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Abstract 
Stockholm Royal Seaport is an urban development project for a planned expansion of 
housing and services that will take place in the district of Hjorthagen in Stockholm. The 
Stockholm Royal Seaport project aims to develop a smart grid for integration of 
consumers and producers into the utility electrical grid. The Stockholm Royal Seaport 
Smart Grid integrates new concepts such as active house, local storage, decentralised 
renewable production, electric vehicle charging and an electrified harbour into the grid. 

The aim of this master thesis is to describe and study some of the main aspects and 
benefits of the implementation of Electrical Energy Storage (EES) systems as one of 
the solutions to be included in smart grids. The study is focussed in the Stockholm 
Royal Seaport case.  

The main EES technologies currently available or under research and development are 
introduced, studying its specifications, costs, main applications and benefits in 
distribution grids. EES systems can cover a wide range of applications, but not all of 
them are equally valuable and not all the technologies are suitable and feasible for the 
same applications. 

The regulations that should be modified in order for a utility to get benefits of the 
different applications that EES offer are identified. Some regulations could prevent the 
distribution system operator (DSO) to own and operate the EES system and some 
market rules cannot be fulfilled by certain EES technologies. 

The main applications in island operation are also described and the benefit for 
consumers of avoiding outages is estimated for the Stockholm Royal Seaport case. 
EES systems can replace other equipment and improve operation of certain units in 
island mode. The benefit of improving reliability and quality of the electricity service 
greatly varies between different kinds of customers. In the Stockholm Royal Seaport 
case, residential and commerce consumers has been considered and reliability 
indexes from Fortum grid in Stockholm have been used. 

The possibility of renting some capacity in the EES system to consumer with 
generation facilities to store its electricity surplus is analyzed to determine its economic 
benefit. This kind of agreement could be beneficial for the consumer when the prize for 
selling the electricity surplus is low compared with the prize for buying it according to 
the electricity contract. The efficiency of the EES system must be high enough and the 
price for using it is not too high. 

Finally, the major milestones and key challenges for the implementation of the EES 
system are introduced. Those milestones cover the selection of the applications that 
must be carried out and its requirements, the selection of the most suitable and 
feasible EES technology, the design of the modes of operation and its simulation, and 
obtaining the right to own and operate the EES system by the DSO.  
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Sammanfattning 
Norra Djurgårdsstaden är ett stadsutvecklingsprojekt för planerad utbyggnad av 
bostäder och arbetsplatser som äger rum i stadsdelen Hjorthagen i Stockholm. Norra 
Djurgårdsstadprojektet har för avsikt att utveckla ett smart elnät för integration av 
konsumenter och producenter i elnätet. Norra Djurgårdsstadens smarta elnät integrerar 
nya koncept såsom aktiva hus, lokal energilagring, lokal förnybar produktion, 
elfordonsladdning och en elektrifierad hamn i elnätet. 

Syftet med detta examensarbete är att beskriva och studera några av de viktigaste 
aspekterna och fördelarna med genomförandet av ett elektriskt energilagringssystem 
som en av de komponenter som kan ingå i smarta elnät. Studien är fokuserad på Norra 
Djurgårdsstaden. 

De viktigaste tillgänglig teknikerna för elektrisk energilagring beskrivs samt de som är 
under utveckling. Dess specifikationer, kostnader, viktigaste tillämpningar och fördelar i 
ett distributionsnät studeras. Elektriska energilagringssystem täcker ett brett spektrum 
av tillämpningar, men inte alla av dem är lika värdefulla och alla tekniker är inte 
lämpliga och genomförbara för samma typ av tillämpningar. 

Regleringen som bör ändras identifieras för att ett distributionsföretag ska få fördelar av 
olika tillämpningar som ett elektriskt energilagringssystem erbjuder. Regleringen kan 
hindra distributionsföretagen att äga och driva ett elektriskt energilagringssystem och 
vissa marknadsregler kan inte uppfyllas av vissa energilagringstekniker. 

De viktigaste tillämpningarna vid ö-drift finns beskrivna samt nyttan för konsumenterna 
genom att undvika avbrott värderas för Norra Djurgårdsstaden. Elektriska 
energilagringssystem kan ersätta andra komponenter och förbättra driften av vissa 
komponenter i ö-drift. Fördelen med att förbättra tillförlitligheten och kvalitén av 
elförsörjningen varierar stort mellan olika typer av kunder. I Norra 
Djurgårdsstadensfallet har data i form av tillförlitlighetsindex för bostäder och service 
tagits från Fortums nät i Stockholm. 

Möjligheten för konsumenter att hyra en viss kapacitet i det elektriska 
energilagringssystemet vid egenproduktion för att lagra sitt elöverskott analyseras och 
de ekonomiska fördelarna visas. Denna typ av avtal kan vara till fördel för 
konsumenten när priset för att sälja elöverskottet är låg jämfört med priset för att köpa 
elen enligt sitt elavtal. Sammanfattningsvis måste effektivitet vid energilagring vara 
tillräckligt hög och priset för att använda tjänsten får inte vara för högt för att det ska 
vara lönsamt. 

Slutligen presenteras de viktigaste milstolparna och utmaningarna för införandet av ett 
elektriskt energilagringssystem. Dessa milstolpar täcker ett urval av tillämpningar som 
kan genomföras och dessas krav. De täcker även urvalet av den mest lämpliga och 
genomförbara tekniken, designen och simuleringar och rätten att äga och driva ett 
elektriskt energilagringssystem för ett distributionsföretag.  
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1. Introduction 

1.1. Smart Grids 
The conventional electrical grid was not designed to meet the challenges of modern 
society, including the increasing demands of a digital society, the increasing use of 
renewable energy resources or the introduction of the electric vehicle [1]. Thus, current 
electrical grids must be modernized and upgraded into the so-called intelligent or smart 
grids. 

The term smart grids describes a set of technologies, electricity market designs, and 
electricity market regulatory frameworks that together support, in a cost-effective 
manner, the large-scale use of electricity generation from renewable sources, a 
reduced overall electricity consumption, the reduction of peaks in electricity demand, 
and more active electricity consumers [2]. 

The main objectives behind the deployment of smart grids can be summarized as [3]: 

 Facilitate the connection and operation of generators of all sizes and 
technologies, including  those ones located in the distribution level and at 
customer side of the grid 

 Optimise grid operation and usage and grid infrastructure reducing the energy 
consumption by reducing the losses 

 Improve the existing levels of system reliability, quality and security of supply 

 Provide consumers with greater information and choice of supply in order to use 
energy more efficiently and allow them to play part in optimizing the operation of 
the system 

 Reduce the environmental impact of the whole electricity supply system by 
reducing pollutant emissions 

Electric Energy Storage (EES) systems, Flexible AC Transmission System (FATCS) 
devices and High Voltage Direct Current (HVDC) terminals are some of the core 
components in smart grids. 
 

1.2. Stockholm Royal Seaport 
Stockholm Royal Seaport is an urban development project for a planned expansion of 
housing and services that will take place in the district of Hjorthagen in Stockholm. This 
urban development contains plans for 10000 new flats and 30000 new workspaces 
once the new district will be fully developed by 2025. The new development area will 
focus on sustainable transport solution, efficient building processes, energy 
conservation and energy efficiency. 

The Stockholm Royal Seaport project has been designated as one of the 18 projects in 
the world supported by the Climate Positive Development Program. The program 
supports the development of large-scale urban projects that will demonstrate that cities 
can grow in ways that are “climate positive” and can reduce carbon emissions. 
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The Stockholm Royal Seaport project aims to develop a smart grid for integration of 
consumers and producers into the utility electrical grid. The Stockholm Royal Seaport 
Smart Grid integrates new concepts such as active house, local storage, decentralised 
renewable production, electric vehicle charging and an electrified harbour into the grid. 
The grid is designed in order to reduce costs and losses and increase power quality 
and interaction with consumers/prosumers. 

The main actors in the Stockholm Royal Seaport Smart Grid are ABB, Fortum and 
KTH. 
 

1.3. Objective 
The aim of this master thesis is to describe and study some of the main aspects and 
benefits of the implementation of EES systems as one of the solutions to be included in 
smart grids. The study is focussed in the Stockholm Royal Seaport case. Thus, an EES 
solution owned and operated by Fortum, which is the distribution system operator 
(DSO), has been assumed. Swedish regulations, such as the Swedish Electricity Act 
and Swedish law on taxes for energy, and the market rules for the different electricity 
markets operating in Sweden have been considered and examined for the purpose of 
this study. 
 

1.4. Outline 
The second chapter reviews the main EES technologies currently available or under 
research and development. Pumped hydroelectric, compressed air, flywheels, different 
batteries, supercapacitors and superconducting magnetic energy storage are 
described, including current deployment status. 

The third chapter introduces an economic model for EES. The main parameters and 
variables such as applications, technical requirements, capital cost, operating and 
maintenance cost and benefits are analysed. 

The fourth chapter studies existing regulations and market rules that should be 
modified in order for a utility to get benefits of EES systems. As the thesis is focussed 
in the Stockholm Royal Seaport case, the regulations and market rules currently in 
force in Sweden are examined. 

The fifth chapter describes the main applications of EES in island power system. The 
benefit of avoiding outages and its cost to consumers by improving the reliability and 
power quality of the electric service is estimated for the Stockholm Royal Seaport case. 
The available statistics for planned and unplanned outages in Fortum grid in Stockholm 
are used. 

The sixth chapter describes the possibility of renting certain capacity in the EES, which 
is owned by the DSO, by consumers with self-generation facilities. Whether that kind of 
agreement would be economically beneficial for the consumer or not is studied. 

The seventh chapter identifies and describes the main milestones and key challenges 
for the implementation of EES systems. 
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The eighth chapter summarizes the main conclusions of the master thesis and 
possibilities for future studies.  
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2. Electric Energy Storage Technologies 

EES technologies vary in the method of storage (e.g. hydraulic storage, pressure 
storage, mechanical storage, electrochemical storage, electro-static storage, electro-
magnetic storage, etc). The form in which the energy is stored and converted from and 
to electricity affects and determines the characteristics of each technology such as 
power and energy density, efficiency or response time. 

The main technologies currently available or under research and development for EES 
are described below. The technologies considered are: pumped hydroelectric, 
compressed air, flywheels, batteries, supercapacitors and superconducting magnetic 
energy storage. 

Other technologies have not been considered due to its early stage of research and 
development. One of them is hydrogen and fuel cells. It is one of the potential 
technologies for storing electric energy, but its low efficiency and high capital costs are 
the major barriers to its introduction. Breakthroughs in hydrogen production, storage 
and conversion that are likely to require many years are required [4]. 
 

2.1. Pumped Hydroelectric Energy Storage 
Pumped hydroelectric energy storage is the oldest and most widely used technology 
for storing large amounts of energy. It can be considered a mature technology. It has 
been used since the turn of the nineteenth century (first used in Italy and Switzerland in 
the 1890’s [5]) and, until 1970, it was the only commercially available technology for 
large energy storage [6].  

Its design is similar to conventional hydroelectric power plants and it consists of two 
water reservoirs at different heights and a water pump/turbine connected to an electric 
motor/generator. When the electricity is stored the water is pumped from the lower to 
the upper reservoir. On the other hand, when the electricity is retrieved the water runs 
through the turbine, which is connected to the electric generator, as it flows from the 
upper to the lower reservoir (as in a traditional hydroelectric power plant). 

The reservoirs needed for the pumped hydroelectric energy storage operation may be 
natural bodies of water, reservoirs of existing hydroelectric power plants, artificially 
excavated surface reservoirs, underground caverns or the open sea (the last two ones 
always used as the lower reservoir). No underground pumped hydroelectric energy 
storage projects have been developed up to now due to certain uncertainties such as 
its cost, durability with pressure cycling and the rate of water leakage into the lower 
reservoir [4]. The first seawater pumped hydroelectric storage power plant built is the 
30 MW Okinawa Yanbaru plant located in Japan which operates since 1999 [5]. 

Pumped hydroelectric energy storage can store the largest amount of electricity among 
all the present technologies (in the range of 1000 to 2000 MW [4]). The amount of 
electricity that can be stored depends on two factors: the net vertical distance between 
the reservoirs, called head; and the flow rate (volume of water per second) [6].  
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The losses associated with the process of storing/retrieving are related to the frictional 
losses, turbulence, viscous drag, the pump/turbine efficiency and the motor/generator 
efficiency. In modern plants it is possible to retrieve more than 80% of the input electric 
energy. 

The first plants used separate motors and generators, mainly because of the low 
efficiency of dual generators. This increased cost as separate pipes had to be built. On 
the contrary, a majority of modern plants use adjustable speed machines that can 
either be operated as an electric generator or motor. There is more than 90 GW of 
pumped hydroelectric energy storage in operation worldwide[6]. 

The main disadvantage of pumped hydroelectric energy storage is that it requires 
certain geological characteristics to be feasible (i.e. two large reservoirs with sufficient 
vertical separation). Those characteristics are usually found in remote places where 
construction is difficult and the necessary power grid is not present or is too distant [6]. 
Other major disadvantages are the high cost and the long time required to plan and 
build the plants. 
 

2.2. Compressed Air Energy Storage 
Compressed air energy storage (CAES) has been commercially available more than 30 
years since it was seriously investigated during the 1970s. However, only two 
commercial units have been built. The first one was a 290 MW CAES plant that was 
commissioned in December 1978 in Huntorf, Germany. In 2006, the gas turbine’s 
output was increased to 321 MW [7]. The second CAES plant started to operate in May 
1991 in Alabama, United States, and has a capacity of 110 MW [6]. Both plants are 
used to supply power during peak demand periods. 

Its design is similar to a combustion turbine power plant, but the air compressor and 
the gas turbine are uncoupled so that they can operate at different times. It also 
incorporates the intermediate facility to store the compressed air. When the electricity 
is stored, an electric motor drives the compressor while the turbine is disengaged and 
the high pressured air is stored. In order to retrieve the stored energy, the compressed 
air is mixed with natural gas, burned and expanded through the turbine that drives the 
electric generator. Mixing the air with fuel is a more efficient method than using the high 
pressured air to drive the turbine [6]. 

CAES consumes less than 40% of the gas used in a conventional turbine to produce 
the same amount of electric output power. Conventional gas turbines consume 
approximately 2/3 of their input fuel to compress air at the time of generation. 
Meanwhile, CAES pre-compresses air using electricity from the power grid[5]. This fact 
reduces considerably the produced pollutants compared to a conventional combustion 
turbine plant. 

The storage facility may be a natural reservoir (caverns, porous ground aquifers and 
depleted gas or oil fields) or a human-made cavern (dissolved-out salt caverns, 
abandoned mines or mined hard-rock caverns) [4]. Aquifers are especially attractive as 
a storage medium because the compressed air will displace water, creating a constant 
pressure storage system. The other alternative storage systems have variable pressure 
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as the amount of air stored or released varies. Aquifers are the least expensive method 
for compressed air storage and rock caverns are approximately 60% more expensive 
to mine for CAES purposes than salt caverns [6]. 

Research is being conducted to develop high-pressure tanks that can withstand the 
compressed air and make them commercially available on a small scale. This 
technology is not advanced enough and it entails high costs. 

The two commercial units that are currently operating belong to the first generation of 
CAES, also known as conventional CAES. The second generation introduces minor 
modifications in the design of the plant and its components that increase the efficiency 
of the system and makes its design more flexible, economical and reliable. Proposed 
CAES developments are anticipated to be second generation systems. A third 
generation, known as adiabatic CAES, is under research and development. This CAES 
plants do not use natural gas in the generation process as they store heat during 
compression that is used during generation to warm the compressed air. Third 
generation of CAES implies the major advantage of zero carbon emissions as there is 
no fuel consumption required in the turbine section [8]. 
 

2.3. Flywheel Energy Storage 
Flywheels have been used since the beginning of the industrial age. Nowadays, they 
have a storage capacity in the range of 100 kW with durations of up to 1 hour and are 
suitable for short duration, high power discharges. Current flywheel energy storage 
plants have a power range around 20 MW due to its modular design with several 
flywheel units connected. Research is underway to develop more advanced flywheels 
that can store larger amounts of energy [9]. 

The working principle of flywheels is based on very simple physics. The energy is 
stored in the form of kinetic energy in a rotating mass with a shaft driven by an electric 
motor/generator. The electricity is stored by accelerating the rotating mass with the 
electric motor and retrieved by reversing the process (i.e. slowing the rotating mass 
down with the electric generator). 

The amount of energy that is stored depends on the moment of inertia of the rotating 
mass, I, and the square of the rotational speed of the flywheel shaft, ω: 

 21

2
E I  (2.1)

where E is the energy stored (W·s), I is the moment of inertia (kg·m2) and ω is the 
rotational speed (rad/s). 

The design of the flywheel may have separated electric motor, to input electricity, and 
generator, that outputs electricity through an electronic converter, coupled on the same 
shaft. It is also possible to use a bidirectional power electronic device with one electric 
machine that can perform both motoring and regenerating operations [6]. 

There are two types of flywheel technologies in use: low-speed and high-speed 
flywheels. In low-speed flywheels the rotating cylinder is made of solid dense steel and 
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spins at low speeds (around 1000 rpm). High-speed flywheels are more complex and 
expensive than low-speed ones. They are lighter and rotate at higher speeds (around 
50000 rpm), due to the usage of smaller cylinders made of carbon and fibreglass 
composite materials that are able to withstand the higher stress associated with higher 
rotational speeds, allowing higher energy densities[10]. 

Modern flywheels, and specially those ones operating at high speeds, use magnetic 
bearings and operate in vacuum sealed environment. This design improves greatly the 
efficiency of the flywheel as it reduces its self-discharge by reducing the friction losses 
from bearings and air drag. It also allows lower maintenance costs and higher number 
of cycles. 
 

2.4. Battery Energy Storage 
Batteries are electrochemical devices that convert electric energy into chemical energy 
when charged and reverse this process when discharged. They are composed of two 
electrodes separated by an electrolyte. When the battery is discharged, ions from the 
anode are released into the solution and deposit oxides on the cathode, creating a dc 
flow at relatively low voltage. The battery is recharged and restored to its initial 
conditions by reversing the chemical reaction. 

Battery technologies require power conditioning systems (PCSs), which convert battery 
dc power to ac, to be practically applied in the electrical grid. 

There are different types of battery technologies under development. Some of them are 
commercially available and some others are still in an experimental stage. The most 
suitable battery technologies for power system applications are described below.  

2.4.1. Flow Batteries 
Flow batteries consist of two electrolyte reservoirs from which the electrolytes are 
circulated through an electrochemical cell comprising a cathode, an anode and a 
membrane separator. The chemical energy is converted to electricity in the system 
when the redox reaction between the two electrolytes takes place as both flow through 
the electrochemical cell [11]. 

The main advantage of flow batteries is that the total stored energy is decoupled from 
the rated power of the system. The rated power depends on the reactor size (i.e. the 
rates of the electrode reactions occurring at the anode and cathode), while the stored 
energy depends on the auxiliary tank volume. 

Other important advantages are its high power and energy capacities, long life enabled 
by easy electrolyte replacement, fast response, full discharge capability, low-
temperature operation and no self discharge as the electrolytes cannot react when 
stored separately. The main disadvantage of flow batteries is the need for pumping 
systems to circulate the electrolytes that increase the cost, the size and reduce the 
efficiency. 

The main technologies used in flow batteries are polysulphide bromide (PSB), 
vanadium redox (VRB) and zinc bromine (ZnBr). VRB is the most mature of all flow 
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battery system available. Several vanadium redox systems have been deployed in 
Europe, United States and Japan [9]. 

2.4.2. Lead Acid Batteries 
Lead acid batteries are the most mature technology and the form of battery most found 
in power applications. They comprise a lead dioxide cathode, a sponge lead anode and 
an aqueous sulphuric acid electrolyte [11].  

The main advantages of lead acid batteries are its low cost and high degree of 
maturity, while its low energy density and its limited cycle life are its main drawbacks. 

The flooded lead acid battery was the first kind of lead acid battery used. It requires 
continuous replenishment of distilled water as the water in the electrolyte evaporates 
when the battery is used. The valve regulated lead acid (VRLA) battery was developed 
during the mid-1970s and it does not require water to keep the electrolyte working 
properly. However, this battery requires to be replaced more frequently than a flooded 
lead acid battery [6]. 

The largest lead acid battery energy storage installation is a 10MW/40MWh system 
located in California, United States, and was built in 1988[5]. 

2.4.3. Lithium Ion Batteries 
Lithium ion (Li-ion) batteries have a cathode made of a lithiated metal oxide, such as 
LiCO2 or LiMO2) and an anode made of graphitic carbon with a layer structure. The 
electrolyte is made up of lithium salts dissolved in organic carbonates, such as LiPF6 
[11]. The lithium ions move between the anode and the cathode to produce a current. 

The main advantages of this battery technology are its high energy density, no memory 
effect, low self-discharge, high efficiency and long cycle life. 

Lithium ion batteries are mainly used in portable systems. However, its price is too high 
for other applications nowadays. The main driver behind the development of this 
technology is the automotive industry as it is the most promising technology for plug-in 
hybrid (PHEV) and electric vehicles (EV). The increase in production is expected to 
result in lower costs that may facilitate its widespread use in electric power systems. In 
total, approximately 18 MW of grid-connected advanced Li-ion battery systems have 
been deployed for demonstration and commercial service [9]. 

2.4.4. Nickel Cadmium Batteries 
Nickel cadmium (NiCd) batteries consist of a cathode made of nickel oxyhydroxide, an 
anode made of metallic cadmium and potassium hydroxide electrolyte. 

NiCd batteries have a higher energy density, longer cycle life and are more 
temperature tolerant compared with lead acid ones. Disadvantages such as the toxicity 
of cadmium that requires a complex recycling procedure, high self-discharge rates and 
high costs make other battery technologies such as lithium ion more feasible.  

2.4.5. Sodium Sulphur Batteries 
Sodium sulphur (NaS) batteries have a cathode made of liquid molten sulphur, an 
anode made of liquid molten sodium and a solid beta alumina ceramic electrolyte. 
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Positive sodium ions flow through the electrolyte and electrons flow through the 
external circuit during discharge [11]. 

NaS batteries have an operating temperature in the range of 300 – 360 ºC in order to 
maintain the molten states of the electrodes. Therefore, they need to be heated 
externally for optimal operation [12]. 

The main advantages of NaS batteries are high power and energy density, high 
efficiency, long cycle life, low cost and good safety [12]. 

Sodium sulphur battery technology was jointly developed by NGK Insulators Ltd. and 
Tokyo Electric Power Co. (TEPCO) over the past 25 years. It has been demonstrated 
at over 220 projects in Japan, the United States and Abu Dhabi with more than 316 
MW, 1896 MWh installed. New projects are continuously deployed in Japan, Europe, 
United States and Abu Dhabi. The largest NaS installation is located in Japan with a 
power rating of 34 MW and an energy capacity of 245 MWh [5][9]. 
 

2.5. Supercapacitor Energy Storage 
Supercapacitors, also known as ultracapacitors or electrochemical double-layer 
capacitors, store energy in the form of two oppositely charged electrodes separated by 
an ionic solution. The electrodes are fabricated from porous high-surface-area material 
that has pores of diameter in the nanometer range. Charge is stored in the micropores 
at or near the interface between the solid electrode material and the electrolyte. The 
charge and energy stored are given by the same expressions as those for a 
conventional capacitor, but the capacitance depends on complex phenomena that 
occur in the micropores of the electrodes [6]. 

The amount of energy stored in a capacitor can be calculated as: 

 21

2
E CV  (2.2)

where E is the energy stored (W·s), C is the capacitance (F) and V is the voltage 
across the terminals (V). 

The capacitance of a capacitor can be calculated as: 

 
A

C
d

  (2.3)

where C is capacitance (F), ε is the dielectric constant (F·m-1), A is the area of the 
plates (m2) and d is the thickness of the dielectric material (m). 

The energy and power density of supercapacitors fall between those of batteries and 
conventional capacitors. They have more energy than a capacitor but less than a 
battery and more power than battery but less than a capacitor. Unlike in batteries, the 
ultracapacitor voltage varies linearly with the state of charge [6]. 
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Ultracapacitors have several advantages over batteries. They have a longer cycle life 
because the absence of chemical reactions yields a stable electrode matrix and no 
wear-out [6]. They also have a high efficiency which is only a function of ohmic 
resistance of the conducting path [12]. Their performance is optimum in a wide range of 
temperatures and their maintenance costs are very low 

Ultracapacitors are commercially available for applications such as voltage sag 
compensation and backup power. On the other hand, their use for transmission and 
distributions applications that require several hours of energy storage for peak shaving 
and load levelling is not yet feasible. 
 

2.6. Superconducting Magnetic Energy Storage 
Superconducting magnetic energy storage (SMES) was proposed as an EES 
technology for power systems and has been under study since the early 1970s [13]. 
Very large superconducting magnets have been designed with the potential to store 
energy on the thousand megawatts scale, but no large system has ever been built. At a 
substantially smaller scale, the technology has been commercialized and used in 
power quality applications in the level of megawatts and discharge applications of 
seconds [4]. 

Superconductors have the property of having no resistance to direct current flow when 
cooled to a very low temperature, known as cryogenic temperature. A SMES system 
consists of a large superconductive coil at the cryogenic temperature. The energy is 
stored in the magnetic field created as dc current flows through the superconducting 
wire. The SMES coil is charged or discharged by applying a positive or negative 
voltage respectively. When the average voltage is zero, the SMES system remains in 
standby mode as the average coil current is constant [14]. As the resistance of the 
superconductive coil is zero, the electrical losses are zero as well and the current in a 
closed loop can persist indefinitely under ideal conditions [4]. 

The amount of energy stored in a SMES system can be calculated as: 

 21

2
E LI  (2.4)

where E is the energy stored (W·s), L is the inductance of the coil (H) and I is the dc 
current flowing through the coil (A). 

The temperature of the superconductive coil is maintained by a cryostat or dewar that 
contains helium or nitrogen vessels. This device reduces the efficiency of the system 
as it permanently consumes electricity. SMES systems also require a protections 
system capable of detecting and avoiding quenches (i.e. loss of superconductivity 
because of thermodynamic critical coupling between superconductors and cooling 
tubes). This leads to ohmic heat release that would cause irreversible damage to the 
superconducting coil [6]. 

The power conditioning system (PCS) handles the power transfer between the 
superconducting coil and the ac system. There are three kinds of PCSs for SMES: 
thyristor based PCS, voltage source converter (VSC) based PCS and current source 
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converter (CSC) based PCS. The thyristor based SMES can control mainly the active 
power and the control of active and reactive powers are not independent. On the other 
hand, the VSC and CSC based SMES can control both active and reactive powers 
independently and simultaneously. The PCS maximum voltage and current ratings 
determine the maximum power and energy that can be drawn or injected by an SMES 
coil respectively [15]. 

One of the mayor advantages of SMES systems is their fast response time as the 
energy is stored as circulating current. Other mayor advantages are its high efficiency 
and the unlimited number of charging and discharging cycles that can be carried out. 

Low-temperature superconductor (LTS) devices must be cooled down to nearly 4 K, 
while high-temperature superconductors (HTS) devices have to be chilled to around 
100 K. LTS devices are available now and HTS devices are currently in the 
development stage[15].  The introduction of HTS devices will greatly reduces the 
overall costs of the system, which is the main barrier for its further development, as it 
would allow the usage of less expensive refrigerating systems. However, the current 
costs of HTS components far outweigh the possible savings in cryogenics [10]. 
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3. Economic Model 

Figure 3.1 shows an economic diagram to assess the benefits that an EES system 
could produce in a Power System.  

 

Figure 3.1: Economic model of an electric energy storage system [16] 

The rectangles in figure 3.1 represent decisions variables. The parameters associated 
with the decisions variables can be selected within a range of possibilities. The circle 
and the ovals represent intermediate variables [16]. The intermediate variables can be 
evaluated once the decision variables are set. 

The first step is to decide which application/s must perform the EES system. Once the 
application/s are set, the EES system must be designed with certain technical 
specifications in accordance with the application/s that must fulfil. The capital 
investments can be calculated as the price of the major components and is affected by 
the economic environment. Once the technical specifications have been decided, the 
technical performance of the EES system can be determined. The technical 
performance has a direct influence on the operation and maintenance (O&M) costs as 
well as the EES benefits. The EES benefits can be evaluated taking into account the 
capital investments, the O&M costs and the technical performance of the EES system. 
The EES benefits can represent a wide range that covers pure economic benefits, 
operational benefits or social benefits (i.e. CO2 emissions reduction). 

The parameters and variables included in the economic model are described below. 
 

3.1. Electric Energy Storage Applications and Technical 
Requirements 

EES technologies can cover a wide range of power system applications that go from 
power quality to energy management. Power quality applications require systems with 
high power ratings, low response and discharge times and a fairly low energy capacity. 
On the other hand, energy management applications do not require so fast response 
but a high energy capacity and discharge time. There are some other applications 
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whose technical requirements are locate in between those ones required for power 
quality and energy management [17]. 

Figure 3.2 shows a classification of different energy storage applications regarding its 
high power or energy and its discharge time rates. 

 

Figure 3.2: Classification of energy storage applications in electric power systems [17] 

The Electric Power Research Institute (EPRI) [18] and Sandia National Laboratories 
[19], both located in USA, have published two reports that contain information about 
possible applications of EES systems and its requirements. Table 3.1 summarizes 
some of those applications and its requirements in terms of power and discharge time 
required. 

Table 3.1: EES applications and requirements [18][19] 

Application Power Size Discharge Duration 

Electric Energy Time-shift/ Price Arbitrage 1-500 MW 2-10 hours 

Ancillary Services 

Frequency Regulation 1-100 MW 15-30 minutes 

Voltage Regulation/ Reactive 
Power Support 

1-10 MW 15 minutes-1 hours 

Electric Supply Reserve 
Capacity/ Spinning Reserve 

1-500 MW 1-5 hours 

T&D Support 
(stationary and 
transportable) 

Peak Load Management/ 
Transmission Congestion 
Relief/ T&D Upgrade Deferral 

1-100 MW 2-6 hours 

End User/ Utility 
Customer 

C&I Energy Management 50 kW-10 MW 3-6 hours 

C&I Power Reliability 0.2 kW-10 MW 5 minutes-10 hours 

C&I Power Quality 0.2 kW-10 MW 10 seconds-1 minute 

Renewables Integration 1 kW-500 MW 15 minutes-4 hours 

 

Price arbitrage refers to purchasing electric energy during off-peak/low price periods to 
charge the EES system and discharge it during peak/high price periods. 

Frequency regulation refers to the ability to deliver or absorb real power by the EES 
system to the grid to reduce any sudden large load-generation imbalance in order to 
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keep the grid frequency within the permissible tolerance. Voltage support implies 
providing active and reactive power to the grid to maintain voltages within the 
acceptable range. Spinning reserve is defined as the amount of generation capacity 
that can be used to produce active power over a given period of time which has not yet 
been committed to the production of energy during this period [20]. 

Transmission and distribution support covers the possibility of avoiding congestions 
during peak demand periods, and so defer the upgrade of transmission and/or 
distribution system. 

Consumer and Industrial applications cover energy management, to reduce the overall 
energy costs depending on the electricity tariff; power reliability, to avoid power 
outages; and power quality, to avoid variations in voltage magnitude and frequency as 
well as other issues such as harmonics, power factor, transients or flicker. 

Renewables integration refers to the ability to mitigate the undesirable impact of 
renewable energy generation on the grid. 

There are several types of EES technologies nowadays in the market and not all of 
them have the same grade of development and maturity. Table 3.2 summarizes the 
main technical characteristics of the EES technologies already in use or emerging. 

The power rating is the maximum amount of electric power that the system can provide 
when discharging. In some EES system this rated power when discharging differs from 
the one from charging. Those systems require more time for charging than the amount 
of time that they can withstand discharging at rated power. 

The discharge time is the maximum time that the system can be discharging at its rated 
output power. The energy capacity of the system can be easily calculated as the 
product of the rated output power and the discharge time. 

The response time is the amount of time required to go from no discharge to full 
discharge operating mode and it depends on the size of the system (for pumped 
hydroelectric energy storage and CAES the lowest values refer to an 
emergency/spinning in air start and the highest values to an standstill/cold start). 

The efficiency is the amount of energy that is discharged for each unit of energy that is 
used when charging. In some EES systems that generate heat during the charge and 
discharge processes, the efficiency could be improved by using this energy. 

The lifetime is the amount of time that the system can operate without the necessity of 
being replaced. It refers to the whole system, but it could be necessary to replace some 
of the components during the considered lifetime. 
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Table 3.2: EES technologies and characteristics [6][21][22][23][24][25][26] 

Technology 
Typical Nominal 

Power 
Nominal 

Discharge Time 
Response 

Time 
Efficiency Lifetime 

Pumped Hydroelectric Energy 
Storage 

100-4000 MW 6-24 hours 10 s-3 min 65-85% 30-75 years 

Compressed Air Energy 
Storage (CAES) 

25-3000 MW 4-24 hours 3-15 min 50-85% 20-40 years 

B
at

te
ry

 

Flow Batteries 25 kW-10 MW 1-8 hours 

30-100 ms 

65-85% 

2-10 years 

Lithium Ion (Li-ion) 10 kW-10 MW 10 min-1 hours 85-90% 

Lead Acid 50 kW-30 MW 15 min-4 hours 70-80% 

Nickel Cadmium (NiCd) 10 kW-5 MW 10 min-3 hours 75-90% 

Sodium Sulphur (NaS) 50 kW-30 MW 1-8 hours 85-90% 

Flywheel Energy Storage 10 kW-25 MW 1 s-1 hour 5-10 ms 85-95% 20 years 

Electrochemical Capacitors 10 kW-1 MW 1 s-1 min 5-10 ms 85-95% 40 years 

Superconducting Magnetic 
Energy Storage (SMES) 

1 MW-100 MW 1 s-1 min 5-10 ms 85-95% 30-40 years 

 

As different technologies have different characteristics, not all of them are equally 
suitable for different applications. The suitability depends mainly on the system power 
ratings and the discharge time of the system. Figure 3.3 illustrates different applications 
and EES technologies ranges. The comparison is very broad and individual 
applications and storage systems may not fit within the ranges shown [18]. 

 

Figure 3.3: EES technologies application comparison [18] 

Table 3.3 summarizes the main advantages and disadvantages of the EES 
technologies already in use or emerging. 
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Table 3.3: Main advantages and disadvantages of EES technologies [5] [25][27][28] 

Technology Main Advantages Main Disadvantages 

Pumped Hydroelectric 
Energy Storage 

Very high energy and power 
capacity, low costs, moderate 
access time, long lifetime, mature 
technology. 

Special site requirements, adverse 
impact on environment, moderate 
efficiency, expensive to site and 
build. 

Compressed Air Energy 
Storage (CAES) 

Very high energy and power 
capacity, low costs, long lifetime, 
mature technology. 

Special site requirements, adverse 
impact on environment, moderate 
efficiency, needs natural gas as 
fuel, expensive to site and build. 

B
at

te
ry

 

Flow Batteries Very high energy and power 
capacity, long lifetime. 

Low energy density. 

Lithium Ion (Li-ion) High energy and power densities, 
high efficiency, short access time. 

High production costs, requires 
special charging circuits. 

Lead Acid High power capacity, low capital 
cost, mature technology. 

Moderate efficiency, limited cycle 
life when deeply discharged, 
potential adverse environmental 
impact. 

Nickel Cadmium 
(NiCd) 

High energy density, high 
efficiency, short access time, 
mature technology 

Cycling and safety control required, 
environmental concerns, expensive 
technology. 

Sodium Sulphur 
(NaS) 

Very high energy and power 
capacity, high efficiency, long 
lifetime.  

High production costs, safety 
concerns (high temperature of 
work). 

Flywheel Energy Storage High efficiency, short access time, 
low maintenance cost, low 
environmental impact, long cycle 
life. 

High production costs, low energy 
density, large standby losses. 

Electrochemical Capacitors High power density, high 
efficiency, long cycle life. 

Low energy density, expensive 
technology, few power system 
applications. 

Superconducting Magnetic 
Energy Storage (SMES) 

High power density, high 
efficiency, short access time, long 
cycle life. 

Low energy density, high production 
costs, potential adverse health 
impact. 

 

As can be observed, some of the EES technologies have some special requirements in 
terms of sitting that must be fulfil to deploy them. Some others have low energy 
densities or high costs that will make them not feasible or economical when 
considering high energy systems. 
 

3.2. Capital Investment 
The capital cost of an EES system can be divided into two components, the sum of the 
power and energy costs [29] [30] [31]. 

The power related cost is the cost of the elements that allowed the EES system to be 
operated (power electronic rectifier/inverters, for example) and is expressed in cost per 
unit of power, €/kW for example. The power rating is the instantaneous capacity of the 
EES system and it determines how quickly the EES system can be charged or 
discharged [32]. The total power cost can be calculated as: 
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 uTPC PC P   (3.1)

where TPC is the total power cost in €, PCu is the power related cost in €/kW and P is 
the rated power output capacity of the EES system. 

The energy related cost is the cost of the storage elements (batteries, for example) and 
is expressed in cost per unit of stored energy, €/kWh for example. It is the cost of the 
devices that actually store the energy, which can be charged and discharged. The 
energy rating of an EES system is the total energy that the system can store [32]. The 
total energy cost can be calculated as: 

 
uEC P H

TEC
Eff

 
  (3.2)

where TEC is the total energy cost in €, ECu is the energy related cost in €/kW, H is the 
discharge time in hours and Eff is the round-trip efficiency of the EES system. 

The round-trip efficiency is defined as: 

  
 

        

        

Energy released by the EES system during discharge kWh
Eff

Energy captured by the EES system during charge kWh
  (3.3)

A third component called balance of plant related cost can be added to the capital 
costs [16][32][33] [34]. The balance of plant covers the auxiliary components outside 
the storage devices and the power converters and is expressed in cost per unit of 
power, €/kW for example. It consists of the owner’s costs for project engineering and 
construction management, grid connection, land, access and services [35] [36]. The 
total balance of plant cost can be calculated as: 

 uTBOP BOP P   (3.4)

where TBOP is the total balance of plant cost in € and BOPu is the balance of plant 
related cost in €/kW. 

Combining the three costs calculated by (3.1), (3.2) and (3.4), the total capital 
investment of an EES system can be calculated as: 

 CI TPC TEC TBOP    (3.5)

Reference [18] shows ‘averaged’ total costs for different energy storage technologies 
divided in different applications. The values are reported in December 2010 dollars and 
based on a generic site and labour conditions. It is stated that company-specific and 
site-specific application can imply substantial variations. Estimates are expected to be 
updated in 2011 as an updated version of the EPRI-DOE Energy Storage Handbook 
will be published. Table 3.4 shows the total installed cost for different EES technologies 
with the estimated ranges that appear in [18]. 
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Table 3.4: Total cost for different EES technologies and its level of maturity [18] 

Technology Maturity 
Power
(MW) 

Capacity 
(MWh) 

Total Cost 
($/kW) 

Cost 
($/kWh) 

Pumped Hydroelectric Energy 
Storage 

Mature 280-1400 1680-14000 1500-4300 250-430 

Compressed Air Energy 
Storage (CAES) 

Commercial/Demo 50-180 250-3600 960-2150 60-430 

B
at

te
ry

 

Flow Batteries Demo/R&D 0.2-50 0.6-250 1200-4380 290-1350 

Lithium Ion (Li-ion) Demo 0.05-100 0.1-25 1085-4400 900-6200 

Lead Acid Commercial/Demo 0.1-100 0.2-400 950-4900 425-3800 

Sodium Sulphur (NaS) Commercial 1-50 7-300 3100-4000 445-550 

Flywheel Energy Storage Demo 20 5 1950-2200 7800-8800

 

The different levels of technical maturity affect the total costs as the process and 
contingency costs vary. Demonstration and commercialization reduce technical and 
estimation uncertainties, but economic and other uncertainties always remain [18]. 
 

3.3. Operating and Maintenance Costs 
The annual operating and maintenance costs of the EES system can be calculated as 
a function of two components [35]. A fixed part is related to the power rating of the EES 
system and a variable one depends on how much energy is discharged. The total 
annual operating and maintenance costs can be calculated as: 

 
f v annualTOMC OM P OM E     (3.6)

where TOMC is the total annual operating and maintenance cost in €/year, OMf are the 
fixed operating and maintenance costs in €/kW/year, OMv are the variable operating 
and maintenance costs in €/kWh/year and Eannual is the annual discharged energy in 
kWh. 

Since the benefits or costs occur in different time periods, the present value of those 
benefits or costs must be calculated in order to be able to evaluate and compare all of 
them together. The present value of a series of cost or benefits can be calculated as 
[33] [35][36]: 

 
1

1

1

tT

t
t

ir
PV X

dr

    
  (3.7)

where Xt is the cost or benefit that occurs during the time period t, T is the number of 
time periods, ir is the inflation rate in %/year and dr is the discount rate in %/year. 

It is also important to take into account the replacement costs that include expenditures 
to replace equipment upon failure. As the lifetime of all kinds of battery technologies is 
limited, the battery cells should be replaced in the course of the years. The lifetime of 
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the batteries, number of charge/discharge cycles that can operate, is strongly related 
with the Depth of Discharge (DoD) that the batteries suffer in every cycle. Figure 3.4 
shows the typical shape of the life curve of a generic battery. The number of cycles that 
the battery can operate increases exponentially as the DoD decreases. The projected 
cost of the considered battery technology should be regarded in the replacement costs, 
as some of the technologies are expected to decrease its capacity costs in the future 
[37]. 

Flywheel energy storage has also some replacement costs associated that depends on 
its design. Magnetic bearings do not require any maintenance, while mechanical 
bearings must be replaced periodically. The vacuum pump will also require to be 
replaced in the course of the years. Nevertheless, maintenance and replacement 
requirements for flywheels are less frequent and less expensive than for batteries [38]. 

 

Figure 3.4: Life curve of a generic battery 

There are other costs associated with the necessary replacements, such as the costs 
of decommissioning of the old material, and possible downtime/lost revenues costs 
during the replacement process [39]. 

Operating and maintenance costs are much less significant than capital and 
replacement costs [32]. 
 

3.4. Electric Energy Storage Benefits 
The benefits that an EES system can provide are closely related to its applications. 
Some of the benefits can be classified as internalizable benefits and some others as 
societal benefits. The internalizable benefits can be received by a given stakeholder or 
stakeholders and take the form of revenue or reduced cost. In most cases, societal 
benefits are accompanied by an internalizable or partially internalizable benefit [19]. 

Some of the benefits are qualitative benefits and they cannot be easily quantified in 
terms of an economic value. One example is the reduction in pollutant emissions from 
generation. It would be necessary to ascribe a price for every type of pollutant gas in 
order to set an economical value for the reduction in pollutant emissions. 
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The benefits that an EES system can provide once placed and properly operating in a 
distribution grid are described in the sections below. 

3.4.1. Benefit of Price Arbitrage 
The benefit of buying electricity during off-peak/low price periods and selling it during 
peak/high price periods can be assessed in different types of applications. In price 
arbitrage it is the main objective and in some other applications, like peak load 
management for example, it is a consequence of the way that the EES system is 
operated to achieve the main objectives. The benefit can be calculated as: 

 discharge charge discharge
off peak

peak off peak peak

P
Benefit E P E P E P

Eff




 
      

 
 (3.8)

Where Edischarge and Echarge is the energy charged and discharged respectively by the 
EES system in kWh and Ppeak and Poff-peak is the electricity price when discharging and 
charging respectively in €/kWh. 

3.4.2. Benefit of Supplying Ancillary Services 
The economic benefit of supplying ancillary services depends on the characteristics of 
each balancing market as the price for up and down regulation varies from one market 
to another. 

The EES system can replace other equipment that can provide the same ancillary 
services, usually expensive generators that must be kept online and ready to operate 
when needed. Therefore, one method of benefits estimation is to consider the total 
costs of such avoided equipment [30]. 

3.4.3. Benefit of T&D Upgrade Deferral 
The benefit of T&D upgrade deferral is the ‘avoided cost’, the cost not incurred by utility 
ratepayers if the T&D upgrade is not made [40], and can be achieved by shifting load in 
order to reduce peak loads. The upgrade deferral can be viable for more than one year. 
The number of years that the upgrade can be deferred can be calculated as [35]: 

 
 
 

log 1

log 1
N





 


 (3.9)

where α is  the reduction of the peak load by the EES system in %/year and   is the 
load demand increase in %/year. 

The benefit can be calculated as [30][35]: 

 
1

1
1

N

inv

ir
Benefit C

dr

         
 (3.10)

where Cinv is the capital cost of upgrading facility in. 

3.4.4. Benefit of T&D Losses 
The T&D losses can be reduced when managing the peak load. There are several 
reasons that motivate this [41]: 
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 The losses are proportional to the square of the current flow and shifting some of 
the current or load from the peak period to the off-peak period would decrease the 
net resistive losses. 

 The resistance of the T&D wires and transformers is lower at off-peak periods 
because of the lower temperature. 

Apart from the benefit of reducing the losses by reducing the peak load, the cost of the 
losses would be lower as some of the losses are shifted to off-peak periods where the 
electricity price is lower. 

Reference [41] studies how the amount of saved T&D losses saved depends on the 
EES size. There is a maximum value of saved T&D losses that is achieved with a 
certain amount of storage. Increasing the storage size above this value would lead to 
lower saved T&D losses. Another observation is that savings in T&D losses are 
sensitive to the ratio of the off-peak to peak loads. 

The reduction in T&D losses is always very limited. According to the equations 
introduced in [41] and assuming a ratio of off-peak to peak load (before peak saving) 
equal to 50%, a ratio of T&D resistance from off-peak to peak equal to 90%, a ratio of 
T&D losses to peak load equal to 12%, an EES efficiency equal to 90% and a peak 
load of 70MW, an EES system with a power rating equal to 3.5 MW performing load 
levelling will save 300 kW of T&D losses [41]. Considering the same assumptions, the 
maximum value of saved T&D losses would be equal to 840 kW for an EES system 
with a power rating equal to 14 MW. 

3.4.5. Benefit of Grid Voltage Support 
The EES system can provide power to the electrical grid to maintain voltages within the 
acceptable/contractual limits. This involves a trade-off between the amount of real 
power produced by the generators and the amount of reactive power [20]. 

Reactive power cannot be transferred efficaciously over long distances. Thus, 
distributed EES systems located close to loads, where more reactive power is 
consumed, can provide voltage support adequately [19]. This support could be very 
helpful in preventing voltage degradation and potential system collapse [42]. 

All the EES technologies can provide voltage support. Batteries, flywheels, 
electrochemical capacitors and SMES operated with appropriate power conditioning 
systems, such as static synchronous compensators (STATCOM) or static VAR 
compensators (SVC), can generate or absorb reactive power. Pumped hydroelectric 
energy storage and CAES can also generate or absorb reactive power by operating its 
synchronous machines as synchronous condensers, even when their reserves are 
empty [43].  

EES technologies providing grid voltage support present several advantages to 
capacitors banks. The most important is that, unlike capacitor banks, EES technologies 
can adjust its reactive power continuously. Another drawback of capacitor banks is that 
its reactive power decreases when the voltage decreases. Thus, their effectiveness 
falls when they are needed most [44]. 
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3.4.6. Benefit of Improved Power Reliability/Quality 
The benefit of improving the electric service reliability and/or quality is the reduction of 
the financial losses associated with power outages and power quality anomalies 
respectively [19]. 

Elforsk published a report in 2006 [45] studying the consequences of the electricity 
quality and estimating the costs of different malfunctions, such as power failures, 
transients, voltage fluctuations, harmonics, asymmetries and flicker, for different 
electricity consumers. 

The costs should be assessed in each specific location. They could be very different 
from one area to another as the proportion of electricity consumer of different types 
may change. 

3.4.7. Other Benefits 
Other benefits that may be accrued incidentally when EES systems are used for one or 
more applications. 

The usage of an EES system can have an impact on the operation of the generation 
plants and make them operate at a more constant output when used, most of the time 
at its rated output level, and avoid frequent startups. As the generation plants are 
operated in a more efficient way, a reduction in the fuel used, the generation equipment 
wear and pollutant emissions (such as CO2 and NOX) is achieved. Thus, the fuel and 
maintenance cost are reduced and the equipment life is increased. The benefits are 
specific to the generation mix in a given region [19]. 

The degree of reduction (or increase) in fuel usage and pollutant emissions depends 
on the age and type of generation equipment and fuel used to generate electricity for 
charging storage, the age and type of generation equipment and fuel that would have 
been used if storage is not deployed and the storage efficiency [19]. 

The highest reduction in both fuel usage and pollutant emissions would be achieved if 
renewable energy is used to charge the EES system and this avoids using other 
equipment that consumes fuel and pollutes. If the deployment of the EES system 
avoids using renewable energy, this would lead to no reduction (when renewable 
energy is used for charging) or even an increase (when equipment that consumes and 
pollutes is used for charging) in fuel usage and pollutant emissions. 

Reference [46] estimates the emissions for different generation technologies 
performing frequency regulation. The generation technologies considered in the report 
are coal-fired and natural gas-fired fossil generating plants and flywheel and pumped 
hydroelectric energy storage. Three different Independent System Operator (ISO) 
regions located in the United States, with different generation mixes, are also 
examined. The report shows that the flywheel storage technology is the one that 
provides frequency regulation with lowest emissions. It is estimated that the CO2 
emissions are reduced from 85% to 52% compared to coal-fired fossil generating 
plants and from 59% to 23% compared to natural gas-fired fossil generating plants. 
NOX emissions are reduced from 95% to 52% compared to coal-fired fossil generating 
plants and increase compared to natural gas-fired fossil generating plants in most of 
the regions considered. SO2 emissions are reduced from 98% to 54% compared to 
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coal-fired fossil generating plants and increase compared to natural gas-fired fossil 
generating plants as this technology does not emit SO2. Pumped hydroelectric energy 
storage has greater emissions than flywheel storage as its efficiency is lower compared 
to flywheel one. 

References [18] and [19], both published in 2010, show estimations of the present 
value of different EES applications based on the U.S. market. There are several 
differences in the benefits estimated. Reference [18] includes a discussion and 
comparison of the different assumptions made in both reports. Table 3.5 shows the 
range in the present value benefit estimated for different applications that appear in the 
comparison made in [18]. 

Table 3.5: Estimated benefit present value of EES applications [18] 

Application 
Present Value 

($/kWh) 

Electric Energy Time-shift/ Price Arbitrage 47-350 

Ancillary Services 

Frequency Regulation 255-2010 

Voltage Regulation/ Reactive Power Support 9-400 

Electric Supply Reserve Capacity/ Spinning 
Reserve 

29-225 

T&D Support 
(stationary and 
transportable) 

Peak Load Management/ Transmission 
Congestion Relief/ T&D Upgrade Deferral 

5-1074 

End User/ Utility 
Customer 

C&I Energy Management 53-543 

C&I Power Reliability 47-978 

C&I Power Quality 19-978 

Renewables Integration 17-1000 
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4. Regulations and Electricity Market Rules 

EES technologies can offer benefits to various market participants in competitive 
electricity markets. There are some regulation and market barriers that should be 
checked and modified in order for a utility to be able to own, operate and get benefits of 
the different applications that EES technologies offer. 
 

4.1. The Swedish Electricity Act and EU Directive 2009/72/EC 
The Swedish Electricity Act from 1902 was revised during 1993 and 1994 with the aim 
of modernizing it. In the autumn of 1995, it was decided that the new legislation would 
come into force on 1 January 1996. In the autumn of 1997, parliament adopted a new 
Electicity Act (1997:857), which came into force on 1 January 1998 [47]. 

The Electricity Act states that a legal person who conducts a network operation may 
not conduct the generation of or trade in electric power. Electric power can be 
generated/traded only when is exclusively intended to cover network losses or is 
conducted temporarily with the aim of replacing a shortfall in electricity in conjunction 
with a power outage [48]. 

Directive 2009/72/CE of the European Parliament and of the Council goes in the same 
direction and states that Member States shall ensure that from 3 March 2012 the same 
person or persons are entitled neither directly or indirectly to exercise control over an 
undertaking performing any of the functions of generation or supply, and directly or 
indirectly to exercise control or exercise any right over a transmission system operator 
or over a transmission system [49].  

The aim of these legislations is to separate the networks from activities of generation 
and supply. Thus, it is avoided the inherent risk of discrimination not only in the 
operation of the network but also in the incentives for vertically integrated undertakings 
to invest adequately in their networks [49]. 

The benefits of EES often cross the traditional boundaries of generation, transmission, 
distribution, and at times, load [50] and those are the categories usually defined and 
used to classify the different assets in the regulations. Those regulations should be 
modified in order to give rights to TSO/DSOs to own and operate the EES installations 
when they are used exclusively to improve the network operation. One of the main 
benefits of the EES systems is the improvement of the quality, efficiency and reliability 
of the service provided by the system operators which is one of the main objectives of 
the authorities in charge of regulating and supervising the energy system [51]. 
 

4.2. The Electricity Market 
The Swedish wholesale power market is part of an integrated Nordic market. The 
Nordic countries, with the exception of Iceland, are linked together by electricity 
transmission connections, and electricity is bought and sold on the Nord Pool electricity 
exchange [52]. Nord Pool consists of a spot market (Elspot) and an adjustment market 
(Elbas) for physical trading [47].  
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On Elspot, hourly power contracts are traded daily for physical delivery in the next 
day’s 24-hour period (midnight to midnight). Elbas is a continuous cross border intra-
day market that covers both the Nordic countries, Germany and Estonia where 
adjustments to trades done in the day-ahead market are made until one hour prior to 
delivery [53]. 

Apart from the markets integrated in Nord Pool, there is a regulating power market. 
Players that have signed a Balance Responsibility Agreement with the TSO (Svenska 
Kraftnät) are called Balance Responsible Parties (BRP) and are able to participate on 
the market. Actors participating on the market can trade with Primary Regulation and 
Secondary Balance Regulation and must follow the rules and conditions that are 
written down in the Balancing Responsibility Agreement [54]. 

Figure 4.1 shows the different markets and how they are allocated in the time frame. 

 

Figure 4.1: Timetable for trading in the Swedish electricity market [52] 

In order to participate in the markets mentioned above, the different actors must bid on 
an hourly basis (24 time blocks per day) and each bid has a minimum requirement in 
terms of volume. In Elspot and Elbas the minimum volume for a bid is 0.1 MWh/h and 1 
MWh/h respectively [55] and in the regulation market is 1 and 10 MWh/h for the 
primary and secondary reserves respectively [54]. 

Some of the EES technologies that are available nowadays can easily fulfil the 
minimum requirements to place bids in the markets. Those are the technologies that 
are capable of delivering energy during periods equal or longer than one hour and 
adequate power ratings, like pumped hydroelectric energy storage, CAES and some 
types of batteries. In order to enable other kind of EES technologies, such as most 
types of batteries or flywheels, to participate in the electricity market, some 
modifications should be carried out to remove the barriers that currently exist. 

The minimum volume of power that can be sold or purchased in the spot and 
adjustment markets may fit the power ratings of all the EES technologies available 
nowadays, and so the minimum power required to trade with Primary Regulation. On 
the other hand, the 10 MWh/h required for trading with Secondary Balance Regulation 
may exceed the power rating of most of the batteries and flywheel installations, and 
specially those ones located in the distribution grid and close to the end user. Lowering 



27 
 

the minimum volume for a bid in the regulating market would allow most EES 
installations to participate in this market. 

The argument for limiting the minimum amount of power for a bid is that many small 
bids can lead to an inefficient regulation. On the other hand, the limit has successively 
been reduced in order to encourage for smaller players to participate in balance 
regulation and increase the volume of the available resources. Automation of calling for 
bid activation would remove any disadvantage that small bids might have on the quality 
of regulation [56]. 

The other major barrier is the minimum amount of time that the power must be supplied 
or consumed. This is related to the bidding time blocks which are presently equal to 1 
hour for all the countries participating in the Nord Pool Spot. In other countries the 
bidding time blocks are equal to half an hour. Some examples are the Japan Electric 
Power Exchange (JEPX) [57], the National Electricity Market of Singapore (NEMS) [58] 
and the electricity market in Great Britain [59]. 

Some EES technologies, such as flywheels and some types of batteries, are designed 
for short discharge periods (less than one hour) and so cannot fulfil the requirement to 
provide power for 1 hour which is necessary to participate in the markets. Making the 
bidding time blocks shorter would allow most EES installations to participate in the 
market. 

Reference [60] discusses the change of bidding time blocks from 1 hour to 15 minutes 
in the Indian Power Market. The benefits identified are: 

 Attracting wind generators and solar generators to power exchanges by lowering 
the risk in bidding and committing supply. 

 Increase the operational flexibility and reduce the ramp rate at the boundaries 
between different time periods and reduce. 

 Better handling of transmission congestions as the corridors can be used when 
they are available for periods shorter than 1 hour. 

With introduction of 15 minutes time blocks, the market participants would have to bid 
for 96 time blocks a day. This would consume more resources and require an update 
in trading software with bidding windows modified to accommodate 15 minute bidding 
time blocks and an upgrade in the metering equipment. 

As shorter biding blocks would result in higher costs for systems and administration it 
would be beneficial to keep the longer bidding blocks as long as possible. The 
introduction of shorter bidding blocks will increase the challenges for electricity 
retailers that buy electricity with forecasts based on the climate conditions and its 
consumer’s behaviour. According to Nord Pool Spot, changing the hourly bidding 
system would involve lots of costs and new challenges, to the ones that already exist, 
and so it would be more feasible to adapt the EES system to the already existing 
hourly market [61]. 

It is not strictly necessary that all the three electricity markets operate with the same 
bidding time blocks. It would also be possible to modify only the bidding time blocks of 
the regulation power market and keep the hourly bidding system for Elspot and Elbas. 
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One example is Germany where the spot and adjustment markets are operated with 
hourly bids and the regulating power market is operated with 15 minute bids [62]. 

References [18] and [63] show how the net present value of the EES system 
increases considerably by changing the market rules from 1 hour to 15 minute bidding 
time blocks. The modification of some of the market rules would make EES 
technologies more competitive compared to traditional fossil generation resources that 
participate in regulating markets. Thus, the potential revenue of EES systems will 
increase dramatically in most of the regulating markets and so the investment risk for 
those systems will be reduced.  
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5. Island Operation 

In [64] island is defined as “that part of a power system consisting of one or more 
power sources and load that is, for some period of time, separated from the rest of the 
system”. During the period of disconnection, the generators continue to operate with 
reasonably normal voltage and frequency and supply power to the loads to which they 
remain connected [65]. 

There are many possible zones of islanding involving one or more distribution feeders, 
substations and voltage levels [65]. Figure 5.1 shows possible islanding zones and its 
point of disconnection. 

 

Figure 5.1: Possible zones of islanding [65] 

The possible zones of islanding are mainly delimited by network protection and 
disconnection facilities. 

The essential property of a sustained island is that the load and generation trapped 
within it are closely matched at the time of islanding or subsequently by automatic 
regulation [65]. The change from Parallel to Island Mode may occur instantaneously 
when the local area supply system suffers an outage. In this situation, it should be 
possible for the distributed energy resources (DER) to continue supplying the site load 
without interruption, on condition that the site load can be immediately limited to the 
output level of the DERs [66] and the grid is designed in such a way that the generators 
(and EES systems) remain on line in the event of a power fault. 
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The main applications of an EES system operating in an island power system are 
described below. A benefit estimation of avoiding the costs of outages for electricity 
consumers in Stockholm Royal Seaport is also carried out below. 
 

5.1. Frequency Regulation 
Load fluctuations in isolated power system have a big impact on the network 
frequency. This is due to the fact that the kinetic energy stored in the rotating machines 
is usually the main source of immediate reserve available in the power system. When 
considering thermal power plants, the rapid output power variations required result in 
cyclic fluctuations in steam pressure and temperature that may adversely affect heat 
resisting alloy of superheaters thus shortening their lifetime [67]. Other DERs such as 
wind power or photovoltaic are not suitable for rapidly adjusting to load fluctuations as 
its output power is subject to climate conditions. 

EES facilities are suitable for load-frequency control and can reduce the frequency 
fluctuations and the response required of the generating units during Island Operation. 
The EES facility may be discharged whenever there is a sudden frequency drop and 
charged when the frequency increases sharply [67]. The EES technologies with fastest 
response time, such as flywheels, batteries, SMES and electrochemical capacitors, are 
the most suitable for this task. Other technologies such as pumped hydroelectric and 
CAES do not fulfil the fast response time required for this application. 
 

5.2. Black Start Capability 
A black start is the process of restoring a power plant without relying on the external 
electric power transmission [68]. In general, all power plants need an electrical supply 
to start up and, under normal operation, this supply would come from the transmission 
or distribution system [69]. 

If the load exceeds the generation capacity of the islanded zone when the outage takes 
place, and the load cannot be immediately limited to match the available generation, 
the power plants will usually shut down [66]. In other situations, the DERs are equipped 
with anti-islanding protection in order to ensure personnel safety at the grid end and to 
prevent any out of synchronism reclosure [70]. The anti-islanding protection will 
automatically shut down the DER in case that an outage occurs. 

In order to restart the power plants, EES facilities can be used as the emergency 
source to supply the auxiliary systems of the power plants that would activate them 
again. Once the power plants are operating again, they can feed its auxiliary systems 
and the load in the island up to its maximum generating capacity. 
 

5.3. Uninterruptible Power Supply and Prioritizing Users 
An unexpected power disruption could result in serious damage or a loss of important 
data for some users/loads. Those are called critical loads and cover equipment such as 
telecommunication systems, certain types of computers and data centres. When an 
outage takes places, EES facilities can act as an offline/standby uninterruptible power 
source and supply power instantaneously to the critical loads in order to protect them. 
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The power must be supplied by the EES facility until a power plant started in island 
mode can supply the power or the protected equipment is properly shut down. The 
EES technologies with fastest response time and enough discharge time, such as 
flywheels and batteries, are the ones that can provide this service. Other technologies 
such as SMES and electrochemical capacitors could have a suitable response time, 
but the amount of energy that can store is very limited, and so its maximum discharge 
time. 

In case that the load significantly exceeds the generation capacity within the islanding 
zone, the power system may survive only if enough loads are disconnected from the 
system [71]. The disconnection can be carried out by a rolling blackout, also referred 
as load shedding. With this method, a certain zone, covering the necessary amount of 
load, is disconnected from the remaining islanding zone for a certain period of time. 
After this period of time the disconnected zone is connected and a different zone is 
disconnected. When carrying out a rolling blackout no load is prioritized. 

Another option is to prioritize certain loads, that would be continuously supplied, and 
disconnect the non-prioritized loads. The electricity users to be given the highest 
priority are those that are so important for the life, health and operation of society and 
the fundamental values of democracy, law and freedom and human rights, in 
compliance with the objectives of Sweden’s security, that they should not be 
disconnected in case of a power shortage [72]. The Swedish government has 
submitted a bill (2010/11:56) to the parliament in order to amend the Electricity Act and 
allow the prioritization of the most important electricity users for the society [73]. The 
amendment proposed will modify the chapter 8, section 2 of the Electricity Act, where is 
stated that the limitation and discontinuation of the transmission shall be implemented 
as fairly as possible, to allow the prioritization of important users in case of limitation or 
discontinuation of the electricity service. The amendment will come into force on 1 July 
2011 and the Styrel program, which stands for management of electricity to prioritized 
users, will be used from 1 January 2012. 

Figure 5.2 shows how some distribution lines in a local grid are disconnected while 
some others with more prioritized users are fed. All lines with important users cannot 
be ranked high and so some vital public electricity users may be disconnected in the 
event of an electricity shortage. Meanwhile, some non-prioritized users may be 
supplied as they are located in a high-ranked line with many prioritized users. 
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Figure 5.2: Example of ranking of single distribution lines in a local grid [74] 

The number of lines/users disconnected depends on the production capacity remaining 
in the islanding zone and the state of the EES facilities in terms of state of charge and 
discharging rate that would withstand to supply the prioritized loads. 
 

5.4. Improved Electric Service Reliability and Quality Benefit 
Estimation 

As stated in the first chapter, the benefit associated with improving the electric service 
reliability and/or quality is the reduction of the financial losses associated with power 
outages and power quality anomalies. This benefit is highly end user specific and is 
mainly profitable for commercial and industrial customers as power outages and power 
quality anomalies can causes moderate to significant losses for them [19]. 

Elforsk published a report in 2004 [75] where the costs for voltage dips and all kind of 
outages in 2003 in Sweden were estimated. The report estimated the costs at 2.4 to 
2.9 billion SEK (divided as 1.0 to 1.5 billions for voltage dips and outages shorter than 
3 minutes and 1.4 billions for outages longer than 3 minutes). If the costs for fires and 
damages (0.4 billions) and for protective measures (1.4 billions) are considered, the 
total estimated cost adds up to 4.2 to 4.7 billion SEK. 

More estimation of power reliability and quality events appear in another report 
published by Elforsk in 2006 [45]. In this report the costs are estimated for different 
power quality and reliability problems and for different groups of customers. Table 5.1 
shows some of the estimated costs for voltage dips and short outages and long 
outages as well as the total costs for each customer including other power quality 
problems (transients, voltage variations, harmonics, voltage asymmetry and flickers). 
For residential customers, most of the costs are located in long outages, transients and 
voltage variations. 
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Table 5.1: Costs for voltage dips and short outages, long outages and total costs for different 
electricity customers [45] 

Customer 
Voltage Dips and 

Short Outages 
(<3 min) 

Long Outages 
(>3 min) 

Total Costs Including 
Other Power Quality 

Problems 

Processing Industry 500 550 1500 

Manufacturing Industry 800 350 1300 

Commerce Limited cost 500 600 

Office 3 100 150 

Real Estate Limited cost 100 200 

Public Administration 100 100 400 

Agriculture 3 30 100 

Residential Limited cost 75 800 

Costs in million SEK 

In order to calculate the costs for power outages, the amount of events per customer 
per year, the costs of each event per kW, the amount of time that a certain event takes 
place per customer and the cost of each event per kWh must be estimated. Two 
indices that account for the reliability of a power distribution system and can be used to 
estimate the costs of power outages are: the System Average Interruption Duration 
Index (SAIDI) and the System Average Interruption Frequency Index (SAIFI) [76]. 

The SAIDI is defined as: 

 
  

    

Customer interruptions durations
SAIDI

Total number of customers served
   (5.1)

 

The SAIFI is defined as: 

 
    

    

Total number of customer interruptions
SAIFI

Total number of customers served
  (5.2)

 

When estimating the costs for outages, two different values can be considered: one for 
planned outages and one for unplanned outages. Costs for unplanned outages are 
always lower than costs for planned outages. Reference [77] shows that the duration of 
the outage increases the difference between the costs for planned and unplanned 
outages. 

According to [78], the mean SAIDI between 2005 and 2009 for Fortum distribution grid 
in Stockholm region is equal to 3.8 minutes/year per customer for planned outages and 
16.4 minutes/year per customer for unplanned outages. The mean SAIFI for the same 
distribution grid, region and period is equal to 0.22 outages/year per customer for 
planned outages and 0.22 outages/year per customer for unplanned outages. Those 
values only account for long outages (i.e. outages that last more than 3 minutes). 



34 
 

Reference [79] shows estimated costs for planned and unplanned outages. The values 
proposed in this report are based on other reports published by Svensk Energi 
(Elavbrottskostnader 2003 (2004)) and Elforsk (Kostnader av Elavbrott. En Studie av 
Svenska Elkunder (2006)) and the KILE regulation applied in Norway (KILE rates from 
2003). Those estimated costs are showed in table 5.2. 

Table 5.2: Costs for planned and unplanned outages [79] 

 Customer 
Cost per kW of 

Interrupted Power 
(SEK/kW) 

Cost per kWh of 
Energy Not 

Delivered (SEK/kWh) 

U
n

p
la

n
n

ed
 O

u
ta

g
e Residential 2 4 

Agriculture 10 20 

Commerce and 
services 

30 150 

Small industry 15 60 

Big industry 30 30 

    

P
la

n
n

ed
 O

u
ta

g
e 

Residential - 2 

Agriculture 2 10 

Commerce and 
services 

5 100 

Small industry 5 40 

Big industry 8 15 

 

The EES system will suppose a benefit if can avoid the costs of outages for customers 
in the area of the Stockholm Royal Seaport. In order to estimate the benefit, 10000 
domestic customers has been assumed, with an average power of 1.5 kW and an 
annual consumption of 3000 kWh (intermediate value between the average 
consumption of a couple without children living in a flat and a family living in a flat [80]), 
and 30000 workplace customers, with an average power of 0.2 kW and an annual 
consumption of 500 kWh (assuming almost 10 work hours, 5 days per week). A SAIDI 
equal to 3.8 minutes/year per customer for planned outages and 16.4 minutes/year per 
customer for unplanned outages and a SAIFI equal to 0.22 outages/year per customer 
both for planned and unplanned outages have been assumed. Finally, the costs of 
interrupted power and energy not served have been taken as the values for planned 
and unplanned outages showed in table 5.2. Commerce and services values have 
been assumed for workplace customers. 

Tables 5.3 and 5.4 show the estimated annual costs/benefits for avoided outages, for 
the 10000 residential and 30000 workplace customers assumed, using the SAIDI and 
the SAIFI respectively. 
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Table 5.3: Annual costs due to energy not delivered 

Customer 
Annual Energy 

Consumed 
(kWh/year) 

Kind of 
Outage 

SAIDI 
(min/year) 

Energy Not 
Served 

(kWh/year) 

Cost per kWh of 
Energy Not Delivered 

(SEK/kWh) 

Annual Cost 
(SEK/year) 

Residential 30000000 
Planned 3.8 217 2 434

Unplanned 16.4 936 4 3744

Office 15000000 
Planned 3.8 108 100 10845

Unplanned 16.4 468 150 70205

Total Annual Cost 85228

 

Table 5.4: Annual costs due to interrupted power 

Customer 
Power 
(kW) 

Kind of 
Outage 

SAIFI 
(outages/year) 

Interrupted 
Power (kW/year) 

Cost per kW of 
Interrupted 

Power (SEK/kW) 

Annual Cost 
(SEK/year) 

Residential 15000 
Planned 0.22 3300 - -

Unplanned 0.22 3300 2 6600

Office 6000 
Planned 0.22 1320 5 6600

Unplanned 0.22 1320 30 39600

Total Annual Cost 52800

 

Combining both costs showed in tables 5.3 and 5.4, the estimated total annual cost 
due to outages is approximately equal to 138000 SEK/year. 

The estimated total annual cost does correspond to the cost for the customers due to 
outages, but not the cost for the owner of the network (i.e. DSO). According to the 
Swedish Electricity Act, the consumer is entitled to compensation when the outage 
lasts more than 12 hours [48]. Thus, Fortum only pays compensations when the outage 
lasts more than 12 hours. This compensation increases with the number of days that 
the outage takes place up to a maximum compensation of 300% the estimated annual 
cost of electricity when the outage lasts 12 days or more [81]. 

The compensation costs for the DSO are much higher than the estimated costs for the 
customer used, but the first ones only are valid when the outage last longer than 12 
hours. The current outage statistics reported by the network operators and published 
by Energimarknadsinspektionen in [78] do not distinguish between outages shorter and 
longer than 12 hours. 

The Customer Average Interruption Duration Index (CAIDI) represents the average 
time that the outages last [76]. It is defined and can be calculated as: 

 
  

    

Customer interruptions durations SAIDI
CAIDI

Total number of customer interruptions SAIFI
 

 (5.3)
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Using the mean values for the SAIDI and the SAIFI for planned and unplanned outages 
for Fortum distribution grid in Stockholm and (5.3), the CAIDI is equal to 17.3 
min/outage for planned outages and 74.5 min/outage for unplanned outages. Those 
values are much lower than the 12 hours required for the DSO to pay compensations 
and so the costs for Fortum in terms of obligation to pay compensations for outages will 
be much lower than the estimated costs for the customers.  
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6. Renting Capacity in the EES System to Consumers 
Producing Electricity 

Some of the consumers of the present electrical grid would be interested in investing in 
distributed energy resources (DER) in order to reduce their electricity costs. DERs 
mainly cover small wind turbines and solar photovoltaic PV panels. Investing in self-
generated electricity will reduce the electricity bills of the customers as the costs of 
purchased electricity decreases, including network tariffs, electricity certificates, 
electricity taxes and VAT. 

According to the Swedish law on taxes for energy [82], the electricity produced in a 
wind power plant or with an installed capacity of less than 100 kW by a non-commercial 
producer is not taxable. The Swedish Electricity Act states that an electricity consumer 
with a fuse subscription up to 63 amps and whose input can have an effect up to 43.5 
kW will not pay any fee for the input. This is valid only if the electricity consumer during 
a year calendar has taken more electricity from the electrical grid than it has been fed 
into the grid [48]. 

The Swedish Electricity Act also states that the owner of a production plant has the 
right to compensation from the owner of the network where the system is connected 
[48]. The compensation should be equal to the reduction in energy losses that the 
supply of electricity from the plant causes in the distribution grid and the reduction in 
charges for the distribution grid owner due to the connection to other superior grids.  

When the electricity production exceeds the consumption, the owner of the DER 
system may feed it back into the grid and sell the excess generation capacity, to the 
DSO (to cover its losses) or an electricity retailer, or apply net debiting. Net debiting 
consists of subtracting the produced energy when electricity is fed into the grid to the 
consumed energy when electricity is taken from the grid. 

The consumption and production can be measured separately or in the same meter by 
net metering. With separate meters the consumer can choose between either selling its 
electricity surplus or applying net debiting. With the net meter the only option is net 
debiting as the meter runs clockwise when the electricity is fed into the grid. Net 
metering means that the meter shows only the excess in consumption or the excess in 
production in a given period. 

Net debiting, and so net metering, cannot be applied with the current tax legislation in 
Sweden. Energy taxes for electricity and VAT are based in the total amount of 
electricity consumed (extracted from the grid) by the customer and cannot be applied to 
a net value obtained from consumed and fed energy [83]. 

The consumer with self-generation can also sell electricity certificates when the 
electricity produced comes from a renewable resource. The DSO is obliged to invest in 
and install an hourly meter that measures the production that is fed into the grid by the 
customer. The consumer can sell electricity certificates for this part of the electricity 
that is produced and fed into the grid. If the consumer wants to sell electricity 
certificates for all the electricity produced, including the one that is consumed 
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instantaneously, must invest in an hourly meter that must be placed close to the 
production source [84]. 

The consumer with self-generation could set an agreement with the DSO, and owner of 
the EES system, in order to use certain capacity of the storage system to store its 
generated electricity in those periods when it exceeds consumption. The electricity 
stored would be retrieved in other periods when the customer’s demand of electricity is 
greater than the production of the DER. It must be noted that the process of storing and 
retrieving the energy will involve the loss of some of the energy generated by the 
consumer as the EES system has certain roundtrip efficiency associated. It should be 
necessary to adjust the EES system and have a connection that guarantees that the 
electricity from the consumer is stored in and retrieved from this system. 

This kind of agreement would be beneficial when the price for selling the electricity 
surplus is not good enough (it’s too low compared with the price the consumer pays for 
consuming electricity from the grid). It would be even more beneficial for the consumer 
if the self-produced electricity is not taxed. Current tax legislation does not promote it 
as the electricity self-produced that is not consumed instantaneously, and so it’s stored, 
will be taxed when retrieved as it will account in the consumption meter as taken from 
the grid. 

Figure 6.1 shows the monthly consumption and production for a residential customer. 
The consumption is based in an annual consumption of 3000 kWh and a monthly 
distribution according to the monthly consumption for houses in 2008 in Sweden [85]. 
The production is based on solar PV panels with a nominal output of 1.5 kW (scaled 
down from the hourly production of solar PV panels with a nominal output of 10 kW 
located in Stockholm in 2008 [86]). As can be observed, there are three months (May, 
June and July) where more electricity is produced than consumed. If the consumer has 
an agreement with the DSO to use the EES facility, the electricity surplus could be 
stored and used to reduce the consumption in the subsequent months. 
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Figure 6.1: Monthly electricity consumption and production for a residential customer with solar 
PV panels (1.5 kW output) 

This agreement would be beneficial in a daily basis also, as most of the electricity is 
produced during the morning and most of the consumption is located in the evening. 
The electricity that is produced during the day, and is not consumed, could be retrieved 
and consumed during the night, when the solar PV panels are not producing electricity 
at all. Figure 6.2 shows the average hourly consumption for a family living in a flat [80] 
and the average hourly production of solar PV panels with a nominal output of 1.5 kW 
(scaled from the hourly production of solar PV panels with a nominal output of 10 kW 
located in Stockholm in 2008 [86]). The electricity surplus that is observed from 9:00 to 
14:00 could be stored and retrieved during the evening. 

 

Figure 6.2: Average hourly electricity consumption and production for a residential consumer with 
solar PV panels (1.5 kW output) 
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Appendix A contains figures with the estimated hourly consumption and production for 
all the months of the year. An annual consumption of 3000 kWh/year and solar PV 
panels with a nominal output of 1.5 kW has been assumed to estimate the figures. It 
can be observed that, according to the estimated hourly figures, during January, 
February, November and December the production of the solar PV panels does not 
exceed the consumption at any hour of the day. All the electricity produced is 
consumed instantaneously during those months. Meanwhile, during the rest of the 
months there are several hours where production exceeds consumption. It can also be 
observed that during May, June and July there are several hours where production is 
more than three times higher than consumption. 

Figure 6.3 shows the saving in consumption for the same consumption and production 
profiles described for figure 6.1. It has been assumed that the consumer has an 
agreement with DSO to store its surplus and has the right to store and retrieve it during 
different moths An efficiency of 90% has been considered for the process of storing 
and retrieving. The amount of electricity stored and retrieved during each month has 
been estimated according to the figures contained in Appendix A. The electricity 
surplus in June, July and August has been used to reduce the consumption in August 
and September. In case that there were some months with a higher electricity price 
than others, it would be more beneficial to retrieve the stored electricity during those 
months. 

 

Figure 6.3: Electricity consumption and savings for an apartment with solar PV panels and  electric 
energy storage 

In order to estimate the possible economic savings for a consumer with solar PV 
panels, the values shown in table 6.1 have been used. The electricity price is based on 
a 3-year fixed price Fortum contract for a residential customer who lives in Stockholm, 
with an annual consumption of 3000 kWh and electricity coming from nuclear power 
[87]. It has a fixed annual fee and a variable fee for the amount of electricity consumed. 
The electricity certificates are already included in the price for electricity. The grid tariff 
is based on Fortum base grid tariff for a consumer who lives in Stockholm [88]. It has a 
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fixed annual fee and a variable fee for the amount of electricity consumed. The taxes 
are stated by the Swedish law on taxes for energy [82]. An efficiency of 90% has been 
assumed for the process of storing and retrieving the electricity. 

Table 6.1: Assumptions for savings estimations 

 
Variable Fee 
(SEK/kWh) 

Fixed Fee 
(SEK/year) 

Electricity Price 0.566 260

Grid Tariff 0.305 324

Taxes 0.28

VAT 25% 

 

The compensation for a customer that has its own production facility (micro production) 
connected to Fortums distribution grid in Stockholm is equal to 0.035 SEK/kWh. The 
price offered by Fortum Distribution AB for buying the electricity surplus is equal to the 
hourly Nord Pool Spot price minus 0.04 SEK/kWh [89]. The average price for the 
electricity certificates from 2003 to 2011 is approximately equal to 0.25 SEK/kWh [90]. 

Assuming the electricity contract and the grid tariff showed in table 6.1, a consumer 
without any production system and a consumption of 3000 kWh/year will pay 5046 
SEK/year. 

Table 6.2 shows the different savings for a consumer depending on the size of the 
solar PV panels (i.e. annual production) and how much electricity is stored and 
retrieved. Two different PV panel systems have been considered. The smaller PV 
panel system has a nominal output of 1.5 kW and an estimated annual production of 
1500 kWh. The bigger PV panel system has a nominal output of 2 kW and an 
estimated annual production of 2000 kWh. An annual electricity consumption of 3000 
kWh has been assumed. 

When net debiting is not applied, the variable fee of the grid tariff and the taxes are 
applied to the electricity consumed from the grid and the electricity retrieved. When net 
debiting is applied, the variable fee of the grid tariff and the taxes are applied only to 
the electricity consumed from the grid (i.e. annual consumption – annual production + 
electricity stored · (1 – efficiency)). Net debiting is carried out measuring the 
consumption and the production separately and not with a net meter. Thus, the 
consumer receives income from the grid compensation and the electricity certificates 
for the energy stored (i.e. measured by the production meter). 

The savings showed in table 6.2 does not take into account the costs for using the EES 
system. Those costs should be stated in the agreement between the consumer and the 
DSO and could consist of a fixed and/or a variable fee. 
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Table 6.2: Savings for a consumer depending on the annual production and the amount of energy 
stored and retrieved 

 
Electricity 
Stored and 
Retrieved 

(kWh/year) 

Without Net Debiting With Net Debiting 

 Electricity 
Price 

(SEK/year) 

Savings Electricity 
Price 

(SEK/year) 

Savings 

 SEK/year %/year SEK/year %/year 

P
ro

d
u

ct
io

n
  

   
  

15
0

0 
kW

h
/y

ea
r 1500 3663.63 1382.63 27.40% 2676.44 2369.81 46.96%

1000 3405.13 1641.13 32.52% 2747.00 2299.25 45.56%

500 3146.63 1899.63 37.64% 2817.56 2228.69 44.17%

100 2939.83 2106.43 41.74% 2874.01 2172.24 43.05%

 

P
ro

d
u

ct
io

n
  

   
  

   
  

20
0

0 
kW

h
/y

ea
r 

2000 3202.75 1843.50 36.53% 1886.50 3159.75 62.62%

1500 2944.25 2102.00 41.65% 1957.06 3089.19 61.22%

1000 2685.75 2360.50 46.78% 2027.63 3018.63 59.82%

500 2427.25 2619.00 51.90% 2098.19 2948.06 58.42%

100 2220.45 2825.80 56.00% 2154.64 2891.61 57.30%

 

The savings achieved when net debiting is not applied strongly depend on how much 
electricity is stored and retrieved. The savings decrease as more electricity is stored 
and retrieved. Every kWh stored, and so not consumed instantaneously, results in 
lower incomes (i.e. distribution grid compensation and electricity certificates) than 
expenses when retrieved (i.e. more electricity consumed from the grid to cover the 
losses in the storing process, grid tariff variable fee and taxes).  

When net debiting is applied, the savings are not so different and they increase as 
more electricity is stored and retrieved. The only expense for the electricity retrieved 
now is the rise in electricity consumed from the grid (in order to cover the electricity lost 
due to the efficiency of the storing and retrieving processes). When net debiting is 
applied, the expenses are lower than the incomes (i.e. distribution grid compensation 
and electricity certificates). Thus, every kWh stored and retrieved result in a benefit and 
not in an extra cost for the consumer as when net debiting is not applied. The highest 
savings would be achieved when all the electricity produced is stored and retrieved. 

When the costs for using the EES system are taken into account, all the savings will 
decrease. If the agreement for using the storage system has a variable fee, those 
cases where more electricity is stored and retrieved will decrease its savings to a 
greater extent than those ones where little electricity is stored and retrieved. 

Table 6.3 shows the pay-back time for the same cases considered in table 6.2. It has 
been assumed a cost of 40000 SEK/kW for the solar PV panels installed, 60% of the 
investment is subsidized [91] and that 1 kW of solar PV panels installed produces 1000 
kWh/year in Stockholm [86]. 
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Table 6.3: Pay-back time for solar PV panels depending on the annual production and the amount 
of energy stored and retrieved 

 

Electricity Stored 
and Retrieved 

(kWh/year) 

Pay-back Time (years) 

 

Without Net Debiting With Net Debiting 
 

P
ro

d
u

ct
io

n
  

   
  

15
0

0 
kW

h
/y

ea
r 1500 17.4 10.1 

1000 14.6 10.4 

500 12.6 10.8 

100 11.4 11.0 

  

P
ro

d
u

ct
io

n
  

   
  

   
  

20
0

0 
kW

h
/y

ea
r 

2000 17.4 10.1 

1500 15.2 10.4 

1000 13.6 10.6 

500 12.2 10.9 

100 11.3 11.1 

 

The pay-back time has been calculated as: 

 
 

Investment
T

Annual net income
  (6.1)

According to the results, a consumer will get higher benefits with a bigger solar PV 
system (i.e. producing more and storing the same amount or more of electricity). 
Assuming that net debiting cannot be applied, it would be more beneficial for a 
consumer to invest in a solar PV system that produces 2000 kWh/year and store and 
retrieve 1500 kWh/year than a system that produces 1500 kWh/year and store and 
retrieve 1000 kWh/year (worst case scenario as the extra 500 kWh/year that are 
produced are stored and retrieved). Thus, the savings will increase from 1641 
SEK/year to 2102 SEK/year. This higher investment would be beneficial as long as the 
costs for using the EES system are reasonable. If those costs were too high it would be 
more beneficial for the consumer to produce 1500 kWh/year and store less electricity 
than produce 2000 kWh/year and have to store more electricity. The pay-back time will 
be longer for the bigger system (15.2 to 14.6 years), but in the long run it will give 
higher revenues (as long as the cost for using the EES system does not reduce the 
difference in savings too much). 

Figure 6.4 shows the different revenues for solar PV systems over the years. An 
inflation rate of 2%/year (Sveriges Riksbank target [92]) and a discount rate of 
2.5%/year (average value of the reference/discount rate of the Sveriges Riksbank from 
2001 to 2010 [93]) have been considered. Net debiting and the cost for using the EES 
system have not been considered. The red and the green curves represent the worst 
and the best case scenarios respectively for producing 500 kWh/year more than the 
blue curve. The extra 500 kWh/year are stored and retrieved for the red curve case and 
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consumed when produced for the green curve case. A real case scenario that 
produces 500 kWh/year more than the blue curve will be located in between the red 
and the green curves. It can be observed that in the long run the revenue for a bigger 
system that produces more electricity per year is always higher. 

 

Figure 6.4: Revenues for different solar PV system investments considering the amount of 
porduction stored and retrieved 

Observing the figures showed in appendix A, most of the electricity surplus is produced 
from April to August and from 7 to 15. The average Nord Pool Spot price in Sweden for 
2008, 2009 and 2010, from April to August and from 7 to 15 is equal to 0.473 
SEK/kWh[94]. Assuming that the electricity surplus is sold to Fortum Distribution AB, 
the price that the consumer will get can be estimated as 0.433 SEK/kWh. 

Considering that net debiting is not allowed, when the electricity surplus is sold or 
stored the consumer will have the same incomes for the distribution grid compensation 
and the electricity certificates and the same expenses for the variable fee of the grid 
tariff and the taxes. Selling the electricity surplus gives another income for the price of 
the electricity sold and another expense as the electricity afterwards has to be 
consumed from the grid (i.e. the variable fee of the contract for consuming electricity). 
When storing and retrieving the electricity surplus there are not more incomes but a 
couple of more expenses for the electricity consumed to cover the losses (i.e. (1 - 
efficiency of the storage system) · variable fee of the contract for consuming electricity) 
and the price for using the storage. 

It would be economically beneficial for the consumer to store and retrieve the electricity 
surplus instead of selling it if the price for using the storage system is lower than the 
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difference between the incomes and expenses that are different for both options. Table 
6.4 shows the maximum price that will be economically beneficial to pay to the DSO by 
the consumer for using the EES system. Different storage system efficiencies have 
been considered and the price for selling electricity estimated previously has been 
assumed. 

Table 6.4: Maximum price that will be economically beneficial for the consumer to pay 
for using the storage system 

Storage System 
Efficiency (%) 

Expense to Cover the 
Losses (SEK/kWh stored) 

Maximum Price for Using the 
Storage System (SEK/kWh stored) 

95% 0.0283 0.1047 

90% 0.0566 0.0764 

85% 0.0849 0.0481 

80% 0.1132 0.0198 

75% 0.1415 -0.0085 

 

It can be observed that the expense to cover the losses increases when the efficiency 
decreases and so the maximum price that is economically beneficial to pay for the 
consumer decreases. The negative value observed for an efficiency of 75% means that 
it will not be economically beneficial to use the storage system (i.e. the consumer 
would achieve a higher revenue by selling the electricity surplus), and so for lower 
efficiencies. 

Apart from the economical motivations, the consumer could be willing to pay a little bit 
more for using the storage system and so make sure that is using the maximum 
amount of its own produced electricity that comes from its own renewable source. 
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7. Key Challenges and Important Milestones 

The first important milestone needed for the implementation of an EES system is to 
establish and define the applications that the system has to carry out and the 
specifications that are required for a satisfactory development of them. 

A unique EES system can be designed to perform more than one application. In some 
circumstances, only one application may not justify the costs of the system, but 
combining different applications the system benefits may exceed the system costs. It is 
important to evaluate whether the applications are compatible or not. 

A combination of applications is technically compatible if the same storage system can 
be used for all of the applications. A combination of applications has operational 
compatibility if there are no operational conflicts among the applications [19]. 
Reference [19] includes an applications synergies matrix on page 121 of the report. In 
this matrix the compatibility of different applications is showed and classified as 
excellent, good, fair, poor or incompatible. 

Apart from defining the applications and its compatibility, it is important to determine 
the requirements in terms of power, energy and response time that are necessary to 
fully carry out them. The requirements should be calculated taking into account that 
they may possible change with time. As the EES system should be designed to operate 
during several years, there are other factors that must be estimated properly as they 
will affect the applications requirements along the operating period. One example is the 
load demand increase (%/year) for peak shaving and T&D deferral applications. In 
order to estimate the load demand increase, the peak loads for the previous years 
could be used to estimate the average peak load growth. A more conservative option 
will be to use the highest peak load growth observed in recent years as the load 
demand increase each year [95]. 

The second important milestone is the selection of the EES technology and the design 
of the EES system specifications. 

The EES technology must fulfil all the technical requirements that have been 
established for the selected applications. Thus, not all the EES technologies are 
suitable for all the applications. SMES, flywheels and most types of batteries will not be 
suitable for applications that require vast amounts of energy and pumped hydroelectric 
energy storage and CAES will not be suitable for applications that require fast 
response, for example. 

Table 7.1 shows different EES technologies and its suitability for power applications 
and energy applications. 
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Table 7.1: EES technologies and applications suitability [5] 

Technology 
Power 

Application 
Energy 

Application 

Pumped Hydroelectric Energy Storage 
 

Compressed Air Energy Storage (CAES) 
 

B
at

te
ry

 

Flow Batteries 
 

Lithium Ion (Li-ion) 
 

Lead Acid 
 

Nickel Cadmium (NiCd) 
 

Sodium Sulphur (NaS) 
 

Flywheel Energy Storage 
 

Electrochemical Capacitors 
 

Superconducting Magnetic Energy Storage 
(SMES)  

 Fully capable and reasonable  Reasonable for this application 

 Feasible but not quite practical or economical  Not feasible or economical 

 

Apart from being suitable in terms of power and energy requirements, some 
technologies have other special requirements that need to be fulfilled. One example is 
technologies such as pumped hydroelectric energy storage and CAES that required 
special conditions in terms of sitting. In case that the location of the project does not 
meet those conditions it would not be possible to implement them. 

The parameters that should be taken into account when selecting the most suitable 
technology are [24] [10]: 

 Resource potential to be scaled to achieve needed energy 
 Ability to provide the required discharge time (power rating) 
 Response time (ability to respond to control signals as required) 
 Frequency of discharge 
 Energy and power density 
 Cycle efficiency 
 Lifetime 
 Footprint/compatibility with existing infrastructure 
 Ease of implementation/sitting 
 Maturity of the technology 
 Transportability 
 Cost (capital investment and O&M) 
 Environmental impacts 

When considering batteries, it is important to minimize the costs by optimizing the 
battery capacity. The battery capacity could be sized up to reduce the depth of 
discharge during each cycle and increase the life of the battery system. The capital 
investments costs increases with a higher battery capacity but, as the lifetime 
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increases, the replacement costs decreases as well. The parameters that must be 
taken into account in this cost minimization problem include depth of discharge, battery 
capacity, cycle life, cost reductions resulting from battery technology advancement and 
relevant discount rates [96]. 

The third important milestone is the design of the different modes of operation and the 
development of its control/dispatch algorithms. The modes of operation must cover all 
the applications that were considered for the EES system. The characteristics of the 
EES technology must be taken into account in terms of energy and power capacity and 
response time when developing the control algorithms. For example, some battery 
technologies require special charging and discharging schemes in order to guarantee 
its proper operation and lifetime [37]. 

The fourth important milestone is the simulation of the operating modes. The designed 
control algorithms must be implemented and tested with collected and/or predicted 
data of the location where the EES system is going to operate. The technical 
performance of the EES system (parameters such as the efficiency and the cycle life) 
can be estimated analysing the data obtained through the simulations. Finally, the 
operational and maintenance costs can be estimated and a cost benefit analysis can 
be carried out based on the results obtained from the simulations [24]. 

The fifth important milestone, regarding the Stockholm Royal Seaport case, is that the 
DSO gets the right to own and operate the EES system. As Fortum owns and operates 
the distribution grid, it is necessary that the regulations in force allow this utility to own 
and operate the EES system, which operation may imply trading with electricity. The 
valuable applications for the adequate operation of the electrical grid that the EES 
system is going to carry out must be taken into account in order to get such a right. 
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8. Conclusions 

This report describes and studies several aspects for the implementation of EES 
systems, focussing in the Stockholm Royal Seaport project and its distribution grid. 

It has been observed that EES systems can cover a wide range of applications that 
have different requirements. EES technologies have different characteristics and 
degrees of maturity. Thus, not all of the EES technologies are equally suitable and 
feasible for the same applications. An EES system is able to carry out more than one 
application in order to maximize its benefits, but not all the applications are compatible. 
The most valuable and beneficial applications that an EES system can carry out in a 
distribution grid can be summarized as: 

 Frequency regulation by absorbing or injecting real power when the frequency 
deviates from its nominal value 

 Grid voltage support by absorbing or injecting reactive power when the voltage 
deviates from its nominal value 

 Peak load reduction by storing electricity during off-peak periods and releasing 
it during peak periods 

 Electric service reliability improvement by supplying consumers when an outage 
takes place 

In terms of regulations, transmission and distribution system operators (TSOs and 
DSOs) are not allowed to participate in the generation of power and nor to trade with 
power, with some minor exceptions such as the amount to cover its own losses. Those 
regulations should be modified in order to allow TSOs and DSOs to own and operate 
EES installations that can improve the quality, reliability and efficiency of the electricity 
transmission and distribution processes. 

Electricity power markets have certain rules that must be fulfilled in order to participate. 
The bidding time blocks determine the amount of time that the electricity must be 
supplied or consumed, while the lowest volume for a bid determines the minimum 
amount of power that can be traded. Those requirements, and particularly the hourly 
bidding time blocks, can be an obstacle for certain EES technologies that have short 
discharge times and low power ratings, preventing them to participate in the electricity 
markets and/or reducing its net present value. 

EES systems can provide several functions in island operation. Thus, it can improve 
the efficiency and lifetime of certain units and replace other equipment that should be 
necessary to carry out the same applications, avoiding its cost in that way. 

One of the main applications of EES systems is the possibility to improve the quality 
and reliability of the electric service, and so reduce the economic losses due to outages 
and other power quality problems. Those losses vary for different kinds of customers 
and different quality and reliability issues. In this way, the economic benefit that the 
EES system can provide depends on the customers and the number/kind of problems 
avoided. The estimated benefit for the consumers in Stockholm Royal Seaport is 
approximately equal to 138000 SEK/year. The benefit for the DSO is much lower as it 
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only pays compensations for outages that last more than 12 hours and the average 
CAIDI in Stockholm grid during the last years is equal to 74.5 min/outage. 

Renting some capacity in the EES system could be interesting for consumer with self-
generation facilities in order to store its production surplus and retrieve it subsequently. 
This possibility could be economically beneficial for the consumer depending on the 
terms of the agreement and the conditions to sell the surplus instead of storing it. The 
agreement should consider not only storing and retrieving the electricity on a daily 
basis but also during different months. The main parameters that will determine 
whether it is more beneficial to rent some capacity in the storage than selling the 
surplus are the efficiency of the EES system and the price for using it. In the studied 
case, it is observed that it would be more economically beneficial for the consumer to 
sell the electricity surplus if the efficiency of the EES system is equal to or lo lower than 
75%, regardless of the price for using this system. 

Future Work 
The estimated benefit for the improved power reliability and quality in Stockholm Royal 
Seaport relies on the figures for outages for the whole Fortum grid in Stockholm 
between 2005 and 2009. Those figures available only take into account outages longer 
than 3 minutes. The benefit estimated should be updated including the cost for short 
outages and other power quality problems and real data about the reliability of the grid 
in the considered area. From 2010 the network operators report more detailed 
information about outages to Energimarknadsinspektionen. This information was not 
available when the report was concluded, and it will distinguish between short outages 
(i.e. last less than 3 minutes), long outages that last from 3 minutes up to 12 hours and 
long outages that last more than 12 hours. The statistics reported will also distinguish 
between different kinds of customers. Once it will be published by 
Energimarknadsinspektionen, the costs for outages can be estimated more precisely. 
As the figures for outages longer than 12 hours will be available, the cost for the DSO 
for compensations may also be estimated. 

When studying the possible benefit of using some capacity in the EES system by 
consumers producing electricity, all the calculations have been done assuming a fixed 
electricity contract. It will be also interesting to study and estimate the benefits of this 
kind of agreement assuming that the consumer has a variable electricity contract. 
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Appendix A: Hourly consumption and production for different 
months 

The figures contained in this appendix show the hourly consumption and production for 
a single day and the different months of the year. 

The consumption has been estimated according to the hourly load curve for a family 
living in a flat [80] and adapted for the monthly consumption distribution for houses in 
2008 in Sweden [85]. An annual consumption of 3000 kWh/year has been assumed. 

The hourly production has been estimated as the average production for every hour for 
the different months of the year. The hourly production of solar PV panels with a 
nominal output of 10 kW located in Stockholm in 2008 [86] has been scaled down to 
estimate the production of solar PV panels with a nominal output of 1.5 kW. 
 

 

Figure A.1: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in January 
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Figure A.2: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in February 

 

 

Figure A.3: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in March 
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Figure A.4: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in April 

 

 

Figure A.5: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in May 
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Figure A.6: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in June 

 

 

Figure A.7: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in July 
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Figure A.8: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in August 

 

 

Figure A.9: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in September 
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Figure A.10: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in October 

 

 

Figure A.11: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in November 
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Figure A.12: Estimated hourly electricity consumption and production for a residential consumer 
with solar PV panels (1.5 kW output) in December 
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