drops when demand is low in the night and peeks during 
hours when people are at work or home during the afternoon and evening. This pattern 
can be found for every specific month in Appendix A. The most important information 
for the determination of the best EES is how long time there is a low/high price in a 
row, because there are different storing/generation rates between different EES. As seen 
in Appendix A the majority of the months have a low or high price longer than 4h which 
will be valuable information when determining the most suitable EES for Germany.    
  

    
Chart 10: Average electricity price 2013 in Germany              Chart 11: How many hours it is with 
high/low prices 

 
Chart 11 shows how many hours there is with a high or low price. This information is 
important to opt if there is bigger need for a more effective storing than generation or 
the opposite. More specifically there are 4209 hours with a low price and 4551 hours 
with a high price. As written in the method the low and high price is determined day by 
day by the average price for that specific day. So a price that is high one day can be low 
on another day, this type of generalization is made because the storing and generation 
need to be made at the same day. This means that the EES cannot store electricity from 
one day to another. 
 
5.1.1 Electrical energy storage system more than just profit 
With Germanys phase out of nuclear power and future possible phase out of fossil 
electrical production sources. Those electrical storage systems will not just be a way of 
making profit but a necessity. As explained by Söder in chapter 2 (Söder, 2011) the 
electrical market is based on an auction where the price is determined between the 
intersections of the supply and demand. The phase out that Germany is going through 
right now with increased amounts of solar and especially wind power will bring 
consequences. If there is for example no wind when electricity is needed the price will 
automatically rise due to shortage in supply, claimed that there will be big amount of 
wind power plants in Germany in the future. These uncertainties of when there can be 
produced electricity and not will affect the electricity prices with increased price 
differences if there will be no EES applied.  
With a footstep towards a more sustainable society with the phase out of nuclear power 
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and a possible phase out of other fossil sources the entry of new production sources like 
wind power should be welcomed by good circumstances for the technology to grow.  By 
circumstances I mean that it is not the technologies fault (wind or solar power in this 
case) that there will be an untenable situation if the technologies expand in growth but 
the system that the technology is placed in. If EES are applied the uneven production 
issue that wind and solar power brings will not be an issue anymore. This is why EES 
need to be a big part of the electricity system not just for the profit but also for its 
necessity in the sustainable society we build today.  
 

5.2 Variation of the electricity price 
The information given in chart 10 is good enough to get a bigger picture. It gives 
information about how many hours there is with a low or high price. This basic 
information is a good foundation for making basic decisions about which EES to 
choose. In this case that the chosen technique needs to have better storing ability than 
generation due to that there are fewer hours with a low price. But the chosen EES needs 
to be able to store and generate electricity efficiently for all the 365 days and 8760 hours 
of the year. The flexibility of the chosen EES needs to be determined; this means that if 
we have a low variation of the amount of the hours with a low price over the year a 
cheap and inflexible solution can be chosen. If there is a big variation a more expensive 
combination of different EES is needed to manage the different amounts of storing and 
generations speeds. A CAES for example that have a slow storing/generation rate cannot 
be efficient on days when there a few hours with a low price and many hours with a high 
price, whether a battery would suit perfectly with its fast storing rate. In a situation with 
12 hours of low price and 12 with a high price the CAES would suit in perfectly. So if 
there is no information about how big the variation is made and the result is just based 
on the simple assumptions made in part 3.1 the chosen EES will maybe just preform 
good on 60 % of the year and bad on 40 % of the year. 
 
Table 5: Mean and standard deviation for the whole year and the specific months for the amount of hours 

with low price 
 Mean 68 % 95 % Low 

(65)  
High (65)  Low (95)  High 

(95) 
2013 11 2,5 5 8,5 13,5 6 16 
January 10 2 4 8 12 6 14 
February 11 2,5 5 8,5 13,5 6 16 
March 13 2,5 5 10,5 15,5 8 18 
April 12 2 4 10 14 8 16 
May 12 2,5 5 9,5 14,5 7 17 
June 11 3 6 8 14 6 17 
July 12 2 4 10 14 8 16 
August 11 2,5 5 8,5 13,5 6 16 
September 11 2,5 5 8,5 13,5 6 16 
October 12 3 6 9 15 6 18 
November 12 2,5 5 9,5 14,5 7 17 
December 11 2,5 5 8,5 13,5 6 16 
 
Table 5 gives information about the mean and standard deviation for one year and the 
specific months of it for the amount of hours with low price. The mean is the average 
amount of hours with a low price. The standard deviation is calculated as explained in 
the method chapter and gives the interval of hours with a low price, with two different 
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certainties 68 % and 95 %. For this study a certainty of 95 % will be used to be as precise 
as possible but a 68 % certainty will be taken in account when determining the EES. The 
final 4 columns are showing the intervals for the two different certainties.  
 
5.3 Analysis of the technique with 4 aspects in mind 
The smaller EES like the battery and flywheel are good for small load shifting’s over 
smaller periods of time. The flywheel is in fact the best technique for this purpose. It can 
store and generate energy at a high rate and is cheap compared to the battery that is the 
most expensive technique within the studied techniques. What makes the flywheel not 
relevant for this study is its low efficiency while containing energy for longer periods. 
Even if it is fast it needs to be able to keep the energy with low losses for longer periods 
(hours), which it cannot due to its low efficiency.  
 
The battery is on the other hand a strong candidate for being a big part of the EES 
system in the future. To date the technique have failed to be as cheap as other EES on 
the market that puts its great storing/generation rate and efficiency in the shades of its 
high price. But it have huge potential in the future because there is much research 
ongoing on making a better and cheaper battery due to its many application areas. With a 
lower price the battery will be the perfect complement to bigger EES that do not have 
the same storing and generation rate and will cover up for sudden hours with an 
extremely high or low price. Choosing in the jungle of all batteries the Lion battery will 
be the leading battery type because of its high energy density.  
 
Looking at the more known technologies they are more suited for the task of storing 
energy cheap in big quintets for longer periods of time. They have more similar than the 
two previously mentioned EES.  The PHES and CAES can store big quantities of 
electricity for regional levels and are not expensive to manage while in use. Their biggest 
disadvantage is their low storing and generation rate. But this is a manageable liability 
because the techniques can be easily optimized after the market. This makes it more of a 
question of cost than constrain. If there is for example a bigger need for a more efficient 
storing or generation a more efficient and faster component is bough. What make the 
PHES stand out from the CAES are the geographical conditions. As explained the 
CAES is in need of natural gas, but the technology is going through development and 
recent models of the CAES are not in need of natural gas. The PHES is meanwhile 
dependent to elevations of the landscape to be able to store the water as potential energy. 
If needed there are possibilities to build artificial reservoirs but these are costly and limits 
the storing capacity. In Germany’s case there are geographical possibilities of building 
PHES, this can be seen on figure 5 and 6 where the actual PHES projects in Germany 
are presented and the topography of Germany is shown. By looking at the topography of 
Germany at figure 6 big differences in the landscape can be seen especially in the south 
and eastern parts of Germany.  
Based on the analysis, the geographical conditions in Germany and market demands of 
Germany the best technique for Germany is the PHES. Because it can store and generate 
big amounts of energy, the generation and storing rate is manageable and can easily be 
optimized after the market. In Germanys case where there are more hours with a low 
price there can be more pumps installed in to the system for higher storing rate but it will 
on the other hand affect the cost of it. Based on the statistical analysis 95 % of the days 
have more than 6 hours with low price which means that the PHES can at least be sure 
of storing electricity for 6 hours. Looking at the pattern of the price curves of the 
months in appendix A and the analysis most of the storing will take place for more than 
4 hours which do not require a high storing rate. Additionally the PHES is a well-known 
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technology that is reliable, mature, well developed and tested. It is worthy to mansion 
that it’s the most used technology for this purpose today (99% of the total capacity) in 
the world and the technology that the German market have invested most in. This is not 
a surprise according to my analysis.  
 
5.4 Savings simulation 
In the first part a simulation of the savings and cost of a smaller scale hydropower plant 
will be made followed by a possible savings simulation that will show the potential of 
EES in Germany.  

5.4.1 Case study with PHES that have a capacity of 1, 2 or 3 MW   
The pump used in the example has a power of 1 MW. Three types of system are 
presented. The first one contains one pump with a total system power of 1 MW and is 
able to store and generate electricity at the same pace. The second system has two 
parallel pumps with a total power of 2 MW. This system is able to store twice as fast as it 
needs to generate. The third and final system contains of three parallel pumps with a 
total power of 3 MW. This system is able to store three times faster than it generates 
energy. The systems with more than one pump (2MW and 3MW system) can in cases 
where there is no need of such pump power shut down one or two pumps to make it 
suitable for days with small peeks.  
 
The calculations for how the efficiency varies between the different systems are the same 
due to that all three-system store energy for X amount hours’ worth of generation but 
the storage time is the difference. The first system with just one pump stores it in X 
hours; the system with two pumps stores it in X/2 hours and the final one in X/3 hours. 
The capacity of the reservoir that is presented is the minimum capacity. Two cases are 
studied, one with a pump and turbine efficiency of 80 % and the second case with an 
efficiency of 90 %.  
 

Table 6: Constants of the PHES systems 
Constants Patm 

(Pa) 
hhead 

(m) 
g (m3/s) Density 

(kg/m3) 
Capacity of 
reservoir 
(m3) 

ζpump ζturbine 

Case 1 10132 100 9,82 1000 65 4041 80 % 80 % 
Case 2 10132 100 9,82 1000 65 4042 90 % 90 % 

 
The first pump system has a power of 1MW. The difference between the three systems is 
the storing time but the efficiency for the systems is the same within the same case. 
Formula 1 and 2 is used to calculate the flow rate, then the minimum capacity to finally 
use formula 4 to calculate the final output power. 
 

Table 7: Efficiency for different systems for case 1 and 2 
System Power 

(MW) 
Op 
(m3/s) 
Case 1 

Op 
(m3/s) 
Case 2 

Discharge 
(m3/s) 
case 1 

Discharg
e (m3/s) 
Case 2 

ζsystem  
Case 1 

ζsystem  
Case 2 

1 pump 1 0,9 1,02 0,90 1,02 64 % 81 % 
2 pumps 2 1,8 2,04 0,90 1,02 64 % 81 % 
3 pumps 3 2,7 3,06 0,90 1,02 64 % 81 % 

                                                
1 The capacity can manage 20 hours’ worth of storing which is based on the price data for Germany 2013 
2 The capacity can manage 20 hours’ worth of storing which is based on the price data for Germany 2013 
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Table 7 shows the different volume flow rates of the systems. As seen the flow rate is 
higher for system two and three but the efficiency is the same for all systems. It is like 
this because system two and three store and generate the same amount of energy but at 
different paces. The discharge is different for the two scenarios that affect the output 
power and savings.  
 

Table 8: Profit made by different system with and without efficiency losses for case 2 
Profit No efficiency lossless Case 1 Case 2 
1 MW 74 149 € 47 455 € 60 060 € 
2 MW 101 304 € 64 834 € 82 056 € 
3 MW 113 801 € 72 832€ 92 178 € 

 
Table 8 shows the different profits. As seen the profit increases with increased amount 
of pumps and increased efficiency. The profit difference mainly depend on that system 2 
and 3 can impose more hours with a low price. 
 

Table 9: Cost and playback time for the systems with 5 % interest rate for case 23 
Payback time Cost for system Case 1 Case 2 
1 MW 288 000 € 8 years 6 years 
2 MW 576 000 € 13 years 9 years 
3 MW 864 000 € 19 years 13 years 

 
Table 9 shows the cost and payback time for different systems. As seen in table 9 the 
price increases sizable by just adding a pump to the system due to, an additional pump 
can take more advantage of the price differences. But the payback time is not that longer 
because of the greater profits made by the 2MW ore 3 MW systems. The price is set by a 
constant that only dependent’s on the power of the system, which is a big simplification. 
This simplification is good enough for this study to make a comparison between 
different systems that is beside the efficiency the only parameter that is changed for 
different systems and cases. 

5.4.2 Sensitivity analysis  
The two most relevant parameters are analyzed to see how big impact different power 
and efficiencies have on the result. As seen in the result there are two different 
efficiencies simulated to see how much the profit of the different systems vary. The 
second and most important parameter is the power of the system due to that it changes 
three variables that have a big impact on the result. The first parameter it effects is the 
price of the system due to that the pricing model is only based on the power of the 
system. The second variable is the storing time because the pump power is directly 
affecting how much water it can store for a certain time. And finally the storing time, 
that have a direct impact on the profits, which finally have an impact on the payback 
time with the cost of the system that the power affected to.   
 
As seen between the cases with different efficiencies the payback time is much shorter 
for all three systems with higher efficiency. The effect of an increased efficiency of both 
components in the system makes a big impact on the result (profit). With just an increase 

                                                

3 Cost of systems based on the price of 288 €/ kW, an interest rate of 5 % which is calculated by the NP 
method explained in Appendix B.  
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of 10 % for each one of the components (from 80 % to 90 %) the total system efficiency 
increases by 17 % (from 64 % to 81 %). This means that there is 17 % more profit with 
more efficient components which is 17 200 € more in profit every year for the 2 MW 
system. As written the pricing model only reflects over the power of the system and not 
the efficiency so in the basic case a system with 64 % efficiency costs as much as 81 % 
efficiency which not reflects the reality. A more efficient component should be more 
expensive, compared to a less efficient component. But with already well-developed 
PHES technique, the price difference is less than the profit made for one year, looking at 
the payback time that is 4 years shorter for the 2 MW systems between the different 
cases. The more efficient system is well worth investing in compered to the less efficient 
system. United with the fact that the lifetime of a PHES is long and with greater profit 
for the high efficiency case, profits would be lost. For a 30 year period the difference in 
profits would be a total of 500 000 € between the two cases.  
 
Looking at the different systems is hard to just say which system that is best. It depends 
on how much money that the investor wants to invest, how long time the system will be 
running and finally how the price of the electricity will vary in the future. Only looking at 
the cost of the system the 1MW is the cheapest one followed by the 2MW system that is 
twice as expensive as the 1MW. And the 3MW that is three times more expensive than 
the 1MW system. With just the cost in mind the 1MW system is the best choice.  
 
But things change by looking at the technical lifetime. One of the biggest advantages of 
the PHES is its long lifetime and with a long lifetime small differences in profit can grow 
big in a period of time. For example, is the profit difference for one year 22 000 € 
between the 1 MW- and 2MW system, for a period of 30 years the profit difference 
increases to 660 000 € which is money that are lost. The 3MW system brings even greater 
profit with less money lost so by only looking at the technical lifetime of the system the 3 
MW systems is the best choice.  
 
The bigger power the system has the less hours with low price can be utilized to cover 
the ammount of hours with a high price. But with an uncertain future is hard to 
determine if there will be bigger differences in price, if there will be more hours with a 
low price or more hours with a high price. Based on the analysis of the price made in the 
chapter 4.1 The  “basic” pattern of low prices in the night and high prices in the day will 
change due to that is hard to increase the consumption during the night when people are 
sleeping. But I expect bigger price differences even if there will be EES applied in the 
grid because of the possible increased amount of production sources that are hard to 
control. With this in mind there will not be a bigger need for a more efficient storing 
than 2 or at a maximum 3 times than generation. This because in the simulation made for 
3 times faster storing it was already hard to take advantage of all hours with low price. 
With this I mean that there are so many hours with a low price that a 3 times faster 
storing than generation is not needed. This can also be seen in the result where the profit 
increase is much greater going from a 1 MW system to a 2 MW than from a 2 MW to a 3 
MW (36 % increase for 1MW to 2MW and 12 % increase for 2MW to 3MW). So 
choosing between the 2 MW and 3 MW systems is a question of investment cost and 
risk. Investing in a 3 MW will maybe bring greater profit but will entail a higher cost of 
the system meanwhile the 2 MW is cheaper but profit can be lost.  
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Chart 12 shows the total cost of electricity for 1MW over one year. The smaller more 
light columns are the savings with an application of PHES with different power. 
Choosing the 2 MW systems the savings can rise up to 31 % of the total electricity 
consumption. But this is the highest possible savings due to that the efficiency losses are 
not counted in to the chart. They are not counted in due to that different systems have 
different efficiency’s.  

5.4.3 Possible savings  
To prove the big potential of EES systems a simulation of the total possible savings of 
different storing rates is presented. To make a good calculation of how much money that 
is saved by the application of EES in Germany the consumption needs to vary over the 
year. For example there is normally produced more electricity in the winter than in the 
summer. To make the calculations even more precise there will be four types of 
scenarios taken in account that are assumed to make a better estimation of the savings. 
The scenarios will be explained in the following table.  
 

Table 10: Different climate scenarios for savings simulation 
Scenario Winter Spring/Autumn Summer 
Warm winter + 
Mild summer 

2  
(30%) 

2 
(60%) 

1 
(10%) 

Warm winter + Hot 
summer 

2 
(25%) 

2 
(50%) 

2 
(25%) 

Cold winter + Hot 
summer 

4 
(40%) 

2 
(40%) 

2 
(20%) 

Cold winter + Mild 
summer 

4 
(45%) 

2 
(45%) 

1 
(10%) 

 
The production will be rated from 4 to 1 for the different months with 4 as the highest 
production and 1 as the lowest one. The spring/Autumn climate is constant, the winter 
can either be warm or cold and the summer is hot or mild. The percentage rate below the 
key number is representing how big part of the total electricity production that is 
generated through that period.  
 
Based on the total production of 633,6*106 MWh in Germany the total savings of 
applying an EES are shown in table 11. It shows how big the profit is for different 
storage rates and Scenarios, as seen the profit increases with increased storing rate.   
 
Table 11: Total savings for one year with the different storing rates and scenarios based on the electricity 

prices of 2013 
Savings 1x Storing 2x Storing 3x Storing 

Warm winter + 
Mild summer 

 4 956 602 672 € 6 709 010 480 € 7 441 730 018 €     
 

Warm winter + Hot 
summer 

5 361 898 750 € 7 326 800 429 €   
 

8 229 625 533 €   
 

Cold winter + Hot 
summer 

 5 497 849 992 € 7 590 106 793 €   
 

8 504 568 292 €   
 

Cold winter + Mild 
summer 

6 647 927 986 € 9 005 260 345 €   
 

10 053 090 604 €    
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6 Conclusions 

• Electrical energy storage systems , not just a “business” made for profit, but also 
a necessity to cope with the challenges of tomorrow.  

As written the electricity price varies over the day, month and year. These variations can 
be made into profit by applying EESs. But the system will provide more than just profit, 
with an ongoing phase out of nuclear power and a big amount of the electricity 
production that is based on fossil fuels the need for other renewable productions sources 
are needed. Some of these sources are hard to control like solar- and wind power. With a 
phase out of the nuclear power up to 28 % of the production can be hard to control 
from todays 15 % and with 57,5 % that is based on fossil fuels the numbers can raise up 
to 72,5 %. Consequently, the EES is not just a technique that can be used for profit, but 
a necessity to cope with all the challenges that lie ahead of us. It is a tool that I believe 
should be take advantage of and be utilized. Because an increased artificial consumption 
when the demand is low like charging the car or heating water in the night will not be 
enough. 
 

• The German market demands a more efficient storing than generation capacity. 
According to the statistical analysis of the electrical prices, the amount of hours with a 
low price will vary between 6 and 18 hours and the average shortest period with low 
prices in a row is 4 hours. This means that the applied EES does not need a high storage- 
and generation rate. But with as low as 6 hours with a low price as a minimum and more 
hours with a low price than a high, a higher storage than generation capacity is needed. 
The amount of hours with low and high prices can of course change in the future 
especially with increased amounts of renewables in the system, but I believe that the 
increased amount of renewables will just increase the price differences but not affect the 
“normal” pattern with a low price during the night and higher prices during the day. 
With this I mean there will be more hours with a high price than low. 
 

• The best technique for Germany according to the research made is the pump 
hydro electrical energy storage system.  

The pumped hydro suites Germany for three main reasons, first of all it suites the 
Germanys demands. With this I mean that Germany have the conditions to manage it’s 
only constrain (elevation differences in the landscape). It is most outstanding technique 
in Germany, looking at ongoing EES projects.  The market does not demand an EES 
with high generation and storing rate that is the weakness of the PHES.  
Secondly because of its overall strengths by looking at the 4-aspects, its biggest weakness 
is its storage/generation rate witch was shown to not be that important by looking at the 
German electricity market demands. It does not have the best efficiency but in relation to 
the price/kW it is the best EES by far with the CAES compared the battery. That has the 
best efficiency but is unreasonably expensive with a price that is more than 8 times 
higher and finally because the PHES have the best possible capacity. 
Thirdly because it is the most mature and dominating technique in the world with 99 % 
of the storage capacity. With mature I mean that the efficiency and other aspects of the 
technique are well developed. This means that a PHES facility that is built today will not 
be old and in need of replacement because of future PHES technology that is much 
better. With other words, the technique does not mature that fast compared to batteries 
for example that are still in the development phase and in need of replacement to make 
room for more efficient batteries. The technical lifetime and economical lifetime is 
almost the same. 
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• 2MW and 3MW is the prefer power of the PHES system.  

A 2 or 3 times faster storing than generation is the best choice based on the simulation 
of the profits made in the result. The 1MW system was the cheapest alternative but the 
2MW and 3MW system did generate more profit due that their increased power had the 
possibility to take more advantage of the price difference. The 3MW system did not take 
full advantage of its power due to that there was no big need for such fast storing 
compared to the 2MW system. But looking at the uncertain future that lays ahead it’s 
hard to anticipate which system that is the best that makes it more of a question of cost 
and risk.  
 

• Higher efficiency is preferred, even if it can result in higher construction costs.  
In the savings simulation they’re where two cases, one with an efficiency of 80% and 
another one with 90%, which gives the total systems efficiencies of 64% and 81%. The 
total system efficiency of 81 % was chosen because of two main reasons. First of all the 
profits are greater for the more efficient system compared to the less efficient system 
even with the higher costs than the more efficient system would bring. Secondly because 
the PHES have a long lifetime, this means that small profit differences can create big 
amounts of money in the end.  Over a 30-year period the profit difference between the 
two cases where greater than 500’000 €. 
 
The potential of the profit is big. By taking advantage of all the price differences over the 
year and help from a simplified model of the electricity production the profit was 
calculated up to 10’000’000’000 €, which shows the true potential of EESs in Germany.  
 

7 Future studies 

For further studies on the area a development of the current PHES model can be made 
with a more exact modeling and dimensioning of the pump, turbine and reservoir. With 
all loses that are not calculated in this study like, losses in tubes or by evaporation or 
gained power by rain. A possible location and plan for construction of the PHES can 
also be made to make it more proper study. 
For an even more detailed study an analysis of what kind of effects an application of 
EES will have on the electricity price by looking at other examples where an application 
have been made in other countries.  
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Appendix A, Electricity prices month by month 
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Appendix B 

Present value (PV) method 
 
 𝑃𝑉 = 𝑪

(𝟏!𝒓)𝒕
𝒚𝒆𝒂𝒓𝒔
𝒕!𝟏    [22]  

 
  

C= Cash inflow 
r= discount rate 
t= years  
(Berk, 2014) 
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