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“But in the end it’s only a passing thing, this 
shadow; even darkness must pass. And when 
the sun shines, it will shine out the clearer.” 
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Abstract 

Global concern about climate change and its impacts on the environment is 
progressively increasing. This has raised an important issue in the buildings and 
construction industry regarding the effects of climate change on the building 
energy performance. Currently, many residential buildings do not fulfill the 
energy requirements even with the current weather conditions, mainly because 
of poor design or because the buildings are designed according to older 
regulations. Consequently, there is a need for significant changes in the building 
design and construction in order to create a more sustainable built environment 
with lower energy consumption. However, it is not possible to change all these 
buildings in order to meet the needs of today. It is therefore of utmost 
importance that the energy production comes from renewable sources as a 
means to mitigate the potential environmental impacts of climate change. 

In Sweden, the field of renewable energy has seen a significant growth in 
recent years, and particularly in Gotland, where the project under investigation 
is located. In Gotland, several wind farms and wind turbines have already been 
installed in order to benefit from the advantageous wind conditions of the island. 
However, the development of the project for improving the connection of 
Gotland’s electricity grid with the Swedish mainland power grid has come into 
a halt since 2017, and Gotland is now facing major issues in terms of electricity 
consumption. And as climate change only escalates in the future, it is crucial to 
address this issue. Through an extensive study of the residential sector of 
Gotland, this thesis examines the buildings’ energy performance with the 
intention of finding and proposing possible solutions and alternatives that can 
eventually flatten the peaks in the energy consumption of the built environment 
in Gotland.  
 
Keywords: Gotland, electricity consumption, climate change, building sector, 
energy storage 
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Sammanfattning 

I hela världen ökar allt eftersom oron för klimatförändringarna och deras 
påverkan på miljön. Därför har byggnaders energiprestanda och hur den 
samspelar med klimatförändringarna blivit en viktig fråga för bygg- och 
fastighetssektorn. Läget idag är att många av bostadshusen inte uppfyller 
energikraven även med nuvarande väderförhållanden, främst på grund av dålig 
design eller för att byggnaderna är utformade enligt äldre regler. Därför finns 
det behov av betydande förändringar i byggnadens design och konstruktion för 
att skapa en mer hållbar byggd miljö med lägre energianvändning. Det är 
emellertid inte möjligt att förändra alla befintliga byggnader för att möta dagens 
behov. Det är därför viktigt att energiproduktionen kommer från förnybara 
källor som ett sätt att mildra energianvändningens potentiella miljöeffekter. 

I Sverige har området förnybar energi haft en betydande tillväxt de senaste 
åren, och särskilt på Gotland, som denna undersökning gäller. På Gotland har 
flera vindkraftsparker och vindkraftverk redan installerats för att dra nytta av 
öns fördelaktiga vindförhållanden. Utvecklingen av ytterligare anslutningar av 
Gotlands elnät till det svenska kraftnätet på fastlandet har avbrutits sedan 2017 
och Gotland står nu inför stora problem när det gäller elförsörjning. Men 
eftersom klimatförändringarna kommer att få en allt större betydelse i framtiden 
så är det viktigt att ta itu med frågan om elförsörjningen. Detta arbete 
innehåller  en omfattande studie av energiprestanda hos bebyggelsen på Gotland  
med avsikten att finna och föreslå möjliga lösningar och alternativ som så 
småningom kan jämna ut topparna i energiförbrukningen som orsakas av den 
byggda miljön. 
 
Nyckelord: Gotland, energiförbrukning, klimatförändring, byggnadssektor, 
energilagring 
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1 Introduction 

1.1 Background 
Climate change has been one of the most concerning political, ethical, economic, 
and social issues since the mid of the 20th century. It is primarily influenced by 
anthropogenic activities, particularly fossil fuel burning, which results in the 
Earth’s increased average surface temperatures and high carbon dioxide (CO2) 
emissions into the atmosphere. Scientists and researchers have been using 
observations and theoretical models, to investigate and study past, present, and 
future climate change, and claim that temperatures are now rising at a much 
faster pace than at any other time in the past (Shaftel, 2020). 

On the other hand, the buildings and construction sector alone accounted 
for 36% of the global final energy consumption and 39% of energy-related CO2 
and other greenhouse gas (GHG) emissions in 2017 (IEA, 2017). Thus, it should 
come as no surprise that the buildings and construction sector is characterized 
as one of the most energy demanding sectors today. Particularly, commercial 
buildings, such as office buildings, hotels, schools, hospitals, etc., are responsible 
for a significant portion of this footprint. Residential buildings also contribute 
to the increased energy consumption rates and high greenhouse gas emissions 
in the atmosphere. For instance, the building stock in the United States 
accounted for 39% of the total national primary energy use, of which 35% was 
used for heating, ventilation and air-conditioning installations (HVAC) alone 
(Kwok and Rajkovich, 2010). In addition to this, as reported by Yang et al. 
(2013), the building sector in China accounted for 24% of the total energy 
consumption in the country in 1996, increased to almost 28% in the next five 
years, and is estimated to increase up to 35% by 2020. In Europe, 40% of the 
total energy consumption and more than 30% of energy-related CO2 emissions, 
are associated with the building sector (Yang et al. 2013). Based on the 
aforementioned evidence, the reason why governments as well as engineers and 
scientists take bold initiatives and strive towards the design and creation of 
more sustainable and environmentally friendly buildings with lower energy 
consumption and greenhouse gas emissions, is prominent. 

Since buildings have a rather long life-cycle of approximately 60-120 years, 
depending on the construction material, it is crucial to investigate and analyze 
the pattern of how they will respond to the climate change in the future. It is 
also important to understand to what extend this will affect the total energy 
needs in buildings (Chuah, 2013; Donnelly, 2015). Focus should be placed on 
existing buildings as they are the ones that are primarily affected. In addition, 
they take enormously much larger surface area than new buildings, with about 
70 to 1 ratio. Thus, prevention and adaptation measures in existing buildings 
will be of particular importance, both now and in the future (Boverket, 2007). 
According to recent research, during the 21st century, warm periods over the 
summer are estimated to be longer and more severe, whereas cold periods in the 
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winter will become shorter and less intense. The latter will result in less need of 
space heating in buildings, while the former will create the risk of overheating 
for more hours during the day in naturally ventilated buildings. However, for 
buildings using mechanical ventilation and HVAC installations, where their 
operation typically relies on electricity, the demand for space cooling will 
increase, affecting the total energy demand and CO2 emissions of said buildings 
during the summer (Yang et al., 2013). Therefore, the need for significant 
changes in the building design and construction in order to provide buildings 
with pleasant indoor climate conditions in the future, is dire. 

In Europe, many initiatives regarding important future energy efficiency 
improvements in the built environment have been taken. As a member of the 
European Union (EU) and a country with a strong environmental background, 
Sweden could not be an exception from this important endeavor. The Swedish 
Government assigned the Swedish Board of Housing, Building and Planning 
(Boverket) to set targets in the buildings and construction sector in regards to 
mitigating the building energy consumption and their environmental impact. 
Towards that aim, in recent years, wind farms for electricity production have 
seen a rapid expansion in Sweden, which impactfully contributes to the national 
total energy consumption. In Gotland, in particular, where the project under 
investigation is located, there are several wind farms scattered all around the 
island and also sites where large, new farms can be established. For instance, 
Näsudden in the southeast part of Gotland is one of the best locations for wind 
power. Additionally, it is one of the pioneer areas for wind power development 
on Gotland, which has undergone the transition to second generation wind 
power production. However, the expansion of wind farms in Gotland is presently 
at a halt. Since May 2017, the ongoing project to connect Gotland’s electricity 
grid to the Swedish mainland power grid has been canceled. This had as a result, 
among other things, that no new connections for electricity generation are 
granted to the existing electricity grid of Gotland (Region Gotland, 2018; 2019). 

Furthermore, on Gotland, cold weather conditions during the winter are 
a contributing factor to the island’s overall energy consumption – especially 
electricity. During the period 2000-2005, the island’s total energy consumption 
remained fairly constant at almost 4,200 GWh per year. This value is equivalent 
to a consumption of 73 MWh per resident of the island per year, which is just 
over 10% above the national average for Sweden in total. The overall wind farm 
expansion plan expresses a possible further 1,000 MW of installed capacity on 
Gotland once realized. At the moment, to ensure reliable and high-quality 
electricity supply on the island as well as transmission of the total wind power 
production, the local grid company, Gotlnads Energi AB (GEAB), has set a 
limit at the current 185 MW installed capacity in the grid of Gotland (Region 
Gotland, 2018). This study emphasizes on finding ways and possible solutions 
that can smooth out and essentially mitigate the peaks in the energy 
consumption of the built environment of Gotland by proposing actions.  
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1.2 Problem Statement 
As mentioned earlier, the energy demand in the building sector is estimated to 
significantly change in the foreseeable future. Cold periods during the winter 
will be shorter, while warm periods during the summer will be longer. This trend 
is estimated to drastically affect both the heating and cooling energy demand 
of buildings, i.e. the building cooling energy demand is expected to considerably 
increase during the summer, whereas the heating demand is likely to decrease 
during the winter. For buildings in countries where there is no current need for 
comfort cooling systems, such as Sweden, the cooling energy demand will be of 
significant importance in the future. Consequently, the raised levels of energy 
consumption for space heating and cooling will also result in increased use of 
electricity and fossil fuels. Therefore, it is imperative that energy production 
comes from renewable sources as a measure to limit the emissions of CO2 and 
other air pollutants, and diminish the potential environmental impacts of 
climate change (Tsaousoglou, 2019). 

In Sweden, the field of renewable energy has seen a significant growth in 
recent years. For instance, according to the statistics provided by Statistiska 
Centralbyrån (SCB), the wind energy production in Sweden has increased by 
about 9.1 TWh between the period 2012-2015 (Sopher, 2019). A pivotal and 
important region in Sweden in terms of solar and wind energy production is the 
island of Gotland, where several wind farms and wind turbines have already 
been constructed in order to benefit from the advantageous wind conditions of 
the island. As reported by Byman (2015), in 2013, about 40% of the island’s 
total electricity consumption came from wind power. Furthermore, Gotland 
aims to be able to generate 100% of its energy from renewable sources by 2025 
(Region Gotland, 2014a). 

Nevertheless, wind power has a great disadvantage when it comes to the 
electricity supply. Wind patterns, i.e. the daily and seasonal variations in wind 
conditions, are the primal reason for fluctuations in electricity supply. On 
Gotland, these fluctuations are currently compensated by the power cables 
connecting the island with mainland Sweden. As the development of wind 
production on the island is progressing, it becomes even more challenging to 
balance the wind energy supply through mainland sources so as to provide the 
island with stable and secure electricity (Sopher, 2019). 

In particular, the connection of Gotland with mainland Sweden is 
accomplished through two high-voltage direct current (HVDC) cables, which 
operate in two different configurations; importing or exporting power from or 
to the mainland. Currently, one of the cables must always import power from 
the mainland, which in that case the available power exporting capacity is 
limited to only one of the cables. Also, the export configuration is exclusively 
used to export power to mainland Sweden when the generated renewable power 
on Gotland is higher than the load demand. Therefore, a project aiming towards 
the connection of the electricity grid of Gotland to the Swedish power grid was 
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proposed. However, as of 2017, this project and any other plans of installing 
any new transmission capacity between the island of Gotland and mainland 
Sweden, were canceled (Daraiseh, 2018). This master thesis will focus on 
investigating and studying energy storage systems as well as other alternatives 
as a technical solution that will address the mitigation of the electricity power 
fluctuations on the island of Gotland. 

 

1.3 Objectives and Research Questions 
As already stated, Gotland has a serious issue to face regarding its electricity 
consumption. The termination of the project that was aiming towards the 
connection of the island’s electricity grid with the power grid of mainland 
Sweden, only exacerbates this issue. In addition, Gotland is a touristic 
destination and this is reflected in a different energy demand pattern over the 
seasons than Sweden as a whole, as well as in the large portion of holiday houses, 
which correspond to nearly 20% of the residential electricity consumption 
(Regionfakta, n.d.). Therefore, the potential of using more photovoltaic (PV) 
and wind generated electricity on the island will be further examined. The broad 
objective of this master thesis will focus on addressing the energy performance 
of existing and future residential buildings on Gotland in terms of electricity. 
However, the main objective of this thesis is to identify improvements in the 
energy performance of typical residential buildings on Gotland and investigate 
the possible solutions for shaving the peaks in the electricity consumption. 

Towards this aim, the main question under research is “How could peaks 
in energy consumption, and especially electricity, be smoothed out by proposed 
actions in the built environment of Gotland?”. The main research question could 
be further narrowed down into three sub questions in order to get a better 
understanding of the issue, which are presented below. This thesis will aim to 
answer all three questions, respectively, and propose actions that could possibly 
reduce the energy consumption on Gotland. 
 

1. To what extend is the already available technology on Gotland (e.g. solar 
panels and wind turbines) sufficient enough, and if there is a need for 
new and alternative methods? 

2. How is occupant behavior inside buildings affecting the total electricity 
consumption, and how can it be addressed? 

3. Can the island of Gotland be exclusively self-independent in terms of 
renewable energy production? 

 

1.4 Research Methodology and Limitations 
With the intention of answering the aforementioned research questions, the need 
to use various research methods will arise. However, in this case, a combination 
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of multifold methods is suggested. During this study, a broad literature review 
and an extensive study of the built environment of Gotland are the two main 
research methods that will be followed. The research methodology can be 
further divided into three parts, as described in detail below. 

First, a comprehensive literature review on the impact of climate change 
on buildings energy consumption is to be conducted. In order to study and 
investigate the impact of climate change on the buildings energy consumption 
in the future, it is important to understand what climate change means. For 
that reason, several articles and researches concerning climate change and its 
potential environmental impacts are to be reviewed, in order to capture their 
definition and general features. Moreover, by studying relative scientific articles, 
papers, and journals about this topic, an efficient and detailed understanding 
about the framework of weather conditions under which the building stock will 
operate in the future, can be acquired. The literature review and bibliographic 
research will significantly contribute in developing the fundamental knowledge 
in the built environment, climate change, and its potential effects on energy 
power demand in the building sector. 

Second, an extensive study of the built environment of Gotland is to be 
performed, with a particular focus on the residential sector, in order to examine 
the energy consumption and demand. Then, by carefully reading the collected 
information, the dependence of the building energy consumption on various 
factors, such as temperature, time of day, and time of year, is to be checked. 
Furthermore, known occurrences and other factors have to be cited as well. 
Consequently, the goal of this study is to establish what causes the peaks and 
fluctuations in electricity consumption in the built environment of Gotland, and 
then propose solutions and a series of actions in order to shave the peaks and 
flatten the fluctuations. 

Last, the timeframe of this master thesis gave the possibility to study and 
draw conclusions only on typical residential buildings in Gotland, even though 
more cases of different types of buildings could significantly increase the validity 
of the research. Additionally, the research is geographically limited to the island 
of Gotland and to its specific features. However, a geographically wider research 
would potentially produce more accurate and widely applicable results. It has 
to be noted that the impact of climate change on outdoor temperatures depends 
highly on the geographic location under investigation and varies significantly 
from one region to another. It is expected that the impact of climate change on 
the built environment will be different as well. Therefore, the results of this 
research give an indication for the countries of northern Europe. The analyses 
and conclusions of the report are nevertheless applicable to other similar study 
objects, provided that a correct rescaling is made. 
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2 Climate Change 

2.1 Background 
Climate change is one of the most serious and concerning environmental 
challenges our planet has to face. The climate change issue extends far beyond 
the sphere of environmental impacts and risks, and has been one of the most 
concerning and troubling political, economic, social and ethical issues since the 
mid of the 20th century. People have been burning fossil fuels for their energy 
needs and other purposes for more than a century (Aisheh, 2010). By burning 
these fossil fuels, carbon dioxide is released into the atmosphere, as are other 
greenhouse gases (GHG) which are even more potent. While carbon dioxide is 
not the most potent of the greenhouse gases, it is the most noteworthy in terms 
of anthropogenic effects because of its large emitted quantities. 

The Intergovernmental Panel on Climate Change (IPCC) is a United 
Nations intergovernmental body established in 1988 which aims at providing 
assessments of the science behind climate change. Its first report was released 
in 1990, stating the imminent risk of worldwide climate changes due to the 
raised levels of GHG emissions. According to the IPCC, the main reason of the 
rise in average global temperatures is the massive GHG emissions over the last 
decades (IPCC, n.d.). Moreover, it has been evident and scientifically shown 
that human actions and activities are the primary causes of climate change and 
if the GHG emissions are not restrained, the pace of climate change will be 
immense. As stated by the National Oceanic and Atmospheric Administration 
(NOAA), the global warming trend continues rapidly, as the world’s warmest 
years have all occurred in the last twenty years. For instance, 2019 was marked 
as the second warmest year in recorded history, just behind 2016 (NOAA, 2020). 

Many initiatives have been introduced as an attempt to limit both the 
GHG emissions and ultimately, the pace of climate change. For instance, as 
mentioned in the report released by the Swedish Commission on Climate and 
Vulnerability in 2007, the United Nations Framework Convention on Climate 
Change (UNFCCC) was established in 1992. In December 2015, at the annual 
gathering of parties to the UNFCCC, the Paris Agreement was adopted. The 
stated objectives of the agreement’s outcome are “to hold the increase in global 
average temperature to “well below” 2oC above pre-industrial levels, to increase 
the ability to adapt the adverse impacts of climate change, and to make financing 
flows consistent with both of the above” (Paris Agreement). Furthermore, the 
main mitigation targets are to reduce the global GHG emissions the soonest and 
to achieve emissions neutrality in the second half of the century. Another 
notable initiative was the carbon dioxide tax policy that Sweden introduced in 
1991 and, according to which, energy emissions in transport, buildings, industry 
and agriculture are taxed (Ackva and Hoppe, 2018). Another milestone worth 
mentioning is the Kyoto Protocol, which aims towards the mitigation of climate 
change across the globe by setting internationally binding emission reduction 
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targets. The Kyoto Protocol was signed in December 1997 and implemented in 
February 2005. Industrialized countries are accountable to a large extend for 
the high levels of GHG emissions as a result of their extensive and considerable 
industrial activities. According to the protocol, these countries have to take 
draconian measures as an effort to limit and decrease their GHG emissions in 
line with individually established targets (UNFCCC, n.d). 

As a result of the excessive industrial activities of developed countries, 
GHG emissions are estimated to reach a historical high over the next 20-30 
years. Therefore, it is imperative that all parties work in collaboration towards 
the limitation and reduction of GHG emissions, as climate change will see a 
rapid incline in the foreseeable future. The vulnerability of modern societies to 
intense and extreme weather conditions, such as raised average surface 
temperatures, increased precipitation, floods, severe storms, etc. is evident and 
is also a crucial issue that demands the collaboration between many different 
organizations and the reappraisal in various disciplines (SOU 2007:60).  

 

2.2 The Definition of Climate Change 
In order to identify what climate change is, a clear distinction between climate 
change and climate variability is in place. Based on the definition given by the 
Intergovernmental Panel on Climate Change (IPCC), climate variability refers 
to “variations in the mean state and other statistics (such as standard 
deviations, the occurance of extremes, etc.) of the climate at all spatial and 
temporal scales beyond that of individual weather events. Variability may be due 
to natural internal processes within the climate system, or to variations in 
natural or anthropogenic external forcing” (IPCC, 2012). 

Moreover, the IPCC defines climate change as “a change in the state of 
the climate that can be identified by changes in the mean and/or the variability 
of its properties, and that persists for an extended period, typically decades or 
longer. Climate change may be due to natural internal processes or external 
forcings, or to persistent anthropogenic changes in the composition of the 
atmosphere or in land use”. On the other hand, the United Nations Framework 
Convention on Climate Change (UNFCCC) defines climate change as “a change 
of climate which is attributed directly or indirectly to human activity that alters 
the composition of the global atmosphere and which is in addition to natural 
climate variability observed over comparable time periods” (IPCC, 2012). 

It is obvious that the definition of climate change given by the IPCC 
differs from the one given by the UNFCCC, with the latter clearly attributing 
climate change to human actions that intervene in the global atmospheric 
composition, and climate variability to naturally occurring causes. Be that as it 
may, whichever definition governments and authorities decide to use is not of 
great importance, as long as all parties effectively collaborate in an attempt to 
diminish and mitigate the effects climate change has both on human societies 
and the natural environment. 
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2.3 The Impacts of Climate Change in Sweden 
As already mentioned, it is undeniable that the climate of the Earth is rapidly 
changing, and this change has tremendous environmental and social impacts. 
At the same time, the impacts of climate change on the economy and 
biodiversity have also drawn considerable attention. Moreover, the naturally 
occurring variations in the Earth’s climate are a consequence of several factors, 
such as volcanic eruptions, interactions between the oceans and the atmosphere, 
changes in the Earth’s orbit and fluctuation in energy received from the sun. 
The term “global warming” may refer to the climate change taking place on a 
worldwide level, however many more complex changes are expected to occur 
particularly on the level of local regions and countries (Aisheh, 2010). Having 
said that, it is obvious that both the geographical and weather conditions of 
each country influence in a great manner the extent of the future changes in its 
climatic conditions. 

Considering its north latitude, Sweden has warm continental summers and 
a relatively mild climate during the winter due to significant maritime influence 
resulting from its geographical location close to the North Atlantic Ocean and 
the predominantly westerly winds. Nevertheless, the shifting low pressure areas 
give variable weather conditions on both daily and annual basis, thus the 
climate of Sweden has been categorized as temperate moist. In the coastal areas 
of the south, the climate is labelled as warm temperate whereas in the rest of 
the country, the climate is cold temperate with lasting snow cover throughout 
the winter. Also, high amounts of precipitation occur all year round due to the 
low pressure areas, with the most precipitation falling particularly in the west 
part of Sweden and the mountains bordering Norway. It is possible, however, 
for long dry weather periods to occur when a high-pressure area pushes the low 
pressure areas north or south of Sweden (SOU 2007:60). 

Conclusively, based on the specific location and local weather and 
geomorphological conditions of a region within Sweden, it is probable for many 
complex and different changes in the climate to be observed in relation to the 
average surface temperatures, precipitation, sea levels and snow cover. Since 
the exact nature and development of climate change still remain highly 
uncertain, the need for adaptation in Sweden is crucial, as the impacts of climate 
change on a global scale, and inevitably on a national scale, are expected to be 
significant (SOU 2007:60). 

2.3.1 Weather Conditions and Climate Indicators 

Over the last century, it has been observed that the climate in Sweden has been 
relatively warm, especially during the 1930s and since 1987 (SOU 2007:60). The 
trend in average surface temperatures has been increasing ever since, as it can 
be clearly seen in Figure 2.1. The figure depicts regional variations in Sweden 
as compared to the global values. The red bars represent temperatures above 
average, whereas the blue bars and the black line represent temperatures below 
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average and a 10-year moving average, respectively (SMHI, 2015d). Since the 
end of the 20th century, this increasing trend in average surface temperatures 
has remained rather stable, resulting in 2015 being the warmest year ever 
recorded in Swedish history. As it can be observed, a streak of extremely cold 
winters have also occurred between 1860–1880, 1940–1942 and 1985–1987. 
However, extremely cold winters have been less frequent, particularly after 1987 
when the temperatures started to raise considerably. 
 

 
Figure 2.1 Average annual temperatures in Sweden between 1860 and 2019           

(SMHI, 2015d) 
 

In Sweden, high temperatures and heat waves are still quite uncommon 
when compared to other countries of southern Europe. Recent research has 
shown that the mortality rate in Sweden has seen a significant raise, as warm 
periods tend to increase across the country. What is considered as normal heat 
in other European countries, in Sweden is perceived as extremely hot because 
people are accustomed and adapted to cold climate conditions (SMHI, 2011). 

There is an abundance of definitions that are used to explain the term 
“heat wave”. In a more vague sense, however, the term is usually used to describe 
a prolonged period of time with warm weather conditions. For instance, the 
World Meteorological Organization (WMO) defines heat wave as “five or more 
consecutive days which the daily maximum temperature surpasses the average 
maximum temperature by 5oC (9oF) or more” (Rafferty, 2018). On the other 
hand, the Swedish Meteorological and Hydrological Institute (SMHI) provides 
a slightly different definition. It defines heat wave as “a continuous period when 
the highest temperature of the day exceeds 25oC for at least five days in a row.” 
Additionally, studies from Umeå University have reported that heat waves 
occur “at daily mean temperatures of 22-23oC or more at least two days in a 
row” (SMHI, 2011). Overall, it is apparent that there are numerous different 
definitions on heat waves. Regardless, these phenomena will significantly affect 
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Sweden in the forthcoming years, since the effects of heat waves are more 
impactful and perceptible at lower temperatures than in countries adapted to 
heat and higher temperatures. 

As reported in “Faktablad nr 49 – 2011” of the Swedish weather agency 
SMHI and as shown in Figure 2.2, the length of a heat wave in Sweden during 
the period 1961-2010 was 5 days on average. For instance, by taking a closer 
look at the figure, the summer of 1994 was an unusually hot summer with almost 
9 consecutive days of high temperatures, followed by the summer of 1969 which 
had just 8 consecutive high summer days.  

 

 
Figure 2.2 Annual average of the longest period of consecutive days with high 

temperatures (SMHI, 2011) 

 
Figure 2.3 Annual average of the number of days with high temperatures (SMHI, 2011) 
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Moreover, Figure 2.3 provides an overview of the average number of high 
summer days in Sweden when the maximum temperature reached 25oC or more 
during the same time period. The corresponding value for the summer of 1969 
was 24 days of high temperatures, whereas for 1994 was just over 19 days. As 
it is evident from both figures, the longest heat periods occurred between 1991-
2010, and are somewhat verifying the scientific predictions that heat waves are 
expected to be longer and warmer in the years to come (SMHI, 2011). 

For instance, the summer of 2018 was one worthy of remembrance, as it 
was an extremely hot summer and a record-breaker both for Sweden and for 
the whole of Europe. It was defined by an extended heat wave period when air 
temperatures in Sweden reached an all-time high at around 30oC for many 
consecutive days. A publication retrieved from the official website of SMHI, 
reads that the month of June offered various weather conditions throughout 
Sweden. The country was also affected by limited precipitation during June, 
with the exception of northern Norrland. The month was cooler than usual in 
the northern half of Sweden while in the south it was warmer. The publication 
continues by stating that temperatures in Sweden rose considerably in July, 
which was also a very dry month and many extensive forest fires broke out 
during that time. Additionally, in many parts of the country it was one of the 
warmest months of July ever recorded. Lastly, the beginning of August was also 
affected by high temperatures (SMHI, 2018). Sadly, this kind of extensive heat 
wave periods will become more common and frequent in the future and are 
assumed to be the new normal. 

To get a better understanding of the magnitude of these extreme weather 
conditions, the increase in the daily mean air temperature across Sweden during 
the summer of 2018, can be seen in Figure 2.4(a). The temperature surplus 
during the summer was between 1-3oC in the northern half of the country 
whereas in the southern half it was between 2-4oC. Moreover, Figure 2.4(b) 
shows the number of days when the temperature reached 25oC or more (i.e. 
high summer days). As it can be seen, for the southern part of Sweden the 
number of high summer days was estimated to be between 25-50 days, while for 
the south inland it was estimated to be between 30-50 days. The west coast of 
the country had an average of 15-25 days, as opposed to east coast which had 
an average of 30-45 days. As a final remark, the northern half of Sweden had 
just 5-30 high summer days (SMHI, 2018). 

As a consequence of the warmer climate is the occurrence of tropical 
nights, especially in the southern half of Sweden (SOU 2007:60). By comparing 
the periods 1960-1990 and 1991-2010 in Figure 2.5, it is clear that the number 
of tropical nights during heat waves in Sweden has increased over the years. A 
typical tropical night is defined by SMHI as “a night when the temperature does 
not fall below 20oC” (SMHI, 2011). In a report released by the Swedish National 
Board of Housing, Building and Planning (Boverket) in 2007, tropical nights 
are expected to become more common towards the end of the century, not only 
in Sweden but in the whole of Europe as well. As illustrated in the climate maps 
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Figure 2.4 (a) Deviation of the daily mean air temperature during the summer of 2018. 

(b) Number of high summer days during the summer of 2018 (SMHI, 2018) 

Figure 2.5 Annual average of the highest daily minimum temperature (SMHI, 2011) 
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provided by SMHI (Figure 2.6), this statement can be easily verified as it is 
obvious that the number of tropical nights will see a significant increase in the 
future. Therefore, heat waves in combination with tropical nights are assumed 
to lead to extremely unusual and hot weather conditions across the country, 
especially in the south, which concurrently means increased demands in cooling 
energy (Boverket, 2007). 
 

 

 
 
Figure 2.6 Number of tropical nights between (a) 1961-1990, (b) 2011-2040, (c) 2041-2070 

and (d) 2071-2100 across Europe (SMHI, 2007) 

 
 Another evidence of the impacts of climate change on the Swedish climate 
is the increased precipitation across the country. Summarizing precipitation as 
an average for the whole country can be challenging and complicated, but as 
depicted in Figure 2.7, it is obvious that precipitation in Sweden as a whole has 
seen a significant increase during the 20th century (SOU 2007:60). According to 
the figure, it can be seen that during the period 1860-1920 annual precipitation   

(a) 

(c) 

(b) 

(d) 
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Figure 2.7 Average annual precipitation in Sweden since 1860. The black curve shows a 

10-year moving average (SMHI, 2015a) 

 
values were lower than 600 mm, while between 1920 and 1980 the values 
fluctuated around 600 mm. Precipitation has been increasing ever since, and 
nowadays it is very unusual for the annual precipitation values to be lower than 
600 mm (SMHI, 2015a). 
 Based on this trend, precipitation in Sweden is expected to increase even 
more in the future. The Swedish Meteorological and Hydrological Institute 
(SMHI) estimates that by the end of the century the average annual values of 
precipitation will be 20-60% more than those for the period 1961-1990, especially 
in northern Sweden. This estimation, however, depends highly on the amount 
of GHG emissions released into the atmosphere. Because precipitation is a 
phenomenon that can considerably vary from season to season, it is worth 
mentioning that there is a wide range of possible future developments, respective 
to the season studied. For example, Figure 2.8 shows the differences between 
the average annual precipitation during winter and summer in Sweden, where 
it can be clearly seen that precipitation in the summer is heavier than in the 
winter (SMHI, 2015a). 
 

(a) 
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Figure 2.8 Average annual precipitation in Sweden during (a) winter and (b) summer. 
The black curve shows a 10-year moving average (SMHI, 2015a) 

 

 Furthermore, another concerning example of the impacts climate change 
has on the planet is that the average global sea level has been rising since the 
start of the 20th century. Studies have shown that the global sea level rose by 
about 7 cm since 1990 and by about 16-21 cm between the period 1900-2016 
(USGCRP, 2017). This accelerating trend is a result of mostly anthropogenic 
activities altering the atmospheric composition and climate scientists estimate 
that the rate will likely accelerate more during the 21st century (IPCC, 2014). 
 The same trend prevails in Sweden as well. Many scientific researches and 
studies indicate that the sea level rise in the regions of the Baltic Sea and the 
North Sea will likely be greater than the average global increase by 10-20 cm 
(SOU 2007:60). According to the Swedish weather agency SMHI, the rise of the 
sea level along the coasts of Sweden is affected by land rise and the melting of 
sea-ice particularly in the region between the Baltic Sea and Kattegat1. This 
rise in sea levels can be explained by the increased global temperatures that can 
cause the melting of land ice, which includes mountain glaciers and ice sheets, 
and sea-ice. Figure 2.9 depicts the sea level rise in Sweden since 1886, where the 
increasing trend of sea levels is remarkable. In addition, SMHI has recently 
provided a climate indicator regarding sea-ice, showing the annual maximal ice 
extent both for the Baltic Sea and for Kattegat ever since the observations 
started taking place back in 1957. As it can be clearly seen in Figure 2.10, the 
downward trend in the amount of sea-ice over the Baltic Sea as a result of global 
warming, is apparent. Another noteworthy observation is that very cold winters 
with significant ice extent occurred during the period 1984-1987, and more 
recently during 2010-2011, when nearly the whole of the Baltic Sea was covered 
with ice (SMHI, 2015b; 2015c). 
  

 
1 The Kattegat is a 30,000 km2 strait between Denmark and Sweden, connecting the North Sea 
to the Baltic Sea. The Baltic Sea drains into the Kattegat through the Danish Straits. 

(b) 



 Page 16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9 The change in sea level in centimeters since 1886 in Sweden. The black curve 
shows a moving average (SMHI, 2015c) 

 
 

 
 

Figure 2.10 The annual maximal ice extend in the Baltic Sea between 1957-2020. The 
black curve shows a moving average (SMHI, 2015b) 
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2.3.2 Future Climate Change Scenarios 

As has already been pointed out, humanity has to take drastic measures in order 
to face the imminent climate change and mitigate its impacts not only on the 
environment and biodiversity but on human health and social life as well. 
According to Hulme et al. (2002) and Jenkins et al. (2008), the exact nature of 
climate change is still unclear and the development of this change remains 
highly uncertain due to three main reasons; the natural climate variability, 
difficulties and uncertainties in understanding the system processes of the Earth 
and their inadequate representation in climate models and, lastly, the 
uncertainty and unpredictability in future GHG emissions and other harmful 
air pollutants. 

Particularly, natural climate variability can be divided into two parts. One 
part consists of natural internal processes while the other part consists of natural 
external processes. The former includes the interactions between the oceans and 
the atmosphere which cause annual changes in the climate, whereas the latter 
includes changes in the tilt and orbit of the Earth around the sun which affect 
the energy received from the sun or the particle concentration in the atmosphere 
from volcanic eruptions. Additionally, natural external processes are somewhat 
unpredictable, as there is not a secure and guaranteed way to predict changes 
in solar or volcanic activities. Thus, natural internal processes can be studied, 
forecasted and included in climate models more easily than natural external 
processes. GHG emissions and the climate’s response to these emissions are also 
more feasible to study and include in climate models. More precisely, GHG 
emissions can be described by the use of different scenarios which rely on 
assumptions about the development of global population, economy and energy 
technologies whilst the climate’s response to these emissions, which can lead to 
regional climate changes, can be described using global and regional climate 
models (Hulme et al., 2002; Jenkins et al., 2008). 

In order to forecast the impacts of GHG emissions on climate change, the 
Intergovernmental Panel on Climate Change (IPCC) has introduced the use of 
future emission models which are better known as Representative Concentration 
Pathways (RCPs). In 2013, the IPCC presented its fifth Assessment Report 
(AR5) concerning climate change and the majority of its content focuses on the 
calculation methodology of the latest climate models as a means to develop the 
climate in the future. These calculations describe four different scenarios for 
future concentrations of GHG, aerosols and other air pollutants and are based 
on a new set of parameters for climate impact. Therefore, the ultimate goal of 
all four of these scenarios is the effort to limit and mitigate the GHG emissions 
in the future (IPCC, 2013). 

Furthermore, the IPCC defines RCPs as concentration pathways for the 
radiation drive and they are identified by their level of radiation drift, or 
radiative forcing (RF), achieved in the year 2100 with respect to 1750. To get 
a better understanding, RF represents the difference between the amount of 



 Page 18 

energy the solar radiation that hits the surface of the Earth contains and the 
amount of energy the Earth radiates back into space again. It is expressed in 
W/m2 and is estimated from the change between the period 1750-2011, which 
is referred to as the “Industrial Era”, unless otherwise stated. Moreover, the 
total radiation drive can be expressed by the “positive” driving effect from GHG 
and the “negative” driving effect from aerosols. The terms “positive” and 
“negative” radiation drive imply that the surface of the Earth is heated and 
cooled down, respectively (IPCC, 2013). 

Additionally, the RCPs have to be in compliance with the already existing 
range of emission scenarios, both with and without active climate policy. As 
already mentioned, the IPCC has provided with four different emission scenarios 
concerning the GHG emissions in the atmosphere in the future, and these are 
namely the RCP2.6, RCP4.5, RCP6.0 and RCP8.5. For instance, the RCP4.5 
scenario means that in 2100 the GHG concentration in the atmosphere creates 
a radiation drive of 4.5 W/m2 as compared to pre-industrial levels. RCPs more 
often than not include economic, demographic, energy and policy components 
which influence directly or indirectly the future GHG emissions. Thus, RCPs 
can provide with helpful data on how GHG emissions will influence both the 
global as well as the regional climate conditions in the future (IPCC, 2013). 

Table A.1 in Appendix A provides a brief description of all four emission 
scenarios that were introduced by the IPCC in AR5. As it can be clearly seen 
from the table, the lowest possible CO2 emissions are given by the RCP2.6 
scenario whereas RCP8.5 is the most robust scenario towards CO2 emissions 
since three times more GHG emissions than the current levels in the atmosphere 
are projected. In addition to this, the CO2 emissions along with the average 
temperature increase for the coming years up until 2100 for each RCP scenario 
are demonstrated in Figure 2.11. 
 

 
 

Figure 2.11 CO2 emissions from fossil fuels and industry: RCP scenarios vs. historical 
(IIASA RCP Database, 2018)  
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 Against this background, the increase of mean outdoor air temperature is 
one of the most significant and severe impacts of climate change and is the 
product of several different factors, such as the location and the 
geomorphological features of the area under investigation, the season that is 
referred to, the selected RCP scenario, etc. Therefore, by adopting the right 
parameters, the official website of SMHI can provide with helpful diagrams 
about the calculated change of mean outdoor air temperatures. 
 The calculated change in the annual mean air temperature in Sweden 
during the period 1961-2100 compared to the statistical data gained from 
different meteorological stations between 1961-1990 can be seen in Figure 2.12. 
Additionally, as the buildings discussed in this study are located in Gotland, 
Figure 2.13 shows the calculated change of mean air temperatures for all four 
seasons in Gotland. It has to be noted that the RCP4.5 scenario has been chosen 
for both cases as a moderate case of climate change scenarios. The bars in the 
diagrams demonstrate historical data gathered from observations, where the red 
bars show temperatures higher than normal and blue bars show temperatures 
lower than normal. The black line shows an average raise trend for the RCP4.5 
scenario in the future, and the grey area shows the range in variation between 
the highest and lowest values forecasted by SMHI (SMHI, 2020). 
 

 
 
Figure 2.12 Calculated change in annual mean air temperature in Sweden for the period 

1961-2100 compared to 1961-1990. Scenario RCP4.5 (SMHI, 2020) 
 

By taking a closer look at Figure 2.13, it is apparent that the change in 
the mean outdoor air temperature depends on the season that is examined. For 
example, in 2070, the mean air temperature is estimated to see an increase of 
about 4oC in winter, whereas in summer the mean air temperature is estimated 
to increase by 2oC. As for autumn and spring, the same trend seems to be 
observed, as mean air temperatures are estimated to increase by slightly more 
than 2oC. It is therefore necessary to create and adopt a collective future climate 
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file for a homogenized energy analysis of buildings in the island of Gotland, 
which will be used regardless of seasonal fluctuations. 
 

 
 

 
 

 

(a) 

(b) 

(c) 
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Figure 2.13 Calculated change in mean air temperature in Gotland during (a) winter,   
(b) spring, (c) summer and (d) autumn for the period 1961-2100 compared to 1961-1990. 

Scenario RCP4.5 (SMHI, 2020) 
 

In short, GHG emissions caused by anthropogenic activities have been 
warming the planet faster than at any time in human history and the effects of 
climate change can be seen and felt across the globe. It is beyond any doubt 
that the magnitude of climate change is immense and the consequences both on 
a global scale as well as on a local scale are tremendous. Sweden is renowned 
for being a pioneer amongst other industrialized countries in terms of 
environmental and ecological advances. It has been at the forefront of the battle 
to curb and mitigate the impact of climate change early on, since the early 
1990s. It is therefore imperative for the Swedish Government and authorities to 
continue pushing ahead to not only achieve but exceed their commitments. As 
climate change is expected to exacerbate any situation known today, it is crucial 
for Sweden to adapt to and limit the climate changes occurring across the 
country (SOU 2007:60).   

(d) 
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3 Building Sector 

3.1 Background 
Over the years, it has been recognized that modern societies and developed 
countries have progressively become dependent on energy use. This remark can 
be justified by taking a closer look at all aspects of modern societies, ranging 
from the industry to the building sector, transportation and agriculture, all of 
which have directly or indirectly become energy dependent (Chuah, 2013). For 
instance, as reported by the Nordic Energy Research in 2012, both the industrial 
and the building sector in Sweden accounted for about one third of the energy 
consumption each, and about 30% of the energy was used in transportation, as 
it can be seen in Figure 3.1. 

It is therefore urgently imperative to realize that mitigating the energy 
consumption in the building sector can present with significant benefits both on 
the global energy footprint and the environment as well as on the economy. The 
substantially low energy efficiency connected with the built environment can be 
credited to the fairly long life-cycle of buildings and their corresponding slow 
replacement rate, since a typical residential building has a life-cycle of 
approximately 60-120 years, depending on the construction material. Thus, the 
need for designing and constructing buildings that are more friendly towards 
the environment as well as retrofitting the already existing building stock has 
never been more dire, as these actions could yield considerable energy and cost 
savings as well as reduced GHG emissions (Chuah, 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Swedish energy consumption by sector in 2012 (Nordic Energy Research, 2012)  

Industry 
 
Buildings 
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Agriculture and forestry 
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3.2 Energy Consumption in the Building Sector 
There are several building systems and services that contribute to the total 
energy consumption of a building, and it is very important to gain a better 
understanding of them in order to be able to eventually mitigate building energy 
consumption. The majority of the energy consumed in buildings comes from 
systems that provide occupants with comfort and satisfaction, such as heating, 
ventilation, air conditioning (HVAC), and lighting systems (Chuah, 2013). 

According to the International Renewable Energy Agency (IRENA), in 
the building sector, heating and cooling include a variety of energy systems and 
technologies, such as cooking, water heating, space heating and cooling, and 
refrigeration. Additionally, a noteworthy observation is that half of the energy 
consumption in Europe comes from heating and cooling alone (IRENA, n.d.). 
For Sweden in particular, the energy consumption in the building sector follows 
the same pattern. According to the Swedish Energy Agency (SEA), in 2015, the 
energy use for both heating and hot water in residential and non-residential 
buildings in Sweden was 76 TWh, which corresponds to 53% of the total energy 
consumption in the sector (SEA, 2018). It is therefore very important to make 
radical changes and improvements in the heating and cooling energy systems, 
which in turn can lead to significant energy and cost savings. 

The exact amount of energy consumed by each individual energy service 
in typical residential buildings in Europe, based on the statistics released by 
Eurostat in 2018, can be seen in Figure 3.2. The chart shows clearly that space 
and water heating are the two dominant factors of energy consumption, as they 
share 78.4% of the total energy used by households in Europe. In particular,  
heating is the main source of energy consumption since it accounts for 63.6% of 
the total energy use of residential buildings, while the amount of energy used 
for water heating represents 14.8%. Furthermore, the amount of electricity used  

 
 Figure 3.2 Total energy consumption in residential buildings by use (Eurostat, 2018) 
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for lighting and most electrical appliances in a household is slightly lower than 
water heating, accounting for 14.1% of the total energy demand. As a final 
observation, cooking devices used in households, space cooling, and other 
miscellaneous energy uses require much less energy, as they cover 6.1%, 0.4%, 
and 1.0% of the total energy consumption, respectively (Eurostat, 2018). 

As illustrated in Figure 3.2, it is apparent that the heating demand in 
buildings is far greater than the cooling demand. This, however, is progressively 
changing, as the demand for cooling is becoming increasingly higher due to the 
effects of the global climate change (IRENA, n.d.). An article published by The 
Guardian in 2015 reads that the building cooling energy demand across Europe 
will see a significant increase of approximately 72% by 2030, whereas the heating 
demand for buildings will decrease by 30% (Henley, 2015). On a global scale, 
however, the demand for heating buildings is estimated to keep increasing over 
the next 10 years and then stabilize, whereas, by 2060, the amount of energy 
that is used for cooling buildings is estimated to surpass that used for heating 
buildings (Isaac and van Vuuren, 2009).   

Therefore, for the new buildings that are to be constructed in the future, 
it is of utmost importance to embrace a correct architectural design that will 
agree with the future energy needs. As reported in “Byggnader i förändrat 
klimat” released by the Swedish National Board of Housing (Boverket) in 2007, 
selecting the right construction materials and architectural design, will play a 
significant role in cost savings as well as in satisfying the building heating and 
cooling energy needs within a future warmer climate. At the moment, the report 
continues, many residential buildings in Sweden are fitted with larger windows 
than older buildings and are not equipped with cooling energy systems and 
sufficient external shading systems. This construction trend comes in contrast 
with the modern building architectural design, which suggests the construction 
of new buildings adapted to a future warmer climate. For that reason, 
overheating of such buildings in a future warmer climate becomes a possibility, 
leading not only to increased cooling energy demands but occupant thermal 
discomfort as well (Boverket, 2007).  

 

3.3 Energy Requirements in Sweden 
The Swedish Government has assigned the Swedish Board of Housing, Building 
and Planning (Boverket) to investigate and define detailed targets in the 
construction sector regarding the energy consumption of buildings and their 
environmental impacts. Building energy use is, among other things, one of the 
main focal areas of Boverket’s Building Regulations (BBR). BBR contain a 
collection of regulations and general guidelines that apply to the building sector 
in Sweden. Therefore, Boverket’s commitment to establish a national building 
code in order to secure that each and every building across Sweden satisfies and 
is in compliance with these regulations is very important.  
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Since the establishment of these regulations, there have been numerous 
versions of BBR. However, the valid version of BBR is BFS 2011:6 (BBR 18), 
which has received an array of amendments and modifications, up to BFS 2019:2 
(BBR 28). These undergoing modifications of the regulations are means for the 
Swedish Government to adapt the country’s energy goals to the energy and 
climate goals the European Union has set for 2020. According to BBR 28, the 
main focus lies on the total energy performance demands for both residential 
and non-residential buildings depending on the location of the building and the 
type of the utilized heating system. Additionally, BBR 28 incorporates several 
other dynamic aspects, such as low overall U-value requirements both for the 
building envelope and for building envelope components, obligatory energy 
measurements, specific fan power requirements, performance requirements for 
buildings under renovation, and temporary performance targets for the majority 
of building types in order to facilitate the EU directive on nearly Zero Energy 
Buildings2 (nZEB) by 2020 (Tsaousoglou, 2019).  

Buildings in Sweden should be designed in a way that the energy use is 
characterized by low heat losses and cooling demand, efficient use of heating 
and cooling as well as efficient use of electricity. The general recommendations 
and requirements for building energy use in Sweden can be found in Chapter 9 
“Energy management” of BBR 28. According to BBR, the definition of building 
energy use is “the energy which, in normal use during a reference year, needs 
to be supplied to a building for heating, comfort cooling, hot tap water and the 
building’s property energy. If underfloor heating, towel dryers or other devices 
for heating are installed, their energy use is also included.” Tenant energy use, 
often referred to as building property energy, such as electricity used for lighting 
of common spaces and utility rooms, heating cables, fans, pumps, kitchen 
equipment etc., is typically excluded from the building energy use. This mainly 
happens in order to make the buildings comparable, as tenant energy tends to 
be different from one building to another (Boverket, 2020). 

Furthermore, as can be seen in Figure 3.3, Sweden is divided into three 
different climate zones as defined in Boverket’s Building Regulations; climate 
zone I, climate zone II, and climate zone III, which represent the north, the 
middle, and the south, respectively (Boverket, 2020). The island of Gotland, 
which is the focal area of this study, falls into climate zone III. In this climate 
zone, lives about 80% of the country’s population, while less than 10% of the 
population lives in the northern climate zone (SCB, 2019). Additionally, and 
depending on their climate zone, residential and non-residential buildings must 
be designed in such a way to ensure that their maximum energy performance 
do not exceed the values provided by Boverket. It is therefore imperative for 
the building energy performance to be assessed and calculated at an earlier stage 

 
2 According to the U.S. Department of Energy (2015), a nearly Zero Energy Building (nZEB) 
is defined as “an energy-efficient building where, on a source energy basis, the actual annual 
delivered energy is less than or equal to the on-site renewable exported energy.” 
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in the construction process, i.e. during the design phase, and, most importantly, 
a building must comply with the regulations and meet the requirements given 
by Boverket before it is given approval for construction by the authorities. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 Swedish climate zones (Boverket, 2020) 
 

3.4 Thermal Comfort and Certification Systems 

3.4.1 Thermal Comfort 

The term “thermal comfort” describes the state of mind in which satisfaction is 
expressed with the thermal environment (ASHRAE, 2004). Thermal comfort is 
mainly influenced by the location of the building, the construction method, and 
the type of heating and ventilation. In addition, the environmental factors 
affecting thermal comfort are the indoor air temperature, the temperature of 
the surrounding surfaces, such as walls and windows (radiant temperature), as 
well as the relative humidity and air velocity. Furthermore, comfort can also be 
dependent on personal individual factors, such as the activity level, the clothing 
insulation, the body posture, the location inside the building in relation to the 
window position, and the personal mood (Bullinger and Vidal, 2009). According 
to ASHRAE, thermal comfort can be expressed on a seven-point scale, known 
as the PMV (Predicted Mean Vote) scale, ranging from -3 (cold) to +3 (hot), 
where 0 represents the thermally neutral sensation. Another quantitative scale 
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for the assessment of thermal comfort is the PPD (Predicted Percentage 
Dissatisfied) scale. PPD predicts the number (i.e. the percentage) of thermally 
dissatisfied persons among a large group of people in a given thermal 
environment (ASHRAE, 2005). Both numerical scales are shown in Table 3.1. 
Professor Polv Ole Fanger further developed a model, known as “Fanger comfort 
indices”, to predict thermal comfort based on air temperature, air velocity, mean 
radiant temperature, and relative humidity to determine the PMV ratio (Horr 
et al., 2016). 

However, to be able to achieve thermal comfort inside a building is a rather 
complicated procedure. As it was mentioned, thermal comfort depends on a 
variety of different factors other than the indoor climate. On an individual level, 
thermal comfort varies considering the age, sex, season, and metabolic rate 
(Quang et al., 2014). Having in mind all the aforementioned parameters that 
affect thermal comfort, it is safe to conclude that occupant thermal comfort 
demands high amounts of building energy usage (Kwok and Rajkovich, 2010). 
 

Table 3.1 Numerical scales (PMV, PPD) corresponding to the perception of indoor 
climate conditions by occupants (ASHRAE, 2005) 

Thermal satisfaction PMV numerical equivalent PPD numerical equivalent 

Hot +3 100% 

Warm +2 77% 

Slightly warm +1 26% 

Neutral 0 5% 

Slightly cool -1 26% 

Cool -2 77% 

Cold -3 100% 

 

Research has shown that people, on average, spend approximately 80-90% 
of their time indoors, especially people who are most susceptible and vulnerable 
to the effects of pollution, such as young children, older adults, and people with 
cardiovascular, respiratory, or chronic diseases (EPA, 1989; 1997). Considering 
also the fact that climate change has already started to and will continue to 
create warmer climate conditions and raised ambient temperatures, occupant 
thermal comfort within premises as well as the thermal performance of 
buildings, are expected to be immensely affected. Therefore, a top priority for 
both architects and engineers when designing and constructing either a 
residential or commercial building, is to provide the occupants with comfortable 
indoor climate conditions (e.g. thermal comfort, visual comfort, and acoustic 
comfort) (Tsaousoglou, 2019). 
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 In Sweden, buildings and their installations must be designed in such a 
way so that thermal comfort can be reached under typical operating conditions. 
For that reason, Boverket provides regulations in regards to thermal comfort 
levels in Chapter 6:4 “Thermal Climate” of BBR 28. Nonetheless, these 
regulations mentioned in BBR concerning temperatures and air velocity within 
an occupied zone are only suggestions and general recommendations and not 
compulsory that are to be strictly followed. For instance, for residential 
buildings, BBR recommends that in order to achieve thermal comfort within an 
occupied zone during the winter, the directed operative temperature should be 
below 18oC. Moreover, the calculated air velocity in an occupied zone during 
the heating season should not be higher than 0.15 m/s, while at any other times 
during the year it should not be above 0.25 m/s. The current BBR, however, 
does not specify summer temperatures, but uses the ones defined by the Public 
Health Authority of Sweden (PHAS) as a reference (Boverket, 2020a). 

It is essential for modern buildings, either residential or commercial, to 
ensure their occupants health as well as their thermal comfort, as people tend 
to spend the majority of their time indoors. As mentioned earlier, heat waves 
are about to become more common in the future, where daily high outdoor 
temperatures can occur for many consecutive days. However, if temperatures 
during the night do not decrease substantially to allow buildings to cool down, 
buildings can be presented with the risk of overheating, which can subsequently 
cause several issues concerning human health. Thereby, many public authorities 
have proposed and issued various requirements regarding human health and the 
temperatures thresholds that both residential and commercial buildings should 
comply with. PHAS, for instance, associates the temperature threshold values 
regarding human health safety to increased indoor temperatures. According to 
the report released by PHAS in 2014 regarding general recommendations for 
indoor temperatures, long-term periods of overwarming are when the operative 
temperature is higher than 24oC, but below 26oC, and short-term periods of 
overwarming are when the operative temperature is exceeds 26oC, but no more 
than 28oC. The thresholds for short- and long-term periods of overwarming, 
however, are not explicitly defined in the report (PHAS, 2014). 

In brief, the concept of thermal comfort corresponds to what a person feels 
in terms of the thermal environment, and it is very important for health and 
well-being as well as productivity. The lack of thermal comfort can cause stress 
among the occupants inside a building; when the occupants are too warm, they 
can feel tired and exhausted, while when they are too cold, they can be restless 
and distracted. Moreover, thermal comfort is a subjective concept and a matter 
of perception, since one person’s thermal comfort zone varies and is not the 
same as another’s. Some of the factors influencing thermal comfort, such as 
temperature preferences, metabolism, health condition etc., vary significantly 
among individuals and most of the times is nearly impossible to satisfy everyone 
within a larger group of people.	
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3.4.2 Environmental Certification Systems 

It cannot be stressed enough how buildings have immense direct and indirect 
impacts on the environment. During their life-cycle (i.e. their construction, 
occupancy, renovation, repurposing, and demolition), buildings consume large 
amounts of energy, water, and raw materials, generate waste and emit carbon 
dioxide and other harmful greenhouse gases into the atmosphere. Thereby, these 
concerning facts resulted in the introduction and establishment of green building 
standards, environmental certifications, and rating systems in an effort to 
evaluate and quantify the environmental performance of buildings, and 
therefore limit and mitigate the impact buildings have on the environment 
through sustainable design (WBDG, 2019). 

The first green building rating system in the world towards sustainable 
design, Building Research Establishment’s Environmental Assessment Method 
(BREEAM), was released in 1990. It was not more than a decade later that the 
U.S. Green Building Council (USGBC) followed that example, and developed 
and released the Leadership in Energy and Environmental Design (LEED) 
rating system as a means to improve the environmental performance of 
buildings. There is a plethora of other environmental certification and green 
building rating systems that can be used for the environmental assessment of 
buildings and infrastructure projects, however BREEAM and LEED are 
described as the most popular around the world (WBDG, 2019). Figure 3.4 
demonstrates the most widely used green building rating systems within Europe. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.4 Green building rating system distribution in Europe (Sánchez Cordero et al., 
2019) 
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Environmental certification systems differ from one another, as each 
focuses on different aspects and criteria. Thus, a comparison between different 
systems is not made possible, as often different parameters are checked. 
Additionally, the use of any environmental certification system for buildings 
and infrastructure projects is voluntary, as there are no authority requirements 
for environmental certifications. It depends solely on the clients of a project 
which environmental certification system will be used during the construction, 
if any (Boverket, 2020b). 

In Sweden, there is an array of environmental certification systems for the 
assessment of the environmental performance of buildings and infrastructure 
projects. Some are used internationally, such as BREEAM and LEED, while 
some are used at a Nordic or national level, such as the Miljöbyggnad system 
developed by Sweden’s largest organization for sustainable constructions, the 
Swedish Green Building Council (SGBC) (Boverket, 2020b). Details about the 
Miljöbyggnad certification system are presented in Appendix B. Although 
BREEAM, LEED, and Miljöbyggnad share a lot of similarities in their credit 
system, only the former includes credits for future adaptation in regards to 
climate change. However, all available certification systems to date have a 
similar purpose. They are aimed at providing reliable environmental evaluation 
for buildings through an indicator system with various criteria. Nowadays, 
certification systems have become very common, and it’s remarkable to see how 
certified buildings have increased globally from very few at the end of the 20th 
century to dozens of thousands today (Sánchez Cordero et al., 2019). 

 

3.5 Future Energy Demands in the Building Sector 
The impact of thermal comfort and energy usage in the building sector has long 
been studied and demonstrated by scientific research around the world. For 
instance, a study on the changes in heating and cooling energy demand in 
residential and commercial buildings in Portugal under future climate change 
scenarios for the period 2071-2100, showed that the cooling energy demand in 
Portugal is likely to see a significant increase by the end of the 21st century. 
Moreover, as climate change progresses, the heating energy demand will slowly 
decrease. The estimated longer cooling season in the future, and the high 
demand in cooling energy as a result of higher outdoor temperatures will 
therefore compensate for savings in heating energy demand (Aguiar et al. 2002). 

Another study on the potential effects of climate change on the energy 
usage in residential and commercial buildings in Switzerland, showed similar 
results; the annual heating demand in buildings will decrease by 33-44% while 
the annual cooling demand will see a substantial increase of 223% for the period 
2050-2100 as a result of global climate change. The study also highlighted that 
efficient solar shading systems as well as night ventilation strategies will indeed 
be able to maintain indoor air temperatures within acceptable comfort range 
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for the occupants, and at the same time reduce the need for mechanical cooling 
systems (Frank, 2005). 

Furthermore, a report released by the Swedish Board of Housing, Building 
and Planning (Boverket) in 2010, shares valuable and insightful information 
about the impact of climate change in the construction field. According to the 
report, only small steps have been taken in order to limit and mitigate the 
cooling energy demand and increased indoor temperatures in buildings over the 
years. Even with the current climate conditions, there is a large number of 
residential buildings in Sweden that do not meet the requirements of a sufficient 
indoor climate. As reported in “Byggnader i förändrat klimat”, the current 
architectural design trend in Sweden for residential buildings is to install larger 
windows with insufficient external solar shading systems, and without any 
mechanical cooling system installed. Needless to say, this design trend results 
in increased indoor temperatures and unpleasant indoor climate conditions, and 
contradicts with the potential of a future warmer climate that will demand more 
energy use for space cooling and less energy use for space heating. The report 
estimates that over the next century, the heating energy demand in Sweden will 
decrease by 10%, while for the same period the cooling energy demand will 
exponentially increase by 80% (Boverket, 2007; 2010). 

In light of these findings, it is of significant importance that the ever-
increasing cooling energy requirements and climate adaptation of buildings 
should be addressed and seriously taken into account at an early stage in the 
construction process. In order to design and construct energy efficient buildings 
that would be capable of corresponding accordingly to the new normal, further 
research focusing on understanding climate change and the potential future 
climate change scenarios in depth, is also very crucial. 
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4 The Case of Gotland 

4.1 Background 
Gotland is the largest island of Sweden, with an area of roughly 3,140 km2, 
located in the Baltic Sea approximately 90 km off the eastern coast of Sweden. 
The province of Gotland, which also includes the islands of Farö and Gotska 
Sandön to the north, and the Karlsö Islands (Lilla and Stora) to the west, makes 
up for the 0.8% of Sweden’s total land area. Moreover, according to the latest 
statistics by SCB, the population of Gotland is estimated to be 59,832, of which 
nearly 40% live in Visby, the island’s main town and capital. In addition, 
Gotland has a remarkably strong influence on the tourism industry of Sweden, 
especially during the summer months. Tourism on the island has had a positive 
development over the years, and it is worth noting that, in 2016 alone, nearly 
2.2 million people had travelled to and from Gotland. Figure 4.1 below, presents 
the map of Gotland, showcasing urban areas as well as the population of each 
area. The map also illustrates infrastructure of major roads and ports, and 
services, such as petrol, biogas, and power stations. (Region Gotland, 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Figure 4.1 Map of Gotland with urban areas, major roads, ports, and services (Region 
Gotland, 2017) 
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4.2 Weather Conditions 
Given its location, Gotland has a much more milder climate conditions than 
mainland Sweden. It has a distinct coastal climate with fairly mild winter 
seasons and pleasant summers which occur a little later than the rest of central 
Sweden. However, the warm climate conditions often persevere and last longer, 
thus extending across the autumn season (Region Gotland, 2017). 

In addition, the climate conditions slightly differ between the coast and 
the inland of the island, with the average temperature during the coldest month 
of the year, e.g. February, varying from just below -1oC on the coast, to close 
to -2.5oC in the inner parts of the island. On the other hand, during the warmest 
month of the year, e.g. July, the climate differences between coast and inland 
are much smaller, as the average temperature is uniform and about 16oC on the 
whole island. Furthermore, the annual precipitation, while not abundant, varies 
from 500 mm on the coast, to 600 mm in the middle of the island and it is well-
distributed throughout the seasons (Region Gotland, 2017). The annual average 
temperatures and the annual average precipitation in Gotland are presented in 
Table 4.1 and Table 4.2, respectively. 

The winter season in Gotland, lasts from December to March, and is fairly 
cold, since the average temperature during the months of January and February 
is slightly below freezing (0oC). Temperatures during the night are most of the 
time below freezing, typically only by a few degrees, while temperatures during 
the daytime are usually around 0oC. While snowfalls are frequent on Gotland, 
they are not in abundance. Nevertheless, measuring snow depth is not always 
an easy task on a wind-exposed island, and with this reservation the record is 
112 cm deep and was observed on January 31, 1987 in Herrvik. Moreover, there 
are periods during the winter when the temperature exceeds freezing, resulting 
in rain and the melting of snow, but wind and humidity exacerbate the feeling 
of cold. On the other hand, there are also periods when the temperature drops 
more considerably below 0oC, though not as much as in the mainland. The 
lowest temperature ever recorded in Gotland is -32.8oC, and was measured in 
Buttle, near the center of the island, on February 9, 1966 (World Climate Guide, 
n.d.; SMHI, 2013). 

Summer in Gotland, which lasts from June to August, can be described as 
rather mild, since the maximum temperatures are typically about 20oC. The 
nights can occasionally be cold in June and late August, while sometimes, night 
temperatures can drop below 10oC, even in July and early to mid-August. 
Furthermore, some days during the summer can be very cool and rainy, but 
there are also pleasantly warm and sunny periods, with temperatures climbing 
up to 25-27oC (World Climate Guide, n.d.). The highest temperature ever 
recorded in Gotland is 35.2oC, and was again measured in the center of the 
island, in Buttle, on August 8, 1975 (SMHI, 2013). 

In spring, the temperature in Gotland increases rapidly. However, in April, 
the possibility to have cold days and the chance of snowfall still remains, while 
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Table 4.1 Annual average temperatures in Gotland (World Climate Guide, n.d.) 

Month Min (oC) Max (oC) 

January -3 1 

February -4 0 

March -2 3 

April 1 7 

May 6 14 

June 10 18 

July 13 20 

August 13 19 

September 10 15 

October 6 11 

November 2 6 

December -1 3 

 

 

Table 4.2 Annual average precipitation in Gotland (World Climate Guide, n.d.) 

Month Precipitation (mm) Days 

January 50 17 

February 30 13 

March 35 13 

April 30 12 

May 30 11 

June 30 12 

July 50 13 

August 50 13 

September 55 15 

October 45 14 

November 55 17 

December 50 17 

Year 510 167 
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in May, temperatures during the night can still be low, but temperatures during 
daytime become milder and warmer. Spring in Gotland is a rather sunny season, 
and this is the time of the year when the days are starting to become longer, 
particularly by mid-April. Contrastingly, the temperature in Gotland decreases 
rapidly in autumn. The days are starting to become shorter, and the sun, as 
opposed to rainfall, becomes much more rare. Also, the first snowfall usually 
occurs in November, but it can occasionally occur in late October as well (World 
Climate Guide, n.d.). 

 

4.3 Wind and Solar Power 

4.3.1 Wind Power 

Because of its geographical location, positioned right in the centre of the Baltic 
Sea, Gotland can take advantage of the wind; a perpetual natural resource. 
When using this never-ending natural resource to produce power, there are no 
emissions into the atmosphere. Hence, replacing fossil fuel power with wind 
power contributes considerably to the reduction and mitigation of gas emissions. 
Gotland plans to have a sustainable energy supply, and wind power plays a 
major and significant role towards achieving that target. Furthermore, Gotland 
aims to be able to generate 100% of its energy from renewable sources, thus be 
totally self-sufficient in terms of energy production, by 2025 (Region Gotland, 
2014a; 2019). 

In the late 1970s, Gotland was the first test site for large wind turbines in 
Sweden (Wizelius, 2007). As of today, there are several wind farms scattered at 
various locations around the island. Sites where extensive, new wind farms can 
be established without disturbing neither the residential environments nor the 
countryside can also be seen in a series of plans, which express a possible further 
1,000 MW of installed capacity on the island once realized. In addition, the local 
power company and distribution system operator (DSO), Gotlands Energi 
(GEAB), has placed a limit at the current 185 MW installed capacity in the 
grid on Gotland, in order to ensure reliable and high quality electricity supply 
on the island as well as a transmission of the overall wind power production 
with the intention of not having to shut down the wind turbines when 
production exceeds the transmission capacity (Region Gotland, 2018; 2019). 

 In the southeast part of Gotland, Näsudden is one of the best locations 
for wind power, and one of the pioneer areas for wind power development on 
the island. The first generation of plants had an average installed capacity of 
550 kW, and plants installed in the period between 2009-2014 each had at least 
2 MW capacity. Future plants are expected to have a capacity of 2.75 to 3 MW, 
with the exception of small single installations. Leading the way, the wind farm 
in Näsudden has undergone the transition to second generation wind power 
production, where there are about 94 onshore plants installed and the installed 
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capacity of which is 49.5 MW. The complete turnover to second generation 
technology is expected to reduce the number of plants in half as well as triple 
the power production of the area (Region Gotland, 2019). 

In 2016, the wind power on Gotland was estimated to be around 432 GWh, 
which equated to about 45% of Gotland’s total power consumption. However, 
the production was around 50 GWh less than it was in 2015, mainly because of 
less favorable wind conditions on the island. In 2018, with the limit of 185 MW 
installed capacity set by GEAB, there were about 150 operational wind turbines 
on the island, all of which connected to Gotland’s electrical grid, providing over 
20% of the island’s electricity. By 2025, and with the possible further 1,000 MW 
of installed capacity on the island, around 300-400 wind turbines would be 
clustered to 15-16 larger wind farms around Gotland. It should also be pointed 
out that a significant proportion of locally produced wind power was integrated 
with success into the local power distribution grid by GEAB. However, new and 
extensive wind farms on Gotland will most likely require a new grid in the future 
(Region Gotland, 2019). 

4.3.2 Solar Power 

Aside from the favorable wind conditions on the island, Gotland has the largest 
number of sunshine hours in Sweden. For instance, in 2016, the main town of 
Gotland, Visby, had the largest amount of sunshine hours in Sweden with 536 
hours of sunshine, followed by Ölands Norra with 530 hours, and Luleå with 
503 hours, as seen in Figure 4.2 (Region Gotland, 2017). Additionally, when it 
comes to solar radiation, the island of Gotland has the most excellent conditions 
for PV power systems installation in Sweden, with an annual irradiance of about 
1,100 kWh/m2 per year on the coast and about 1,050 kWh/m2 per year in the 
inner parts of the island (Figure 4.3) (SMHI, 2014). Table 4.3 shows the average 
number of sunshine hours on Gotland per day. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Number of sunshine hours in Sweden in 2016 (Region Gotland, 2017) 
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Figure 4.3 Solar radiation in Sweden (SMHI, 2014) 

 

Table 4.3 Average number of sunshine hours on Gotland per day (World Climate  
Guide, n.d.) 

Month Number of sunshine hours 

January 1 

February 2 

March 6 

April 8 

May 10 

June 11 

July 10 

August 8 

September 7 

October 3 

November 1 

December 1 
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Regardless of the good and advantageous conditions for PV power, wind 
power remains the dominant renewable energy technology (RET) on Gotland 
ever since the first experimental wind turbines were established in the late 1970s 
(Wizelius, 2007). However, PV power is progressively becoming more popular 
with residential as well as commercial use. Decreased costs and support by the 
government are two significant factors that contribute to that, as the installed 
capacity has doubled every year since 2010 (Lindahl, 2014). At the moment, 
the full PV power potential is not yet possible to realize, and this is mainly 
because of the limited capacity of the two power cables connecting Gotland to 
mainland Sweden and the existing restriction regarding the maximum main fuse 
of 63A (Zaar, 2016; Anthesis, 2019).  

  

4.4 The Connection Between Gotland and Sweden 
The electrical grid of Gotland is considered as a microgrid which always runs 
in grid-connected mode. The power system of Gotland also represents the future 
power systems with high penetration of renewable energy, where a number of 
microgrids are interconnected with each other via HVDC cables, the reliability 
and stability of which is put at risk by islanded operations (Daraiseh, 2018). A 
representation of Gotland’s electrical microgrid can be seen in Figure 4.4. 

Microgrids are defined by the U.S. Department of Energy as “a group of 
interconnected loads and distributed energy resources within clearly defined 
boundaries that acts as a single controllable entity with respect to the grid.” The 
definition further reads, that “a microgrid can connect and disconnect from the 
grid to enable it to operate in both grid-connected or island-mode” (Ton and 
Smith, 2012). Another definition for microgrids provided by the International 
Electrotechnical Commission (IEC), defines microgrids as “alternating current 
(AC) or direct current (DC) electrical systems with loads and distributed energy 
resources operating at low or medium voltage level.” Moreover, as reported by 
IEC, microgrids can be classified into two categories; isolated, and non-isolated  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Overview of Gotland’s electrical microgrid (John, 2014) 
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microgrids. The former have no electrical connection to any other main electric 
power system, whereas the latter act as controllable units to the electric power 
system and can operate in both grid-connected and island mode (IEC, 2017). 

In the present situation, Gotland’s electrical grid occasionally experiences 
critical problems, and this happens when the wind farms installed on the island 
generate power at their maximum potential and consumption is low. GEAB has 
seen its fair share of important investments for grid maintenance, however the 
security level lies below the national average. Over the period 2004-2008, 
Gotland sustained in average 161 minutes of load interruptions per year, which 
is approximately 100 minutes more than the national average distribution grid 
interruption. In order to reduce the duration of the interruptions, it would be 
in the best interest of GEAB to increase its investments in grid upgrades and 
complementary reserve power to use as power flow regulation. Furthermore, the 
planned development of wind farms shall need a constant and extensive upgrade 
of the current power grid as well as the construction of new lines, since more 
remote and decentralized sources require further connection points (Lambert, 
2012). 

Since Gotland has both high wind and solar resources, it is natural that 
the island has become the heart of renewable energy generation in Sweden. 
Currently, the maximum load demand on Gotland is around 190 MW, the total 
installed wind power capacity as imposed by GEAB is 185 MW, the total 
installed solar power capacity is 3 MW, and the maximum allowed installed 
capacity of renewable energy resources (RES) is 195 MW. However, regardless 
of the fact that the installed wind power production capacity exceeds the 
maximum load demand, RES only account for 45-50% of the total annual energy 
demand of Gotland, mainly due to the irregular nature of the wind resources 
(Region Gotland, 2018; 2019). 

Furthermore, as briefly mentioned earlier, the electrical grid of Gotland is 
currently connected to mainland Sweden via two 100 km long HVDC cables, 
which provide the only source of active power and frequency control on the 
island. The two power cables, namely “Gotland 2” and “Gotland 3”, were 
installed in 1983 and 1986, respectively, and are able to operate in different 
configurations, i.e. import or export power from or to the mainland. Figure 4.5 
illustrates the different configurations of the HVDC power cables. The first 
configuration shows both cables importing power from the mainland and is the 
most active and mainly used configuration, when the load demand is above the 

Figure 4.5 HVDC power cables different configurations (Daraiseh, 2018) 
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RES power production. On the other hand, the second configuration shows both 
cables exporting power and is prohibited to use on Gotland’s microgrid because 
it does not meet the N-1 reliability criterion 3 , where the third and last 
configuration is exclusively used to export power to the mainland whenever the 
generated renewable power is higher than the load demand. One of the cables 
always has to import power from the mainland in order to fulfil the N-1 
reliability criterion, which means that the available exporting power capacity is 
limited to the rated power of one of the cables (Daraiseh, 2018). 

Moreover, in the case of losing one or both HVDC cables, Gotland will 
not be able to export excess generated power to the mainland. Therefore, if the 
exporting HVDC cable or both HVDC cables defect during low load demand 
and high renewable power production, the power system will experience high 
active power transients as well as over-frequency. High active power transients 
will increase the frequency of Gotland’s electrical grid above the acceptable 
threshold, which will in turn trip the over-frequency relays of the local wind 
plants, resulting in power outages on the island that will consequently lead to 
blackout (Daraiseh, 2018). 

Currently, Gotland is far from being electrically self-sufficient, mostly 
because of the lack of base-load power plants rather than wind farms. The 
majority of the island’s electricity (ca. 75%) is imported from the mainland via 
the aforementioned HVDC cables, while the rest of Gotland’s electricity is 
supplied by the wind farms installed on the island. Furthermore, through the 
HVDC cables, Gotland maintains its own frequency very efficiently and does 
not require any extra frequency regulation. Additionally, in the case of 
malfunctioning of the HVDC cables, local thermal power plants can be used 
instead, which are designed to satisfy the total demand on Gotland regardless 
of the installed wind power (Lambert, 2012). 

Nevertheless, increasing the development of renewable energy production 
on Gotland is deemed as a risk, since there are high chances of instable over-
frequency and high active power transients contingencies. Moreover, as a result 
of the HVDC cables configurations restriction and the concern of losing 
connection to the electrical grid, the installation of new RES is currently at a 
halt. As of May 2017, the Swedish transmission system operator, Svenska 
Kraftnät, canceled the ongoing project to connect Gotland’s electricity grid to 
the power grid of mainland Sweden. This resulted in no new connections for 
electricity generation being granted to the existing electricity grid of Gotland. 
As an initial approach to Gotland’s aforementioned problem, GEAB has set a 
limit of the installed RES power capacity to its current level, in order to ensure 
reliable and high quality electricity supply on the island (Daraiseh, 2018; Region 
Gotland, 2018; 2019).  

 
3 The N-1 reliability criterion states that a system that is able to withstand an unexpected 
failure or outage of a single system component at all times, has an acceptable reliability level 
(Ovaere, 2016). 
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4.5 The Built Environment of Gotland 

4.5.1 Building Stock 

According to the report “Gotland i siffror” released by Region Gotland in 2017, 
the building stock on Gotland in 2016 consisted of a total of 28,401 housing 
units. Figure 4.6 further demonstrates the distribution of the housing units on 
Gotland. The chart demonstrates clearly that single-family houses and 
apartments in apartment buildings are the two dominant components, 
accounting for 93% of the total housing units on Gotland. In particular, out of 
the total housing units, 17,236 are single-family houses (60%), 9,347 are 
apartments in apartment buildings (33%), 1,336 are apartments in special 
housing (5%), and 482 are apartments in other housing (2%). Furthermore, 55% 
of the apartments on the island of Gotland are rental units, while 45% are 
condominiums (Region Gotland, 2017). 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.6 Distribution of housing units on Gotland (Region Gotland, 2017) 
 

Documentation is also available from the National Board of Housing, 
Building and Planning’s (Boverket) energy declarations. Particularly, and in 
accordance with the declarations, there is a total of 903 apartment buildings on 
the island of Gotland, which have an average of 11 apartment units per building. 
The distribution of the number of apartment buildings on the island by urban 
area can be seen in Table 4.4. As expected, the vast majority of apartment 
buildings are found in Visby. Furthermore, Table 4.5 shows the age division for 
the apartment building stock on Gotland. It is apparent that most of the 
apartment buildings were built in recent decades. However, there are buildings 
on the island that were built as early as the 13th century. What can be inferred 
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from the table is that an average apartment building on Gotland was built in 
1975 (Anthesis, 2019). 

Based on Boverket’s energy declarations, apartment buildings on Gotland 
range from single-storey buildings to six-storey buildings. Table 4.6 shows the 
number of floors of the 903 apartment buildings on the island. The table clearly 
shows that slightly more than half of the apartment building stock constitutes 
of two-storey buildings. Contrastingly, five- and six-storey buildings are less 
common since they only share a very small portion of the apartment building 
stock. 
 

Table 4.4 Distribution of the number of apartment buildings on Gotland by urban area 
(Anthesis, 2019) 

Location Number of apartment buildings 

Visby 732 

Klinte 46 

Hemse 37 

Bunge 12 

Othem 10 

Roma 9 

 

Table 4.5 Age division for the apartment building stock on Gotland (Anthesis, 2019) 

Year of construction Number of apartment buildings 

< 1900 60 

1900-1959 173 

1959-2000 547 

2000-2019 123 

 

Another point to take into consideration is that almost two thirds of the 
apartment building stock on Gotland are owned and managed by a municipal 
housing company entirely owned by Region Gotland, GotlandsHem AB. In 
particular, GotlandsHem has 562 apartment buildings out of the total of 903 
and just over 4,600 rental apartment units under its ownership scattered all 
over Gotland, from Fårösund in the north to Burgsvik in the south. On top of 
that, the company’s housing stock varies from medieval buildings in Visby’s 
inner city to recent modern buildings (Anthesis, 2019). The histogram in Figure 
4.7 shows the number of apartment buildings owned by GotlandsHem in 
relation to the number of floors and year of construction. A majority of the 
company’s apartment buildings are two-storey buildings built in the period 
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between 1959-2000. This is also the case for the entire apartment building stock 
on Gotland as well. 

 

Table 4.6 Number of floors of apartment buildings on Gotland 

Number of floors Number of apartment buildings 

1 114 

2 481 

3 203 

4 82 

5 14 

6 9 

Total 903 

 
 

 

Figure 4.7 Number of apartment buildings owned by GotlandsHem in relation to the 
number of floors and year of construction 
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4.5.2 Energy Consumption  

The environmental objective of Region Gotland is aimed at being able to 
generate 100% of its energy from renewable sources by 2025, thus reducing the 
global energy consumption by 5% at the very least (Region Gotland, 2014a). 
The total energy consumption on Gotland in 2008 was 4,770 GWh (Gråberg, 
2012). Moreover, in 2009, the total amount of electricity consumption was 863 
GWh, distributed according to Figure 4.8, which corresponded to just 0,67% of 
the total national electricity use. However, the total electricity consumption on 
Gotland is hardly likely to grow in the forthcoming years (Lambert, 2012). 
While Gotland is not an industrialized region, 2,790 GWh of the total energy 
consumption are attributed to the industrial sector and it is apparent from 
Figure 4.8 that industry remains the highest consuming sector, amounting to 
approximately one third of the total electricity load (Lambert, 2012; Gråberg, 
2012). This study, however, emphasizes on the residential sector and households 
of Gotland, which account for roughly 30% of the total load. Additionally, both 
agriculture and the public sector contribute for a substantial share as well.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8 Distribution of the total 863 GWh electricity consumption on Gotland by 
sector (Lambert, 2012) 

 

The residential sector of Gotland, which is primarily comprised of single-
family houses (individual and holiday dwellings) and apartment buildings, 
represents 28% of the total annual electricity consumption on the island (ca. 
240 GWh). The actual detailed share can be seen in Figure 4.9 below. The fact 
that Gotland is a touristic destination is reflected in a different energy demand 
pattern over the seasons than Sweden on average, and in the large portion of 
holiday houses, which correspond to 40% of the total amount of single-family 
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houses on the island and 18% of the residential electricity consumption. Another 
noteworthy feature is the fairly low significance of apartment buildings, as they 
constitute 20% of the residences but only 13% of the residential load 
(Regionfakta, n.d.). Additionally, irrespective of the residence type, the 
electricity consumption in households follows approximately the same pattern, 
which is summarized in Figure 4.10. It is worth noting that heating is not 
included in this pattern (Lambert, 2012). The specific subject of heating will be 
examined nonetheless in more detail hereunder. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 Distribution of the total 240 GWh electricity consumption in the residential 
sector on Gotland by type of residence (Lambert, 2012) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10 Distribution of electricity consumption in households by use (Lambert, 2012) 
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The Swedish Energy Agency (SEA) estimates that for a typical apartment 
in Sweden the total annual electricity consumption is about 3,000 kWh, whereas 
for single-family houses the total increases, reaching up to about 4,500 kWh. In 
order to shift the load and provide flexibility throughout the day, appliances 
such as washing machines, dishwashers, and refrigerators can be used for active 
demand purposes. Overall, and as it can be deduced from Figure 4.10, these 
appliances correspond to nearly one third of the total annual electricity 
consumption on Gotland. Furthermore, the available energy for load shifting 
from apartment buildings can be calculated to approximately 10 GWh, of which 
only 3.5 GWh are programmable loads (e.g. washing machines and 
dishwashers). The low potential can be justified by the comparatively small 
number of apartments on the island. At the same time, the available energy for 
load shifting from individual houses can be evaluated to around 50 GWh, of 
which only 18 GWh (i.e. 2% of the island’s electricity consumption) are 
programmable loads (Lambert, 2012). More information about load shifting and 
programmable loads can be found in Appendix C. 

However, this is not the case with electrically heated buildings. Electric 
individual heating is quite popular on Gotland, since it is easy to program and 
can respond to anticipated price signal (Lambert, 2012). More than 10% of the 
apartments use electricity for their heating demands, which represents a heated 
area of approximately 100,000 m2. On the other hand, almost two thirds of the 
total number of individual houses (ca. 11,000 houses) use electricity to meet at 
least part of their heating demands, of which around 40% use electricity as their 
exclusive source of heating, either directly or through heat pumps (Regionfakta, 
n.d.). As reported by SEA, the direct electric heating in both single-family 
houses and apartment buildings is estimated to represent nearly 55 GWh, which 
on top of the 20 GWh coming from electric appliances, would represent about 
9% of the overall annual electricity consumption. Yet, during the winter season 
when the heating demand is at its peak, this percentage is most likely to be 
higher (Lambert, 2012). 

Another influencing factor on the energy consumption of buildings is the 
type of material buildings are constructed with. On Gotland, single-family 
houses and apartment buildings are typically made out of lightweight concrete, 
brick, wood, and, in some rare cases, stone. However, the vast majority of 
buildings on the island are lightweight concrete structures, as depicted in Figure 
4.11. The reason behind the use of lightweight concrete in building construction 
and why it is not used anymore has some kind of historical background, but 
this is beyond the scope of this thesis. Also, the choice of concrete as a material 
in building construction can be justified by its natural properties. Potentially, 
concrete has better and higher insulation characteristics as opposed to other 
typical building structures, such as wood and brick. Within this context, 
concrete buildings do not have the tendency to lose heat in a short period of 
time due to its high thermal inertia. Materials with high thermal inertia that 
are in contact with the indoor air, slowly absorb indoor heat until they get to 
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room temperature. They store the heat and release it slowly as soon as the 
indoor temperature drops below their surface temperature. Additionally, 
materials with high thermal inertia prevent heat to enter indoors by storing the 
heat during the day and releasing it during the night when the temperature 
drops. This aspect of thermal inertia balances indoor temperature variations 
and provides with comfortable indoor conditions (Widström, 2018b). Another 
example of material with high thermal inertia is stone, but stone structures on 
the island are very few and limited to medieval and historic buildings. 

 
 

 
Figure 4.11 Number of apartment buildings owned by GotlandsHem in relation to the 

type of material and year of construction 
 

It is also worth mentioning that the reduction of CO2 emissions of fossil 
origin from heating households on Gotland is largely related to the increased 
share of renewable energy types in the district heating systems on the island. It 
also depends on the fact that a large proportion of Region Gotland’s properties 
in urban areas have already received district heating (Region Gotland, 2014b). 
Figure 4.12 demonstrates the development of different sources of energy in 
district heating on Gotland. As can be seen, in 2013, the amount of the annual 
district heating production on the island was around 250 GWh, and it was 
mainly biomass-based. Furthermore, apartment buildings are accountable for 
half of the consumption, whereas public buildings are responsible for nearly 
25%, as illustrated in Figure 4.13. Despite the fact that district heating is very 
important when it comes to delivered energy, it is restricted nonetheless to only 
four urban areas that also represent the most industrialized and populated 
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regions on the island; Visby, Klintehamn, Hemse, and Slite. It is therefore quite 
unlikely that this type of heating solution will extend considerably and replace 
a substantial amount of the currently used electric heating (Lambert, 2012). 

 

 

 
Figure 4.12 Energy mix in the district heating on Gotland (Region Gotland, 2014b) 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 Distribution of the total 250 GWh district heating consumption on Gotland 

by sector (Lambert, 2012) 
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4.5.3 Occupant Behaviour 

Occupant behavior is known to be one of the key influencing factors of building 
energy consumption. Occupant activity and the way occupants interact with 
the building envelope and systems can be very unpredictable and significantly 
affect the energy performance of buildings. The way that occupants consume 
energy in a building can be influenced by a variety of factors, such as climate, 
air velocity, temperature, noise, perception of comfort, accessibility to building 
control features, gender, age, etc. Therefore, the way that occupants interact 
with the building, or rather the way that they behave in terms of energy use, 
has a significant impact on the energy performance of a building (Nilsson, 2018). 

In accordance with the energy declarations, it is evident that electricity 
consumption on Gotland is rather high during the winter (January – March), 
and particularly in the late night and early morning hours. A potential reason 
for that is because this is when most people are indoors and, due to the cold 
weather conditions, occupants consume more electricity in order to satisfy their 
heating needs. Furthermore, during the period between 2000-2005, the island’s 
total energy consumption remained fairly constant at almost 4,200 GWh per 
year, of which about half is attributed to the industrial sector. This value equals 
to an overall consumption of 73 MWh per resident of the island per year, which 
is just over 10% above the total national average (Region Gotland, 2018). It is 
therefore reasonable to search for alternatives as a technical solution that will 
address the reduction of the electricity power fluctuations on the island of 
Gotland. 
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5 Proposed Actions 

5.1 Background 
As has already been established, the island of Gotland faces a concerning issue 
regarding its electricity consumption. The cancelation of the project aiming 
towards the enforced connection of the island’s electricity grid to the power grid 
of mainland Sweden, further intensifies this issue. On top of that, and as climate 
change progresses, the cooling energy demand in buildings, which mostly relies 
on electricity, is only expected to increase in the near future. Thus, this study 
focuses on identifying improvements in the energy performance of typical 
residential buildings on Gotland and investigates the possible solutions for 
shaving the peaks in the electricity consumption. Towards that, an extensive 
review of scientific articles, papers, and journals on energy storage systems as 
well as other alternatives that could eventually mitigate electricity consumption 
on the island, is presented below. 
 

5.2 Radiant Heating and Cooling 
While there is an array of system technologies for radiant heating and cooling, 
the primary and most common type is TABS, which is an abbreviation for 
Thermally Active Building Systems. TABS are water-based heating and cooling 
systems in which pipes are embedded in concrete slabs of buildings (Cubick, 
2017). 

The main advantage of using this system is that it reduces the peak load 
by activating the thermal storage capacity of the building’s concrete slabs. 
TABS utilize the concrete’s thermal mass by embedding pipes carrying water 
for heating and cooling in the building’s structure. This way, ceilings, floors and 
walls contribute primarily to the sensible cooling, and secondarily to the base 
heating of the building. The embedded pipes activate the concrete core in the 
building mass for storage and release of thermal loads. While TABS are neither 
an air-conditioner nor suitable for a ventilation system, the need of conventional 
technologies is reduced significantly (Cubick, 2017).  

Furthermore, short- and long-term use of TABS provide with increased 
comfort, more reliability with less moving parts, as well as reduced energy 
consumption. Thermal comfort is ensured by delivering optimal temperatures 
with the use of a silent system that does not circulate air (i.e. no dust, no 
drafts), thus avoiding the “Sick Building Syndrome” (SBS)4 and ensuring a 
healthy indoor environment. Finally, TABS are cost effective, since they have 
low installation, maintenance, and operating costs (Cubick, 2017). 

 
4 The World Health Organization (WHO), describes SBS as “a medical condition where people 
in a building experience, more frequently than expected, a range of common symptoms of illness 
and a general sense of discomfort” (WHO, n.d.). 
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Floor heating is an example of TABS (Figure 5.1) with water-borne heat 
and if well-designed and well-maintained then there is an evenly distributed 
heat, which positively contributes to thermal comfort. However, it is not so 
optimal for the prevention of cold draws, which can negatively impact thermal 
comfort (i.e. causing discomfort). Floor heating can be placed at different 
depths. The more closer to the floor surface the system is placed, the more 
efficient heat transfer and less heat losses, but also a larger risk of uneven 
distribution. Thus, the more deep the system is installed inside the floor, the 
better the heat distribution (Widström, 2018a).  
 
 
 
 
 
 
 
 
 

Figure 5.1 Floor heating (Widström, 2018a) 
 

Other examples of TABS are slab and wall heating (Figure 5.2). Slab 
heating is a type of floor heating where the heating is integrated in the load-
carrying elements of the floor and can be used for both heating and cooling. It 
can use water- or air-borne heat. However, the air-borne version requires larger 
thickness of the slab and is mainly used in buildings with concrete slab elements 
with large spans. Slab heating is much more difficult to maintain since it is 
rather inaccessible once integrated. Wall heating, on the other hand, is less 
common mainly due to potentially	larger losses at external walls. However, even 
distribution of heat, prevention of cold surface radiation and moisture damages 
can be achieved with wall heating, resulting in thermal comfort. Wall heating 
is more susceptible to damage especially when the wall surface is penetrated 
(i.e. by mounting shelves, paintings, etc.) (Widström, 2018a). 
 
 

 

Figure 5.2 (a) Slab heating and (b) wall heating (Widström, 2018a) 

(b) (a) 
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Furthermore, this type of system has seen an increased use in recent years, 
particularly in central Europe and the Nordic countries. Albeit TABS have 
various benefits compared to other heating and cooling systems, they also have 
their own shortcomings and limitations. For example, since TABS are usually 
a part of the building structure itself, their implementation is only limited in 
newly constructed buildings and therefore they can practically not be used in 
older or retrofitted buildings (Behrendt, 2016). 
 

5.3 Wave Energy 
Since Gotland is surrounded by the sea, another type of renewable energy source 
for electricity production that the island could benefit from is wave energy. 
Wave energy is the transport and capture of energy by ocean surface waves. It 
has an enormous global potential and it is very accessible, since oceans cover 
71% of the Earth’s surface. 

The main motivation behind further development of wave energy for 
power generation is driven by the fact that harnessing wave energy does not 
emit any harmful pollutants into the atmosphere and can replace conventional 
fossil fuel energy technologies. Also, there is an astonishing potential in wave 
energy since for every meter of wave along the shore, the energy density is 
between 30-40 kW. It should be mentioned that the potential of wave and wind 
energy is larger during the winter which is synergistically effective with solar 
energy, where the largest potential is during the summer. For instance, the 
analysis of the wave energy potential by the Electric Power Research Institute 
(EPRI) showed that, for the United States alone, there is an annual potential 
of nearly 2,640 TWh along the continental shelf edge. Furthermore, another 
noteworthy feature of wave energy is its reliability. Since waves are hardly 
interrupted and essentially always in motion, generating electricity using wave 
energy is a more reliable source especially when compared to solar and wind 
energy. In addition to that, wave energy plants can be installed offshore. The 
larger flexibility as to where to situate offshore wave farms could potentially 
mitigate the negative impacts wave power has on the environment (Almerini, 
2019).  

However, as with any energy resource available, there are downsides and 
limitations that come with wave energy as well. Presently, it is unclear on how 
harvesting wave energy affects marine life, but researchers are hopeful that more 
data regarding this topic will arise in the coming years. Also, since wave power 
is a relatively new technology, there is a lack of data on how long wave power 
devices can realistically operate. In addition to that, wave energy plants could 
negatively affect the appearance of oceans, which in turn could cause conflicts 
with tourism and local acceptance. But most importantly, the costs of wave 
power technology remain fairly high compared to the already available wind 
and solar energy technologies because wave energy is still in very early stages 
of development. On top of that, many of the parts of wave energy devices require 
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regular maintenance and the fact that some of these parts might be underwater 
makes it more difficult, and thus more expensive, to repair (Almerini, 2019). 

The bottom line is that, wind and solar power technologies have rapidly 
progressed over the past years, as costs have dramatically decreased and the 
imminent climate change made clear the need to move away from fossil fuels. 
Even though wave power could potentially contribute massive amounts to 
sustainability as a renewable energy source, a series of challenges have hindered 
the efforts to generate electricity from the sea, including the difficulty to design 
a device for capturing the energy of waves. The wave power industry has indeed 
made some progress and is currently under development, but it has a lot of 
ground to cover since it has lagged far behind other forms of renewables, decades 
even (Levitan, 2014). 
 

5.4 Energy Storage Systems 
Renewable energy, particularly solar and wind energy, has proven to be one of 
the most effective and efficient solutions for addressing issues associated with 
increasing energy consumption demand and carbon emissions. As of today, an 
abundance of solar and wind energy projects have been developed, or are under 
development, in order to reach renewable energy targets. Furthermore, by 2025, 
the price of PV and onshore wind energy, is expected to significantly reduce; by 
43% and 26%, respectively. However, due to the intermittent and fluctuating 
nature of the resources, renewable energy also brings instability into the power 
systems. In addition to that, it is more difficult for the existing conventional 
power systems to adapt to the increase in the intermittent renewable energy 
production. For that reason, one of the possible solutions to address these issues 
is the utilization of energy storage systems in order to facilitate the increased 
amount of energy generated from renewable resources (Yang et al., 2018). 
Therefore, from a broad range of energy storage technologies available, four 
have been selected and are hereby discussed and both their advantages and 
disadvantages are summarized in the sub-sections that follow. In particular, the 
four energy storage systems discussed in this paper are: thermal energy storage 
systems, fuel cell systems, battery energy storage systems, and compressed air 
energy storage systems. 

5.4.1 Thermal Energy Storage Systems 

Thermal energy storage (TES) represents a method for a better use of energy, 
and the fundamental idea behind it is to store energy when the energy source 
is intermittent, or when there is a surplus of energy production (Bellù, 2009). 
TES can balance the energy demand and supply presented in thermal systems 
on a daily, weekly, and even seasonal basis. Another noteworthy feature of TES 
is that it increases the overall efficiency of energy systems, while reducing the 
peak demand, energy consumption, CO2 emissions, and costs at the same time 
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(Dinçer and Rosen, 2011b). To put it another way, if no storage is available, 
the required heating power would be very high and, therefore, TES systems 
serve as a peak-shaving device (Heier, 2013). 

There is a number of TES technologies available, and the most common 
types are sensible, latent, and thermochemical energy storage systems. In 
sensible energy storage systems, energy is stored and released through heating 
or cooling a medium that does not change its phase. Moreover, in latent energy 
storage systems, energy is stored and released through a phase change material 
(PCM)5, whereas in thermochemical energy storage, energy is stored through 
an endothermic chemical reaction and then released through an exothermic 
chemical reaction (Sukhatme, 1997). However, sensible thermal storage systems 
are the most popular and are commonly used around the world, while latent 
and thermochemical methods are still being developed and are expected to be 
much more expensive than sensible thermal storage systems. The four main 
types of sensible TES systems are discussed in brief below. 

5.4.1.1 Tank Thermal Energy Storage 

As a natural and endless resource, water is the most widely used medium to 
store thermal energy in. This is mainly because of the natural properties of 
water, such as its high specific heat, its availability, and its cost-efficiency, to 
name but a few (Dinçer and Rosen, 2011b). For that reason, one of the most 
common technologies installed for sensible thermal energy storage today are 
tank thermal energy storages (TTES). TTES are typically filled with water, 
which serves as the storage medium, and can be heated either by solar energy, 
gas boilers, or electricity and are used in a variety of applications both for 
residential and commercial buildings (Heier, 2013).  

Water is used in thermal storage systems in order to store cold and hot 
water for both air conditioning and domestic hot water (DHW).  Particularly, 
hot water storage in tanks is more common in residential buildings, whereas 
cold water storage is usually used in commercial buildings. A more advanced 
system which is often used in many countries worldwide, called combisystem, 
provides with both domestic hot water and space heating (Heier, 2013). In 
Sweden, according to an article by Lorenz et al. (1998), a significant number of 
small solar heating systems are combisystems that supply most of the DHW 
needs in buildings during the summer. These systems also have enough capacity 
to supply energy to the heating system during spring and autumn. The design 
of a typical Swedish solar combisystem is illustrated in Figure 5.3. Here, the 
heat from the solar collector is transferred to the tank through a heat exchanger 
and then, either an electrical heating element, or an external boiler provides 
heat for both DHW and space heating (Lorenz et al., 1998).  

 
5 Phase change materials (PCMs) are substances which absorb or release large amounts of latent 
heat when they go through a change in their physical state, i.e. from solid to liquid and vice 
versa (Smith, 2010). 
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Figure 5.3 Schematic of a typical Swedish solar combisystem (Lorenz et al., 1998) 
 

Water storage tanks can be placed above the ground or buried either fully 
or partially into the ground. However, buried water storage tanks are typically 
more expensive than the ones on ground-level mainly due to excavation costs. 
These systems can store thermal energy for a significant amount of time, ranging 
from just a few hours (short-term) to several months (long-term). In addition, 
there is also a broad range of tank capacity; between a few liters for the storage 
tanks used in combination with boilers, and millions of liters for the tanks used 
in district heating systems. Moreover, water storage can be used for both partial 
and full load. In the former, the thermal energy stored in water tanks supports 
the facilities while reducing the peak demand, while in the latter there is a 
distinct difference between the thermal energy production and its use (Bellù, 
2009). Recently, water tanks operate using stratification in which the storage 
medium inside the tank has a temperature gradient. This means that the water 
is hotter at the top of the tank than at the bottom. This can be explained by 
the fact that cold water has higher density than hot water at the top and, 
therefore, has the tendency to gather at the bottom of the tank. Typical 
temperature differences between the top and the bottom of a stratified tank are 
usually between 5-10oC. Therefore, the reason behind the use of stratified water 
tanks is because they provide with less thermal losses which influences the 
efficiency of the system in a positive way (Bellù, 2009; Dahash et al., 2019). 
Figure 5.4 shows a typical TTES system.  
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Figure 5.4 Tank thermal energy storage (TTES) system (IEA, 2015) 
 

5.4.1.2 Pit Thermal Energy Storage 

Another type of storage is pit thermal energy storage (PTES) and can be seen 
in Figure 5.5. This kind of energy storage consists of an artificial pool filled with 
a storage material and closed by a heat insulated lid. The walls surrounding the 
pit, which are usually naturally tilted, can be heat insulated as well. PTES 
typically utilizes water as a storage medium. Yet another possible way to fill up 
the storage volume is with a gravel-water mixture in order to make good use of 
the space over the storage (e.g. for the construction of a parking lot). However, 
it is important to highlight that the specific thermal capacity using a gravel-
water mixture as a filling is lower than that of water and, consequently, the 
volume of PTES has to be at least twice as high compared to that of TTES in 
order to compensate the difference in heat storage energy density (IEA, 2015; 
Dahash et al., 2019). 
 

 
 

Figure 5.5 Pit thermal energy storage (PTES) system (IEA, 2015) 
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5.4.1.3 Borehole Thermal Energy Storage 

Beside TTES and PTES, another type of sensible TES technology is a borehole 
thermal energy storage (BTES) system, as illustrated in Figure 5.6. This system 
stores the excess heat using soil and rock and, therefore, the ground itself 
becomes the storage medium. The BTES system is built such that, first, vertical 
boreholes are drilled in the ground to a certain depth and, then, U-shaped pipes 
are placed inside the boreholes forming large heat exchangers through which 
water passes. The ideal depth of the boreholes depends on a variety of factors, 
such as the thermal conductivity of the ground, the natural temperature in the 
ground, the heat load profile, the groundwater level, and the distance to other 
storage systems (Dahash et al. 2019). Moreover, the size of BTES has to be at 
least 3 to 5 times higher than that of TTES in order to achieve the same heat 
capacity. In addition, the flexibility in the design of a BTES system allows for 
supplementary boreholes to be connected and, therefore, increase the storage 
capacity of the system (IEA, 2015). 

 
Figure 5.6 Borehole thermal energy storage (BTES) system (IEA, 2015) 

 

5.4.1.4 Aquifer Thermal Energy Storage 

Lastly, an aquifer thermal energy storage (ATES) system is yet another example 
of sensible TES technology, as seen in Figure 5.7. To get a better understanding, 
an aquifer is an underground water reservoir, therefore, an ATES system utilizes 
a mixture of water and ground to stockpile the collected solar heat in an 
underground layer. Furthermore, two wells are drilled into the aquifer; one 
warm and one cold, for the extraction and injection of the groundwater from 
and into the aquifer. A few notable advantages of an ATES system is the high 
specific heat provided by water, and the fact that the system has lower 
construction costs compared to its counterparts. On the other hand, ATES 
systems have their own limitations and drawbacks, such as higher heat losses 
since there is no thermal insulation possible, lower supply temperatures 
compared to TTES and PTES, very limited choice of locations, and more 
maintenance than other systems once realized (IEA, 2015; Dahash et al., 2019). 
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Figure 5.7 Aquifer thermal energy storage (ATES) system (IEA, 2015) 

 

5.4.2 Fuel Cell Systems 

Fuel cells are devices that convert the chemical energy of a fuel into electricity 
through an electrochemical reaction of hydrogen and oxygen from air rather 
than combustion (Aman et al, 2012). Many fuel cells operate at low-to-moderate 
temperatures, in comparison with combustion power plants where the fuel is 
burned at very high temperatures for the production of electricity. Moreover, 
fuel cells have almost no pollutant emissions into the atmosphere as opposed to 
fossil fuel combustion. In a fuel cell, hydrogen and oxygen are combined together 
in order to generate not only electricity but also heat and water (Dinçer and 
Rosen, 2011a). 

Furthermore, fuel cell systems are known to be a clean, efficient, reliable, 
and quiet power source. A fuel cell operates somewhat like a battery, however, 
it does not run down nor needs to be regularly recharged, but instead continues 
to generate electricity and heat as long as a fuel source and air are supplied 
(FCHEA, n.d.; Dinçer and Rosen, 2011b). Here follows a brief description of 
the operation of a typical fuel cell. A fuel cell consists of an anode and cathode 
divided by a membrane, where hydrogen passes through the anode and oxygen 
through the cathode. At the anode site, the bonds of the hydrogen molecules 
are broken into electrons and protons by a catalyst. The protons then travel 
through the porous electrolyte membrane, while the electrons are forced through 
a circuit, thus producing an electric current and excess heat. At the cathode 
site, the protons, electrons, and oxygen are combined to create water molecules 
(FCHEA, n.d). In view of the foregoing, Figure 5.8 presents the schematic of 
the operation of a typical fuel cell. 

In recent years, interest in hydrogen fuel cell applications has significantly 
increased and this is largely driven by the low waste emissions and the extremely 
high efficiency of fuel cells. Fuel cells, which use hydrogen to generate electricity, 
can be used to power a broad range of applications. Not only that, but fuel cell 
systems that operate on hydrogen produced from sustainable energy resources, 
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Figure 5.8 Schematic of the operation of a typical fuel cell (FCHEA, n.d.) 
 

which serve as an alternative to conventional fossil fuel energy technologies, can 
also help achieve sustainability. On the contrary, fuel cell systems operating on 
hydrogen produced from fossil fuels can have significant environmental impacts. 
Such systems can be nevertheless shifted towards sustainability. For example, 
stationary fuel cell systems that operate on natural gas are more sustainable 
than the traditional method of buildings using fossil fuel electricity from the 
power grid and heat from boilers or furnaces. Therefore, hydrogen fuel cells can 
help improve energy sustainability by impactfully contributing to the energy 
needs of both rural and urban areas (Dinçer and Rosen, 2011b). Hydrogen fuel 
cell systems have an abundance of advantages in terms of sustainability. Such 
systems are, among other things, highly efficient, capable of facilitating the use 
of renewable energy sources and have great compatibility with renewable energy 
carriers, environmentally friendly in contrast with other conventional energy 
systems, and extremely flexible in terms of applications. Also, other advantages 
of hydrogen fuel cell systems include operation flexibility because of the small-
scale nature of such systems, adaptability to changes in energy demand, and 
almost endless and unlimited source of hydrogen, since it is derived from water 
(Dinçer and Rosen, 2011b). 

Having in mind the aforementioned advantages of hydrogen fuel cell 
systems, interest has been shifted towards a more sustainable production of 
construction materials in order to transition away from fossil fuels and reduce 
carbon emissions. Such an example is the production of steel. Steel is an integral 
part of modern societies and as the global population increases, the need for 
steel is also expected to grow. At the same time, steel production and the steel 
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industry in general are responsible for large amounts of CO2 emissions, 
accounting for almost 7% of the global CO2 emissions. In recent years, Sweden’s 
steel industry has taken action in order to tackle climate change and reduce the 
negative impact it has on the environment. Three major Swedish companies, 
created a pilot project called Hydrogen Breakthrough Ironmaking Technology, 
or HYBRIT for short, towards a completely fossil-free steel production by 2035. 
According to its official website, HYBRIT aims to entirely replace metallurgical 
coal, which is usually used for ore-based steel making, with fossil-free energy 
hydrogen, thus eliminating CO2 emissions since water is the only by-product of 
hydrogen fuel cell technology. Additionally, a hydrogen storage research facility 
for energy storage in Luleå is planned for construction in 2021. This type of 
storage is expected to serve as grid balancing through load shifting and, thus 
play a key role in supporting and stabilizing the energy system in the future 
(HYBRIT, n.d.). The development of HYBRIT project will likely impact the 
energy system in other aspects since it involves the production and storage of 
hydrogen. This development is thereby of significant importance and is worth 
investigating further towards understanding the possibilities and full potential 
of hydrogen fuel cell systems. 

However, despite the numerous advantages of hydrogen fuel cell systems, 
the production volume for hydrogen fuel cells is currently low and costs remain 
very high, but their use in electricity production is estimated to increase in the 
foreseeable future. Hydrogen fuel cells are expected to be increasingly used for 
stationary power production, and that should result in major environmental 
and economic benefits since the stationary power market is one of the largest 
markets around the world (Dinçer and Rosen, 2011b). 

5.4.3 Battery Energy Storage Systems 

One of the most promising energy storage technologies available are battery 
energy storage (BES) systems. BES systems are rechargeable battery systems 
which store surplus energy produced from renewable sources, such as solar and 
wind energy, and then deliver the stored energy when needed. These systems 
have been commonly accepted as one of the potential solutions to address the 
intermittency and fluctuations of renewable energy sources, with advantages 
ranging from fast response capabilities and constant power delivery, to 
geographical independence (Yang et al., 2018). Battery storage systems are also 
highly efficient and flexible, and therefore can be used for a vast range of 
applications. Furthermore, such systems can be installed within the energy 
system and have already been operationalized in distributed and centralized 
systems. Widespread usage and implementation of battery storage systems is 
nonetheless hindered by an array of challenges, including energy density, power 
performance, lifespan, charging capabilities, safety and environmental risks, and 
high costs (AECOM, 2015). 
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Batteries share a lot of similarities with fuel cells in terms of structure and 
operation. Batteries, like fuel cells, consist of an anode and cathode separated 
by a porous separator, and ions flow between the two charges via an electrolyte. 
The anode provides electrons to the load, the cathode accepts the electrons, the 
separator provides with electrical insulation, and the electrolyte is the medium 
for electron transfer between the anode and the cathode. The chemical reaction 
creates current and voltage, which in combination generate power, that can 
then be supplied to a load (Hadjipaschalis et al. 2008; IRENA, 2015). During 
daytime, the BES system is charged by electricity generated by renewables and 
an intelligent software installed within the battery uses algorithms to asses and 
coordinate renewable production, usage history, and weather patterns to 
optimize when the stored energy is used. Then, energy is discharged from the 
BES system during times of high usage, thus mitigating or even entirely 
eliminating costly demand charges (Ideal Energy, 2018). 

 As already mentioned, BES systems have a variety of applications. These 
systems can be used both for commercial and residential applications. Moreover, 
commercial applications include peak shaving, load shifting, emergency backup, 
microgrids, renewable integration, and other grid services, whereas residential 
applications include self-consumption, off-grid houses, and emergency backup. 
Particularly, in a commercial environment, BES systems can ensure that no 
power higher than a certain threshold will be drawn from the grid during peak 
times, can allow the shift of energy use by charging batteries with solar and 
wind energy or when electricity is cheap and discharging them when it is more 
expensive, and can keep operations working when power outages occur. On the 
other hand, in the residential sector, BES systems are easier to install and 
configure, cheaper per kWh of storage, safer, and allow homeowners to store 
excess energy produced by renewables during the day and use it during the 
night (Ideal Energy, 2018). 

Another point to consider is that islands represent a great opportunity for 
battery storage. Most islands are powered by diesel and gas generation, operate 
micro-grids, have weak interconnection and a scarcity of flexible power sources. 
Due to their remote location and lack of infrastructure, the imports of diesel are 
expensive and a risk to security of supply. BES systems can be therefore used 
to help integrate renewable energy, minimize dependence on diesel and gas 
generation, and reduce costs. Consequently, islands could take advantage of the 
technology of BES systems in order to reliably integrate considerable amounts 
of renewable power (IRENA, 2015). 

Currently, there are four main types of conventional storage batteries that 
are broadly used for energy storage and these are the lead-acid batteries, the 
nickel-cadmium batteries, the sodium-sulfur batteries, and the lithium-ion 
batteries (Hadjipaschalis et al. 2008; Poullikkas, 2013). To gain a better 
knowledge about the abovementioned storage battery types, their operation, 
advantages, and disadvantages are briefly discussed and summarized in the 
following sub-sections. 
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5.4.3.1 Lead-acid batteries 

The lead-acid battery, which was invented back in 1859, is the oldest type of 
rechargeable battery and the most developed technology that has been utilized 
for electrical energy storage and is currently widely used in distributed 
generation applications (Nair and Garimella, 2010; Poullikkas, 2013). Lead-acid 
batteries have high energy efficiencies, are relatively easy to install and maintain 
and have low investment costs. Additionally, they have the lowest self-discharge 
rates among all rechargeable battery systems. These features make lead-acid 
batteries perfect for long-term energy storage applications. However, downsides 
of this technology include low life-cycle, since the lifespan of a lead-acid battery 
is between 5-15 years of operation, poor performance at low and high ambient 
temperatures, and are harmful towards the environment. The lead and sulfuric 
acid contained within the batteries are extremely toxic and environmentally 
hazardous, which is particularly ironic since these types of batteries are used for 
complimenting clean sources of power, such as PV systems (Hadjipaschalis et 
al. 2008; Nair and Garimella, 2010; Poullikkas, 2013). In RES applications, 
battery banks comprised of up to 1 MW of interconnected lead-acid batteries 
are already being utilized to balance wind farm power production (Poullikkas, 
2013). Figure 5.9 illustrates the structure of a typical lead-acid battery. 
 

 
 

Figure 5.9 Structure of a typical lead-acid battery (n.d.) 
 

5.4.3.2 Nickel-cadmium batteries 

This type of battery uses nickel hydroxide for the positive electrode and the 
electrolyte, and cadmium hydroxide for the negative electrode, hence its name 
(Hadjipaschalis et al. 2008). Compared to lead-acid batteries, nickel-cadmium 
batteries have longer life-cycle, higher energy densities, and lower maintenance 
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requirements. Moreover, nickel-cadmium batteries provide several advantages 
in PV applications, and they have therefore gained popularity as storage for 
solar generation due to the fact that they can withstand high temperatures. 
However, nickel-cadmium batteries are larger in size than lead-acid batteries, 
contain toxic heavy metals, experience severe self-discharge, and do not perform 
well during peak shaving applications and thus are generally avoided for energy 
management systems. Notwithstanding the foregoing, nickel-cadmium batteries 
represent a competitive replacement for lead-acid batteries because they are 
able to provide constant power for longer periods of time and are used in 
applications that require instantaneous power at any given time (Nair and 
Garimella, 2010; Poullikkas, 2013). A typical nickel-cadmium battery is shown 
in Figure 5.10. 
 

 
 

Figure 5.10 Structure of a typical nickel-cadmium battery (Poullikkas, 2013) 
 

5.4.3.3 Sodium-sulfur batteries 

Sodium-sulfur batteries are rechargeable high temperature battery technologies 
that present appealing solutions for a variety of large-scale electric utility energy 
storage applications, such as load leveling, power quality, peak shaving, and 
renewable energy management and integration. Furthermore, a sodium-sulfur 
battery is a type of molten metal battery that is made using sodium and sulfur, 
and has high energy density, high charge and discharge efficiency, long life-
cycle, and is made from low-cost materials (Kawakami et al., 2010). As with 
every other battery technology, there is a handful of limitations with sodium-
sulfur batteries as well. These batteries have very high operating temperatures 
(300-350oC). Because of that, and the highly corrosive nature of the sodium 
polysulfide discharge products, such battery systems are more fit for large-scale 
applications, such as grid energy storage (Yuan et al., 2012). 
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Figure 5.11 Structure of a typical sodium-sulfur battery (Poullikkas, 2013) 
 

5.4.3.4 Lithium-ion batteries 

The use of lithium-ion batteries currently prevails in the automotive industry, 
with the development of hybrid and electric vehicle applications, and in the 
portable consumer electronics market. However, their use in grid and renewable 
energy storage applications is expected to grow in the near future (Nair and 
Garimella, 2010; Poullikkas, 2013). Lithium-ion batteries can achieve nearly 
100% energy storage efficiencies and have the highest energy density among the 
aforementioned types of batteries. Additionally, they have lower self-discharge 
rates and far lower maintenance requirements (Hadjipaschalis et al. 2008). 
Regardless, the disadvantages of this type of technology include high investment 
costs and complicated charge management systems. With the development and 
growth of future applications in a variety of energy storage applications in mind, 
researchers and developers aim at reducing the cost and further improving the 
performance of lithium-ion batteries (Nair and Garimella, 2010). 
 

 
 

Figure 5.12 Structure of a typical lithium-ion battery (Poullikkas, 2013) 
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In short, BES systems have the capability to store and release energy at 
high frequencies, thus guaranteeing frequency and voltage stability. Moreover, 
BES systems are primarily used as auxiliary services or for supporting the large-
scale wind and solar integration into the existing power system by providing 
grid stabilization, frequency regulation, and wind and solar energy smoothing. 
Additionally, battery storage provides an effective method for improving the 
energy management of renewable energy sources for extended periods of time 
(Poullikkas, 2013; Yang et al., 2018). While certain battery storage technologies 
have already been largely developed and are reliable from a technological point 
of view, the economic concern of battery systems remains a significant challenge 
to overcome before BES systems can be fully utilized as a mainstream energy 
storage solution (Yang et al., 2018). 

5.4.4 Compressed Air Energy Storage Systems 

As has already been established, energy storage is one of the most predominant 
solutions for addressing the problem of the intermittent and fluctuating nature 
of renewable energy production. Another energy storage technique capable of 
storing considerable amounts of energy at a relatively low cost and would be 
ideal for moderating large-scale variations in wind production is Compressed 
Air Energy Storage (CAES) (Luo et al., 2015; Sopher et al., 2019). 

In CAES, surplus energy is used to compress air, which is then stored with 
in a storage medium, typically subsurface geological formations. When it is more 
needed, the pressurized air can be extracted from the storage medium and used 
to generate electricity. The amount of stored energy depends on various factors, 
such as the properties and volume of the storage container. Also, a great amount 
of heat is generated as part of the compression process, and for that reason and 
in order to improve efficiency, intercoolers are utilized and fuel (e.g. natural or 
bio-gas) is combusted together with the pressurized air in the expansion process 
(Succar and Williams, 2008; Sopher et al., 2019). The basic components of a 
CAES system are illustrated in Figure 5.13. 

Moreover, while it is likely possible to use manmade containers as a storage 
medium, the compressed air in CAES systems is mainly stored within subsurface 
geological formation. The geological formations in which the compressed air can 
be stored, can be further classified into three main categories, which are caverns 
with salt formations, caverns with hardrock formations, and porous reservoir 
formations (Succar and Williams, 2008; Sopher et al., 2019). At the moment, 
there are only two existing plants operating a conventional CAES process; one 
in Germany and the other in the USA, and are both utilizing storage within 
salt formations (Luo et al., 2015). However, a feasibility study for the evaluation 
of the subsurface CAES potential on Gotland, which is at the forefront of wind 
energy production, showed that there is a number of porous reservoir formations 
in the bedrock beneath the island, thereby making it suitable for subsurface 
CAES implementation (Sopher et al, 2019). 
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Figure 5.13 Basic components of a CAES system (Hadjipaschalis et al., 2013) 

 

The primary advantages of implementing CAES systems are additional 
and supplementary services provided to the grid. Furthermore, CAES systems 
are designed for large-scale applications and can provide economic benefit to 
the owners and operators of power generation facilities. The benefits of utilizing 
these systems to support power generation include peak shaving, increase use 
of generation facilities during off-peak hours (i.e. during that storage plant 
charging cycle), and storage of night time wind energy for delivery during the 
higher priced daytime. In addition to that, CAES systems provide significant 
amounts of energy storage at relatively low costs, are highly efficient, reliable, 
and flexible, are suitable for spinning reserve and emergency backup, and also 
absorb excess generating capacity during periods of rapidly decreasing demand 
(Lee Layton, 2012; Poullikkas, 2013). 

However, given all the abovementioned advantages, there are only few 
operating CAES plants worldwide and this is mainly because of the limitations 
of the technology. More particularly, the underground geology is deemed as a 
risk issue by utilities, site selection is limited to the presence of mines, caverns, 
and certain geological formations, and less amounts of energy eventually make 
it to the grid when passing through a CAES system. The most significant 
disadvantage of the technology is nonetheless the need for additional heating 
and this is particularly challenging if fossil fuels are used for the heat addition 
(Lee Layton, 2012). 
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Summarizing, energy storage systems allow for intermittent renewable 
energy sources to be as stable as conventional systems and provide a means to 
distinct between electricity generation and use, thus minimizing issues related 
to supply and demand (Nair and Garimella, 2010). Therefore, energy storage 
plays an important and vital role in the development of a low-carbon electricity 
system. It is also worth noting that with energy storage, there is more flexibility 
and balancing to the grid, since it serves as a backup to the intermittent 
renewable energy. Furthermore, on a local level, energy storage can potentially 
increase efficiency, improve the management of distribution networks, and also 
reduce costs. In this way, energy storage can accelerate the decarbonization of 
the electricity grid, and improve the security and efficiency of the electricity 
transmission and distribution, while ensuring a higher security of energy supply 
(European Commission, n.d.). 
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6 Discussion 

Global temperatures are now rising at a much faster pace than at any other 
time before. As a result of the excessive industrial activities of developed 
countries, GHG emissions are expected to reach a historical high over the next 
years. Thus, it is of utmost importance to find solutions in order to limit and 
minimize GHG emissions, as climate change will significantly increase in the 
not-so-distant future. Modern societies have already become vulnerable to 
intense and extreme weather conditions and the energy demand in the building 
sector is expected to significantly change. Cold periods during the winter will 
become shorter, while warm periods during the summer will be longer, and this 
trend is likely to affect both the heating and cooling energy demand of buildings. 
In particular, the building cooling energy demand is expected to considerably 
increase during the summer, whereas the heating demand is likely to decrease 
during the winter. 

The comprehensive literature review showed that Gotland is faced with a 
concerning issue regarding its electricity consumption, and this is the 
consequence of the cancelation of the project aiming towards the enforced 
connection of the island’s electricity grid to the power grid of mainland Sweden. 
Currently, the connection of Gotland with mainland Sweden is accomplished 
via two HVDC cables, which import or export power from or to the mainland. 
One of the cables must always import power from the mainland, which in that 
case the available power exporting capacity is limited to only one of the cables. 
Also, exporting power to the mainland is only achieved when the generated 
renewable power on the island is higher than the load demand. On top of that, 
and as the trend of climate change keeps increasing, the cooling energy demand 
in buildings, which mostly relies on electricity, is also expected to increase in 
the future.  

In this work, focus was placed on identifying potential solutions for shaving 
the peaks in the electricity consumption on Gotland, as the situation is only 
expected to exacerbate in the years coming. At the moment, the maximum load 
demand on Gotland is around 190 MW, the total installed wind power capacity 
as imposed by GEAB is 185 MW, the total installed solar power capacity is 3 
MW, and the maximum allowed installed capacity of RES is 195 MW. 
Moreover, the island consumes nearly 1 TWh of electricity annually. However, 
regardless of the fact that the installed wind power production capacity exceeds 
the maximum load demand, RES only account for 45-50% of the total annual 
energy demand of Gotland, mainly due to the intermittent nature of the wind 
resources. Additionally, while solar conditions are also favourable on Gotland, 
the full PV power potential is not yet realizable mainly because of the limited 
capacity of the two HVDC power cables and the existing restriction regarding 
the maximum main fuse. 

Furthermore, in this master thesis, a comparative overview of a number of 
energy storage systems and other alternatives as a technical solution to shave 
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the peaks and address the mitigation of the electricity power fluctuations on 
Gotland was carried out. In particular, several energy storage technologies along 
with their applications were identified, and a comparison between the different 
technologies was further presented. The analysis showed that energy storage 
provides an ideal solution to the problematic situation of Gotland among the 
other alternatives that were presented. TABS are usually a part of the building 
structure, so they are limited in newly constructed buildings, and therefore they 
can practically not be used in older or refurbished buildings. On the other hand, 
while wind and solar resources are found to be sufficient enough to provide 
Gotland’s electricity demand, wave power could potentially contribute massive 
amounts to sustainability as a renewable energy source as well. However, the 
technology behind it is still relatively underdeveloped. In contrast, energy 
storage systems showed that they are one of the most predominant solutions to 
address issues regarding the intermittency and fluctuations of RES on the island 
in order to facilitate the increased amount of energy generated from renewable 
resources, especially wind and solar energy. 

A recent study estimated that in order for Gotland to be able to generate 
1 TWh of electricity annually and achieve a self-sufficient renewable energy 
production in the future, an installed wind and solar power capacity of about 
345 MW and 25 MW, respectively, will be required (Sopher et al., 2019). 
Currently, there is an ongoing wind farm expansion plan, which expresses a 
possible further 1,000 MW of installed capacity by 2025 on Gotland. Once this 
extension plan is realized, it will be achievable for Gotland to be exclusively 
self-independent in terms renewable energy production. Therefore, energy 
storage systems will play a significant role in accommodating the variations in 
energy production resulting from a 100% renewable and self-sufficient energy 
system. In this case, a storage system with a maximum capacity of about 230 
MW would be required in order to fully account for the aforesaid variations. 
Hence, this can serve as an estimation for the maximum energy storage 
requirement on Gotland (Sopher et al., 2019). 

From the review above, it is clear that TES and BES systems are the 
dominant technology to be used when continuous energy supply is paramount. 
Moreover, lithium-ion batteries are becoming increasingly important and have 
numerous advantages over the traditional and conventional lead–acid batteries. 
Additionally, the performance of fuel cell systems is also constantly improving 
in terms of reliability and investment cost. However, the future penetration of 
fuel cell systems remains tied to the high-cost hydrogen production and storage 
processes. Finally, it is improbable that CAES systems will be able to meet the 
total estimated energy storage demand on Gotland in the future. This kind of 
storage systems are more suited to very high power and high investment cost 
generation applications (Hadjipaschalis et al. 2008). 

On another note, according to the energy declarations, occupants on 
Gotland tend to consume a significant amount of electricity during the winter 
rather than in the summer, and especially in the late night and early morning 
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hours. This is when people are mostly home and, due to the cold weather 
conditions, occupants consume more electricity to keep their heating demands 
satisfied. During the period between 2000-2005, the total energy consumption 
on Gotland remained fairly constant at almost 4,200 GWh per year, which 
equals to an overall consumption of 73 MWh per resident of the island per year. 
Therefore, energy storge options will also play a significant part in allowing 
occupants to seize control over their energy consumption patterns. Occupants’ 
awareness of their energy consumption patterns can help to a certain degree 
mitigate the instability of power costs. Global investment in energy storage 
technologies is estimated to minimize initial capital costs for occupants who aim 
to include storage options within their energy systems, and can also contribute 
in lowering costs of operating and maintaining such systems (Nair and 
Garimella, 2010). Not only will renewable energy systems allow occupants to 
generate their own electricity and potentially ensure energy cost savings, but 
also ensure efficient use of RES. 
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7 Conclusion 

Gotland aims to be able to generate 100% of its energy demand from renewable 
sources, thus be totally self-sufficient in terms of energy production by 2025, 
and wind power plays a major and significant role towards achieving that target. 
Solar conditions are also favourable on Gotland, however, the full PV power 
potential is not yet possible to realize due to a number of limitations. 

This paper examines the energy performance of buildings on the island of 
Gotland with the intention of finding and proposing potential solutions and 
alternatives that can eventually shave the peaks in the energy consumption of 
the built environment in Gotland. In particular, this literature review concluded 
that radiant heating and cooling systems, wave energy, and energy storage 
systems could significantly contribute to energy savings. However, both wave 
energy and radiant heating and cooling systems have some limitations that 
makes them not so suitable for Gotland. On the other hand, energy storage 
systems present an ideal suggestion for electricity peak shaving on the island. 
Energy storage systems will play a key role in accommodating the variations in 
energy production from a 100% renewable and self-sufficient energy system. 
Energy storage systems will also affect the way occupants interact with the 
building, by allowing them to seize control over their energy consumption 
patterns. 

In order to investigate further the suitability of energy storage systems as 
a peak shaving device on Gotland, a detailed and more in-depth research should 
be conducted to address their potential. It is also of great importance to examine 
the cost of such technology as compared to the other alternatives discussed in 
this study. Interdisciplinary research could shed more light into this field, which 
is beyond the scope of this paper.  
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Appendix 

A. Future Climate Change Scenarios 
Below follows a table showcasing the key features of each of the four future CO2 
emission scenarios as introduced by the IPCC in AR5. 
 

Table A.1 Brief description of the four different CO2 emission scenarios (IPCC, 2013) 

Emission scenario Description 

 
 
 
 

RCP2.6 
(CO2 emissions 
culminate around 2020) 

• Even more powerful climate policy 
• Low energy intensity 
• Reduced use of oil 
• The population of Earth is increased to 9 billion 
• No significant change in the area of pasture 
• Increase in the area of agricultural land due to bioenergy production 
• Emissions of methane are reduced by 40% 
• Emissions of CO2 remain at current levels until 2020 and then 

culminate. Emissions are negative in 2100 
• The content of CO2 in the atmosphere culminates around 2050, 

followed by a moderate decrease to just over 400 ppm in 2100 

 

 
RCP4.5 
(CO2 emissions 
increase by 2040) 

• Powerful climate policy 
• Lower energy intensity 
• Extensive forest planting program 
• Lower area requirements for agricultural production, partly as a 

result of larger harvests and changed consumption patterns 
• The population of Earth is slightly below 9 billion 
• Emissions of CO2 increase somewhat and culminate around 2040 

 

 
RCP6.0 
(CO2 emissions 
increase by 2060) 

• Great dependence on fossil fuels 
• Lower energy intensity than in RCP8.5 
• The arable land area is increasing but the pastures are decreasing 
• The population of Earth is increasing to just under 10 billion 
• Stabilized emissions of methane 
• Emissions of CO2 culminate in 2060 at a level that is 75% higher 

than today and then decrease to a level of 25% over the current day 

 
 
 
RCP8.5 
(Continued high 
emissions of CO2) 

• CO2 emissions are three times more than today in 2100 
• Methane emissions are increasing sharply 
• The population of Earth is increasing to 12 billion, leading to 

increased claims for pasture and agricultural land  
• The technology development towards increased energy efficiency 

continues, but slowly 
• Great dependence on fossil fuels 
• High energy intensity and no additional climate policy 
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B. Miljöbyggnad 
Miljöbyggnad is an environmental certification system developed by Sweden’s 
largest organization for sustainable constructions, the Swedish Green Building 
Council (SGBC) and is primarily used on a Nordic or national level (Boverket, 
2020b). Moreover, Miljöbyggnad measures a total of sixteen different indicators 
(e.g. energy consumption, thermal climate, etc.) which are then reviewed and 
credited by independent third parties, and depending on how well these 
indicators are fulfilled, issues a certification. In Miljöbyggnad, buildings can 
receive a bronze, silver or gold rating. Bronze is the first level of certification, 
and the required minimum to get it is to follow legal requirements or the existing 
BBR recommendations. In order for a building to receive a silver rating, more 
is required of the building than just complying with the legal requirements and 
recommendations, i.e. it should perform well above the set values. Lastly, gold 
is the highest level of certification that the most ambitious buildings with a 
pronounced environmental profile can invest in getting, as the requirements are 
very high (SGBC, 2018; 2020). The table below shows examples of how the 
grading criteria for some indicators in Miljöbyggnad are formulated. 
 

Table B.1 Examples of indicators' grading criteria in Miljöbyggnad (SGBC, 2018) 

Indicators  BRONZE SILVER GOLD 

Energy use BBR 80% of BBR 70% of BBR 

Solar heat load < 38 W/m2 < 29 W/m2 < 18 W/m2 

Radon content £ 200 Bq/m3 £ 100 Bq/m3 £ 60 Bq/m3 
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C. Load Shifting and Programmable Loads 

C.1 Load Shifting 

Load shifting is a load management technique which aims at moving electricity 
consumption from the peak hours to the off-peak hours of the day (e.g. during 
the night and on weekends). In other words, load shifting refers to a short-term 
decrease in electricity consumption followed by an increase in production at a 
later time when power costs or grid demand is lower. The principal idea behind 
this technique is that by shifting the daily peak demand to another time flattens 
the load curve, thus allowing more electricity to be provided by less expensive 
load production (Ben Amor et al., 2014; Next Kraftwerke, n.d.). Furthermore, 
methods to achieve load shifting include rescheduling processes and turning off 
unnecessary equipment and appliances. However, load shifting does not lead to 
reduced net quantity of used energy (GridBeyond, 2018). Figure C.1 illustrates 
the load shifting pattern. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure C.1 Load shifting (Song, 2019) 
 

C.2 Programmable Loads 

Programmable loads refer to a type of instrument or device that applies a 
voltage and sinks current. This device emulates AC and DC electronic loads to 
perform detailed and systematic functional tests on batteries, solar cells, wind 
generators and other power sources, making this type of testing much easier 
(Circuit Specialists, n.d.). However, in this context, programmable loads refer 
to types of electrical equipment and home appliances, such as dishwashers and 
washing machines, that can be programmed and scheduled in order to achieve 
load shifting. Load shifting can therefore be achieved by using a timer on 
appliances, or by using a remote switching device, or by consciously using 
appliances when people are home during the peak hours of the day (Solar 
Analytics, 2018). 
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