
UPTEC ES15 028

Examensarbete 30 hp
Juni 2015

Future Impacts of Variable Renewable 
Power Production 
An analysis of future scenarios effects 

on electricity supply and demand 

Pauline Saers



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Future Impacts of Variable Renewable Power
Production

Pauline Saers

The goal of this study was to investigate how Swedish 
electricity supply and demand might change in future 
scenarios. All the studied scenarios contain an 
increased amount of variable renewable energy (VRE) 
power production. VRE power sources, such as solar 
and wind power, depend on weather conditions, like 
solar irradiance and wind speed. There are also 
scenarios predicting an increased amount of plug-in 
electrical vehicles (PEVs), which charge their batteries 
from the electricity grid and thereby changes the 
consumption patterns. In a future power system with 
less nuclear power and increased VRE power 
production it is of interest to investigate the scenarios 
impact on supply and demand. The studied scenarios 
were compiled into cases for the years 2030, 2050, 
and 2100. Simulations of each case VRE shares 
resulted in hourly power production data. The data was 
aggregated and an analysis was made of the 
differences in supply and demand, resulting in an 
understanding of regulation and power need. For Case 
2030, a VRE share of 10.3% was calculated. The 
hydropower in Sweden could cover the power need for 
the whole year and even peaks in demand. For the 
larger shares of Case 2050 and 2100, hydropower was 
not able to cover peaks in power demand solely. The 
amount of power consumed by PEVs was small for all 
cases, reaching shares of 1.5% to 7.1%, compared to 
the consumption of all other sectors. Considering 
short-term statistics for wind power and the latest 
news that some of Sweden’s nuclear reactors might 
shut down in advance, it is possible that Case 2030 
might occur sooner than predicted. If larger shares of 
VRE power have to be produced to meet consumer 
needs in the near future, grid-stabilizing measures 
have to be investigated.
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SAMMANFATTNING)
När en kund trycker på knappen till kaffebryggaren, krävs att samma mängd 
elektricitet genereras i något av Sveriges kraftverk i samma stund. I Sverige 
har det, historiskt sett, funnits bra möjligheter till en stabil elproduktion vilket 
gör att många tar elen förgivet. Produktionen kan lätt varieras för att möta 
behovet mycket tack vare reglerbarheten hos vattenkraften och den stora 
tillförseln av baskraft från kärnkraften. Nu har snart den tekniska livslängden 
hos Sveriges kärnkraft nåtts vilket kommer resultera i att produktionen måste 
ersättas med antingen ny kärnkraft eller annan typ av produktion. Mycket 
tyder på att det inte kommer att investeras i ny kärnkraft då det skulle 
innebära för stora kostnader. Annan produktion som skulle kunna täcka 
behovet är intermittent elproduktion såsom sol- och vindkraft. Denna typ av 
generering varierar med vädret vilket kan ge stora fluktuationer i 
elproduktionen och det kräver mer flexibilitet hos elnätet och från de andra 
energikällorna.  
 
Det finns många aktörer som försöker förutspå hur framtidens klimat och 
elproduktion kan komma att se ut, däribland Energimyndigheten, FN:s 
klimatpanel (IPCC) och Internationella Energirådet (IEA). Vissa rapporter 
undersöker den tekniska potentialen, andra tittar på dagens ekonomiska 
styrmedel eller vilka mängder varierande förnybar energi som är möjligt att 
ansluta till elnätet. Genom att sammanställa flera av dessa aktörers scenarier i 
olika framtidsfall för åren 2030, 2050 och 2100, så kan en eventuell bild av 
framtidens elproduktion erhållas. De scenarier som analyserats innehåller 
skiljaktiga prediktioner om hur mycket vind- och solel som kan komma att 
produceras vid olika årtal. Det finns även scenarier som beskriver 
utvecklingen av elbilar. Då elkonsumtionen, trots befolkningsökning och fler 
hushållsapparater, tros minskas har även elbilar inkluderas i de analyserade 
fallen. Detta på grund utav att deras batterier antas laddas via elnätet och kan 
komma att påverka konsumtionsmönstret. 
 
I mitt arbete har jag evaluerat de olika fallen genom att analysera och 
sammanställa data från simuleringar för vind- och solkraft samt skalat 
laddningsdata för elbilar utförda vid Uppsala universitet. Dessa enskilda data 
aggregerades timvis för de olika fallen. Detta gav en bra bild över hur stor del 
av fluktuationerna som vattenkraften behöver hantera samt om hur stort 
behov av ytterligare elproduktion som finns. De klimatdata som användes i 
analysen sträckte sig till år 2100. Det fanns inga scenarier som beskrev sol- 
och vindkraft så långt fram i tiden. Därför antogs detta vara ett 
extremscenario där all teknisk potential för sol- och vindkraft utnyttjades. 
Detta resulterade i ett stort överskott av el, trots att 100% av alla personfordon 
antagits vara elbilar. 
 
I arbetet har viktningsfaktorer i simuleringarna försökt att få större delen av 
sol- och vindkraftsproduktionen att ske i de södra delarna av landet där störst 
elförbrukning sker. Solelproduktionen visade sig producera el under halva 
året, på grund av begränsningen i att solceller inte kan producera el under 
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nattetid. Den hade även de största förändringarna i produktion mellan 
timmarna. Vindkraften producerade dock el under nästan alla årets timmar 
för den framtagna geografiska distributionen.  
 
När den varierande elproduktionen från sol- och vindkraft översteg 10.3% 
kunde vattenkraften inte längre tillgodose de största skillnaderna mellan 
produktion och konsumtion. Detta tyder på att det svenska nätet måste 
utveckla sina möjligheter att lagra el och/eller nyinvestera i annan 
elproduktion.  
 
Framtida undersökningar bör ta hänsyn till de andra nordiska länderna och 
inte bara se till Sverige som ett isolerat system, då import och export sker 
kontinuerligt i regionen. I ett system med väderberoende produktion är den 
geografiska spridningen av stor betydelse. Det blåser alltid någonstans i 
regionen och solförhållandena varierar också. Undersökningarna bör även 
definiera mängden varierande förnybar elproduktion som går att 
implementera samt hur stora mängder som är möjliga och med vilka 
stabiliserande åtgärder. 
 
 )
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EXECUTIVE)SUMMARY)
By compiling different actors future scenarios of the Swedish energy system 
into cases for the years 2030, 2050, and 2100, their impacts on supply and 
demand of electricity could be studied. With a large share of variable 
renewable energy (VRE) consisting of wind and solar power, the power 
output is depending on weather conditions. The cases also considered 
different shares of plug-in electrical vehicles (PEVs) and their impacts on the 
consumption pattern from charging their batteries from the grid. The PEV 
shares of 25, 60, and 100 percent corresponded only to 1.6%, 4.0%, and 7.7% of 
the total consumption. With a VRE share of 10.3%, in Case 2030, hydropower 
was able to regulate the maximum power need for an hour by itself. In Case 
2050 and 2100 with VRE shares of 32.2% and 58.8%, and all nuclear plants are 
assumed to have been shut down, other power sources or possibilities to store 
electricity needs to be developed.  
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1 Introduction 
Many countries around the world worry about shortage of fossil fuels 
resulting in higher prices. This causes research, development and investments 
in renewable energy (RE) to replace them. For countries without national 
reserves of fossil fuels, investing in RE could result in an independent energy 
system, increasing their energy security. RE includes bioenergy, direct solar 
energy, geothermal energy, ocean energy, wind energy and hydropower 
(IPCC, 2014d). All these power sources differ from each other. Some vary 
with weather, resulting in a variable power production. Others emit a stable 
power output, like hydropower and combined heat and power (CHP). In this 
report, wind, solar and hydropower is studied more throughout as it is 
assumed that the future electricity production in Sweden from VRE mainly 
derives from these sources.  
 
Apart from increasing energy security, renewable energy production is part 
of governmental plans to decrease emissions. The European Commissions 
(ECs) latest policies for climate change are presented in the 2030 Energy 
Strategy. The member countries of the European Union have agreed on this 
new framework for climate and energy targets, and policy objectives for the 
years 2020-2030. The strategy aims to help the EU meet its long-term green 
house gas (GHG) reduction target of 2050, to create a more sustainable energy 
system. The targets for 2030 is to cut GHG emissions by 40% compared to the 
levels in the year 1990, have a RE consumption share of 27%, and an 
increasing energy efficiency by 30%. (EC, 2015) 
 
The Swedish energy system is a complex structure depending on factors such 
as access to energy sources, consumption patterns, politics, economics, 
imports, exports, and climate change. When a consumer turns the lights on at 
home, electricity needs to be produced at the same instant. The system 
undergoes constant transformation. It is of importance to investigate how the 
system will be affected by larger shares of variable renewable energy (VRE) 
production to be able to secure electricity supply and demand.   
 
Scenarios are to be seen as possible outcomes of the future. They are different 
from weather forecasts that have an assigned probability of occurrence. In this 
report, scenarios of power production and consumption from several actors 
are analyzed; the Swedish Energy Agency, the International Energy Agency 
(IEA), and the Intergovernmental Panel on Climate Change (IPCC). The 
scenarios are compiled into cases for specific years: Case 2030, 2050 and 2100. 
The cases all contain different shares of wind, solar and hydropower 
production. They also include a change of consumption patterns as a result of 
a larger share of plug-in electric vehicles (PEVs) that charge their batteries 
from the electricity grid.  
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Large synchronous machines1 generate most of the electricity in Sweden 
today, mainly in nuclear and hydropower plants. The effects of integrating a 
large share of VRE will affect the power systems need for regulation power. 
There has been several studies made trying to determine the possible VRE 
share without taking any mitigation measures, such as installing new 
regulation power, energy storage et cetera. A study made in 2009 by the Royal 
Swedish Academy of Sciences, predicted a maximum annual VRE power 
production of 10 TWh to maintain grid stability (Kungliga Vetenskaps 
Akademien, 2009). This amount was produced by wind power in 2014. The 
scenario reports are all different from each other. Studying the aggregated 
results from different shares of VRE power production and PEV power 
consumption can be an indicator of how much variation that is feasible for the 
Swedish power system without having to take curtailing or mitigation 
measures. 
 
Studying cases that reach the year of 2100, it is probable that VRE power 
production is effected by climate change. Impacts caused by climate change 
have occurred across the world. Most of the effects of climate change have 
been observed to impact natural systems, which the human systems largely 
depend upon. Many regions have experienced a change in precipitation 
(IPCC, 2014a) that results in a change in the environment which hydropower 
plants operate in. Precipitation is a result of the condensation of atmospheric 
water vapor that falls under gravity, mainly in the forms of rain, snow, and 
hail. The impact on hydropower production is studied and also how other 
climate change effects will influence wind and solar power production. 

1.1 Aim and Issues 

This report aims to investigate how Swedish electricity supply and demand 
may change in long-term scenarios.  
 
Further questions to be answered: 

• Which of the cases’ VRE share is possible to implement without 
impacts on stability of the power system? 

• How will climate change effect wind, solar and hydropower 
production? 

• How does a large share of electrical vehicles affect the electricity 
demand? 

 

                                                
1 Large synchronous machines are used as generators, producing alternating currents (AC) in 
hydro-, CHP-, and nuclear power plants in Sweden. 
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1.2 Delimitation 

This study focuses on Swedish electricity supply and demand. Sweden is 
therefore regarded as an isolated system with no export or import possibilities 
from neighboring countries.  
 
Other delimitations are: 
  

• Only existing and commercial technologies are treated. 
• No consideration is taken to bottlenecks in the transmission grid, 

resulting in the assumption that all electricity produced can be 
transported to the consumer.  

• The scenarios studied consider power production for the years 2030, 
2050 and 2100. 

• Economic profitability is not calculated. 

1.3 Outline 

Background of the subjects treated in this report will be explained in chapter 
2. Information about historical power production, grid stability, renewable 
energy production and so forth will be treated. Chapter 3 explains the 
methods and calculations used for retrieving the results, presented in chapter 
4. A sensitivity analysis and its results are explained in chapter 5 followed by 
a discussion, conclusion and recommendation for further studies.  
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2 Background 
To be able to understand the results of this report and the changes that the 
analyzed scenarios would imply, the current situation of electricity supply 
and demand needs to be comprehended. In this chapter, this will be explained 
along with information about grid stability, renewable power production, 
impacts caused by climate change, and the current configuration of Sweden’s 
vehicle fleet. 

2.1 Electricity Supply and Demand in Sweden 

For the last three decades, renewable electricity production has had a share 
above 50% in Sweden. This is mainly due to the production from wind, 
thermal and hydropower. Considering power production with low emissions, 
including nuclear power, the share reach 97%. Fossil based power production 
constitutes the remaining 3%. Gas turbines and condensing power plants are 
used as a disturbance and power reserve (Svensk Energi, 2014a). The 
electricity production in Sweden from 1970 to 2013 is shown in Figure 1. It 
illustrates the large shares of nuclear and hydropower, but also the last year’s 
expansion of wind power, the red area at the top right corner of the plot. 
 

 
Figure 1. Historic electricity generation in Sweden from 1970 to 2013 (Energimyndigheten, 2015). 

 
151 TWh of electricity was generated in Sweden in 2014. The amount 
produced from each power source is presented in Table 1 below. There are 
seasonal weather changes in Sweden that impact the demand for electricity 
over the year. During the winter months a larger amount of electricity is used 
for additional heating. The annual consumption in Sweden in 2014 was 136 
TWh (Svensk Energi, 2015)  
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Table 1. Annual power production per source in 2014 (Svensk Energi, 2015). 

Production [TWh] 
Hydropower 64.2 
Wind power 11.5 
Solar power 0.01 
Nuclear power 62.2 
CHP 13.3 
Total production 151.2 
Total consumption 135.6 
Net exports 15.6 

 
The aggregated hourly power production for 2014 in Sweden is shown in 
Figure 2 below. It shows that CHP plants mainly contribute to the electricity 
production during the winter, when they produce district heating. During the 
summer months, when the need for electricity in Sweden is low, revisions on 
the nuclear power plants are executed, resulting in a decreased power 
production.  
 

 
Figure 2. Aggregated hourly power production in Sweden for 2014 (SvK, 2014). 

2.2 Hydropower 

Hydropower is the technology of converting potential energy of water in to 
electricity. 80% of the capacity is located in river systems in the northern parts 
of Sweden, where only 10% of the population lives (Svensk Energi, 2014a & 
SCB, n.d). This results in a need to transport the electricity to the southern, 
and more populated parts, of Sweden. 
 
Hydropower accounts for the largest share of renewable power production in 
Sweden. The production is 65.5 TWh for a normal year (Svensk Energi, 
2014b). It varies with the precipitation, which results in inter annual changes 
of ± 20%, depending on if it is a wet or a dry year (NEPP, 2014). Normally, 
88% of the installed capacity of hydropower is available in Sweden 
(Doorman, Kjølle, Uhlen, Ståle Huse & Flatabø, 2004). The capacity installed 
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for all river systems are 16 200 MW (Svensk Energi, 2014b) making 14 300 
MW available under normal conditions.  

Possibilities of expanding hydropower production are limited. There are 
about 1 800 hydropower plants in Sweden, whereof 200 have an installed 
capacity of 10 MW or more. The government has decided that four large 
rivers in the north of Sweden; Torne-, Kalix-, Pite- and Vindelälven shall 
remain unexploited. If hydropower was allowed to expand to its full 
potential, an annual production of 100 TWh would be possible. A benefit of 
having large shares of hydropower in a power system is the possibility to 
regulate the power output from the plant. For example, if wind conditions 
decreases during an hour and the consumption level is the same as the hour 
before, hydropower can regulate its power output and start producing more 
power. This is called regulation power and it stabilizes the system. 
Hydropower also has the benefit of being able to store large amounts of 
energy in reservoirs to use at a later occasion when there is a power deficit. 
(Kungliga Vetenskapsakademien, 2009) 

2.3 Wind power 

Wind power technology use wind as an energy source, converting it to 
electricity. Sweden’s geographical distribution, reaching far from the north to 
the south, results in good conditions for wind power production. Wind power 
production can change from a low to a high value in a few hours. Using 
weather forecasts enables improved planning of the regulation power, 
resulting in better possibilities to maintain the power system balance. Having 
a large geographical distribution results in a larger probability that there will 
always be sufficient wind conditions at some plant locations. The annual 
power production has increased exponentially over the last decade, shown in 
Figure 3. The expansion rate of the technology is dependent on its 
competitiveness with other power sources.  
 

 
Figure 3. Annual wind power production between 1990-2012 (Energimyndigheten, 2015). 
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Increased wind power production requires a greater interaction between 
power sources and transmissions between countries. For shorter timespans, 
reaching from an hour to a few days, there is a need for the wind power to be 
planned jointly together with other production, especially hydropower that 
has a key role in balancing the Swedish power system. (Svensk Energi, 2014b)  

2.4 Solar Power 

There are many ways to convert energy from the sun into electricity or heat. 
In this report photovoltaic (PV) systems are considered when discussing solar 
power. The technology uses solar irradiance and converts it into electricity. 
PV systems have many advantages; they can be integrated in existing 
infrastructure, and their operation is quiet and it is renewable. The integration 
in existing infrastructure consist mainly of installing PV systems on rooftops, 
building facades et cetera. As for wind power, solar power also varies with 
weather conditions. Solar irradiance in Sweden has an inter-annual variability 
of ±10% (SMHI, 2013b). 
 
Installation rates of new PV systems have increased exponentially the last few 
years, shown in Figure 4. During 2013, a capacity of 19 MW was installed, 
doubling the capacity installed in 2012. Individuals and companies were the 
main contributors to the expansion. The total installed capacity reached 43.1 
MW in the end of 2013, resulting in an annual production of 38.8 GWh, which 
accounts for 0.03% of the electricity use in Sweden. (IEA, 2013) 
 

 
Figure 4. Cumulative installed PV capacity in Sweden between 1992-2013 (IEA, 2013) 

The costs of both modules and turnkey solutions decreased during 2013, 
shown in Figure 5. The main cause of the decrease of prices in Sweden is the 
reduced prices on the international market. Another reason is the growing 
market, leading to reduced costs as a result of increased competition among 
manufactures. In 2010 there were about 37 companies selling PV systems, in 
2013 the number was 110. (IEA, 2013) 
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Figure 5. Prices for PV systems in Sweden between 2005-2013 (IEA, 2013). 

2.5 Plug-in Electrical vehicles 

There are two types of PEVs; pure battery electric vehicles (BEVs) and plug-in 
hybrid electric vehicles (PHEVs). The BEV only runs on a battery while the 
PHEV uses a battery in combination with another fuel. This report only 
includes pure battery vehicles when discussing PEVs. Instead of refueling by 
purchasing gasoline or diesel at a gas station, the PEV charge its battery by 
plugging in to the electricity grid thus affecting the electricity consumption 
pattern. In the near future, PEVs are likely to grow its global market share 
significantly. The advantages of PEVs, compared to conventional cars running 
on fossil fuels, is that they are more environmentally friendly and they 
increase energy security by decreasing the dependencies on fossil fuels. 
(Fernández, San Román, Cossent, Domingo and Frías, 2011)   
 
The energy use in the transport sector has increased since the 1970’s. The 
future of transports in Sweden largely depends on policies, fuel prices, 
development of distribution systems, accessibility of cars and expansions of 
service stations. The national goal of renewable energy used in transports was 
to reach a share of 10 % by 2020. During 2012 the share was achieved when it 
reached 13%, mainly due to larger usage of biofuels. The new goal is for the 
share to reach 26% by 2020. (Energimyndigheten, 2014a) 
 
In Sweden the transport sector dominates the discharge of GHG emissions 
(Trafa, n.d.). The alternatives for reducing GHG emissions from the transport 
sector are many. One solution is to change the fuels, from fossil to electric. 
The expansion of registered PEVs in Sweden between 2010 and 2014 is shown 
in Figure 6 below. 2 172 PEVs were registered in 2014, which accounts for 
0.05% of the total amount of vehicles in Sweden (SCB, 2015).  
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Figure 6. Registered PEVs in Sweden between 2010-2014 (SCB, 2015). 

 
According to a study made by the Swedish Energy Agency (2009), the 
Swedish power network can accommodate large amounts of PEVs with no 
noticeable effects on the stability. In the report a vision of 600 000 PEVs by 
2020 is presented. The amount results in an extra annual production of 1.5 
TWh. If the generation capacity is insufficient during peak-loads different 
tariffs and tougher incentives can be used to push users to charge their PEV 
during cheap times of the day when there is a surplus of generated electricity. 
With a greater mix of VRE production, PEV’s could be used as equalizers by 
utilizing their battery storage capacity. During hours with a low production 
from VREs, the energy stored in the PEV battery could be transferred back to 
the power system, and then charge the battery at a later occasion with surplus 
power production. 

2.6 Integrating Large Shares of VRE Power Production 

The main challenge for all power systems is to maintain a balance between 
supply and demand. Introducing large shares of VRE power to the power 
system adds to that challenge. Wind and solar power are both dependent on 
weather conditions that result in variable power output. If the demand 
exceeds the production: extra power needs to be produced to meet consumer 
needs. If production is larger than the consumption: energy needs to be 
exported, stored or spilled. (Söder, 2013).  

2.6.1 Reserves 

To maintain the balance between supply and demand in a power system it 
needs to have reserves. There are three main types of reserves; primary, 
secondary and long term reserves. The reserves are used to secure supply 
needs during all time horizons. In a power system, flexibility and reserves, 
must function during different operational situations, for example predictable 
and unpredictable variations of wind power. Figure 7 exemplifies a 



Uppsala University 
Degree Project in Energy Systems Engineering (1FA392) 

Pauline Saers, 2015-06-26 

 14 

disconnection of a large power plant, activation of reserves, and frequency 
drop as a function of time for a power system.  Frequency fluctuations 
activate the primary reserves automatically, increasing the frequency within 
the second. Within 5-10 minutes of the frequency deviation, the secondary 
reserve is activated, replacing the primary reserve. The secondary reserve is 
called regulating power. It is activated manually by the transmission system 
operator (TSO) in case of disturbances within the hour. (Holttinen, 2005) 
 

 
Figure 7. Illustration of a disconnection of a large power source, frequency deviation and activation of 

power reserves as a function of time (Holttinen, 2005). 

2.6.2 Regulating Power 

Hydropower is used as regulating power in Sweden, maintaining the balance 
of the power system. Regulating power can, for example, be the possibility to 
store water in reservoirs as potential energy, to be used at a later occasion 
when the power need has changed. The maximum amount of water that can 
be stored in reservoirs in Sweden corresponds to 33.7 TWh of electricity. 
(Svensk Energi, 2014b) 
 
Hydropower plants can change their production within 5-10 minutes. A 
limitation of this flexibility is the hydrological connection that affects all 
plants in a river system, resulting in a need for plants to jointly plan their 
production. Lennart Söder (2013) at the Royal Institute of Technology 
investigated a scenario with an annual VRE power production of 55 TWh 
from wind and solar power in Sweden. It showed that the fluctuations could 
not solely be regulated by hydropower. However, in the study, Sweden was 
regarded as an isolated system with limited possibilities to import and export 
electricity. 
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There are laws that determine how much you can regulate with hydropower. 
These include the allowed levels and variations of the water magazines, the 
amount of water flow in the river et cetera. (NEPP, 2014). The regulations 
made by hydropower in 2014 are plotted in Figure 8 below. The maximum 
up- and down regulation volume per hour in 2014 was +1347 and -1202 MW 
(Nord Pool Spot, 2015b). 

 
Figure 8. Power regulations made by hydropower in 2014 (Nord Pool Spot, 2015b). 

2.6.3 VRE Penetration Level 

A study made by IEA (2014b) shows that a VRE share of 5-10% does not result 
in a significant challenge to maintain the power system balance between 
supply and demand. When operating the power system, making operational 
decisions closer to the real-time and using forecasting techniques would 
increase the possibility to meet the variability of VREs. 
 
This VRE share is supported by a study conducted by Holttinen (2005). It 
suggests a maximum penetration level of 10% wind power before necessary 
curtailing measures of wind power might need to be considered. 
 
Another aspect of system stability when considering large shares of VRE 
power is the short-term stability, investigated in a study by EirGrid (2012), a 
state-owned electric power transmission operator on Ireland. The study 
indicated that 25% of the electricity generation has to be produced by 
synchronous machines to maintain short-term stability. Synchronous 
machines have inertia that is a key determinant of how much the frequency 
can change resulted by a sudden power imbalance. The study also concluded 
that the System Non-Synchronous Penetration (SNSP) a prudent maximum 
level of 50% was possible. 75% SNSP would be possible if mitigation 
measures were taken. In Sweden, most of the synchronous machines are 
found in nuclear and hydropower plants.  
 
In 2009, The Royal Swedish Academy of Sciences predicted a maximum 
possible annual production generated by VRE sources of 10 TWh to maintain 
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stability (Kungliga Vetenskaps Akademien, 2009). In 2014, wind power 
produced 12 TWh, with no stability complications (SvK, 2014). This shows the 
uncertainties in the projections of the future.  

2.6.4 Svenska Kraftnäts Perspectives 

Svenska Kraftnät (SvK) is the Swedish TSO. They conducted a study in 2008 
that investigated impacts of large shares of wind power in the Swedish high 
voltage transmission grid. If wind power production exceeds 10 TWh, the 
transmission possibilities of the high voltage transmission system in Sweden 
need reinforcements. With an annual wind power production of 30 TWh, 
even greater adaptions of the grid needs to be made. With this share, 
hydropower cannot meet the power needs, which results in a need to install 
additional power sources. To minimize the regulation need and the costs for 
balancing power, it is important to have a sufficient geographical spreading of 
the plants. (SvK, 2008) 
 
In 2015, the Swedish Government assigned SvK to investigate how the 
Swedish power system need to adapt and how to create sufficient conditions 
of implementing large shares of VRE. (Regeringen, 2014) 

2.7 Climate Change Scenarios 

The combination of scenarios reaching far into the future and the fact that 
many power sources are weather dependent, made it interesting to 
investigate climate change effects on power production. Wind, solar and 
hydropower production are directly affected by weather conditions. 
 
In 1990 the annual global GHG emissions reached 38 billion tons and today 
they are at a level of 50 billion tons. Climate scientists have expressed 
warnings, saying that the delay in changing the trend of cutting emissions 
will result in a more difficult and expensive transition (Naturvårdsverket, 
n.d.). Governments across the world work with policies and goals to decrease 
emissions and minimize the impact of climate change. The European 
Commission (EC) latest policies are presented in the 2030 Energy Strategy. 
The countries of the European Union have agreed on this new framework for 
climate and energy containing targets and policy objectives for the years 2020-
2030. The target aims to help the EU meet its long-term GHG reduction target 
of 2050 by directing the development towards a more sustainable energy 
system. The targets for 2030 is to cut GHG emissions by 40% compared to 
1990 levels, have a RE consumption share of 27%, and a 30% increased energy 
efficiency (EC, 2015). 
 
The purposes of climate change scenarios are not to predict the future but 
rather to illustrate alternative futures and uncertainties. This way, potential 
consequences of anthropogenic climate change can be described as plausible 
trajectories of different aspects. Major driving forces such as processes, 
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responses, physical-, ecological-, and socioeconomic impacts are represented 
in the scenarios (IPCC, 2014b). The Intergovernmental Panel on Climate 
Change, IPCC, has since it was established in 1988 presented different climate 
scenarios. The latest sets of scenarios, presented in fifth assessment report, 
AR5, are called the RCPs (IPCC, 2014c); their specifics are presented in 
Appendix I. In this thesis work, the climate change impacts on wind speed, 
solar irradiance, and precipitation. 

2.7.1 Creating Climate Models 

The difference between a climate model and a weather prognosis is that the 
prognosis tells us how the weather at a given place and time is going to be, 
while a climate model is a description of the weather during a longer period 
of time over a greater area. Climate models represent three-dimensional 
volumes, grid-boxes, over the earth’s surface. It considers atmospheric 
movement, preservation of energy, water and mass and that they obey to the 
physical laws. Since the climate is global, the simulations must take all the 
global processes into consideration. Creating a climate model takes a lot of 
computer power. Even though the computer capacity expands, the models 
still contain a fairly sparse grid with sides of 200-300 km. This gives data with 
little detail. If one wants to study smaller parts of the earth in greater detail, it 
is possible to make a smaller grid over a region with higher resolution, for 
example over Sweden. The regional models still need to take the global 
climate into consideration since it affects the region. (SMHI, 2009) 
 
To retrieve data for climate scenarios, assumptions and calculations, 
describing physical relationships between humidity, wind, temperature and 
air pressure, have to be made. The calculations are then performed for a 
selected time frame. (SMHI, 2014a) 

2.7.2 Representative Concentration Pathways 

The new scenarios in AR5 are called Representative Concentration Pathways 
(RCPs). The RCPs use radiative forcing as a measurement of how emissions of 
GHGs affect the climate. Radiative forcing is the difference between how 
much energy the irradiance that hits the earth contain in relation to how much 
energy the earth radiate back out into space. The total radiative forcing 
contain the positive effect from emissions, with a heating effect on the planet, 
from GHGs, and the negative effect from aerosols, with a cooling effect on the 
planet. With a total positive radiative forcing the planet will be heated 
causing the global temperature to increase (SMHI, 2013a). The pathways 
different emission scenarios are illustrated in Figure 9 with RCP 2.6, 4.5, 6 and 
8.5.  
 
 



Uppsala University 
Degree Project in Energy Systems Engineering (1FA392) 

Pauline Saers, 2015-06-26 

 18 

 
Figure 9. GHG emissions and radiative forcing for the RCP scenarios from the year 2000 to 2100 (IPCC, 

2014f & SMHI, 2013a) 

 
For all RCPs, the radiative forcing will increase over the coming 85 years. 
However, with strong climate politics reducing GHG emissions, the peak of 
radiative forcing can occur as early as in 2025. For RCP 8.5, the temperature in 
Sweden will have increased with 4-6°C compared to the reference period of 
the years 1961-1990. For RCP 4.5 the temperature increase corresponds to 1-
3°C (SMHI, 2015).  
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3 Method 
This chapter primarily addresses the different scenarios and papers analyzed 
for each case. Secondly, impacts from climate change and the simulations 
made for each power source are explained. Electricity demand from all 
sectors including PEVs is also treated in this chapter. 

3.1 Analyzed Scenarios  

Case 2030, 2050, and 2100 of this report are all combinations of different 
scenarios. This section briefly explains the different scenarios. Further 
information is found in each section for each power source. 
 
General Methods for Studying the Scenarios and Treatment of Data 
The VRE and PEV share were analyzed in each scenario. Production from 
other power sources, such as CHP, was found in the scenario made by the 
Swedish Energy Agency (2014) for 2030. These were kept at the same values 
for all cases but with the applied hourly fluctuations that occurred in 2014. 
Production from hydropower was assumed to correspond to the increased 
precipitation of the IPCC scenario of RCP 8.5. Data for wind speeds and 
irradiance was based on weather conditions that occurred in 2014. 
 
Case 2030 
Every second year the Swedish Energy Agency makes a long-term energy 
scenario as a contribution to Sweden’s climate reporting of GHG emissions to 
the European Commission. It analyzes the development of the Swedish 
energy system, reaching the year 2030, based on economic instruments 
provided today. It contains three scenarios; a reference scenario based on 
current economic instruments, a sensitivity scenario based on higher 
economic development and a sensitivity scenario based on higher prices on 
fossil fuels (Energimyndigheten, 2014a).  In this report the reference scenario 
was used since no probability is assigned to either scenario in their report.  
 
The biggest change in the scenario of 2030 is the shut down of nuclear power 
production as a result of them reaching their maximum technical lifetime. The 
annual net electricity production from nuclear power will increase, due to 
uprating of the plants, relative to today’s production, reaching 79 TWh by 
2020. Between 2020 and 2030 the production will decline as a result of the 
assumption that three nuclear reactors are shut down after reaching their 
maximum technical lifespan of 50 years. With planned power increase 
measures, nuclear power reaches an annual production of 57 TWh by 2030. 
Considering the current business environment in Sweden, the production 
prices of electricity by 2030 are too low to motivate new investments in 
nuclear power (Energimyndigheten, 2014a).  
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A study made by Grahn and Hansson’s (2009) investigated the possible use of 
renewable fuels in the transport sector by 2030. They suggest a PEV share of 
25% by 2030 in their positive scenario. This assumption was used for the 
calculations made for PEV consumption of Case 2030.  
 
Case 2050 
The amount of wind power production in 2050 corresponds to the planning 
framework of an annual production of 30 TWh (Energimyndigheten, 2014b). 
For solar power, a linear interpolation was made between the maximum 
technical potential production, generated in 2100, and the suggested 
production in Case 2030. IEA (2010) has a scenario for electrical vehicle 
development that suggests a global share of 60% of PEVs in the world by 
2050. The assumption that the share will be the same in Sweden was made. 
The biggest difference in this case compared to Case 2030 is that all nuclear 
reactors will have been shut down.  
 
Case 2100 
Case 2100 is seen as the maximum potential scenario. The maximum technical 
potential of solar power (Kamp, 2013) and wind power (Energimyndigheten, 
2014b) was simulated along with the assumption that all cars are PEVs.  
 
Future Electricity Consumption 
The use of electricity in households is affected by opposing trends. The first is 
the result of the eco-design directive for house electronics that push 
technology towards a higher energy efficiency. The other trend is the increase 
in amount of household electronics, such as televisions, resulting in a higher 
energy use. Another trend is the reduction of electricity used for heating, due 
to an increased use of heating pumps and energy efficiency measures for 
houses. The industry sector shows no evident change in electricity 
consumption in the Swedish Energy Agency´s scenarios. The electricity use of 
all sectors is predicted to have decreased by 0.6% in 2030 compared to the 
consumption level of today. (Energimyndigheten, 2014a).  
 
The annual electricity consumption data was derived from Nord Pool Spot 
(2014). It provided an hourly power consumption pattern that was scaled to 
fit the assumed production in 2030. The only impact on the power 
consumption is the electricity consumed by charging the PEVs.  
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Summary of Cases 
The compiled information for each case is shown in Table 2 below. 
 

Table 2. Summarized description of Case 2030, 2050, and 2100. 

Production [TWh] 2030  2050  2100  
Hydropower 68 71 79 
Wind power 17 30 94 
Solar power 0.1 14 49 
Nuclear power 57 - - 
CHP and other 20 20 20 
Total production 162 135 242 
    
Consumption [TWh]    
National consumption (all sectors excl. 
PEVs) 

134 134 134 

PEV share of vehicle fleet 25% 50% 100% 
 

3.2 Hydropower 

As mentioned in the background in chapter 2, expanding hydropower 
production in Sweden is difficult since most river systems are fully exploited. 
The main method used for predicting future hydropower production is based 
on precipitation data from the Swedish Meteorological and Hydrological 
Institute (SMHI). 

3.2.1 Climate Change Effects on Precipitation 

The amount of water in the reservoirs varies over the year, seen in Figure 10. 
In the beginning of the year, the stored capacity decreases as result of 
precipitation mainly falling as snow and not rain. When warmer weather 
follows during spring, the snow melts resulting in a large increase of water 
stored in the reservoirs. The maximum amount of stored water in the 
reservoirs corresponds to 33.7 TWh electrical energy (Svensk Energi, 2014b).  
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Figure 10. Weekly stored capacity in Swedish reservoirs during 2014 (Nord Pool Spot, 2015a). 

The future Swedish electricity production from hydropower will most likely 
be affected by climate change. In the AR5 report, IPCC claim that some 
countries hydropower production, there among Sweden, will benefit from 
larger river runoffs. The hydrograph for Sweden will change to be similar to 
the electricity consumption with a larger runoff during the winters and a 
smaller runoff during the spring. This is a result of warmer temperatures that 
leads to precipitation to fall as rain and not snow during the winter. (Renofalt 
et.al, 2010) 
 
SMHI have conducted studies on climate change scenarios providing data for 
future precipitation for three of the RCPs; 2.6, 4.5 and 8.5. The data extends to 
the year 2100. In Figure 11 below, the annual precipitation is plotted for 
historic and scenario data between 1961-2100. 
 

 
Figure 11. Annual precipitation in Sweden for historical and scenario data (SMHI, n.d.) 

The change of precipitation, in percent for the RCPs, compared to historical 
mean value of 1971-2000 is illustrated in Figure 12 below. It shows that the 
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largest increase of precipitation during the years 2071-2100 will occur over the 
northern parts of Sweden where 80% of the capacity of hydropower is 
installed (Svensk Energi, 2014a).  
 

 
Figure 12. Change of precipitation [%] for the period 2071-2100 compared to 1971-2000 for RCP 2.6, 4.5, 

and 8.5 (SMHI, n.d) 

SMHI predicts an increase of precipitation by 5-25% for the next century. The 
snow season will be shorter and the snow covers thinner, even with a larger 
amount of precipitation, resulting in an increase of water run-off 
(Klimatanpassningsportalen, 2015). The geographical distribution of 
hydropower plants with an installed capacity larger than 20 MW is shown in 
Figure 13 below. 80% of Sweden’s hydropower plants are located in the 
northern parts of Sweden (Svensk Energi, 2014a), where the largest increase of 
precipitation is predicted.  
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Figure 13. Hydropower plants with an installed capacity larger than 20 MW (Svensk Energi, 2014a). 

3.2.2 Simulations of Hydropower Production 

Since all major river systems, except the ones that are protected, in Sweden 
are fully exploited for hydropower production and a high sufficiency in 
existing plants, the assumption was made that the only change in production 
is due to change of precipitation. Historical data of precipitation from 2001 to 
2013 in Sweden was downloaded from SMHI (n.d.). It was used to make a 
covariance analysis with hydropower production for the same time period 
(SCB, 2014a). The annual data is plotted in Figure 14 below.  
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Figure 14. Annual precipitation and hydropower production in Sweden between 2001 and 2013 (SCB, 
2014a & SMHI, n.d.). 

To examine the degree of covariance, a ratio between production and 
precipitation was made. 
 

!"#$% = !""#$%!ℎ!"#$%$&'#!!"#$%&'(#)! !"ℎ
!""#$%!!"#$%!%&'&%()![!!] ! 

 
The mean ratio for the years analyzed were 0.095, plotted together with the 
annual ratio in Figure 15 below. It shows that the variations of the ratio vary 
each year around the mean value 0.095 ± 0.012. 
 

 
Figure 15. Ratio between annual hydropower production and precipitation for 2001-2013. 

 
The small variance of the ratio enabled an assumption that an increase of 
precipitation, would lead to an equal rise of production. The RCP 8.5 scenario 
was used to calculate the production of the future cases since it has the largest 
increase of precipitation. By linearizing the data, average precipitation for 
each year until 2100 could be made. The resulting linearization of 
precipitation for each RCP scenario is shown in Figure 16.  
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Figure 16. Annual precipitation in Sweden with linear interpolation for RCP 8.5 (SMHI, n.d.). 

The linearization resulted in an equation that could be used to calculate the 
production, since it was assumed that it would have the same increase as the 
precipitation. The equation retrieved for the linearization of the precipitation 
data of RCP 8.5 was: 
 
RCP 8.5 ! = 1.6595! + 677.54 

3.3 Wind Power 

The annual wind power production for the cases is a result of studying 
scenarios. For Case 2100, the maximum technical wind power potential was 
assumed. To retrieve hourly data, the production was simulated in a model 
developed at Uppsala University. The model was customized with weighting 
parameters to give the most accurate depiction of the future. 

3.3.1 Climate Change Effects on Wind Speeds 

Climate change scenarios give no certain result of how the average wind 
speed will change in the future (Klimatanpassningsportalen, 2014). Wind 
speed has an inter-annual variability of ±15% that are not likely to change 
due to climate change in the next century. However, climate change will have 
both beneficial and negative impacts on wind power production since it also 
affects the environment context that the plants operate in. A positive effect on 
wind power, depending on the elevation and location of the plants, is the 
reduction of icing issues. Icing problems are normal in high altitudes, and 
might decrease by 100% in Scandinavia as a result of higher temperatures. 
(Pryor & Barthelmie, 2010). A negative effect is that the maximum gust winds 
are assumed to increase. To protect its electronics, the wind power plant shuts 
down its production at a certain wind speed. The effects of increased 
maximum gust wind, and icing frequency on power production are not 
defined. Therefore, only the technical potential and political goals for wind 
power will be examined in this report. 
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3.3.2 Simulations of Wind Power Production 

Electricity generation from wind power will continue its expansion, reaching 
17 TWh by 2030. The expansion is somewhat limited by other power 
production sources in the electrical certificate system. This results in low 
production prices; to stimulate further wind power expansion extra financial 
support is needed (Energimyndigheten, 2014a). By 2050 the wind power 
production is assumed to reach 30 TWh. The planning framework that this 
assumption is based on is to be viewed as a political statement, not a goal, 
and a support in the planning for municipalities and governmental agencies. 
For Case 2100, wind power is assumed to produce its maximum potential. 
Maximum potential for wind power production in Sweden is between 94-154 
TWh (Energimyndigheten, 2013). 94 TWh was used in the model since the 
installed power in the dataset of wind power plants have a total production 
capability of 100 TWh annually. Scenario production, divided into on- and 
offshore production are summarized in Table 3 below.   
 

Table 3. Annual scenario production from wind power (Energimyndigheten 2013, 2014) 

!
Year%2030% Year%2050%% Year%2100%!

Production*
[TWh/year]* 17! 30! 94!
Onshore* 17! 24! 49!
Offshore* 0! 6! 45!

 
 
The model used to simulate the wind power production in Sweden uses the 
meteorological model MERRA, Modern Era Retrospective Analysis for 
Research and Applications, in combination with a database containing 
information about individual wind power production plants.  
 
The MERRA dataset contains information regarding wind speed, wind 
direction, and height levels, temperature, air pressure, moisture content et 
cetera. The MERRA grid points are shown together with wind power plants 
existing in 2012 in fig Figure 17 below. (Olauson, Bergström & Bergkvist, 
2015) 
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Figure 17. Visualization of MERRA grid points and wind turbines at the end of 2012 (Olauson, 

Bergström & Bergkvist 2014) 

 
Using MERRA wind data from 2014 and a database containing wind power 
construction projects, the hourly wind power production for each case was 
simulated. The database contains wind power projects in different stages: 
from projects with granted permits to projects that have been discussed. By 
making assumptions of the amount of on- or off-shore power plants, 
geographical distribution, full-load hours of operation, et cetera. the scenario 
production could be simulated. The weighting parameters used for the 
simulation are shown in Table 4. The parameters were determined together 
with the creator of the model, Jon Olauson. Due to a larger population in the 
south and limitations in transmission restraints of electricity from the north to 
the south of Sweden, a larger weighting was put on the south, increasing the 
probability for the model to prioritize new wind power plants to occur in the 
south. The power plants with a permit have a higher probability of being 
constructed than those whose permits are still being processed. For each Case 
some of the wind power plants will undergo a repower, extending their 
technical lifetime.  
 
 

Table 4. Weighting parameters for wind power modeling of cases. 

Case 2030 2050  2100  
Installed capacity [MW] 6 176 8 995  24 630 
Annual production [TWh] 17  30 94 
    
Full load hours 

   Onshore 3 000 3 200 3 400 
Offshore 3 800 4 000 4 400 

    North/South 0.8 0.8 0.8 
Process/Permit 0.4 0.4 0.4 
Repower/Permit 0.8 0.8  0.8 
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3.4 Solar Power 

According to the Swedish Energy Agency, solar power is not profitable by 
2030. Larger solar panels are assumed to be installed, but for reasons other 
than financial. The Swedish Energy Agency assumes that the total electricity 
produced by solar power by 2030 only reaches 0.1 TWh. (Energimyndigheten, 
2014a) 
 
A study made at Uppsala University by Sigrid Kamp (2013) showed that the 
available rooftop area in Sweden by 2011 was 319 km2. Using existing solar 
power PV technology it would result in an installed power of 47.9 GW, which 
equals to an annual production of 49 TWh. This was used as the annual 
production of Case 2100.  
 
Supposing that the expansion between 2030 and 2100 follows a linear trend, 
the amount of electricity generated from solar panels by 2050 will be 14 TWh. 
The IEA Roadmap for Solar Photovoltaic Energy (2014a) suggests a global 
electricity share of 16% from PV systems in 2050. The linear interpolation 
results in 10% solar power in Sweden by 2050, which is lower than the IEA 
Roadmap suggests.  

3.4.1 Climate Change Impacts on Irradiance 

Irradiance is a measurement of how much energy from the sun that hits a 
horizontal surface and has the unit kWh/m2. SMHI has homogeneous data 
from 1983. Since mid-1980´s there has been an increase in irradiance of +8% in 
Sweden and most parts of Europe (SMHI, 2013b) illustrated in Figure 18. 
However, this is comparable to the decline in irradiance that occurred 
between 1950 and 19802. The last decade’s increase is therefore not evidence 
of an ongoing process of increasing irradiance. 
 

 
Figure 18. Annual irradiance in Sweden from 1983 to 2013 (SMHI, 2013b) 

The irradiance is dependent not only on the amount of clouds, but also the 
formation of the clouds, their optical thickness and distribution in the 

                                                
2 E-mail contact with W. Josefsson. Climatologist. SMHI. 2015-01-25. 

750,0!
800,0!
850,0!
900,0!
950,0!
1000,0!
1050,0!

1983! 1988! 1993! 1998! 2003! 2008! 2013!

Ir
ra
d
ia
n
ce
*[k
W
h
/m

2
]*

Year*



Uppsala University 
Degree Project in Energy Systems Engineering (1FA392) 

Pauline Saers, 2015-06-26 

 30 

atmosphere. This makes climate models hard to interpret. The scale that the 
climate models use is typically tens to hundreds of kilometers while the scale 
for clouds is much smaller1. This results in a lack of sufficient data for 
simulating climate change effects on irradiance. Therefore, like the wind 
simulations, irradiance is assumed to be the same as for 2014, varying the 
production according to the Swedish Energy Agency´s scenario and 
maximum technical potential.  

3.4.2 Simulation of Solar Power Production 

A model constructed at the Department of Engineering Sciences, Solid State 
Physics, was used to simulate the distribution and production from solar 
power3. The model uses STRÅNG-data from 2014 combined with data of 
buildings in each county from SCB (2010). The STRÅNG dataset is divided in 
to a square grid, with a temporal solution of one hour and each square 
representing a horizontal surface of 11×11 km. The data contains information 
about direct normal irradiance, global irradiance, sunshine duration, UV 
radiation, and photosynthetic active radiation (STRÅNG, n.d.). By combining 
STRÅNG dataset with statistics of buildings in each county, it was possible to 
simulate the future scenarios. In the equation, shown below, “In” was used as 
the critical weighting parameter. This resulted in counties with the highest 
irradiance to be the most probable place to construct solar power systems.  
 
W = B×F×In 

 
W The solar power produced in the county 
B Amount of buildings per capita in the county 
F Population in the urban area 
I Annual irradiance (STRÅNG, 2014) 
n=5 Weighting parameter that results in a larger probability of solar panels to be 

installed where irradiance is higher 
 

3.5 Electricity Demand from PEVs 

The scenario analysis made by the Swedish Energy Agency (2014) only 
includes existing and competitive fuel technology. The share of PEVs in the 
scenario analysis is small due to a high market price. In this report, other 
more positive scenarios for PEVs are included to give a better understanding 
of the impacts on the electricity consumption. 
 
According to IEA (2010), PEVs are predicted to have a global market share of 
60% by 2050. What would the effect be on the Swedish electricity grid if the 
corresponding share of Swedish vehicles would be PEVs? And how would 
the future share of renewables co-operate with this system integration?  

                                                
3 There has not been any paper published about the model and its results yet. 
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Roadmaps and scenarios for vehicles were considered when deciding the 
amount of electrical vehicles. Scenarios of growth of the population in 
Sweden and charging patterns for PEVs was used to do calculations resulting 
in an hourly consumption pattern for each case.  
 
There were almost 4.6 million passenger cars and a population of 9.8 million 
people in Sweden by 2014 (SCB, 2014b, 2014c). The amount of cars in relation 
to the population is 47%. Comparing the number with historical data there is 
an increasing trend in the total amount of passenger cars as well as of the 
population, seen in Figure 19 below.  
 

 
Figure 19. Historical number of personal cars in relation to the population trend for the years 2002-2014 

(SCB, 2014b & SCB, 2014c) 

The increase in cars is strongly dependent on the growth of the population. 
With the assumption that this trend will last until 2100 the amount of cars will 
remain to be 47% of the population. Using scenario data for population 
growth (SCB, 2014d) combined with a scenario of 25 % PEV by 2030 (Grahn 
and Hansson, 2009) and IEAs (2010) roadmap scenario of 60 % PEV by 2050, 
the hourly power consumption by charging all the EVs can be simulated. For 
the extreme scenario, by the year 2100, it is assumed that the vehicle fleet will 
consist of 100 % PEVs.  

3.5.1 Simulation of PEV consumption 

A study made by Munkhammar, Grahn and Widén (2012) investigated the 
effect on the coincidence between photovoltaic power production and 
household load profile, if PEV charging was included. The charging data 
retrieved from the study was converted from minutes to hours to fit the time 
scale investigated in this thesis and then adapted to fit the amount of vehicles 
of each case. 
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4 Results 
The hourly supply data for hydropower, wind power, solar power and 
demand data for PEV consumption are treated separately in the beginning of 
this chapter. It is followed by aggregated results for each case. In the end of 
the section, a comparison between the cases is presented to enable a better 
analysis of case differences of maximum production, consumption and power 
need. 

4.1 Hydropower 

The calculated production from the precipitation data from RCP 8.5 between 
2020 and 2100 is illustrated Figure 20 below. The annual hydropower 
production increases with over 10 TWh between 2020 and 2100. Note that the 
intra annual variability of precipitation of ±20% might result in fluctuations of 
the production. 

 
Figure 20. Hydropower production for RCP 8.5. 

 
Using the equation from the linear interpolation of the predicted precipitation 
for scenario RCP 8.5 the future production from hydropower could be 
calculated. The annual hydropower production for Case 2030, 2050, and 2100 
is presented in Table 5 below.  
 

Table 5. Calculated hydropower production for RCP 8.5. 

Year RCP 8.5 [TWh] 
2030 68.1 
2050 71.3 
2100 79.2 

 
The annual hydropower production in 2100 is 21% larger than the normal 
production during the last years, 65.5 TWh (Svensk Energi, 2014b).  
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4.2 Wind Power 

Wind power production was simulated with weighting parameters explained 
in the method. The output was hourly wind power production data and maps 
of the geographical distribution for each case, shown in Figure 21 below. The 
full size pictures with additional information are shown in appendix AII-AIV. 
 
 

 
Figure 21. Geographical distribution of on- and off-shore wind power for each case. 

As seen in the figure above, the geographical distribution was sufficient, 
showing wind power production from north to south with a weighting 
towards the southern parts. The hourly output data for each distribution and 
case is shown in Figure 22. The production for Case 2030 and 2050 are similar, 
while the data for Case 2100 shows a larger production. 
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Figure 22. Hourly wind power production for each case. 

4.3 Solar Power 

The resulting geographical distribution and aggregated solar power plant size 
for each town and case is shown in Figure 23. The dots represent the urban 
areas and the size of the dot represents the aggregated installed capacity of 
solar power systems in that area. The equation and weighting parameters 
used, performed well. The figure shows a more concentrated installation of 
capacity where there is a larger population and irradiation, in the southern 
part and along the coastlines.  
 

 
Figure 23. Distribution and aggregated size of solar power systems in towns for 2030 and 2050 

scenarios. 

The model was not able to simulate the annual production of 49 TWh due to 
an overload of data processing. Since all counties had solar power production 
in Case 2050, these data were scaled up until it reached an annual production 
of 49 TWh. The production from each case is plotted in Figure 24 below. Case 
2030, with an annual production of 0.1 TWh, is hardly visible compared to the 



Uppsala University 
Degree Project in Energy Systems Engineering (1FA392) 

Pauline Saers, 2015-06-26 

 35 

other cases. The power production from solar power peaks during the 
summer months where solar irradiance is stronger. 
 

 
Figure 24. Hourly solar power production for each case. 

4.4 Electricity Demand of PEVs 

Considering the growth of the population and the scenarios treating the share 
of PEVs, simulations and calculations resulted in the data shown in Table 6 
below. The PEVs power consumption is five times higher than the PEV 
consumption in 2030.  
 
Table 6. Amount of cars and electrical vehicles for the years 2030, 2050 and 2100 (SCB, 2014d, Grahn and 

Hansson, 2009 and IEA, 2010) 

Year 2030 2050 2100 
Population (millions) 10.8 11.4 13.1 
Amount of passenger cars (millions) 5.07 5.38 6.14 
PEV share 25% 60% 100% 
Amount of PEVs (millions) 1.27 3.23 6.14 
PEV Annual Power consumption [TWh] 2.13 5.41 10.30 

The hourly power consumption from 2014 (SCB) is plotted in Figure 25 
together with the PEV consumption for each case. The difference in 
magnitudes of the electricity demand from all other sectors compared to the 
PEV consumption of the cases is large. This results in small impacts on the 
power system from implementing large shares of PEVs. 
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Figure 25. Consumption comparison of PEV and all other sectors for each case. 

4.5 Aggregated results 

Results for each case is presented in this section. Primarily, the general 
results, such as annual production and consumption are treated. Thereafter, 
each case is examined in detail. The calculated annual production and 
consumption for each scenario is presented in Table 7 below. It shows that the 
last nuclear power plants will be shut down between 2030 and 2050. The table 
also shows the difference between production and consumption. Positive 
values correspond to a possibility to store, export or spill energy. Negative 
values equals to import needs. For Case 2050, the deficit in production is 
smaller than the consumption for PEVs. 
 
 

Table 7. Results for Case 2030, 2050, and 2100. 

Production [TWh] 2030  2050  2100  
Hydropower 68.1 71.3 79.2 
Wind power 16.5 29.4 93.0 
Solar power 0.10 14.0 49.0 
Nuclear power 57.0 - - 
CHP and other 20.0 20.0 20.0 
Total production 161.7 134.7 241.3 
    
Consumption [TWh]    
National consumption (all sectors excl. 
PEVs) 

133.8 133.8 133.8 

PEV consumption 2.1 5.4 10.3 
Total consumption 136.0 139.2 144.1 
    
Difference (production-consumption) +25.8 -4.5 +97.1 
VRE share 10.3% 32.2% 58.8% 

 



Uppsala University 
Degree Project in Energy Systems Engineering (1FA392) 

Pauline Saers, 2015-06-26 

 37 

The supply and demand for each case is illustrated in Figure 26 below. Both 
Case 2030 and 2100 will result in an excess of production enabling export, 
spillage or storing of energy. In 2050, the remaining nuclear power plants will 
have been shut down, contributing to a deficit of electricity of -4.5 TWh. In 
2100, if using the total technical potential, there will be an excess annual 
power production of 97 TWh. 
 

 
Figure 26. Annual production and consumption for each case. 

4.5.1 Case 2030  

In Case 2030, the remaining nuclear power plants will be operational in 
Sweden, producing 89% of the electricity generated by nuclear power in 2013. 
Nuclear power and CHP and other power producers are kept at equal values 
as for the Swedish Energy Agency’s scenarios for 2020. The aggregated 
production for Case 2030 is shown in Figure 27 below. The production from 
nuclear and CHP and other power sources provides a stable power output 
while hydropower, used as regulation power, has larger fluctuations. The 
solar power production of 0.1 TWh is not visible in the diagram. 
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Figure 27. Case 2030 - Aggregated power production. 

The consumption of all sectors with the added consumption from PEVs for 
Case 2030, is shown in Figure 28 below. The electricity consumption of PEVs 
accounts for 1.6% of the total electricity consumption in Sweden and is 
difficult to distinguish in the plot. 
 

 
Figure 28. Case 2030 - Consumption and PEV consumption. 

The hourly power production from VRE sources wind and solar power is 
illustrated in Figure 29 below. Their share of the production reach 10.3% of 
the total production, which is the share many actors predicted possible 
without any major difficulties when operating the power system. The share of 
solar power is small, accounting for 0.06% of the total annual production. 
Interpreting the figure, it is possible to see that solar power produce most of 
the electricity during the summer, where there is a decline in wind power 
production. Wind power generates more electricity during fall and 
springtime.  
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Figure 29. Case 2030 - Wind and solar power production. 

Aggregated power production and consumption for this scenario is 
illustrated in Figure 30 below. It shows that the hourly production follows the 
consumption pattern, with a larger surplus of power production during the 
first and last months of the year. For this case, the annual surplus corresponds 
to 26 TWh. 
 

 
Figure 30. Case 2030 - Aggregated production and consumption for 2030 scenario. 

 
Figure 31 shows a comparison between power production from all sources 
excluding hydropower and total consumption including PEVs. The gap 
between consumption and production corresponds to the power need, which 
in this case is 43 TWh for the whole year. The power demand has to be met by 
hydropower and/or other power sources. The calculations of the annual 
power production from hydropower reaches 68 TWh in 2030, resulting in a 
good opportunity to cover the need with hydropower and even possibilities 
to export or store electricity. 
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Figure 31. Case 2030 - Power production from nuclear, wind, solar and CHP and other compared to the 

aggregated consumption. 

The gap, corresponding to the power need, is plotted in Figure 32 below. 
Maximum power need for an hour is 11 100 MW. The total installed capacity 
for hydropower is 16 200 MW, where 14 300 MW is available during normal 
conditions. This makes hydropower as only regulation power for Case 2030 
viable. 
 
 

 
Figure 32. Case 2030 - Need of regulation power. 

 

4.5.2 Case 2050 

In Case 2050, all of the remaining nuclear power reactors have been shut 
down, resulting in the SNSP level reaching 32%. This level is still less than the 
recommendation for maintaining frequency stability of the power system. 
CHP and other power producers are kept at equal values as for the Swedish 
Energy Agency’s scenarios for 2020. The aggregated production is shown in 
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Figure 33 below. The wind and solar power produce more power than in the 
previous case.  
 

 
Figure 33. Case 2050 - Aggregated power production. 

The electricity consumption by PEVs reaches a 4% share of the total 
consumption for this case. The consumption of all sectors and PEVs for Case 
2050, is presented in Figure 34 below. As for the previous case, the PEVs 
power consumption is difficult to distinguish compared to the power 
consumption of all other sectors. 
 

 
Figure 34. Case 2050 - Electricity consumption for all sectors and PEVs. 

Hourly production from VRE sources, wind and solar power, are plotted in 
Figure 35. The trends of solar and wind power is more apparent than in Case 
2030. The largest share of VRE production occurs during the summer months 
when solar power has its production peak.  
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Figure 35. Case 2050 - Wind and solar power production for 2050 scenario. 

Hourly data for aggregated supply and demand is plotted in Figure 36. The 
fluctuations of the production curve are greater than in Case 2030, but follows 
the consumption.  
 

 
Figure 36. Case 2050 - Aggregated production and consumption for 2050 scenario. 

For Case 2050, the difference between production and consumption results in 
a power deficit of 5 TWh. This is a result of the nuclear power plant shutdown 
and a larger PEV power consumption that is not fully compensated by the 
VRE share. 
 
Seen in Figure 37, a comparison between power production from all sources, 
except hydropower, and total aggregated consumption including PEVs are 
made. The gap between consumption and production corresponds to the 
power need of 76 TWh for the whole year. In 2050, a production of 71 TWh 
from hydropower is calculated which does not cover the total need. Other 
power production or imports are needed to cover the deficit. For this case, 
power production from all sources except hydropower, exceeds the 
consumption during a few hours, resulting in an overproduction of 0.13 TWh.  
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Figure 37. Case 2050 – Power production from wind, solar and CHP and other compared to the 

aggregated consumption. 

Analyzing the hourly power need, plotted in Figure 38, the maximum is       
18 700 MW. The capacity for hydropower during normal conditions, as 
mentioned earlier, is 14 300 MW. This results in a need for additional 
regulation power from other power sources when there is a peak in demand.  
 
 

 
Figure 38. Case 2050 - Need of regulation power. 

 

4.5.3 Case 2100 

In the results of Case 2100, an annual overproduction of 92 TWh was found 
even though all cars in Sweden were assumed to be PEVs. The aggregated 
power production is shown in Figure 39. The largest production occurs 
during the summer months as a result of the large share of solar power. 
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Figure 39. Case 2100 - Aggregated power production. 

Figure 40 below, shows the consumption for all sectors, red, and the PEV 
consumption, blue. Compared to the consumption for all other sectors, the 
PEV consumption of the 6 million vehicles is 8%.  
 

 
Figure 40. Case 2100 - Consumption from all sectors and PEV consumption. 

In Case 2100, the share of VRE sources reaches 59%. It exceeds the supposition 
of a possibility of connecting 50% SNSPs for maintaining frequency stability. 
However, if mitigation measures are taken, connecting 75% of SNSPs is 
possible. The hourly power production from solar and wind power are 
plotted in Figure 41 below.  
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Figure 41. Case 2100 - Wind and solar power production. 

The aggregated power production and consumption is shown in Figure 42 
below. It shows a distinct excessive production with large fluctuations during 
the summer months due to the large share of solar power.  
 

 
Figure 42. Case 2100 - Aggregated production and consumption. 

Power production, except hydropower, and aggregated consumption are 
plotted in Figure 43 below. The gap, corresponding to the power need, is      
22 TWh. Hydropower produces 79 TWh annually for this case, which exceeds 
the need. VRE power sources produce an excess of electricity of 40 TWh. If 
storing technologies of electricity is non-existent, this electricity needs to be 
exported or spilled.  
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Figure 43. Case 2100 - Power production and aggregated consumption. 

The power need, plotted in Figure 44, has a maximum value of 18 500 MW 
during an hour, exceeding the normal available production from hydropower 
of 14 300 MW. Even with an excessive production, the need of regulation 
from other power sources than hydropower is needed.  
 

 
Figure 44. Case 2100 - Need of regulation power. 

 

4.6 Comparison Between Cases 

The data for consumption, power need, wind, solar, and hydropower, was 
plotted in duration diagrams to enable more efficient analysis of the results. 
Duration diagrams enable studying the distribution of the data and its 
extreme values. To further analyze the data, a step-change duration diagram 
was made. The step-change is the values between hours and shows the 
fluctuations of the data. For solar and wind power production, it illustrates 
the changes in production between hours that the power system needs to 
balance. 
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Wind power produces electricity for almost all hours of the year, seen in 
Figure 45 below. The power output maximum for Case 2030, 2050 and 2100 
are 5 300, 7 900 and 21 600 MW. Studying the step-change diagram, to the 
right in the same figure, the maximum difference in production between to 
hours is 2 400 MW. However, there inter-hourly changes of wind power 
production are small since the curve is close to zero for most hours of the 
year. This is partly a consequence of the large geographical distribution that 
results in larger probability that wind conditions, even though they vary at a 
local scale, for the whole country are good and complement each other.  
 

 
Figure 45. Duration diagram and step-change diagram for wind power production. 

The power output maximum for solar power in Case 2030, 2050 and 2100 are 
81.7, 11 400 and 39 800 MW. For Case 2030, the solar power production is hard 
to distinguish since it is much smaller than for the other cases. The maximum 
value for solar power in Case 2100 is the largest power production by source 
of all scenarios. It is almost the double power output as the maximum 
produced by wind power. As seen in Figure 46 below, there is no solar power 
production for half of the hours of the year. This is a result of that it is 
impossible to produce solar power during nigttime. 
 
The maximum step-change is 12 500 MW, which is larger than for wind 
power production in Case 2100. Compared to wind power, the step-change 
diagram for solar power is less concentrated around zero. Concluding from 
this is that solar power has a greater inter-hourly change of its power 
production than wind power. 
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Figure 46. Duration diagram and step-change diagram for solar power production. 

In Figure 47, the duration and step-change diagram is illustrated for the 
consumption. The consumption never reaches zero in Sweden. It is interesting 
to compare the different cases. Connecting 6.1 or 1.3 million PEVs does not 
impact the consumption pattern significantly. The changes in consumption 
between hours are small and contain no extreme values.  
 

 
Figure 47. Duration diagram and step-change diagram for consumption. 

When studying the graphs for the power need, presented in Figure 48 below, 
significant differences can be distinguished. The negative values in the 
duration diagram are a result of surplus production. This energy could be 
exported, stored or spilled. For Case 2030 and 2050, the surplus occurs just for 
a few hours of the year. In Case 2100 however, a surplus of production occurs 
for almost half of the year resulting in a large surplus of 97 TWh. The power 
need for Case 2050, exceeds the need for both Case 2030 and 2100. This is a 
result of the nuclear power plants being shut down and not enough new 
power production to replace them.  
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The step-change diagram, presented at the right in the figure below, shows 
that the largest changes of power need between hours occurs for Case 2100, 
reaching almost 10 000 MW. This could be a result of the case large share of 
solar power. If both wind and irradiance conditions decreases within the 
same hour, a large change of power demand might occur.  
 

 
Figure 48. Duration diagram and step-change diagram for the power need. 

4.7 Validation of the Results 

By comparing the results of this thesis with results from other studies, their 
validity could be determined.  
 
For Case 2030, a VRE share of 10.3% was investigated. The fluctuations 
between supply and demand of electricity could be entirely regulated by 
hydropower. This was supported by both IEA (2014b) and Holttinen (2005) 
who suggested a VRE share of 10% is possible to implement without any 
significant balancing challenges in the power system. 
 
A study made by Svenska Kraftnät (2008) showed that an annual wind power 
production of 30 TWh, results in a necessity of adapting the grid to the 
fluctuations of the power need, and that hydropower was not able to meet the 
need by itself. Case 2050´s variability is higher due to it considering both 30 
TWh wind and 14 TWh solar power production. But it showed that 
hydropower was not able to meet the power need entirely. 
 
Lennart Söder (2013) studied the impacts of implementing wind and solar 
power corresponding to an annual production of 55 TWh. It showed that the 
fluctuations could not solely be regulated by hydropower. For Case 2050 the 
production for solar and wind power corresponds to an annual production of 
44 TWh and has the same results.  
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The comparison with other studies showed that the results retrieved in the 
case analysis are valid. 
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5 Sensitivity Analysis 
A sensitivity analysis was performed where variation in weather was 
considered. As mentioned earlier, precipitation, wind and irradiance has inter 
annual variations of ± 20, 15 and 10% (NEPP, 2014, Pryor et al., 2010 & SMHI, 
2013b). It was assumed that the same change occurs in production from the 
power source. For example, if the mean wind speed increases by 15%, the 
electricity generated by wind power would increase with the same share. All 
other power sources were kept at the same values as the original case. 
Analyzing the deficit between production and consumption, the power need 
could be calculated. If the annual power production for the case is lower than 
the result, it will be enough for the production. Another aspect that was 
investigated was the peak power need from hydropower and other power 
sources for an hour. During normal conditions, hydropower can produce     
14 300 MW. If the peak power need exceeds this limit, other power sources 
must produce additional power. The analysis was made for each scenario and 
the results were compared with the scenario values.  
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Table 8. Sensitivity analysis results for Case 2030, 2050, and 2100. 

 VRE share 

Annual need from 
other power sources 

[TWh] 

Peak power need 
within an hour 

[MW] 
2030 
Scenario value 10% 42.5 11 108.4 

    Wind power 
   +15% 12% 40.2 10 977.4 

-15% 9% 44.9 11 239.3 

    Solar power 
   +10% 10% 42.5 11 108.4 

-10% 10% 42.5 11 108.4 
    
2050 
Scenario value 

 
32% 

 
75.9 

 
18 716.5 

    
Wind power    
+15% 34% 71.4 18 504.0 
-15% 30% 80.3 18 929.1 
    
Solar power    
+10% 33% 74.7 18 716.5 
-10% 32% 77.3 18 716.5 

    
2100 
Scenario value 59% 22.4 18 453.3 
    
Wind power    
+15% 61% 17.4 18 150.8 
-15% 56% 29.1 18 755.7 
    
Solar power    
+10% 60% 22.0 18 453.3 
-10% 58% 22.7 18 453.3 
 
 
For Case 2030, varying the solar power production by ±10% did not impact 
the power system at all, maintaining the VRE share of 10% and the maximum 
regulation need. Varying the wind power production with +15% increased 
the VRE share by +2%, decreased the need from other power sources by -2.3 
TWh and the maximum regulation need by -1.2%. When the wind power 
production decreases by -15%, the VRE share reduce by -1%. The need of 
other power sources increases with +2.4 TWh, and the regulation need 
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increases with +1.2%. The total hydropower production is calculated to be    
68 TWh for this case, which covers the annual power need from other sources 
in all variations.  
 
Case 2050 show similar results as for Case 2030. Varying the solar power 
production results in no change of the annual maximum power need for 
regulation. An increased solar power production with +10% results in a 
decrease in need of other power sources by -1.2 TWh. A decrease of solar 
power by -10% results in an increased need of +1.4 TWh. Changing the wind 
power production gives larger difference of the parameters. An increase of 
+15% of the annual production results in a decreased need from other power 
sources by -4.5 TWh and the need of regulating power by -1%. Decreasing the 
annual wind power production by -15% results in an increased need by     
+4.4 TWh from other power sources and increased need of regulation by +1%. 
The annual hydropower production for Case 2050 is 71 TWh. If wind power 
production increases by +15%, hydropower is almost able to cover the need 
from other power sources with a deficit of 0.3 TWh. However, all variations 
result in a need of hydropower plus additional power sources. 
 
As for previous cases, changing the solar power production does not change 
the maximum power need within an hour for Case 2100. There is only a small 
difference the annual need from other power sources with -0.4 and 0.3 TWh. 
This suggests that the maximum power deficit occurs at times where solar 
power does not produce electricity, such as winter months or during 
nighttime. Varying the wind power production with +15% results in a 
decreased need from other power sources with -4.0 TWh. Decreasing the 
production with -15% the need increases with +6.7 TWh. Changing the 
annual production, the need of regulation power changes with ±2%. For Case 
2100, the annual hydropower production is calculated to reach 79 TWh. It 
covers the annual need from other power sources by far.  
 
When wind and solar power conditions are assumed to be low, resulting in 
lower production, the amount of power needed from hydropower and other 
power sources is larger than what is possible. For Case 2030, hydropower 
production will be enough to produce even the maximum power need 
according to the analysis.  
 
A final conclusion of the sensitivity analysis is that, for these simulations, 
varying wind power production causes the differences in the peak power 
need, whereas varying sun power production did not affect this parameter at 
all for any case. The annual need from other power production has small 
variations for both Case 2030 and 2050. Also, the VRE share varies with ±3% 
for each case.  
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6 Discussion 
The following section will discuss the different cases analyzed in the thesis 
work, impacts of climate change, and if the power need can be met by 
hydropower alone. Main focus will lie on differences between supply and 
demand and the feasibility of implementing large shares of solar and wind 
power.  
 
The scenarios that the thesis is based on are depictions of the future. They 
represents a possible development of the energy system and cannot be seen as 
certain as forecasts or predictions. No probability is assigned to neither the 
IPCC climate change scenarios nor the Swedish Energy Agency scenarios, 
which the cases mainly are based upon. This implies that the cases presented 
in this report also are founded on these conditions. 
 
In the calculations made, wind speed, solar irradiance, consumption et cetera. 
were based on the conditions in 2014. This resulted in that the data output 
was based on last year’s conditions and what the outcome would have been if 
the cases capacity of power production were available. Using an average year 
for wind or solar power is impossible since the output, especially for wind 
power, would be a straight line.  
 
Generally, the stability within the hour is the main problem when connecting 
large shares of VRE that depend on weather conditions and does not offer a 
stable power output. The SNSP level for both Case 2030 and 2050 is 
manageable according to EirGrid (2012). For Case 2100, extra mitigation 
initiatives must be taken to maintain short-term frequency stability.  

6.1 Case 2030 

One substantial fact to discuss is the Swedish Energy Agency’s scenarios. In 
their reference scenario for 2030, 17 TWh wind power will be produced. In the 
latest prognosis from Svensk Vindenergi (2015) the assumed annual 
production in 2015 from wind power will reach 15 TWh. The exponential 
growth of the annual wind power production and the prognosis for 2015, 
indicates that 17 TWh will be produced in the near future and not as late as in 
2030. 
 
Another aspect that might result in their scenario to become reality sooner is 
the recent news of shutting down two of the nuclear plants in Ringhals. This 
is a result of lower electricity prices and increased production costs during the 
last years. According to Vattenfall, they will be turned off as early as in 2018-
2020 (Östra Småland, 2015). This would impact the scenario analysis as well, 
making the 2030 scenario closer than one might think.  
 
When studying all power sources, except for hydropower, the power need is 
43 TWh, which is 65% of the calculated production of hydropower by 2030. 
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This suggests that Sweden will have large possibilities to store or export 
electricity. The maximum power need during an hour was found to be          
11 100 MW, which is 78% of the available hydropower during normal 
conditions. This indicates that the power system will be able to handle the 
amount of VRE sources without installing additional power plants or 
regulation power. 

6.2 Case 2050 

The amount of VRE sources reached 32% for the case, which is possible to 
implement and still avoid frequency deviations (EirGrid, 2012). However, 
there is a power production deficit of 4.5 TWh. This power deficit could either 
be covered by importing electricity from neighboring countries, increasing 
power production from other sources, or installing new power plants. The 
consumption of power by PEVs for Case 2050, reached 5.4 TWh, which is 
greater than the deficit of production. The possibilities of power import and 
export capacity between Sweden and its neighboring countries are greater 
than the power need of this case. The export of electricity in 2014 from 
Sweden reached 16 TWh (SvK, 2014). Importing 5.4 TWh is therefore not 
limited by transmission restraints between the countries.  
 
In Case 2050, the hydropower is assumed to produce 71 TWh. The power need 
is 76 TWh. It is a 5 TWh deficit that need to be covered by other power 
sources than hydropower. During a few hours, the production exceeds the 
consumption, leading to an overproduction of 0.13 TWh. Even if it is possible 
to store this energy, it does not cover the deficit. The maximum power need is 
18 700 MW, which is 31% greater that the normally available hydropower 
production. 
 
Taking all the result into consideration, if installing a VRE share of 32% in the 
Swedish power system, additional regulation and power sources apart from 
hydropower are needed.  

6.3 Case 2100 

When calculating the solar power production, the growth of the population 
was not considered. The prediction of increasing population made by SCB 
(2014d) to the year of 2100, could imply that more houses are built leading to 
a larger roof-top area to install solar PV systems on. This would result in a 
possible annual production potential larger than 49 TWh. 
 
If hydropower is excluded from the power calculations, only considering 
consumption and production from solar, wind and CHP and others, the 
power need reached 22 TWh. In this case, 79 TWh is the predicted 
hydropower production. It exceeds that need by far. If the surplus of 
production of 97 TWh could be stored, hydropower production would not be 
needed at all. No economical analysis was made of the results. But this large 
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amount of surplus power production could result in a need to give away 
electricity for free, making it undesirable to invest in new power plants. 
 
The maximum power need for an hour, is 18 700 MW. This is 31% larger than 
the amount hydropower can produce during normal operation. There is, 
however, an overproduction of 40 TWh for the year. If this electricity could be 
stored, the need of regulation could be met.  

6.4 Impacts of a Large Share of PEVs 

Connecting large amount of PEVs to the grid has a small impact on the power 
system for all cases. For Case 2030, 2050 and 2100 the annual consumption for 
PEVs is 2.1, 5.4, and 10 TWh, corresponding to 2%, 4%, and 7% of the total 
consumption. This impact was smaller than predicted. The viability of the 
assumption of the share of PEVs for Case 2100 is uncertain. It was however 
important to investigate an extreme case scenario, to analyze the impacts on 
the power system.  
 
The impacts would become greater if the all vehicles used in Sweden, 
including buses, trucks et cetera, was assumed to follow the same growth 
trends as in the scenarios. This aspect was not analyzed since no available 
charging data was found. Another aspect that should have been considered is 
urbanization, resulting in more people moving into the cities, which might 
lead to a decreased use of vehicles and a larger share of people using public 
transportation. It is, however, difficult to determine the size of this impact.  

6.5 Impacts of Climate Change 

The most certain impact on RE in Sweden is the increase of precipitation 
affecting hydropower production. The higher temperature will result in 
precipitation to fall as rain and not snow during the winters. This will 
straighten out the hydrograph for Sweden, the run-off during spring time will 
decrease, making it possible to generate more electricity during the winter 
months when the consumption is higher. 
 
It is difficult to draw conclusions about how much climate change will affect 
electricity generation from solar and wind power. Wind power plants will be 
affected, since the environment they operate in will change. Two opposing 
trends were found. One was that, due to higher temperatures, the icing would 
decrease. The other was that breaks of operation might occur more frequent 
due to higher gust wind speeds exceeding safe operational conditions. It is 
hard to predict which of these factors that will have the greatest impact. 
 
The consumption pattern might also be affected by climate change. Mainly 
due to warmer winters and more energy efficient housing that results in a 
reduced need for electricity used for heating. How large this decrease is 
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compared to the increased population could be of interest to investigate to 
understand the impacts of the annual consumption pattern.  

6.6 Power Variations 

The possible amount of regulation made by hydropower is limited by the 
current river run-off, regulated by law to protect the environment in and 
around the rivers. A higher demand of regulation power would lead to larger 
impacts of the river systems. It is therefore of importance that other power 
sources with an ability to regulate are developed or invested in. Sweden was 
regarded as an isolated system in the calculations. It would be more accurate 
to consider the Nordic region, or even the whole European union, as a whole, 
considering all possibilities of geographical spread and regulation. 
 
An investment in transmission capacity needs to be made to reduce 
geographical differences in production. The models used for wind and solar 
power enabled a greater construction of new plants in southern Sweden. For 
VRE sources that depend on weather conditions, it is of importance that the 
grid is able to cope with larger power flows from one place where the sun is 
shining and/or the wind conditions are favorable to another place where 
conditions are less sufficient.  
 
The geographical distribution of Sweden is mainly from north to south. If a 
large share of solar power was implemented it would be beneficial to increase 
the transmission possibilities with countries in the east and west, such as 
Finland and Norway. This would result in a somewhat smoother peak 
production from solar power at since it occurs during different hours for the 
countries.  
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7 Conclusion 
The results show that it is possible for the Swedish power system to 
accommodate a VRE share of 10%, as in Case 2030. When the share reaches 
32% and 59%, in Case 2050 and 2100, it is not possible for hydropower 
production to fully meet the maximum power need. This results in a necessity 
to import or store electricity from hours with excess production or install 
additional power production. 
 
All the reports analyzed presented different scenarios for the future. The 
Swedish Energy Agency’s scenarios for electricity production from VRE 
sources are underestimated. Some of the earlier scenario reports have already 
been proven wrong.  
 
There are uncertainties of how much climate change impacts, such as icing 
and extreme winds, will influence wind power production. Since the trends 
are opposing, one with a positive and one with a negative impact, it is hard to 
interpret the resulting effects of the combined impacts. The climate models 
are not sufficient to measure the impacts on solar irradiance since their grid is 
on a much larger scale than what is needed to give sufficient results for solar 
power impacts. A more certain impact of climate change is the effects on 
precipitation. The combined effect of a larger annual amounts of precipitation 
and that more of it will fall as rain and not snow will result in a power 
production that better fit consumption needs.  
 
The impacts on the power system from implementing large shares of PEVs 
are small. It is only in Case 2050 that PEVs result in a power deficit. Compared 
to the consumption of all other sectors, the PEV share is small, even if a 
vehicle fleet consisting of only PEVs is assumed.  
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8 Recommendations for Future Studies 
It is of importance that a thorough study of the Swedish electricity grid and 
the amount of VRE sources possible to implement is done. The study should 
take the whole Nordic or European power system and its bottlenecks into 
consideration, since all countries are connected resulting in a bigger flexibility 
of leveling instabilities.  
 
In future studies, it would be of interest to investigate the possibilities of 
using PEVs as regulation power for the cases investigated in this report.  
 
A study, investigating possible mitigation measures for scenarios with VRE 
shares over 10%, could give indications of which the best solutions would be 
for Sweden and enabling a larger share of VRE.  
  
The result of Case 2100 shows a large surplus of power production. A future 
economic study should investigate how much renewable electricity 
production that is feasible without affecting the profitability for producers.  
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Appendix I - Description of IPCC scenarios 
 
 RCP 8.5 RCP 6.0 RCP 4.5 RCP 2.6 
Emissions Large increase of GHG emissions. 

The emissions of CO2 will be three 
times higher in 2100 than the 
emissions of today. Large increase 
of methane emissions. 

Emissions of CO2 peaks in 
2060 at a 75% higher level than 
the present emissions, 
thereafter there will be a 
decline to 25% higher level 
than the one of today. 
 Stabilized emissions of 
methane. 

Emissions of CO2 peaks in 
2040. 

Emissions of CO2 will be as 
current emissions until 2020 
where they peak resulting in 
negative emissions by 2100 
compared to todays emissions. 
Emissions of methane decrease 
with 40 %. The amount of CO2 
will culminate around 2050 
followed by a small increase to 
400 ppm by 2100. 

Fossil fuels Large dependencies on fossil 
fuels. 

Large dependencies on fossil 
fuels. 

- Lower use of oil.  

Energy intensity High energy intensity. Lower energy intensity than of 
RCP 8.5 

Lower energy intensity than of 
RCP 6.0. 

Low energy intensity.  

Agriculture Increased claim on agricultural 
lands. 

Increased claim on croplands 
and a decreased claim on 
grazing lands. 

Large afforestation programs. 
Decline in areas claimed for 
agricultural production as a 
result of larger yields and 
changed consumption 
patterns.  

Increase of claims of agricultural 
croplands for bioenergy 
production. No essential change 
of claims on grazing lands. 

Technologies Slow increase of energy efficient 
technologies. 

-   

Population The global population will 
increase to 12 billion. 

The global population will 
increase to approximately 10 
billion.  

The global population will 
increase to approximately 9 
billion. 

The global population will 
increase to 9 billion. 

Politics No additional climate politics.  Powerful climate politics. More powerful climate politics 
than the one of RCP 4.5.  



APPENDIX II – Full image for wind distribution for Case 2030 
 



APPENDIX III – Full image for wind distribution for Case 2050 

  



APPENDIX IV – Full image for wind distribution for Case 2100 

 


