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The objective of this thesis was to study various energy storage systems and to
select a solution that is suitable for a waste-to-energy powerplant in northern cli-
mate.

The research utilizes a case study research method and qualitative analysis. Data
was collected by reading analyzing research articles and interviewing a waste-to-
energy company.

The findings of the study show that the most promising storage systems are Li-
ion batteries, CAES, fuel cells and underground thermal energy storage. Out of
these technologies, the waste-to energy powerplant benefits most from an un-
derground energy storage.

From the practical point of view, this study can work as a guideline for energy
storage implementation for waste-to-energy plants.
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1 INTRODUCTION

Global electricity consumption has continued increasing at a faster rate than energy consumption.
The World’s annual electricity consumption rose from 7300 TWh to 22,100 TWh between 1980 and
2013. /28/ The number of energy resources has increased substantially from fossil fuels to nuclear
and renewable energy resources. There is a large difference in per capita energy use depending on
a country, which point to a disparity to wealth and opportunity. Countries with developed econo-
mies usually show modest increases or small decreases in energy use. Changes in energy resources
and the growth of energy use in countries with developing economies influences economies and
politics, as more people compete for limited energy resources at viable price. The demand for en-

ergy will in turn impact the distribution of other limited resources such as food and water. /1/

The measured amount of CO, in the atmosphere has grown steadily and is currently over 400 ppm,
which will cause the global temperature to increase. /1/ Global warming will cause a rise in ocean
temperature, acidity, temperature extremes and sea level, which will in turn have an impact on
human life and ecosystem around the world. Relying solely on fossil fuels will increase CO, levels,
and therefore adopting alternative energy sources that do not produce CO, will be the best strategy

for long term future. /29/

As population increases and the global demand for energy rises, the role of energy becomes ever
more important and pressing. Important things to consider in the future will be which energy tech-
nologies should be developed, how to manage environmental impact of energy sources and how to

store energy.

1.1 Research Problem

Energy consumption per capita in Finland is one of the highest in the world. /25/ The total energy
consumption in Finland from January to September amounted to 966 petajoule and electricity con-
sumption was 62.1 TW in 2021. /24/ Energy and electricity demand are at their highest during the
winter, during which daily peak electricity consumption can be around 15 100 MW. The domestic
market-based production can produce approximately 10 700 MW during peak consumption. Finland

needs approximately 3 800 MW of imported electricity to meet demand for electricity during peak



consumption. /31/ Finland is strongly dependent on energy import both in primary energy and elec-
tricity especially during the demand peaks. The majority of the import originates from Russia, which
mainly imports coal, fossil fuels and natural gas to Finland. The current political situation involving

Russia and Ukraine can accelerate the energy industry development in many countries.

Currently critical issues facing humanity are climate change, the overconsumption of natural re-
sources and declining biodiversity. Any increase in the temperature beyond 1.5 °C will significantly
accelerate extinction of species, render areas of the world inhabitable and pose a risk for food pro-
duction, access to clean water and the function of ecosystem. Swift and systemic changes in society
are required to solve sustainability crisis. As part of the European union, Finland is committed to the

Paris Agreement on climate change and aims to become carbon-neutral by 2035. /26/

These problems cocreate the need to study energy storage systems and determine a suitable tech-

nology for energy producers.

1.2. Research Objectives and Questions

Based on the problems discussed above the thesis aims to find an answer to the following questions:

1. What are current energy storage technologies available in the market?

2. How is energy storage employed at Westenergy?
1.3 Research Method

This thesis utilizes qualitative research method, which is a scientific method of observation to
gather non-numerical data. A case study is a strategy of doing research, which is an observation-
based investigation of a current phenomenon withing its real-life context by using multitude sources
of evidence. The study uses Westenergy as a case study and aims to identify, analyze and to find a

suitable solution for waste-to-energy powerplants.

Primary data directly collected information by the researcher and secondary data is information
which is collected by someone else. Secondary data for this case study was collected from research

articles. Structured interview means that the interviewee was given questions, which were planned



and created in advance. In a semi-structured interview, the interviewer asks only a few predeter-
mined questions, and the rest of the questions are not planned. A structured interview was con-

ducted for primary data collection, but the interview shifted to semi-structured interview during it.

Data analysis is the process of inspecting, cleansing, modelling, and transforming data with goal of
finding useful information, forming conclusions, and supporting decision-making. Qualitative re-
search collects data in phases or side by side using various methods, because of that the analysis is
done during the collection of data. During the study, analyzing was done throughout the collection

of data, with a bulk analysis done at the end stage of the thesis.

1.4 Outline of Study

Chapter 2 describes currently available energy storage technologies, the way each system works,

and strengths and weaknesses attributed to each technology.

Chapter 3 describes the case study of the Westenergy waste-to-energy powerplant and how the

energy storage is used there.

Chapter 4 presents the conclusions and discussion of the study.



2 STORAGE METHODS

2.1 Storage of Mechanical Energy

Mechanical energy can be stored for example as potential energy in elevated object, as kinetic en-

ergy of linear or rotational motion or compression energy in gas. /3/
2.1.1 Pumped-hydro Energy Storage

The PHES (Figure 1) is an energy storage that stores energy in form of gravitational potential energy
of water. The water is pumped into an upper reservoir, and it is stored there until the energy is
required after which water is released through turbines to lower reservoir. It is a large-scale energy

storage technology that is most used for high-power applications

Transmission lines

o
Motor/Generator unit j'

. =
Upper % i
\ //’b Transformer
- by’ ”
reservoir Pump/Turbine unit - =

\ — [+
Pr—< ﬂ[m)
controlvalve I

—* Water-flow direction during discharging

<__, Rotation direction during charging hN Lower

<___ Rotation direction during discharging

—* Water-flow direction during charging

e reservoir

Figure 1. Pumped-hydro storage /8/

The PHES is flexible and has a short response time and can ramp up to full production capacity with-
ing minutes, which provides a quick response for peak-load energy supply. It has high efficiency in

power, which ranges between 75-85% and has competitive cost of 600-1,000€ /kWh /4/. Typical



capacity of PHES ranges around 1 000 MW but can be as high as 4 000 MW. /30/ Two pumped hydro-

storage units can reduce the excess emissions of thermal units by 60 %. /5/

PHES plants have both low specific energy and power. However, they also have relatively low power
and energy densities. To work efficiently the pumped-hydro energy storage needs to be in suitable
geological sites, which contain a geodetic head, natural upper and lower basins or there needs to
be a possibility to build an artificial reservoir. These make the initial cost relatively high. The PHES
also has an environmental impact on land occupation and modification. It can cause disturbance in

aquatic life and natural water flow is changed.

2.1.2 Compressed Air Energy Storage

During the charging of compressed air energy storage (CAES)( see Figure 2), the air is compressed
and stored in an underground cavern or any other pressure vessel. When electricity is required, the
compressed air is released from the cavern. The released air is then heated, and the expanded air is
made to turn high- and low-pressure turbines, which converts the energy of the compressed air into
rotational kinetic energy. The process is called adiabatic, if the heat generated during expansion is
collected and stored to use later in preheating the air, which increases the round-trip efficiency. On
other hand, the process is called diabatic, if external heat input by means of combustion is used. In
an isothermal process, the process is controlled to maintain the temperature with minimum
changes or kept unchanged to minimize the generated by the compression. In energy applications
the CAES is suitable for both medium and large energy storage. A small-scale CAES plant can be used
to replace traditional chemical batteries in various suitable applications. It can also work well with
intermittent power generation from renewable energy for load shifting, back-up power, smoothing

power output among other things. /1,8/
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Figure 2. Compressed air energy storage system /8/

A compressed air energy storage system can work for a range of power scales from small scale (kW)
to large (>100 MW). Depending on the volume of the storage reservoir used, it can be used for short
(minutes) to long (days) storage time durations. The storage capacity of the CAES system can range
from 50 to 300 MW. The diabatic process has an efficiency of around 54% /10/. The adiabatic pro-
cess has not achieved the optimal level for energy efficiency, but the technology aims to bring the
cycle efficiency to over 70%. /10, 11/ The isothermal process has aims to achieve 80% efficiency,

but currently the efficiency is only 38%. /10/

A barrier for building a CAES with underground caverns is the availability of suitable geographical
storage locations for electricity generation and grid location. A salt cavern is the most favourable
option, with initial capital cost of a storage system about 2-10S/kWh. Hard rock formations can also
be used but they have a high initial capital cost of construction (typically 30S/kWh). CAES plants
have low energy and power densities (typically around 2-6 Wh/L pressure and 0.5-2 W/L), which
means that they require a large storage volume /13,14/. Due to heat and mechanical losses in the
compression and expansion phases, the CAES plants have relatively low round-trip efficiency

(around 42%). To improve the system round-trip efficiency CAES is often combined with a thermal



energy storage to store heat generated in the compression process and expansion phase (from ex-
haust), after which it can be reused during the expansion process. Using ES methods, the round-trip
efficiency increases to around 54%, but 70 % efficiency is expected in the future. Currently tradi-
tional large scale CAES plants require combusting fossil fuels, which lead to CO2 emissions and en-

vironmental pollutions.
2.1.3 Flywheel

Flywheels store energy in the form of kinetic energy. A flywheel is driven by an electric motor that
can work as a generator or as a motor. During charging, a torque is applied in the direction of rota-
tion, which accelerates the rotor to higher speed. Discharge is achieved by applying a braking torque
that decelerates the flywheel. They are currently used as UPSs, voltage, and frequency control, as

a support for wind farms or to provide steady power during electrical disturbances
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Figure 3. Flywheel storage system /8/

This storage method has a long cycle life often exceeding 10° cycles because the material properties
of the metals and composites used are well understood. Another advantage that flywheel systems

have are low maintenance cost, fast response, and a roundtrip efficiency of around 90%.



Flywheels have a high initial capital cost of 1000-5000 S/kWh. Other disadvantages are that they
have high self-discharge rates, low specific energy and that they are only suitable for a short-term

storage.
2.2 Electrochemical Storage

Electrochemical storage systems store energy in systems composed of one or more chemical com-

pounds that release or absorb energy as they react to form other compounds.

2.2.1 Batteries
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Figure 4. Battery energy storage /8/

A simple definition is that the batteries are electrochemically based electrical storage devices that
are self-contained. They are based on a single device, which can store energy and discharge elec-
tricity. Electricity is produced by oxidation- reduction reaction, where a flow of electrons is created
from an anode to cathode by means of electrolyte. The reverse process can recharge the battery.
Different batteries available differ in design and the materials used in cathode, anode, and the elec-

trolyte. Depending on the material used, the battery storage system will have its own strengths and



weaknesses while also having some common ones. Listed below are different types of batteries and

their characteristics.

Table 1. Different types of batteries and characteristics /1,18/

-Low maintenance re-

quirements

-Good capacity

-High energy density

Battery Energy Energy ef- | Cycle life Advantages Disadvantages
types density ficiency
|
(Whikg) | (%) (cycles)
Lead-acid 30-40 70-90 200-2000 -High reliability -Heavy
-Operate within wide | -Low specific energy
range of temperatures
-Toxic materials
-Cheap per unit
-Low capacity per
- Long lasting unit
Ni-Cd 40-60 60-90 500-2000 -Long cycle life -High toxicity

-Lose capacity with

partial discharge

-High capital cost

-Lower efficiency

-Higher self-discharge

Table 1. Different types of batteries and characteristics (continued)

Battery | Energy Energy ef- | Cycle life Advantages Disadvantages

density
(Wh/kg) | (%)

types ficiency

(cycles)




NaS 150 80-90 2500 -Stable electrolyte -High temperature

- Long cycle life - Operation more difficult
-High power density -Increased operational
cost

-High efficiency

- Dangerous leaks
- No self-discharge

- Low-cost materials

Li-lon 100-250 | 75-90 500-2000 -High energy density | -High capital cost

- Deep discharge | -Overcharge & overdis-

rates charge are damaging

-A considerable num- | - Requires protection cir-
ber of charge-dis- | cuits

charge cycles
-Developing technology

-Low maintenance

2.2.2 Fuel cells

A fuel cell can be described as an energy conversion device that produces electricity. The fuel cell
comprises four essential components: two electrodes, the anode and cathode, which are separated
by electrolyte and the external circuit. The way they work can be explained as by feeding the fuel to
the anode, it oxidizes and releases electrons to an external circuit. The oxidant is fed to the cathode,
where it is reduced using the electrons delivered by the external circuit. Direct current electricity is
produced, when the electrons flow through the interconnect from the anode to the cathode. In
theory, any gas that is capable of electrochemical oxidation can be used. The most promising energy

vector for fuel cells at this moment is hydrogen because of it has the highest energy density per unit



mass. There are a variety of fuel cells that have the same basic operating principle but have different

characteristics stemming from the nature of electrolyte involved. The operating temperature, ma-

terials, advantages, and disadvantages of the different types of fuel cells are presented in Table 2.

Table 2. Different types of fuel cells and characteristics /16,17/

Fuel

cells

PEMFCs

AFCs

PAFCs

Electrolyte Working Anticipated
tempera-  scales
ture (°C)
lon exchange 80-120 1-100 kWe
membranes
KOH solution 80 10-100 kWe
H3;PO, 180-200 100-500
kWe

Electrical
efficiency

(%)

40-50

60

40

Advantages

-Solid electrolyte re-
duces corrosion &
electrolyte  manage-

ment problems

-Low temperature

-Quick startup

-Faster cathodic reac-

tion

-Wide range of elec-

trocatalyst

-Tolerance to impuri-

ties in hydrogen

Table 2. Different types of fuel cells and characteristics (continued)

Disadvantages

-Sensitive to fuel

impurities

-Expensive catalyst

-Difficulties in ther-
mal & water man-

agement

-High purity hydro-

gen

- Slow cathodic re-

action

-Corrosive electro-

lyte

-Expensive catalyst



Fuel cells Electro- Working Anticipated Electrical ef- | Ad- Disadvantages

lyte tempera- | scales ficiency (%) vantages
ture (°C)
MCFCs Immobi- 650-700 300 kWe-3 | 45-50 -Fuel flexi- | -Corrosive  elec-
lized liquid Mwe bility trolyte
molten
-Low-cost -High ti
car- OW-COS ig operating
talyst t t
bonates catalysts emperature
-Long term relia-
bility of materials
due to high tem-
perature
-Relatively expen-
sive materials
SOFCs Ceramics 600-1000 | 1kWe-2 MWe 60 -Solid elec- | -High  operating
trolyte temperature
-Fuel flexi- | -High manufactur-
bility ing cost
-High effi- | - Long term relia-
ciency bility of materials

due to high tem-

- No elec-
perature

trolyte

flooding

Fuel cells produce much less pollutants in use, producing only water when fueled by H2 and air. The
technology has a high energy density and can possibly store very large quantities of hydrogen for a

long time. The size flexibility and modular construction make them well suited for decentralized



applications. Because of its features, chemical storage is suitable for energy management applica-

tions and can also be used as a seasonal storage.

However, important advances are required in in transport, storage, and production of hydrogen
before hydrogen-based economy can be considered. Hydrogen is typically bonded to other ele-
ments and must be isolated to be used. A most common method is to extract hydrogen from natural
gas, which is expensive and produces carbon dioxide. Another method to obtain hydrogen is
through electrolysis, where electrical current is used to extract hydrogen from water by separating
it from oxygen. The hydrogen fuel production process is complicated, which makes using fuel cells
more costly than other forms of energy. Hydrogen can be stored either as gas in high pressure tanks
or as a liquid in cryogenic temperatures, however, both methods involve an inherent loss of energy.
Infrastructure used for the transport of nature gas can be used, but hydrogen embrittlement of steel
requires the pipes to be coated on the inside or new pipelines to be installed. PEMFCs and SOFCs
are considered to have the most potential to achieve cost and efficiency targets for extensive use in

power generation.

2.3 Electromagnetic Energy Storage

Energy storage systems are categorized as electromagnetic or electrical store energy in form of an

electric field or a magnetic field.

2.3.1 Supercapacitor (ECES)

Supercapacitors store electrical energy in an electric field between two electrodes separated by a
dielectric field and immersed in a liquid electrolyte. They store energy by means of electrolyte solu-
tion between two solid conductors. Currently supercapacitors are mainly being used for electronics

and batteries.
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Supercapacitors have a high power density and specific power 40-120 kW/L and 500-2000 W/kg
respectively, which makes them ideal for systems in need of power smoothing. ECES have a high
round-trip efficiency that ranges from 90 to 95 % and are expected to have long lifetime. Superca-

pacitors can guarantee a very high number of charge discharge-cycles.

Supercapacitors have energy density of around 10-30 Wh/L which is lower than the batteries and
have lower power than traditional capacitors. Supercapacitors can store only a small amount of

energy; this results in a short discharge time. They have yet to reach commercial maturity.
2.3.2 Magnetic superconductors (SMES)

In @ magnetic superconductor, energy is stored in the magnetic field of one or more superconduct-
ing coils, which are characterized by very low losses. The condition is reached by working at very

low temperatures.
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Figure 6. Superconducting magnetic energy storage /8/

Magnetic supercapacitors have very fast delivery of high power at high cycle efficiency, because of
this, the technology is suitable for power application, which require continuous operation with
many charge-discharge cycles. SMES systems have a round-trip efficiency of over 95%, which means

that the electricity loss during the storage process is small.

Currently only small commercial SMES storage units with capacities of between 100 kW and 100
MW can be built. The largest one to be built could deliver around 10 MW. The commercial devices
have a storage capacity of between 10 and 30 kWh. /15/ The problem currently faced is the neces-
sity of a cryogenic temperature with the prohibitive cost and high energy requirement. This means

that the technology will have a low energy density and low round-trip efficiency.

2.4 Thermal Energy Storage (TES)

Thermal energy storages are used for many heating and cooling applications, for example, where
heat supply and demand are not often simultaneous or to utilize peak shaving of heating demand.
This type of energy storage can be very long-term, even seasonal. The TES can be used for electric
applications to support renewable energy plants. Using the TES and energy system increases the
overall efficiency and makes the system more reliable and can lead to better economics and reduce

investment and running costs. Support to the grid can be given by storing heat from electric boilers,



working as fast balancing service, or helping limit the demand for electric power from electric boil-

ers. /1,2/

Thermal energy storages have a relatively low overall cycle efficiency of 30-50 %, but they make up
for that with low self-discharge rates and high energy discharges. Another advantage for the storage

technology is that they are environmentally friendly and have low initial capital cost. /8/

Thermal energy storage includes many technologies where energy is stored in form of heat, which
can be stored as sensible heat, latent heat, or thermochemical heat. Low temperature thermal en-
ergy storage is most ideal for load shavings, industrial cooling, and power management. Sensible

and latent heat storages are useful in high temperature thermal energy systems. /8/
2.4.1 Sensible Heat

The sensible heat method is based on storing thermal energy by heating or cooling a liquid or solid
storage medium. The amount of heat that is stored depends on the specific heat of the medium,
the temperature change, and the amount of storage material. Sensible heat storage systems are

suitable for domestic systems, district heating and industrial needs.

Figure 7 shows sensible heat storage materials and their properties. Water is most popular and
commercially viable as a heat storage medium because it is both inexpensive and has a high specific
heat. QOils, molten salts, and liquid metals are used, when the temperature of stored heat is above
100 °C. The main characteristic of most used solid-state thermal storage materials among some
others are show in Figure 8. The working temperature of these materials ranges from 200 and 1200
°C and the thermal conductivity ranges from 1.0-7.0 (W /m - K) for sand-rock minerals, concrete,
and fire bricks and 37.0-40.0 (W /m - K) for ferroalloy materials. The materials are low-cost ranging
from 0.05 to 5.00 $/kg. Solid-state thermal storage materials have rather low heat capacities, rang-

ing from 0.56 to 1.3 (kJ /kg - °C), which can cause the storage unit to become large.

Two main advantages of the sensible heat storage are that it is cheap and there is no risk associated
with the use of toxic material. Depending on the specific heat of storge medium and thermal insu-

lation technologies sensible heat storages can offer a storage capacity that ranges from 10 to 50



kWh/t and storage efficiencies from 50 to 90 %. The cost of complete system ranges between 0.1

and 10 €/kWh, depending on the size, thermal insulation technology and application.

Medium Fluid Type Temperature Range (°C) Density (kg/m?) Specific Heat (J/(kg-K))
Sand - 20 1555 800
Rock - 20 2560 879
Brick - 20 1600 840

Concrete - 20 2240 880

Granite - 20 2640 820
Aluminium - 20 2707 896
Cast iron - 20 7900 837
Water - 0-100 1000 4190
Calorie HT43 Oil 12-260 867 2200
Engine oil Qil <160 888 1880
Ethanol Organic liquid <78 790 2400
Propane Organic liquid <97 800 2500
Butane Organic liquid <118 809 2400
Isotunaol Organic liquid <100 808 3000
Isopentanol Organic liquid <148 831 2200
Octane Organic liquid <126 704 2400

Figure 7. List of solid- liquid materials for sensible heat storage /20/

. Workin . Thermal Conductivit Specific Heat
Storage Materials Temperatur eg ©0) Density (kg/m?) Wiem-K)) y (E]/(kg-"C))

Sand-rock minerals 200-300 1700 1.0 1.30
Reinforced concrete 200-400 2200 1.5 0.85
Cast iron 200-400 7200 37.0 0.56
NaCl 200-500 2160 7.0 0.85
Cast steel 200-700 7800 40.0 0.60
Silica fire bricks 200-700 1820 1.5 1.00
Magnesia fire bricks 200-1200 3000 5.0 115

Figure 8. Solid-state sensible heat materials /21/

Hot water tanks can be used for the purpose of energy saving in a water heating system both by
solar energy and co-generation in energy supply systems. A major advantage that water tank stor-
ages have is that they are a cost-effective way to store heat. Its efficiency can be improved further
by ensuring optimal water stratification in the tank and using highly effective thermal insulation.
This technology can be used as seasonal storage of solar thermal heat in combination with small
district heating systems. Another use for hot water tanks is to act as a buffer storage for domestic
hot water supply. The system pressure needs to be increased when sensible heat storages use water
as a medium for high temperature applications, the system pressure needs to be increased, because

of the boiling point constraint.



An underground thermal energy storage is a widely used storage technology, where ground is used
as a storage medium for both heat and cold storage. Heat transfer fluids are needed to add and
remove energy from the medium, which is done by pumping fluids through pipe arrays in the
ground. Energy transport can be done through evaporation and condensation and the movement
of water through medium, if the storage medium is porous. Insulation is not usually used for this
storage method, but it can be provided at ground surface. An underground storage using both liquid
and solid medium is typically used for large-scale applications. Limiting factors for rates of charging
and discharging are the area of the pipe arrays and the rates of the heat transfer through the ground

surrounding the pipes.

Boreholes and heat pumps are used in combination when low-temperature heat is extracted from
soil or can be used as seasonal storage. During a study on using borehole thermal energy storage
system (BTES) for a seasonal storage, annual efficiencies ranging from 48 to 69 % were obtained.

The heat output from BTES was 1380-5717 MWh. /23/

An aquifer storage is equivalent to the ground storage, except it uses water as its primary storage
medium. Water is used to pump heat into and out of the ground to heat it and extract energy from
it. Water flow works as heat exchanger with the ground itself. Aquifers cannot be insulated, and it
can only be used if flow rate is slow through the storage field. Another barrier to the aquifer is that

heated water may have chemical reactions with the ground materials.

A packed-bed storage makes use of heat capacity of a bed of loosely packed particulate material to
store energy. When energy is needed to be removed or added fluid is circulated through the bed.
The addition of heat flow is maintained through the bed in one direction and in the opposite direc-
tion during the removal of heat. Unlike with water storage systems, heat cannot be added or re-
moved simultaneously with packed-bed storage system. The technology has a high degree of strat-
ification, and the temperature is constant when the bed is fully charged. During a study on using
ceramic bricks as material for packed-bed storage high efficiencies were achieved, 72-93% for an
airflow rate of 0.0050 m3 /s and 74-96% for an airflow rate of 0.0068 m3/s. As filling material bricks
are easily available and have good thermal properties. They are highly resistant to high tempera-

tures and tolerate a high number of charge/discharge cycles. /22/



2.4.2 Latent Heat/ Phase-change Storage

Phase-change storage materials change their physical state during release or absorption of energy.
The storage is connected to a phase transition of the storage material, for example from solid to
liguid and liquid to gas. The heat is mostly stored in phase-change process and is directly connected
to the latent heat of substance. The phase-change storage has a high energy storage density, and
the nature of the storage process is isothermal. Another advantage is that the tank volume can be
reduced for given amount of energy stored, if operating temperature range is very narrow around
phase-transition temperature. The technology can be used for both long-term and short-term en-
ergy storage, by using variety of technologies and materials. Material used for storage can be inor-
ganic, organic, or eutectic (combination of two or more low melting materials with similar melting

and freezing point).

Phase-change can offer a higher storage capacity than sensible heat storage and the storage effi-
ciencies range between 75 to 90%. The storage is based mostly on a solid-liquid phase change with
energy densities 100 kWh/m3. The cost of phase-change storage systems ranges between 10 to 50

€/kWh, depending on the material that is used.

Compared to the water tank storage the investment cost is higher and the technology has higher
risks, because of leaks of stability and erosion of material. Currently the technology is under devel-

opment and demonstration and is yet to be commercially available.
2.4.3 Thermochemical Heat

A thermochemical heat storage uses materials, which store and release heat by a reversible endo-
thermic and exothermic reaction processes. The charging process takes place by applying heat to
the material, resulting in a separation of two parts. The reaction product can be separated and
stored until a discharge process takes place. During the discharge phase two reaction products are
mixed at suitable pressure and temperature condition, which releases energy. Figure 9 shows some

chemical reaction and their characteristics.



Reaction Temperature (°C) Energy Density (kJ/kg)
Methane steam reforming CH,4 + H,O =CO + 3H, 480-1195 6053
Ammonia dissociation 2NHj3 = N + 3H, 400-500 3940
Thermal dehydrogenation of B 3079 (heat)
metal hydrides MgH, =Mg +H, 200-500 9000 (Hy)
Dehydration of metal hydroxides CA(OH),; = CAO + H,O 402-572 1415
Catalytic dissociation S03 =50, + 10, 520-960 1235

Chemical reactions for thermal energy storage /21/

Figure 9.

Thermochemical storage systems can have a storage capacity of 250 kWh/t with operating temper-

atures of over 300°C and its storage efficiencies range from 75 to nearly 100%.

The storage system is very expensive, when taking into consideration the materials, containers, and

auxiliary thermochemical heat storage equipment for both heat and mass transfer during energy

charging and discharging. The estimated cost of the system is ranges between 8 to 100 €/kWh. The

thermochemical heat storage has some issues related to physical and chemical stability. In addition,

the storage system is still under development and demonstration.



3 WESTENERGY

Westenergy is a Finnish company that operates a waste incineration plant in Vaasa. The company
was established 2007 and the plant was completed 2012. It operates in between two sectors, energy
sector and waste management. The Waste-to-Energy plant refines combustible waste by burning
into electricity, heat and recovered materials. Energy is produced in co-operation with the local en-
ergy company Vaasan Sahko. The plant produces about 50% of the district heating needed in the

Vaasa region. It is owned by six municipal waste management companies located in the western

part of Finland.

Figure 10. Westenergy Waste-to-Energy plant

3.1 Technology

Every day around 30 waste trucks tip their waste into waste bunker, which has room for five million
trash bags. The stability of the energy generation process is ensured by mixing waste with an auto-
matic grab so that the fuel of the plant remains as consistent as possible. Waste is incinerated at

1000 °C, which remains consistently high due to air being constantly blown onto the grate. In boiler,



heat is transferred from hot flue gases into boiler water which in turn becomes steam, which is
heated up to 400 °C at a pressure of 40 bars. Under the grate bottom ash consisting of metal and
ash is shoveled onto conveyers and from into automatically changing containers. The purification of
flue gases takes place in several stages. First, lime and activated carbon bind acidic impurities and
heavy metals, which are filtered out in fabric filter. In the last stage flue gas scrubber purifies flue
gases and heat exchanger recover heat. Steam rotates the turbine that in turn rotates the generator,
which has an output of 15 MW. Cold district heat water is heated by hot steam in the district heat
unit, which has an output of 40 MW. The temperature produced by the district heat unit depends
on the time of the year and the weather, but it ranges from 65 to 115 °C. Listed below are the

different parts belonging to WtE plant. /32/
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Figure 11. Waste-to-energy plant parts: 1) Tipping hall, 2) Waste bunker, 3) Grate and furnace, 4)

Boiler, 5) Flue gas treatment system, 6) Generator and turbine, 7) District heat unit, 8) Bottom ash

/32/



3.2 Statistics

The annual energy production and efficiency of the Westenergy plant including amount of waste

brought their yearly are presented in Table 3 below:

Table 3. Annual production of Westenergy /32/

Year Amount of | Operating Electricity District Efficiency
Waste (t) hours heat (%)
(GWh)
(GWh)

2016 163118 7214 77.81 258.5

2017 188 208 8312 92.31 320.97 89.1
2018 190 679 8369 106 364 88.7
2019 189 638 8187 113 379 90.6
2020 193 675 8263 89 402 94.1

3.3 Data Collection

One interview was conducted for this case study. The interviewee was sent the questionnaire be-
forehand by a text message. The interview was held when it was most suitable for the interviewee
and was done by using Microsoft Teams and was conducted in Finnish. After the interview, time was

given to answer more in-depth questions and more information was sent later through email.

3.3.1 Interview

The interview was conducted with the Communication Officer of Westenergy, Sanna Hautamaa.
Production Manager, Kai Alavillamo, assisted in answering more technical questions. Listed below

are the questions asked in Table 4.



Table 4. Interview questions

Questions

Does the plant experience any heat or energy losses?

When did Westenergy start to use energy storage system?

What type of energy storage does Westenergy use currently?

What is the energy efficiency and storage capacity of energy storage?

In what ways was the energy storage useful for Westenergy?

When was the storage system most useful?

Are there any plans related to energy storage?

3.3.2 Results of Interview

Westenergy experiences heat losses during the conversion and transportation of energy, but the
powerplant building also experiences some losses. After leaving Westenergy, the hot district heat

water loses some heat when travelling through pipes.

Westenergy made a deal with Vaasan Sahko to use their heat energy storage near centrum of Vaasa
in Vaskiluoto in 2020. The storage was tested during the summer of 2020 and the initial load was
done by using extra heat from Westenergy. The storage is an underground thermal energy storage,
which utilizes two caves underneath the Vaskiluoto powerplant. The total volume of the energy
storage is 210 000 m3. The larger cave is used to store water and transfer thermal energy to the
district heating network. The smaller cave acts as an expansion tank for the heat storage water. The

charging and discharging capacity of the thermal energy storage is 100 MW, which is enough for 4



to 20 days, depending on discharging capacity. The storage is capable to store between 7 000 and
9 000 MWh. /27/

30m

Figure 12. Vaskiluoto thermal energy storage.

The thermal heat storage helps Westenergy to make better use out of their energy production. Dur-
ing the summer Westenergy produces all the district heat needed in the Vaasa region but the need
is lower than the heat produced, because there is a production limit that cannot be gone under to
keep the process stable. The excess heat used to be released to air through the summer cooler.
After Westenergy started to use a thermal heat storage, the extra heat produced could be stored
and be used during high energy demand in the wintertime or problem situations during the produc-

tion, which makes the energy production process more reliable.

Westenergy is looking into the possibility to shift their annual maintenance break form spring to
summer. The heat storage would be used to cover for the needed heat when the needed heat is

much lower.



4 CONCLUSIONS AND DISCUSSION

Demand for energy continues to rise in Finland, need for energy storing technologies increases.
Russia’s pressure on Ukraine puts pressure on Finland to more become more self-sufficient in en-
ergy production and implement methods to store energy. Climate change is another factor, which
pushes Finland to utilize energy storage technology to ensure a sustainable development. The study
aims to give information on possible energy storage methods and find suitable storage for the Nor-
dic countries. The case study was done on Westenergy to see how they are implementing energy

storage technology and analyse its suitability for similar powerplants.

The findings of the study are that the most promising storage systems for large scale-applications
are CAES, Li-ion batteries, fuel cells and underground thermal storage. A waste-to-energy power-
plant located in northern climate would get most use out of an underground thermal storage be-
cause with this type of storage system the powerplant can store the excess thermal energy pro-
duced during the summer and use it later during the winter, without it getting released back to air
as waste heat. The storage system also has a large energy storage capacity and low initial capital
cost, especially if old cave systems were to be used. An underground thermal energy storage can
help to reduce peak thermal demands and increase the efficiency of the system. Because of the
benefits that the technology brings it would be counterintuitive for the Westenergy to switch to

another storage method.

From a practical point of view, the study can be utilized as a guideline to determine a suitable energy

storage technology for a waste- to-energy powerplant.

The limitation of the research is related to time and data collection. Had there been more time to
interview more companies utilizing waste-to-energy plant, the data could have been used to com-

pare storage technologies and get more accurate data.
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