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GLOSSARY
Alpha value – The ratio between electricity production and
heat production in a combined heat and power (CHP)
plant, calculated as electricity production divided by heat
production.

Primary control – Reserves (hydropower) activated
automatically in response to deviation from the 50.0 Hz
frequency. The reserves are activated between 49.9 and
50.1 Hz and between 49.5 and 49.9 Hz.

Partial load – When a power plant is operating at a lower
production level than its installed capacity allows.

Balancing energy – Electricity generation technology that
can be adapted – increased or decreased – according to
energy requirements, for example hydropower and CHP.

Power balance – To maintain a stable frequency of 50 Hz,
there must be a balance between production and usage.
If this is out of balance, the frequency in the system will
increase or decrease.
Electrical efficiency – The efficiency of a power plant’s
electricity generation in relation to the amount of
energy used to operate it. Usually this is the percentage
of the power plant’s energy input that can be used in
the form of electrical energy in a grid outside the plant.
Gross efficiency means how much electrical energy
the generator provides (some of which is used for the
power plant itself ) and net efficiency means the energy
used outside the power plant, in relation to the energy
input.
Fluidised bed – A combustion process where fuel in the
form of particles is mixed with sand and set in motion
using powerful air flows from underneath. There are two
main types: bubbling fluidised beds (BFB) or circulating
fluidised beds (CFB). This technique creates a very
effective and efficient combustion process.
Frequency – The Nordic power grid has an alternating
current frequency of 50 Hz. Frequency indicates the
number of periods per second. There is a definite
relationship between a generator’s rotational speed and
the frequency generated.
Combined-cycle power plant – A plant where a gas
turbine is combined with an exhaust gas boiler and a
steam turbine.
Generator – Kinetic energy is converted in a generator
into electrical energy when a copper spool rotates in a
magnetic field.
Intermittent power – Electricity production technology
where the output cannot be planned, but the
maximum possible output of which is determined by
the prevailing weather conditions, for example wind
and solar. Often also called “weather-dependent” or
“volatile” power.
Open cycle – The simplest type of gas turbine where
combustion gases expand in a turbine which drives a
generator.
Baseload power – Electricity production technology
the output of which can be planned regardless of the
weather conditions, such as nuclear power, gas turbine,
CHP and hydropower technology.

Balancing energy market – A market where there is
bidding for positive and negative balancing of the energy
used in Sweden’s national grid during “operating hours”
to maintain a balance and handle flows and bottlenecks
in the grid.
Energy balancing resource – Production or use that can be
adjusted during operation for the purpose of achieving a
balance between production and consumption.
Reserves, reserve power, power reserves – Reserves are
a collective energy balancing resource used to ensure
balanced power in the grid and by extension operational
reliability and quality in energy delivery.
Inertia – Inertia occurs in all rotating machines (generators
and engines) that are directly connected to a synchronous
system. If an imbalance arises between production and
consumption the rotational energy slows down the
frequency adjustment. Inertia also occurs in wind turbines,
but special technology is needed in order for the system
to benefit from it. This is so-called synthetic inertia.
Total efficiency – Some power plants produce both
thermal energy in the form of steam or hot water for
consumers, while also producing electrical energy. The
total efficiency is the percentage of the energy supplied
that can be used in the form of heat energy and electrical
energy, in the direct vicinity of the plant.
Turbine – In a turbine, kinetic energy in a liquid or gas is
converted into mechanical work in the form of a rotating
turbine axle.
Operating time – A theoretical calculation of the number
of hours a power plant would need to operate at full
power to generate the same amount of energy that the
plant actually generates, but with a variable load, i.e. total
energy production divided by installed capacity. Also
called “equivalent full-load hours” or “duration.”
Heat market – A CHP plant requires a market/destination
for the cooled heat energy it generates. This is normally
a district heating system or an industrial process.
Enthalpy (heat) of vaporisation – The amount of energy
consumed in order for liquid at a certain pressure and
at the corresponding boiling point to be converted into
steam. The same energy can be recovered if the steam is
condensed into liquid, but is then called enthalpy (heat)
of condensation.

1. Summary
Structural changes are happening on the electricity
markets all around Europe where centrally located
power plants are being replaced by smaller, more
dispersed ones. In Sweden the trend is most evident
in the fast growth of wind power production, while
nuclear power is becoming less profitable.
The big challenge in the electricity market in Sweden going forward is how to manage an increasing
share of variable and intermittent power generation
in the system at the same time several nuclear reactors are decommissioned over the next 10–15 years.
The question is not if we will be able to produce
enough electricity, but if the electricity will be available when we need it. In other words: Will we be able
to produce sufficient power? For several consecutive
years electricity prices have been falling and this is
making it difficult to secure investments in new power production.
This study provides background information
for the work of the Electricity Crossroads project
Production Group. The purpose of the study is to
explore the technical properties of various energy
sources and see how they can help optimise the efficiency of the entire electricity system. The study
includes a general discussion about the investment
climate for various energy sources.
One of the most important properties distinguishing the different energy sources is whether or not
electricity generation can be planned, or if electricity
can only be generated under certain weather conditions. This in turn determines whether the energy
source can deliver electric power when it is needed.
Another important aspect is whether the energy
source’s production is variable so that it can be used
as an energy balancing resource.
Hydropower is the energy system’s most important
asset. It provides close to half of Sweden’s baseload
production while also being the most important energy balancing resource. Hydropower has both a
high energy value and high power output.
Electricity generation from wind power has more
than doubled over the past decade and is responsible
for close to one tenth of all electricity generation. It
is delivering more and more energy, but its power
output is limited.
There are various types of combined heat and
power (CHP) plants and they account for around one
tenth of all electricity production. Biofuels, waste
and natural gas are used in CHP production in district

heating systems. Today the amount of electricity generated is mainly determined by the heat market. The
advantage is that the plants produce the most when
the electricity demand is the highest. CHP plants can
be supplemented by alternative cooling solutions in
order to produce electricity independent of the district heating requirement. This extends their operating time over the year to enable more electricity to
be produced. CHP plants are also flexible and have a
high power output.
Solar power is also growing due to falling prices
for solar energy modules and greater interest among
private individuals and other property owners in producing their own electricity. Solar has the advantage
of producing the most during the daytime when the
electricity demand is the highest. However it is not
assigned any power value because production is limited in the winter when load peaks are usually the
highest.
Nuclear power today has the same share of electricity production as hydropower. However, the
plants are gradually being decommissioned up to
2045. Nuclear power is considered to have a high
power output because it can be planned. It is, however, less suited for variable operation and should
not be used as balancing energy. One way to deal
with peak loads is to install gas turbines. They are a
fast-starting option and very well suited for energy
balancing.
The main obstacle for investments in new power
production today is the low price of electricity, but
there are other obstacles as well. Obtaining an environmental permit is a problem for new hydropower.
Wind power has grown in recent years but, in addition to lower electricity and energy certificate prices,
there are thresholds in the form of grid and connection fees. Factors limiting investment in solar power
include uncertainty about the future tax rules and
investment subsidies. Investment in CHP plants is
mainly affected by the expected electricity price. Investments in new nuclear power are limited because
it is associated with significant business risk given
the uncertainty about electricity market trends.
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2. Introduction
The purpose of this study is to describe how different electricity production methods
work and complement each other in an optimally efficient power system.
The study is a background report for the Electricity Crossroads project and the
study target group is principally the project’s work group, but ultimately for the
Swedish Energy Commission as well. It is also for anyone wishing to know more
about how electricity is produced.
The report was written by Karin Byman, IVA, and the following individuals, who
are also part of Production Team, have provided input:
Andreas Regnell, Vattenfall
Bengt Göran Dahlman, BG -Konsult
Erik Thornström, Svensk Fjärrvärme
Göran Hult, Fortum
Hans Carlsson, Siemens
Helena Wänlund, Svensk Energi
Inge Pierre, Svensk Energi
Joakim Remelin, E.ON.
Johan Paradis, Paradisenergy
Johanna Lakso, Swedish Energy Agency
Knut Omholt, Södra
Lars Joelsson, Vattenfall
Lars Gustafsson, Swedegas
Lars Strömberg, Chalmers University of Technology
Lars-Gunnar Larsson, SIP Nuclear consulting
Lennart Söder, Royal Institute of Technology (KTH)
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3. Electricity production in Sweden
The Swedish power system is an integrated part of the
Nordic one and there is constant energy exchange between the countries. The power systems in the countries are different and they therefore complement each
other. There is also an exchange of energy with nearby
countries on the Continent.
In years with high precipitation, hydropower in
Norway and Sweden replaces regular power plant
production in Denmark, Poland, Germany, the Netherlands and Finland. In dry years the flow goes in the

opposite direction. Energy trading takes place 24/7
between the Nordic countries and the Continent.
Energy is traded in a coordinated European energy
market and the physical transmission capacity is via
cables. This capacity is expected to increase.
Nuclear power and hydropower account for just
over 80 percent of electricity production in Sweden,
while CHP and wind power account for just under 10
percent. Hydropower also fills an important function
as an energy balancing resource. The various energy

Table 1: Installed capacity of different energy sources 2013 and 2014, MW. Source: Swedenergy, Elåret 2014.
31 Dec. 2013
MW

31 Dec. 2014
MW

Hydro power

16,150

16,155

Wind power

4,470

5,420

Nuclear power

9,531

9,528

43

79

Solar power
Other thermal energy

8,079

8,367

CHP, industry

1,375

1,375

CHP, district heating

3,631

3,681

Conventional power

1,498

1,748

Gas turbines etc.

1,575

1,563

38,273

39,549

Total

Figure 1: Energy production in Sweden by energy source 1970–2014, TWh. Source: Swedish Energy Agency, Energiläget i siffror 2015.
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sources have different characteristics and therefore
work best in combination with each other. Total capacity and the split of the different energy sources
affect the system’s stability and delivery reliability.
The price of electricity is set on the Nordpool marketplace, but is influenced by the European market,
which means that the production portfolios in other
countries have a strong impact on Swedish electricity
price in Sweden.

Here are a few key figures for the electricity market. The following chapter describes the different
functions and characteristics of the energy sources.
The diagram below shows the installed capacity
of different energy sources from 1996 to 2014. The
most obvious change is the expansion of wind power,
which has increased from around 500 MW to 5,500
MW over the past decade. CHP has also increased to
some extent.

Table 2: Sweden’s electricity production and electricity usage 2013 and 2014, TWh. Source: Swedenergy, Elåret 2014.
2013

2014

TWh

(%)

TWh

(%)

Hydro power

61.0

(41 %)

64.2

(42 %)

Wind power

9.9

(7 %)

11.5

(8 %)

Nuclear power

63.6

(43 %)

62.2

(41 %)

..

0.08*)

(0.06 %)

Solar power
Other thermal energy

14.8

(10 %)

13.3

(9 %)

CHP, industry

5.6

(4 %)

5.9

(4 %)

CHP, district heating

8.5

(6 %)

6.9

(5 %)

Conventional power

0.6

..

0.5

..

0.01

..

0.01

..

Total

Gas turbines etc.

149.2

(100 %)

151.2

(100 %)

Electricity usage within the country

139.2

135.6

Network losses

10.0

10.2

Import

15.1

16.9

Export

-25.1

-32.5

Net exchange import-export

-10.0

-15.6

*) (IEA 2014)

Figure 2: Installed capacity of different energy sources 1996–2014, MW. Source: Swedish Energy Agency.
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4. Renewable energy sources
The following section describes electricity production
methods based on flows in nature, such as sunlight,
water and wind, where energy generation is largely
dependent on the weather conditions. One renewable
energy source that is different from the others is geothermal energy, which originates from the Earth’s core.

WHAT IS A GENERATOR?
One of the most important components in electricity
production is the generator. In the generator kinetic energy is
converted into electrical energy. In the simplest form this takes
place when copper wire on a spool rotates in a magnetic field.
The basic principle is the same in all types of generators.

Hydropower

The design of the generators depends on the application. A
turbine makes the generator’s rotor rotate. In larger power
plants the generators are synchronised with the frequency of
the power grid. Wind turbines connected to a grid use various
types of technology: direct-drive asynchronous generators or
various types of power electronics based inverters between
the generator and the power grid. Synchronous machines and
power electronics can be used to control the voltage in the grid

Hydropower plants harness the potential energy of
water. Where the possibility exists, flowing water is
dammed up and stored in a reservoir, partly to be
able to store the energy, but also in order to utilise the
drop over a long section of a river. The water is channelled through an inflow pipe to the turbine. Electricity generation is determined by the amount of water
(the flow), the elevation of the drop and the efficiency
of the plant. Modern hydropower turbines have an
efficiency level of 92–96 percent (Elforsk 2014).
Hydropower plants are adapted to local conditions
in the respective rivers and are thus unique in terms
of technology, size and operation. There are around
2,000 hydropower plants in Sweden. Most of them

are small, at around just 10 or 100 kW. The largest
is Harsprånget in Lule River, at 940 MW, producing
around 2.2 TWh per year.
Hydropower production varies depending on precipitation. The amount of electricity generated in a normal

Table 3: Installed capacity and electricity production in rivers with the highest electricity production in Sweden.
Source: Swedenergy, Elåret 2014.
River

Installed capacity (MW)

Energy production (TWh)

2014

2013

2014

Lule River

4,117

15.3

13.4

Skellefte River

1,017

4.2

3.9

Ume River

1,765

6.7

6.8

} 2,599

6.8
3.5

6.8
3.5

2,111

8.4

8.5

Ljungan

602

1.8

2.1

Ljusnan

817

3.6

4.8

Dalälven River

1,156

3.8

5.6

Klarälven River

388

1.4

1.9

Göta River

303

1.6

2.1

3.9

4.8

16,155

61.0

64.2

Ångermanälven River
Faxälven River
Indalsälven River

Other rivers
Total production
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byggs i en ﬂack dal.

som används beror främst på storleken på kraftverket och
Vattenkraftverk

Dam
Damm

Elnät
Power
grid

Stora dammar håller vattnet i vattenmagasin fö
den nödvändiga fallhöjden samt för att lagra en
för senare användning. Vattnet leds till en lägre
passerar genom en turbin. Turbinaxeln roterar o
generatorn. Generatorn konverterar turbinens
rörelse till elektrisk energi. Transformatorn anp
volttalet till elnätet.

Reservoir
Vattenmagasin

Intake
Intag

Transformer
Transformator

Generator
Generator
Turbine
Turbin

Figur 3: Diagram showing how a hydropower plant works. Source:Vattenfall.

year in Sweden is 65.5 TWh based on calculations made
during the period 1960–2010. The installed capacity is
around 16,000 MW and annual production may vary
between 2,500 and 13,700 MW (Svensk Energi 2014).
Hydropower production varies from year to year depending on precipitation levels. The difference can be
+/-20 percent between high and low precipitation years,
i.e. with an amplitude of close to 30 TWh. For the whole
of the Nordic region the inflow can vary by 86 TWh/year.
Swedish hydropower is largely an energy-dimensioned system, which means planning is done in order
to take advantage of most of a normal inflow so that
sufficient energy is generated for the whole year. The
production capacity at a hydropower plant is set at the
level that was considered profitable when it was built
and involves weighing investment costs against the risk
that the inflow will not be able to be used.
Hydropower is also dimensioned in order to deliver
peak power. This has been achieved by expanding certain hydropower plants to add more and larger units
than are needed to handle the energy flowing in for
the purpose of power maximisation. This in return
shortens the operating time, which is also affected by
the plant’s location in the river. Power plants close to
the source intake and with large reservoirs can have an

ETT ENERGISYST

operating time of 2,000 hours per year, while a plant
close to the outflow to the sea might have an operating
time of 6,000 per year.
The four largest rivers: Umeälven, Ångermanälven,
Faxälven and Indalsälven, account for around 60 percent of all hydropower production in Sweden.
Hydropower is renewable and has a very limited impact on the climate. However, redirecting rivers and
streams can have an effect on the flora and fauna, and
the movement and reproduction of fish.

The role of hydropower in the energy system

In addition to the fact that hydropower accounts for
almost half of Sweden’s electricity production, it is an
important balancing resource in the electricity system.
Hydropower contributes to all types of energy balancing; from seasonal balancing during the year, down to
instantaneous balancing to maintain the frequency of
50 Hz in the system. Water is stored in reservoirs during periods of high inflow to be used later when the
electricity demand is high. There are some multi-year
reservoirs in the Nordic system, mainly in Norway,
but the Suorva dam in Sweden is also a multi-year reservoir. Most of hydropower’s energy balancing capacity is used for daily balancing, i.e. to adapt production
10

levels to the normal variation in consumption over a
24-hour period.
The energy balancing capacity of hydropower varies over the course of the year. When there is high
inflow in connection with the spring tide, the energy
balancing potential is small. The highest energy balancing capacity is often during the winter when the
inflow is lower, making it easier to determine the levels being drawn off. Not all hydropower plants have
access to a reservoir and those that do not cannot be
used for energy balancing. Energy balancing through
hydropower is regulated by environmental codes and
water rulings that establish how much water may be
diverted through a dam or hydropower plant.
Unlike rivers in Norway which have a steeper
course towards the sea, Swedish rivers are flat. This
means that economising with river water needs to be
managed from a perspective of several days since production at a power plant affects the inflow into downstream power plants with a time delay of a few hours.
Along the length of an entire river the time delay can
be up to 48 hours (NEPP 2014).
The total capacity for seasonal storage in Sweden is
estimated at 33.7 TWh (Swedenergy 2014). The Nordic
region as a whole has a seasonal storage capacity of
120 TWh (NEPP 2014).
Although pumped storage hydro power facilities

can be a useful addition to hydropower plants, they
are only being used to a limited extent in Sweden.
When electricity prices are low, water is pumped in
pumped storage plants up to a higher elevation to be
used to produce electricity at times when the prices are
higher. There are three pumped storage hydropower
plants in Sweden: Letten (36 MW), Kymmen (55 MW)
and Eggsjön (600 kW). They are part of the Klarälv
system in Värmland and are owned by Fortum.
The need for hydropower as an energy balancing resource is increasing as the types of energy generation
that cannot be controlled, such as solar and wind, are
growing, and trading is increasing with countries that
need daily energy balancing services, such as the Netherlands. It is hard to judge how much balancing capacity will be needed in the future. It depends on many different parameters, such as the variation in wind power
amplitude and speed, wind power surplus in other
countries, energy usage levels, river inflow levels and
transmission capacity between different areas.

Wind power
In wind power plants the kinetic energy of the wind
drives the turbines. The speed and quality of the wind
are the most important parameters and are deter-

Figure 4: Porjus hydropower plant in Lule River. Source:Vattenfall, photographer Hans Blomberg
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mined by the location and height of the tower. The
risk of turbulence is greater closer to the ground. High
towers have access to higher and more even wind
speeds. The delivered power is also proportionate to
the swept area. Long blades that sweep over a large
area can therefore deliver more power.
Most wind turbines begin to deliver power at wind
speeds of 3 metres/second and reach maximum capacity at 10–14 m/s, depending on the size. Maximum
power is delivered up to between 17 and 25 m/s, at
which point the wind turbine is automatically turned
off. The angle of the turbine blade can be changed to
adjust power output and maximise efficiency.
When referring to wind turbines we seldom talk
about efficiency in the strict sense because some of
the wind will always flow past the turbine. It is technically impossible to utilise all the energy in the wind.
The physical limitation on how much can be used is 59
percent. Today’s wind turbines use around 50 percent
of the energy in the wind.
Wind power has up to now mainly been expanded
in good wind locations along the coastlines. With the
new high tower technology, wind farms are also being
built in forests. In 2014 wind power production was
11.5 TWh and the expansion is expected to continue
up to 2020, helped by the energy certificate system.
Between 1980 and 2000 turbines started to grow in
size, from 75 kW to more than 1,000 kW of installed

capacity, and important technological developments
are in the pipeline. In Sweden the average installed capacity has annually increased by 150 kW since 2008.
The most common size of wind turbines installed in
Sweden today is just over 3 MW. Turbines can be erected
individually or in parks of several hundred megawatts.
Wind power is renewable and electricity is produced
with no carbon emissions or other environmental
pollutants. Environmental impact arises during the
construction phase when the land and resources are
used. While in operation they also have an impact on
humans, animals and the natural environment in the
immediate vicinity of the turbines.

The role of wind power in the electricity
system

Electricity production in wind turbines depends on
the available wind speed and varies over time. On average during the course of a year, wind turbines deliver the equivalent to 25 percent of their installed capacity. However, the wind cannot be controlled and the
turbines cannot therefore deliver power on command.
According to Svenska Kraftnät (the Swedish national
grid authority) wind power can still be assigned a
power output of 11 percent, which is a median value
for the power generated less than 90 percent of the
time over the past five winters.
As shown in the diagram in Figure 7, wind power

Figure 5 (left): Illustration of wind power in a wind turbine. Source: På väg mot en elförsörjning baserad på enbart förnybar el i
Sverige, Lennart Söder. Figure 6 (right): Wind turbines in a forest landscape. Source: Siemens.
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Figure 7: The graph shows a week in February 2013 and how wind power production works with four different areas. The two areas
in southern Sweden are located close to each other and have similar production profiles, while the area in mid-Sweden has an entirely
different profile. In northern Sweden the wind is relatively calm during the period, with a few exceptions. Source: Swedish Energy
Agency,Vindkraftsstatistik 2013.
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production in north and south Sweden complement
each other to some extent. Areas close to each other
have a similar production profile, while areas that are
far apart have entirely different profiles. Since Sweden
is oblong in shape joint storage of wind power produced
in different geographical areas is an option. Improving
transmission capacity between different regions will
enable wind power to be delivered to the right place.
Up to now wind power has been regarded as having
a marginal role in the energy system, only producing
electricity when the wind is blowing. In a system with
a larger share of wind power, it is also needed to provide energy balancing and stability. Although today’s
technology enables wind farms to be controlled, they
are only available for energy balancing when the wind
is blowing.
At the same time, it is precisely during high wind
situations that certain services are needed, because
this is when other energy production resources will be
contributing less to the system. Examples of services
used in other countries are energy balancing, voltage
stabilisation and synthetic inertia.

Development is also moving towards increasingly
large power outputs, from the current level of just over
3 MW for land-based wind turbines to 5 MW, which
will be available in five to ten years’ time. The early
offshore wind turbines were modifications of landbased ones, but today they are being developed specifically for offshore environments.
Sweden’s cold climate presents a challenge for wind
power because ice forming on the blades can reduce
productivity. Established wind turbine suppliers in
Sweden have integrated de-icing equipment to minimise production losses. A substantial amount of research and development is under way to find ways to
better predict and manage ice on wind turbines.
There is also a trend towards wind power playing
a greater role the electricity system. Regulations in
other parts of the world are driving development of
products that could also benefit the Swedish energy
system in the future.

Anticipated technology development

Solar cells are powered by light from the sun and
electricity production is linear with solar radiation.
Solar cells produce direct current that can be used
immediately to, for example, charge battery systems.
A power inverter that converts direct current to alternating current connects the solar cells to the power
grid.
A solar cell is constructed like a semiconductor diode. It consists of a thin double-layer plate made from
semiconductor material. The top layer is designed so
that light can get in. When light is absorbed electrons

Solar power

The conditions for wind power, with its long coastlines and high annual average wind speeds, are very
good in Sweden. In order to make better use of forests in this context, development has been focused on
higher towers and rotors with a larger diameter in relation to the generator. The increased rotor diameter
makes it easier to use lower wind speeds and increase
the operating times. Several studies from the Swedish Energy Agency show that the technical potential
greatly exceeds 100 TWh electricity per year.
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Figure 8: Solar cells on roofs of houses.

Figure 9: Buoy in wave power production. Source: Fortum.

Figure 10: Illustration of the MeyGen tidal power plant being constructed off the coast of Scotland.
Source: MeyGen Tidal Stream Project.

are released and electric voltage of around 0.5 V arises
between the two layers. The electric current is captured in an external circuit through an electric contact
on each side of the plate. There is current as long as
light shines on the cell. Solar cells are connected in a
series of modules to obtain more voltage. The solar

cells on the market today have an efficiency level of
15–21 percent at the module level. In laboratories using new technology, efficiency of 40 percent has been
achieved.
Since production from solar power systems is sensitive to shadow, optimising technology is used where
14

the risk of shadow is great, for example in units installed on houses.
Solar cells based on current technology are temperature-sensitive and produce more at lower temperatures, which is an advantage for Sweden. Another advantage is that frequent rainfall rinses the solar panels
so that production is not restricted by dirt and dust.
These are both important and positive factors for Sweden when comparing annual production with sunnier
climates in countries such as Spain.
Solar power units are usually small scale. The most
common solar production units that are connected to
the power grid are those situated on the roofs of buildings. A house system produces around 2–10 kW, and a
multi-dwelling building, 20–100 kW. Roofs of industrial plants are also used. They are generally larger and can
therefore achieve a higher capacity of between 50 and
500 kW. Sweden also has around ten solar power plants
located in fields with a power output of up to 1 MW.
Solar energy is renewable, it does not affect the climate and after installation it has no operational environmental impact.

more predictable generation than many other renewable energy sources because the waves build up during
windy periods and then continue to generate electricity for many hours after the wind has subsided. Wave
energy can be a good addition locally, but in Sweden
it does not have the potential to make a substantial
contribution to the energy supply.
Many different technologies have undergone fullscale tests. The Pelamis Wave Energy Converter,
which resembles a long sea snake with similar dimensions to an underground metro train, has been tested
for many years in Scotland and Portugal. Several other types exist in other countries. No technology has
yet reached commercial status.
The technology that has advanced the most in Sweden is the so-called point absorber from Seabased
which uses buoys with a linear generator on the seabed. The technology is being applied in Sweden’s first
wave power park which is expected to be operational
in the summer of 2015 in the Sotenäs municipality.
The first stage is for 1 MW. A future expansion to 10
MW is planned for 2016–2017. If it is implemented it
will likely be the world’s largest wave power park.

The role of solar cells in the energy system

At the end of 2014 solar capacity connected to the
grid in Sweden was providing around 79 MW. Electricity generation is estimated at around 75 GWh, which
corresponds to around 0.06 percent of Sweden’s total
electricity usage (IEA 2014).
Solar cells produce electricity during the daytime
when the power need is the greatest. In general it is
fair to say that 80 percent of the output is produced
between the hours of 9 a.m. and 3 p.m. during the
vernal to autumnal equinox, but how this breaks down
depends on the direction and angle of the panels.
Up to now there has not been a lot of discussion about
which energy system services can be delivered by a power inverter from a solar cell system, for example, reactive
energy balancing to reduce losses in the power grid.

Tide power plants and plants
in flowing water
Tide power plants harness tidal movements to extract
energy. The plants actually use either the difference
in height between high and low tides, or the currents
that form when water is moved.
At tide power plants close to the coast the difference
between the ebb and flow is used by constructing a
dam over the mouth of a bay where there are large
tidal variations. When the tide flows the dam opens
and water is let in. When the tide ebbs the water is let
out through a turbine that generates electricity. The
turbine can usually be driven in both directions using
revolving turbine blades and can thus produce electricity in both ebbing and flowing tides. The advantage of
this method is that power production is predictable.
There are not many places that are well-suited for this
type of power plant. The difference between high and
low tide needs to be a few meters in order for it to be
worth pursuing.
The free currents in the sea produced by tides or
large ocean currents could in principle also be used to
produce energy. This has been tested using different
types of power plants placed in these currents. Several of them resemble small wind turbines of a more
robust construction and located under the surface.
Ocean currents could potentially produce electricity
continuously.
Sweden does not have the right conditions for current or tide power plants because the tidal variations
are too small and the currents along the coastlines are
too weak.

Wave and offshore power
production
A wave power plant converts energy in ocean waves
into electricity. The technology is still being developed
and there are various technical solutions that can be
adapted to local conditions, such as wave climate, water depth and distance to land.
Sweden does not have a particularly favourable
wave climate, i.e. large waves during long periods of
the year. Countries such as Ireland, northern United
Kingdom, Portugal and Norway have significantly
more power in their waves per kilometre of coastline.
Sweden’s best location delivers around 6 kW/m of
wave front, which can be compared to Norway, which
has 40–60 kW/m along essentially the entire coastline.
We can expect wave power to provide stable and
15

Figure 11: Plant for geothermal energy production in New
Zealand constructed by Alstom. Source: Alstom.

Geothermal energy generation
Geothermal energy originates from the earth’s formation but is constantly being replenished by radioactive decay at the earth’s core. Most of it is stored in
rock and in the water that fills the pores and fractures
within the rock. Energy in the form of steam or hot
water is extracted via deep bore holes. If the temperature is high enough, the thermal energy can be used
to produce electricity.
Geothermal energy is mainly found in areas with
active volcanos or where the Earth’s crust is thin, for
example in Iceland. One fourth of Iceland’s energy
production is based on geothermal energy, equivalent to 4.6 TWh and an installed capacity of 665 MWe
(2013) (Orkustofnun 2015).
The advantage of geothermal energy compared to
other “flowing types of energy” is that it is a stable
and reliable power source that can also be adjusted
as needed.
Sweden, with its ancient bedrock, has very limited
potential to produce electricity using thermal energy.

Figure 12: Geothermal energy is readily available in Iceland.
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5. Electricity production
based on fuel combustion
Thermal energy is a generic term for energy sources
that use heat to produce electricity. The most common
principle for thermal energy production is the steam
turbine cycle (or Rankine cycle). Thermal energy vaporizes water to drive a steam turbine. Energy is produced through combustion of, for example, biofuels
or waste, which is most common in Sweden, or using
natural gas or coal, which is most common on the
Continent. Nuclear power is based on the same basic
principle, but thermal energy is produced through nuclear fission. Nuclear power is described in detail in
Chapter 6.
The greater the pressure and temperature difference of the steam before and after the turbine, the
higher the electrical efficiency. Apart from maximum
heating of the steam, the extent to which the steam
is cooled after the turbine is also important, taking
into consideration cost as well as components in the
equipment.
To lower the temperature as much as possible, the
steam is condensed by being cooled using sea water
or water from a lake or river. If these cooling options
are not available, outdoor air is used in large cooling
towers.
This type of thermal energy generation does not
make use of the residual heat. Typical efficiency values range from 35 percent for older plants to up to 60
percent for new conventional power plants based on
gas as the fuel.
In CHP plants, on the other hand, electricity is produced while the heat generated is utilised in a distance
heating system or an industrial process. CHP for industrial processes is often called industrial back pressure.
To deliver sufficiently high temperatures for district
heating systems, the cooling process cannot be as
extensive as in regular power plants. This results in
lower electrical efficiency. Typically, the drop in efficiency in order to be able to utilise the cooling energy
is around 5–15 percentage points, but in return the
overall efficiency will be about 90 percent.
In Sweden and Finland producing heat for district
heating systems has been the priority, and electricity
has, if anything, been a by-product. CHP plants are
therefore designed to be dependent on a heat market.
In order to produce electricity independent of heat
usage in district heating systems, the plant’s turbine

Figure 13: Installation of a steam turbine at Siemens in
Finspång. Source: Siemens.

WHAT IS A TURBINE?
Kinetic energy in a liquid or gas is converted into mechanical
work in a turbine. The key component in a turbine is the
rotor. The rotor is fitted with blades that convert kinetic
energy in liquid or gas into rotational energy in the rotor
axle, which in turn drives an electricity generator. Turbines are
driven by flowing water in a hydropower plant, the wind’s
kinetic energy, steam from a steam boiler or exhaust from a
combustion chamber in a gas turbine.
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Figure 14: Schwarze Pumpe coal power plant in Germany. Here Vattenfall has researched technology to remove carbon
dioxide from flue gases. Source:Vattenfall.

may have an extra step involving a cold condenser that
is cooled by the surroundings in the same way as in
plant that uses condensation. The same high electrical efficiency is achieved as in a plant using condensation. A cheaper alternative is to install a recooler
somewhere in the district heating system to cool surplus heat, although in this case the electrical efficiency
from the CHP plant would remain low.
Another type of thermal energy plant is based on
the gas turbine cycle, where combustion gases drive
a gas turbine. Electricity can also be produced in a
combined gas and steam cycle in a combined-cycle
power plant. The hot combustion gases leaving the
gas turbine are used to vaporise water and the steam
then drives a steam turbine.
The amount of electricity produced in a power plant
depends on the electrical efficiency, installed capacity
and annual operating time. The efficiency of a power
plant indicates what proportion of the energy in the
fuel used is converted into electricity. Nuclear power

plants are an exception since their electrical efficiency
indicates what proportion of the energy content in the
steam is converted into electricity. The energy content
in the fuel – uranium – is significantly higher.
Below is a more detailed description of the various
technologies.

Coal power plants
Coal power plants are based on a classic steam turbine cycle in which coal is burned and energy from
the process is used to produce steam. Larger coal
power plants often burn pulverised coal, while smaller ones use fluidised bed boilers.
New plants are being built and the number of coal
power plants is increasing in many countries. For efficiency reasons the plants are being built as big as the
energy system in the respective countries can tolerate,
which often results in units with a capacity of over
18

1,000 MW. To maximise efficiency up to 48 percent,
they are also designed to operate with a very high temperature and steam pressure.
Coal power plants are dimensioned for financial
reasons to maximise annual operating time and are
therefore used for baseload power generation in their
systems. Coal-based plants in Europe typically have
an operating time of just under 8,000 hours a year
with accessibility of 97 percent. Although Sweden
does not have any coal power plants of this type, they
are still often the foundation for energy generation
systems in many European countries, such as Poland,
Germany and the Czech Republic. A few CHP plants
in Sweden do, however, still use coal.
Modern coal power plants have extensive flue gas
cleaning processes. 99 percent of the sulphur is eliminated along with nitric oxide, particles and other
“conventional” emissions. Coal usually contains between 5 and 15 percent ash, the composition of which
reflects the rock from which it was extracted. In Germany and in most other European countries the ash is
re-used for things like cement.
Coal is the fuel which, alongside heavy oil and peat,
has the highest CO2 emissions per produced kWh of
electricity. Modern power plants are, however, significantly more efficient and therefore have lower emissions than older ones. Carbon dioxide emissions from
modern coal plants are around 700–800 kg CO2/MWh
of generated electricity.
Research & development is under way to find a way
to remove carbon dioxide from flue gases and store
them in formations in bedrock or under the sea bed in
so-called carbon capture and storage (CSS) processes.

Several large pilot plants with full-scale technology
have been built, but there are still no commercial power plants using CCS technology.
Capturing, separating, compressing and storing
carbon dioxide is an energy-intensive process and a
plant with CCS technology therefore has lower electrical efficiency than a similar plant without CCS technology. With CCS, a modern coal power plant could have
electrical efficiency of around 40 percent, or around
7 to 10 percentage points lower than a conventional
plant. This would reduce carbon emissions by up to
98 percent.

Gas turbines
A gas turbine is driven by combustion gas flows. The
turbine consists of a compressor, combustion chamber and a turbine. Air is compressed and then combined with fuel, such as natural gas, and ignited in a
combustion chamber. The combustion gases expand
rapidly through the subsequent turbine stage. The
compressor is driven by an initial turbine stage. If the
residual gases were to be released at high speed, this
would be a jet engine, but if they are instead used in a
second turbine stage they can drive a generator. The
simple gas turbine power plants are called open cycle
(OC) turbines. These are often used in oil-rich countries, but are also an important part of reserve power
plants in Europe. They are inexpensive to build but
expensive to operate, which makes them suitable for
power plants that in principle should never need to be
in operation.

Figure 15: A cross-section of a gas turbine and a turnkey plant. Source: Siemens.

19

Electricity generating gas turbines are usually run
on natural gas or oil. They could also be run on gasified coal or biofuels. Numerous development projects
around the world have focused on this, but the technology has not yet been commercialised.
Gas turbines of the open cycle type have an efficiency of around 40 percent. Higher efficiency can be
achieved if the plant is of the combined cycle (CC) type,
see below.
The environmental impact from a gas turbine is determined by the type of fuel used. Gas turbines used
as energy balancing resources use oil for practical reasons. The turbines operate for very few hours per year
and an easy storage solution for the fuel is important.
Gas turbines operated for longer periods annually
usually run on natural gas. Both are fossil fuels that
contribute to the greenhouse effect.

operation with maintained efficiency. As the share of
intermittent power increases, it is becoming increasingly important to maintain a high efficiency level
even with partial loads.
There are two large, modern combined-cycle plants
in Sweden: Rya CHP plant in Gothenburg and the
Öresund plant in Malmö. The Öresund plant went
into operation in 2009 and has an installed capacity of 400 MW of electricity and 250 MW of heat. In
condensation systems the electrical power is 440 MW.
The Rya plant went into operation in 2006 and has
an installed capacity of 261 MW of electricity and 294
MW of heat and was built for a condensation process.
Combined-cycle power plants are fired by natural
gas, which is a fossil fuel. The natural gas combustion
process produces carbon dioxide, while the emissions
of other substances to air, such are nitric oxide, are
limited. Natural gas contains no sulphur and there is
no ash or any other residual products to be dealt with.
Carbon dioxide emissions from natural gas fired
power plants are, however, lower than from oil or
coal power plants per produced kWh hour of electricity, because the carbon content in the fuel per energy
unit is lower. Emissions from a combined-cycle power
plant are around 350 kg CO2/MWh electricity at an
efficiency of 58 percent. Gas-fired power plants are
competing with coal power plants in Europe.
Carbon capture and storage (CCS) research is under
way for natural gas based energy cycles. But the cost
is 2–3 times higher per captured quantity of CO2 than
forcoal fired power plants, which is why it is less attractive.

The role of gas turbines in the energy system

One of a gas turbine’s strengths is that start-up is fast
and it can reach full speed within ten minutes. It also
takes up little space relative to the installed capacity.
From a technical perspective, gas turbines are suitable for energy balancing. There are several open cycle turbines that can generate 50–100 MWe within ten
minutes with an efficiency of 42 percent.

Combined-cycle power plants
In a combined-cycle power plant electricity is produced both in a steam cycle and a gas turbine cycle. If
the heat produced is also utilised, the total efficiency
can be much higher. Combined-cycle power plants are
normally fired by natural gas.
Natural gas is ignited in the gas turbine’s pressurised combustion chamber. The combustion gases then
drive the gas turbine which is connected to a generator that produces electricity. The hot gases (around
500°C) go from the gas turbine to an exhaust steam
boiler where water is vaporized. The steam drives a
steam turbine which is connected to another generator
to produce electricity. Combined-cycle plants can either be designed for CHP operation and, in addition to
electricity, deliver heat to a district heating system or
industrial process, or use condensation to maximise
electricity production.
Natural gas fired combined-cycle power plants that
only produce electricity can have an efficiency of up
to 60 percent. If the heat energy is used to maximise
district heating usage, the electrical efficiency falls by
around 25 percentage points, while the total efficiency
including district heating can be as high as 90 percent. The electrical efficiency varies on a sliding scale
between these values, depending on how much heat
energy is extracted.
Technology development is mainly focused on meeting demands for greater fuel flexibility and flexible

Role in the energy system

A modern gas-fired power plant can technically operate CHP and condensation processes and serve as an
energy balancing resource in an energy market with an
increasing proportion of wind power and other electricity generation where planning is not possible. The
plants are flexible and start-up is fast. A cold plant can
get up to full speed in 2–3 hours.

CHP – biofuels
CHP plants are primarily dimensioned according to
the heat requirement in the district heating system.
The electricity generated can be seen as a by-product.
When the energy certificate system was introduced in
2003, electricity production in biofuel fired CHP plants
became more attractive. Due to lower electricity prices
and the fact that investment is no longer driven by
energy certificates, the pace of investment has slowed
down for now.
Wood chips are usually the fuel used in biofuel fired
CHP plants. Biofuel boilers today are often of the bubbling fluidised bed (BFB) or circulating fluidised bed
(CFB) type. A fluidised bed is where the particles are
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Figure 16: Rya – natural gas-fired combined-cycle power plant in Gothenburg. Source: Göteborg Energi.

set in motion using upward air flows from underneath.
The bed material is usually sand which is mixed with
the fuel. The upward air flows from underneath stir up
the fuel and bed material. The technology is suitable
for solid fuels and is very flexible. The combustion
process is efficient, which reduces the need for subsequent flue gas cleaning.
In smaller plants grate burners are often used, i.e.
solid fuel is placed on a grate in the boiler. The combustion air comes from underneath through the slits
in the grate.
Energy from the combustion process is transferred
to water in the boiler which is then vaporised and
overheated. The steam drives a steam turbine which
in turn drives the generator. The steam then condenses
in a condenser and the water goes into the boiler.
The electrical efficiency in a biofuel fired CHP plant
is normally around 25 to 28 percent depending on the
size when operating for CHP. If it can also be used for
a condensation process, i.e. with a condensing turbine

and cold condenser, the electrical efficiency can reach
40 percent. The installed energy effect varies between
plants, but typical levels are 10–100 MW electricity. If
the plant is only used for CHP, the capacity utilisation
is determined by the heating needs and the utilisation
time is around 3,500 hours per year. The total operating time is somewhat lower, around 5,000 hours, but
is then largely at partial load.
Technically there is no reason why a CHP plant
equipped with a condensing turbine and cold condenser or recooling equipment cannot operate yearround alternately as a CHP plant or a power plant only.
Operation levels are determined by commercial conditions, i.e. demand for heat and the price of electricity
or energy certificates. Operating times could then exceed 8,000 hours with full balancing capacity.
Many CHP plants in Sweden have obtained extra
coolers for their district heating water to resemble cold
condensers using cooling water. Heat energy is cooled
in lakes, rivers or underneath city pavements. There is
21
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Figure
Drawing of a biofuel-fired CHP plant. Source:Vattenfall.
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also a system whereby people with swimming pools can
purchase heat at a very low price during the spring,
summer and autumn. By having more ways to dispose
of heat, through extra coolers, the turbines can be operated for longer periods during the year, or exclusively to
produce electricity if the price for this is right.
Water steam in flue gases normally means an energy loss. This condensation energy can be used by
condensing flue gases where the energy content in the
steam in the flue gases is recovered using a heat exchanger. Since the efficiency of the process is calculated on the fuel’s effective heat value, which does not
take into the account steam formation heat in the flue
gases, a CHP plant can use flue gas condensation to
achieve total efficiency of 105–110 percent.
Biofuel is renewable and has a limited climate impact provided there is a corresponding growth of new
biomass. Plants are often fitted with particle filters
and there is separate flue gas cleaning for nitric oxide,
resulting in very low emissions to air.

is equipped with a condensing turbine and cold condenser or recooler, the annual operating time could be
extended and independent of the heat market.

Anticipated technology development

CHP production based on biofuel is a well-tested technology which has been commercially available for
a long time. Technology development is now mainly
aimed at ever higher efficiency. There are also demonstration projects for small-scale CHP using, for example, ORC technology1 working with lower temperatures.
One interesting technical development is so-called
top spool technology. Here the boiler is replaced by a
vaporiser and combustion takes place in a gas turbine
using moistened air. The gas turbine needs to be fitted
with a top spool unit, but on the other hand no steam
turbine is needed. In addition to the lower investment
costs for this technology, it is possible to achieve significantly higher efficiency – more than 55 percent
compared to today’s 25–28 percent.

Role in the energy system

CHP in industry

The electricity generation level is normally determined
by the demand for heat in the district heating system.
CHP plants are therefore normally in operation during the winter months, from October to March. Although generation is adapted to the heat requirement,
biofuel fired CHP plants can serve as an energy balancing resource as well. If the plant, as described above,

There are around 50 plants, primarily in the forest industry, that have cogeneration of electricity and heat,
similar to that in CHP production in a district heating
system.
The difference between these and CHP plants is that
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industries often use energy in the form of steam for
various parts of their processes, for example in paper
production. Electricity is produced when high-pressure steam from various types of boilers is channelled
into a turbine adapted to the steam-pressure needs in
the rest of the factory.
In the past, so-called back-pressure turbines were
installed in which the steam leaving the turbine maintained a certain pressure. The efficiency of backpressure turbines varies, but it is generally around 18
percent. Interest in industrial energy production increased in connection with the introduction of energy
certificates in 2003, when it became profitable to complement boilers for process steam with new and more
efficient steam turbines, in most cases in the form of
condensing turbines which have an efficiency level of
around 30 percent.
Electrical efficiency for a typical pulp factory, calculated as the total efficiency from the fuel used, is
today around 15 percent with back-pressure turbines
and 15–25 percent with condensing turbines. The electrical efficiency is not a critical factor in an industry
application because the steam is primarily used in the
core processes.

Processing industries are usually operational yearround, which means that industrial back-pressure
energy generation could take place for long periods
annually – around 8,000 hours. In reality the average
operating times are much shorter and are determined
by electricity price fluctuations.

CHP – waste
To drive development towards an increased focus on
recycling, a landfill tax was introduced on waste in
1999, and in 2005 a ban was imposed on the dumping
of several waste fractions in landfills. This means that
energy companies are paid to deal with waste, which
has been a strong driver for the expansion of wastefired plants in Sweden.
Out of a total of 33 waste-fired plants in Sweden,
27 plants produce electricity from waste. In total 2.0
TWh of electricity and 14.6 TWh of heat were produced
in 2014 (Avfall Sverige 2015). As in other CHP plants,
the heat is utilised in a district heating system and the
heat market determines the dimensions of CHP plants.
Just over 74 million tonnes of waste are burned in

Figure 18: Brista biofuel-fired CHP plant outside Uppsala. Source: Fortum.
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the EU annually, while more than 140 million tonnes
go to landfill. The potential for further expansion of
waste-fired plants therefore exists in Sweden based
on an ability to import waste from elsewhere in Europe.
Most waste-fired plants use both household and industrial waste. Waste is very inhomogeneous, making
it a difficult fuel for plants to manage. When waste
is sorted it is more homogeneous as a fuel fraction
which improves a plant’s operation in terms of availability and balancing capacity.
The most common technology for combustion of
waste uses grate boilers. If the waste is sorted and relatively homogeneous, fluidised beds can also be used.
The plants also have very advanced and comprehensive flue gas cleaning technology to handle all of the
trace elements and pollutants that may be in the waste.
The electrical efficiency of a waste-fired plant is often less than 20 percent, but they can reach higher
overall efficiency levels. The electrical efficiency of
new plants can exceed 20 percent.
Waste-fired plants are being developed towards
more efficient incineration technology and to be able
to handle new types of waste, such as hazardous waste
from hospitals. Methods are also being developed to
make better use of residual products such as slag,
which can be repurposed as a filler material in road
construction. As sorting of household waste increases,
the fraction used for incineration is also improved. Development in waste baling methods is enabling waste
to be stored and used when demand is the highest.

example, as construction material for landfills. The
light fly ash which is rich in lime can be turned into
plaster and used as a filler material.

Gas engines
There are three alternatives for small-scale commercial energy production: Otto engines, diesel engines
and gas turbines for slightly larger units. Diesel engines were in the past mainly used to drive marine
vessels, but over the past few decades they have been
used increasingly in power plants internationally. Diesel engines that run on natural gas and biogas are also
used to produce electricity in Sweden, although their
contribution in a national perspective is very small.
The reason for the increased interest is that diesel
engines are relatively inexpensive and have a relatively
high efficiency level, including in small units – around
40 percent of a plant of 1 MW. In small plants of
around 100 kWe, the Otto engine is a common solution, providing electrical efficiency of around 33 percent. Gas turbines are described in a previous section.
The gas engines are normally run on natural gas or
oil. Gas engines are based on mature technology. Development is mainly aimed at the ability to use other
fuels, such as biogas from anaerobic digestion or gasification.
Today there is one large demonstration plant for
biomass gasification in Sweden – Göteborg Energi’s
GoBiGas plant, and several smaller research gasifiers,
including at Chalmers University of Technology, the
Royal Institute of Technology KTH) and SP Energy
Technology Center in Piteå.
Gasified biomass can be used directly for electricity
generation in a gas engine and does not need to first
be turned into methane. The electrical efficiency from
biofuel, including gasification, is around 30 percent
in CHP processes. This is a simple solution that can
be used on a small scale. Steam boilers are expensive
in small-scale applications. If the gas is to be used as
vehicle fuel, on the other hand, it needs to be cleaned
and upgraded to methane.
Gas engines can be fitted with equipment that can
use residual heat in the hot flue gases (residual heat,
Organic Rankine Cycle – ORC), and this can increase
electrical efficiency to 40 percent.

Role in the energy system

As waste is generated year-round and must be dealt
with quickly, waste-fired CHP plants can only be used
as baseload plants in the system, involving operating
times of around 7,000 full load hours. Waste-fired
CHP plants are not suitable for energy balancing.

General environmental aspects

The environmental standards for waste incineration
are very high, which means that highly advanced flue
gas cleaning processes are required.
Waste incineration often generates different types
of ash, such as bottom ash and fly ask. Waste metal
is extracted from the heavy ash at the bottom of the
furnace (so-called bottom ash) and can be used, for
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6. Nuclear power plants
Nuclear power plants are different in many respects
from other energy production plants. During normal
operation their environmental impact is small, but the
consequences of a serious accident can be enormous.
Nuclear reactors require constant supervision. Even after a reactor is decommissioned, the residual heat still
needs to be cooled down. Safety is always the top priority. This means the safety of the technical solutions as
well as management with a safety focus. Dealing with
nuclear waste and storing spent nuclear fuel in a safe
way for a very long time also requires special processes
and equipment.
Nuclear power has a special status from a public
opinion and political perspective, evidenced by the
fact that countries like Germany and the UK have tak-

en an entirely different approach to nuclear power in
recent years.

Nuclear power – fission
Nuclear power plants are condensation plants where
turbines are driven by steam, and water is energised
by the thermal energy generated in so-called fission.
Almost all of today’s reactors are thermal reactors
fuelled by uranium. Natural uranium consists of two
different isotopes: uranium 235 (0.7 percent) and uranium 238 (99.3 percent). Uranium 235 is the fissile
isotope in thermal reactors.
The nucleus of the atom is split through interaction

Figure 19: The reactor hall at Forsmark 3. Source:Vattenfall.
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ställen i Europa men är ännu inte i drift för civilt bruk.

procent av den totala volymen kärnavfall. För att stoppa strålningen från detta kärnbränsle krävs ﬂera meter vatten eller
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upp till 325 °C. Det höga trycket inne i reaktorn regleras av ett tryckkärl och
Havsvattnet pumpas tillbaka till havet igen och är då i genomsnitt 10 °C varhindrar vattnet från att koka.
mare än när det gick in i kondensorn.
Det varma vattnet från reaktorn överförs till ånggeneratorn. Ånga bildas,
eftersom trycket här är lägre. Trycket från ångan gör att turbinbladen roterar.
Turbinen driver en generator som genererar elektricitet. Ångan leds sedan till
en kondensor som består av många små rör. Havsvatten pumpas igenom rören

52 | SEX

Vattnet pumpas tillbaka från ånggeneratorn in i reaktorn för att sedan värmas
upp på nytt. Vattnet i reaktorn cirkulerar alltså i ett slutet kretslopp så varken
ånggeneratorns vatten eller det kylande havsvattnet kommer i kontakt med
vattnet i reaktorn.

with free neutrons, more neutrons are formed and a
chain reaction occurs. Control rods that absorb neutrons are used to control the chain reaction.
In the thermal reactors, the moderator’s task is to
reduce the speed of the fast-moving neutrons formed
ENERGIKÄLLOR
in the fission process. This is done by the neutrons
colliding with the atomic nuclei in the moderator consisting of light atoms. The majority of today’s reactors
(362) use regular (light) water, but heavy water2 and
graphite are also used. Water is used as the medium in
the majority of reactors to transport the heat from the
core, but a few (15) use carbon dioxide.
There are two types of thermal reactors in Sweden:
boiling water reactors (BWR) and pressurised water
reactors (PWR). In a boiling water reactor steam is
produced directly in the reactor tank and taken to the
steam turbine that drives a generator. In a pressurised
water reactor the water is not brought to a boil, instead the heat is transferred to a steam generator.
The majority of today’s reactors around the world
have been in operation for more than 30 years and are
therefore of an early basic design. Many of them have
had safety upgrades through extensive and expensive
improvements. In recent years, however, new thermal
reactor designs with so-called passive safety systems
have been presented. The safety in these is based on
basic laws of physics, such as gravitation and natural
convection. Similarly, research & development is in
progress on reactors that can also use uranium 238
and thorium as fuel.
The electrical efficiency in a nuclear power plant is

based on the efficiency of the steam cycle. Today it is
between 32 and 36 percent calculated as net production of electricity through the the energy content in
the steam.
A nuclear power plant could technically be operated
for combined heat and power. The majority of nuclear power plants, however, only produce electricity
and all surplus heat is cooled off. The existing nuclear
power plants in Sweden are located along the coast so
that sea water can be used for cooling.
The oldest reactor, Oskarshamn 1, provides electrical power of just under 500 MW, and the largest one in
operation, Oskarshamn 3, has an installed capacity of
1,400 MW. In Western Europe new nuclear power reactors are being planned and built in Finland, France
and the UK. In Central and Eastern Europe 13 reactors
are under construction. They all have a capacity of
1,200–1,600 MW.

Nuclear power’s role in the energy system

The majority of the world’s nuclear power plants are
used as baseload plants. Nuclear power plants have
high capital costs and relatively low fuel costs, which
means their operating time should be maximised during the year.
In countries with a high proportion of nuclear power, however, it is desirable to adjust output based on
to demand. In France – the country with the highest
proportion of nuclear power in the world – flexible
nuclear power is routinely used in line with the electricity demand. Both slow and planned downward ad26

justment are used during the nights and weekends in
a process called load following. Automatic frequency
control – so-called primary and secondary frequency
control – is linked to the electricity market (Elforsk
2011B).
In Sweden nuclear power is responsible for baseload
production, but could in the future, with continued
expansion of wind power, be a more flexible power
source. Technically the Swedish reactors are used for
both load following and primary control. Energy balancing is tough on plants, however, and this increases
the risk of disruption. It may also take up to a couple
of days before a plant can reach full capacity after it
has been operated at reduced capacity.
New modern reactor systems that have a good capacity for flexible energy production are available on
the market.

An application for a site for final disposal of spent
nuclear fuel to be located outside Forsmark is currently under review by the Swedish Radiation Safety
Authority and the Land and Environmental Court
within Nacka District Court. In Finland the authorities have given the all clear to build a final disposal
site in Olkiluoto based on the Swedish KBS3 method.

Anticipated technology development

Different types of reactors are categorised in different
generations depending on their development level. The
majority of today’s commercial reactors are of generation II.
The technology being built today and which will
be built in the near future is called generation III and
generation III+. What differentiates generation III
from previous generations is that it has advanced and
more robust security systems. The systems are based
on the principle that they should be passive and based
on the laws of nature, rather than being advanced control systems relying on electricity in order to work.
Reactor systems that still have active systems have
redundancy through four identical and physically entirely distinct systems. They are also able to handle
a meltdown. Operational reliability is also improved
through the use of more durable materials and more
robust designs. The cost of many of the new reactors
is reduced through better fuel economy, fewer components in system solutions and the fact that a modular
system is planned during design and construction.
Reactors in a more distant future perspective, i.e.
generation IV, are based on other principles of reactor physics than today’s thermal reactors, the main

General environmental aspects

Life cycle analysis (Analysgruppen 2014) which takes
into account the whole nuclear power cycle, i.e. nuclear fuel production, reactor operation, construction/
demolition and management of radioactive waste,
shows that in normal operation, the environmental
impact of nuclear power is small and mainly involves
limited carbon emissions. On the other hand, accidents involving extensive radioactive emissions have
serious economic and environmental consequences.
Management of spent nuclear fuel is the main environmental issue associated with operating today’s
nuclear power plants. It needs to be isolated from the
biosphere for very long periods of time, up to a hundred thousand years. Sweden is at the forefront here.

Table 4: Nuclear power plant, power (MW) and electricity production 2013 and 2014, TWh. Source: Swedenergy.

Net capacity

In operation

Barsebäck 1

(600)

1975

Block

Electricity production

2013

2014

-

-

Barsebäck 2

(600)

1975

-

-

Forsmark 1

984

1980

7.5

8.1

Forsmark 2

1,120

1981

8.7

8.8

Forsmark 3

1,167

1985

9.0

8.5

473

1972

0.5

3.1

Oskarshamn 2

638

1974

1.7

0.0

Oskarshamn 3

1,400

1985

9.4

9.2

Oskarshamn 1

Ringhals 1

878

1976

6.1

5.5

Ringhals 2

866

1975

6.3

4.3

Ringhals 3

1,064

1981

6.9

8.1

Ringhals 4

938

1983

7.4

6.7

63.6

62.2

Total

9,528
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feature being that a moderator is not used to reduce
the speed of neutrons. This enables simultaneous incineration and production of fuel (breeding and transmutation) and the use of coolants other than water,
such as metals with a low melting point. The result is
improved safety because the breeder reactors can be
run at atmospheric pressure and the large heat capacity in the coolant allows the residual heat to be cooled
through natural circulation. These reactors are currently mainly in the research and technology development sphere, although a few prototypes are being
built in Russia and France etc. Those countries have
determined that reactors of this type should be able to
be introduced on a larger scale starting around 2040
and 2050 respectively. They will enable much more
efficient use of resources because the fuel used will be
uranium 238 and thorium. As the fuel from these reactors is reprocessed and several so-called actinides3 are
reused as fuel, the residual waste will contain smaller
quantities of long-lived actinides. For Sweden, some of
the plutonium in the spent nuclear fuel from today’s
nuclear power could initially be used as fuel.
One possible development is that plants may be
scaled down significantly instead of bigger reactors
being built. This would make it possible to have small
modular reactors of a few or a few hundred megawatts. The advantage with these is that they could
largely be produced at factories, transported and assembled into a complete plant at the site. This would
reduce the costs and shorten the construction time

considerably and thereby reduce investment costs and
generate early positive cash flow. To reach its full potential this concept requires a high degree of standardisation (Analysgruppen 2012).

Fusion
Fusion is when light atomic nuclei collide while energy
is generated simultaneously. This is the same reaction
that takes place in the sun. In order for fusion to take
place in a reactor, the so-called high-temperature plasma needs to be confined for an extended period. The
technology, which still requires considerable development, will enable electricity to be generated with fairly
small carbon emissions, a huge fuel supply (isotopes
of hydrogen deuterium and tritium), small volumes of
short-lived waste and no risk of accidents involving
large emissions to the surroundings.
The road to the demonstration stage for this technology has up to now proved to be a long one and extensive international cooperation is needed. The International Thermonuclear Experimental Reactor (ITER)
is a current example of this type of cooperation. ITER
will be followed by a prototype of an electric power
generation plant based on fusion technology, called
DEMO. There will likely be no fusion power plant in
operation before 2050 (OECD/NEA 2015).
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7. Economics and
the investment climate
The price of electricity has fallen in recent years and
this has negatively affected the profitability of existing
plants and investment in new ones. For new investment
to take place electricity prices need to be in the range
of SEK 0.50–0.60 per kWh. At this time (June 2015),
the price is around SEK 0.20/kWh. The situation does,
however, vary among the various energy sources.
In addition to the price of electricity, revenue from
energy certificates has also declined for the energy
sources in the system. The price of certificates has essentially been cut in half over the past five years, from
around SEK 300 to SEK 150. The producers are allocated energy certificates per MWh of electricity they
produce based on certificate eligibility.
Figure 23 shows the total production costs including
capital costs for various types of energy, and each one
with and without today’s control mechanisms.4 The
energy source which is the most profitable in terms of
electricity generation is waste-based CHP, while solar
energy is the most expensive. Solar energy units are
still, however, being built, in part due to the fact that
there are two entirely different types of players investing: municipal or privately-owned energy companies

building waste-fired plants mainly to produce heat,
or private individuals or property companies investing in solar panels to cover their own energy needs.
An energy company produces energy to sell and uses
the spot market for the reference price, while a private individual compares the cost of his/her own solar
energy with the price they have to pay for electricity,
including energy tax and grid charges.
Apart from pure incentive structures, the control
mechanisms, business risk and environmental aspects
also vary, so investment decisions are not determined
by production cost per kWh alone.
Below is a general discussion of the various factors
that impact investments in different energy sources.
This report does not include a deeper analysis of the
impact of the various control mechanisms.

Hydropower
Today essentially no new hydropower plants are being
built in Sweden. This is partly due to the problem of
obtaining environmental permits. Existing plants are,

Figure 21: The price of electricity has fallen in recent years. The diagram shows the system price on Nord Pool’s spot market per
week from 2013 until week 24, 2015, in öre/kWh. Source: Nord Pool Spot 18 June 2015.
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Figure 22: Monthly average for energy certificates 2009 to end of May 2015, SEK/MWh. Source: Svensk Kraftmäkling.
400

SEK/MWh

300

200

100

2009

2010

2011

2012

2013

2014

2015

Ja

nu
a
M ry
ar
ch
M
ay
Se
pt J u
e
D m ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay
Se
pt J u
D em ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay
Se
pt J u
e
D m ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay
Se
pt J u
D em ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay
Se
pt J u
D em ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay
Se
pt J u
e
D m ly
ec b
em er
J a be
nu r
a
M ry
ar
ch
M
ay

0

Figure 23: Production costs for new energy production, including capital costs (6 percent) and with the same without today’s control
mechanisms, öre/kWh. Gas turbines are not included in the diagram due another scale is used; the production cost is 506 and
503 öre/kWh respectively. Source: Elforsk El från nya och framtida anläggningar 2014.
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Wind power

however, being upgraded and investments are being
made in already regulated rivers. When water rulings
are reviewed this may also result in lower production
capacity. Expansion of hydropower in the future will
largely be determined by what the environmental scrutiny system will look like.
Four large rivers in the Norrland region in the north
of Sweden have not yet been used and are protected
by the Environmental Code, based on considerations
such as biological diversity and national environmental
protection interests, and protection of cultural heritage sites and outdoor recreation areas. These so-called
national rivers are Kalix, Torne, Pite and Vindel rivers. The potential energy production in these rivers has
been estimated at around 15 TWh (Svensk Energi 2011).
The production costs for new hydropower is around
SEK 0.50/kWh for small-scale plants and just over SEK
0.40/kWh for large-scale ones, taking into account
current control mechanisms. One advantage of hydropower is that it has low operating costs because
the “fuel”, i.e. water, is free. Small-scale hydropower
plants, production increases at existing plants and new
hydropower are also covered by the energy certificate
system and this generates income.
With today’s low electricity and energy certificate
prices, an investment in hydropower is not profitable,
but hydropower still has considerable value which
may increase over time. According to a report by Swedenergy, there is potential for an additional 5.9 TWh in
hydropower in already regulated rivers (Swedenergy
2011).
The main advantage of hydropower from a system
perspective is that it can be controlled and stored. It
can therefore deliver very important services in terms
of frequency control and power reserve services. It also
has a generation pattern over the year that makes it
possible to have a higher price than the average price
on the spot market.

on interest in green energy and the possibility of investing in wind power. These include property companies and industries, but also private individuals who
are shareholders in wind power cooperatives.
The threshold effects for investment in wind power
are mainly found on the grid side in the form of grid
charges and connection fees. Although there is a high
level of acceptance for wind power in society in general, local resistance can be significant, which also
presents an obstacle for investment.
A substantial expansion of wind power could negatively impact its own profitability. It produces the
most when it is the windiest, which in turn pushes
down the price of electricity on the spot market. The
production patterns in wind power may therefore result in a lower electricity price for it than the average
price on the spot market.
Wind power has some capacity to deliver system
services. As long as the wind is blowing, it can quickly
provide positive and negative balancing. It is not profitable, however, for wind power to offer these types of
services with today’s market system. Positive balancing is expensive in particular because the producer has
to waste wind in order to turn it up as needed. If negative balancing were to be sold separately, wind power
would already be able to be on the market today.

Solar cells
The price of solar cells – both individual modules and
turnkey solutions – has fallen significantly in recent
years. The cost of roof-mounted systems on houses
have, for example, fallen to almost a quarter of what
they were between 2010 and the end of 2014 (IEA
2014).
This is largely due to growing demand. The price
reduction is strongly linked to the number of solar
cell modules produced, and development is ongoing.
Solar energy has very low operating costs and the
majority of the cost is in the investment. Future investment will mainly be determined by the energy tax
system and investment subsidies.
Investors in solar energy solutions are usually property companies, industries or other types of businesses
that own property, cooperative housing associations
or private home owners. Solar energy is the only energy source that is directly attached to the building
where the electricity is used and accordingly it is not
subject to any grid fees. Also, privately produced solar energy which is used directly is not subject to any
energy tax. In proposed legislation (June 2015), the
Government proposed limiting the energy tax exemption for solar cells to 255 kW of installed capacity as
of July 1, 2016.
The spot price is thus not the reference price in investments in solar energy. Instead it is the electricity
price in the consumer part of the chain, since private

Wind power
Investment in wind power plants is mainly dependent
on finding a good wind location and that compensation based on the electricity price and energy certificates is sufficiently high. The cost of wind power
investments is constantly falling and, according to an
estimate from the Swedish Energy Agency, there is
great potential for land-based wind power in Sweden,
under SEK 0.55/kWh. Prices for sea-based wind power
are still significantly higher than for several other energy producing technologies.
The energy certificate system is crucial for future
investments in wind power at today’s electricity prices
(2015). Sea-based wind power, which is significantly
more expensive, needs subsidies in addition to the energy certificate system in order to materialise.
New players have entered the energy market based
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Combined-cycle power plants

individuals are the investors. Different tax rules apply
to property companies and industries, although they
also invest to use the electricity for their own use. A
company’s image or environmental profile can also be
a driver for investment in solar units.
From a production perspective, solar energy has
an inferior annual profile because it mainly produces
in the summer. It does, however, have a strong daily
profile when it is producing. Although solar energy
is dependent on the weather, it is relatively easy to
forecast.

Combined-cycle power plants have many advantages
in a new market situation. They are flexible and can
be used both for primary and secondary energy balancing. Gas-fired power plants have relatively low
investment costs but high operating costs, which
means it is not as important for them to have long
annual operating times per year. The more important
factor is compensation per kWh for the electricity
produced. If capacity markets or similar instruments
are introduced on the Nordic electricity markets, gas
power could be used as a supplement on the balancing market.
One downside is that natural gas is a fossil fuel. In
the future when gasification technology has been further
developed, combined-cycle power plants could be based
on renewable gas.

Conventional power plants
There are five older oil-fired power plants in Sweden
that are exclusively used for reserve power. Technically they could also be used as a balancing resource.
Introducing a capacity market could increase the value
of this type of plant.
To what extent these power plants will remain in
operation depends on how long their power reserves
are maintained. An extension to 2025 is now being
proposed. There will be no new investment in new
power plants of this type as a reserve power resources
since they are too expensive compared to the alternatives, e.g. gas turbines.
For profitability reasons, it is unlikely that any new
power plants of this kind will be built in Sweden, regardless of the type of fuel used. On the other hand,
existing biofuel-fired CHP plants could be supplemented with equipment for condensation, if the price of
electricity is favourable. This could enable condensation operation during hours when demand for heat is
low and extend the operating time over the course of
the year.

CHP in district heating systems
CHP plants are dependent on a heat source. After a
lengthy development phase, the district heating market has entered a mature phase. Increased competition
from heat pumps and energy efficiency improvements
in buildings may reduce the demand for district heating in the future. Today, however, only 40 percent of
the heat source available is used to produce electricity.
CHP could therefore be increased based on the existing available heat source, although this could require
the construction of new plants in grids that have no
CHP today.
Electricity production could potentially be increased
at existing CHP plants, partly through efficiency improvements, but also by equipping the plants with a
condensing turbine and cold condenser or recooler to
reduce dependence on a heat market.
The advantage with CHP plants is that they deliver
electricity in the winter when the demand is the highest. Furthermore, energy production at these plants is
fully adjustable, the only requirement being that there
is either an option to use condensation or that there is
a sufficiently large heat source. Building biofuel-fired
power plants with full balancing capacity and with
the option to draw off energy for district heating as
needed is also a possibility. The only issue is the financial climate for investments.
The fuel used is usually biofuel or to a lesser extent, waste. Technologies and conditions are different for these two types of fuel. Biofuel-fired plants
are more flexible and have a higher electrical efficiency than waste-fired ones. They are therefore able
to deliver, and ultimately sell, system services such
as balancing and peak load solutions. Waste-fired
CHP plants have in general higher capital costs and
lower electrical efficiency than biofuel-fired plants.
The strongest driver for investment in waste-fired

Gas turbines
Gas turbines play an important role, primarily as
power reserves to maintain balance in the system.
They are cheaper to invest in but have high operating costs. They are very rarely used in today’s energy
market. Investments in gas turbines are not, therefore,
made on the same commercial grounds as in other
energy production plants.
Today Sweden’s national grid is the main owner of
gas turbines for disruption reserves. New investments
are very rarely made in gas turbines in Sweden. New
investment would require some form of compensation
for the available power.
Gas turbines are, however, an inexpensive alternative for managing high load situations and low wind
and solar power generation, compared to investing in
more cables and other new power production since it
is probably a matter of a few hours of operation per
year.
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Nuclear power

plants is the landfill charge and landfill ban, whereby the plant owners are paid to take care of the fuel.
Much of the waste used today is imported because
the waste incineration capacity in the rest of Europe is limited in relation to the large waste volumes
that still go to landfill. Through its well-developed
district heating grid, Sweden is also able to recycle
waste for energy at a low cost compared to many
other EU countries.
Factors to take into account in connection with
investment are electricity prices, expected energy
certificate price trends, fuel prices and anticipated
annual operating times. The latter is an increasingly
important issue as more and more weather-dependent power enters the system. New EU rules may impact biomass extraction from forests and waste imports.
CHP plants in district heating systems could have
a higher electricity price than the spot price because
electricity is produced during the winter months when
there is a demand for heat and the electricity price is
in general higher.

The cost of producing new nuclear power is around
SEK 0.60/kWh, including current control mechanisms,
using the same calculation criteria as for other energy
sources. But it is likely that the cost of capital is higher
because investments in new nuclear power are associated with higher risk that investments in, for example,
wind power.
Investments in new nuclear power are associated
with long lead-times and a high cost of capital, which
in itself means there is a specific business risk linked
to uncertainty over energy market trends in the long
term. Added to this are political risk and possible increased tax rates and withdrawal of operating permits
for political reasons.
For investments in new nuclear power plants to take
place, political will and the possibility of subsidies are
required. The business risk also needs to be shared
between the actors involved. In the UK, for example,
the state guarantees a certain revenue for the nuclear
power plants now in the pipeline. A possible way of
spreading the risk in the market is for both the reactor providers and major energy users to share in the
investment. In Finland, various players, including the
providers, have shared the business risk, making an
investment in Olkiluoto 3 possible.
Current legislation limits investment in new nuclear
power plants in Sweden to the locations where such
plants stand today.
The existing nuclear power plants’ profitability is
affected by low electricity prices and taxes. There is
also the issue of a rising trend in nuclear waste taxes.
Overall the costs are increasing and this could result
in the less profitable plants being closed down.

CHP in the forest industry
Yield requirements on industrial CHP are in general
higher than on CHP in district heating systems. Primary investment is always in industrial processes that
also involve energy production if the price of electricity and energy certificates is high enough.
Continued energy production within the forest industry will mainly be determined by development in
the industry, the price of electricity and control mechanisms.
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8. Appendix
FOOTNOTES
1.

2.

3.

4.

In the Organic Rankine Cycle (ORC) water is replaced by another medium that vaporises at a lower
temperature.
Heavy water contains heavy hydrogen (deuterium), the nucleus of which contains a neutron in addition to the
proton, which doubles its atomic weight.
The name of 14 elements with high atomic numbers (90–103), which include uranium and plutonium, and
several heavy atoms and fission products produced in a nuclear reactor.
For a full account of all assumptions and calculation criteria for the data, please refer to the Elforsk report:
El från nya och framtida anläggningar 2014 (Electricity from new and future plants 2014). Elforsk rapport
14:40 (www.elforsk.se).
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