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Sammanfattning  

Länder med övervägande kallt vinterklimat är halkbekämpning en nödvändighet för trafikens 

framkomlighet och säkerhet. Åtgärderna som vidtas för att få snö- och isfria vägar är kostsamma samt 

har en hög miljöpåverkan, ett vedertagligt exempel är plogning och saltning. Saltet hamnar i 

slutändan inom vägens omgivande områden och har en negativ påverkan på grundvatten och 

vegetation. En alternativ lösning till traditionell halkbekämpning är uppvärmda vägar för att uppnå 

ett halkfritt vinterväglag. Befintliga väguppvärmningssystem i Sverige försörjs av fjärrvärme vilket är 

en begräsning då tillgången till fjärrvärme finns i anslutning till tätorter. Målet är att utnyttja 

förnybara energikällor såsom geoenergi som är tillgänglig både i tätorter och på landsbygden. Det här 

examensarbetet undersöker Hamnbacken i Visby som ett pilotprojekt för en fullskalig 

implementering av väguppvärmningssystem där sjövärme används som energikälla. Denna studie 

har undersökt väderrelaterade vägförhållanden på Hamnbacken samt potentialen för användning av 

sjövärme. Den föreslagna platsens förutsättningar har visat sig vara gynnsamma i detta avseende.  

Nyckelord: 

Halkbekämpning, hållbar infrastruktur, geoenergi, förnybar energi, nordiskt klimat, borrhål, 

sjövärme 

  



 

iv 

 

  



 

v 

 

Abstract  

In countries with harsh winter climates extensive winter road maintenance is necessary to achieve 

traffic accessibility and road safety. These measures have high economic and environmental costs as 

snow free roads and winter road maintenance in Sweden today is achieved by a combination of 

mechanical snow clearance and the spreading of salt to prevent ice formation. The salt ends up in the 

roadside environment and has negative effects on groundwater and vegetation. An alternative to 

traditional winter road maintenance to obtain non-skid winter roads is the use of hydronic pavement 

(HP) systems. Existing HP systems in Sweden are powered by district heating which limits the 

application to urban locations. The goal is to utilize renewable energy sources such as geoenergy 

which can be used in both rural and urban locations. This thesis suggests Hamnbacken in Visby as a 

pilot project for a full-scale application of the proposed HP system using surface water source heat. 

The weather related road surface conditions on Hamnbacken, and the potential of a renewable energy 

source have been examined in this study and the proposed location has been found favourable for a 

HP system.  

Keywords: 

Winter road maintenance, sustainable infrastructure, geoenergy, renewable energy, Nordic climate, 

BTES, surface water source heat 
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1 INTRODUCTION  

Road traffic injuries is a global challenge which results in about 1.35 million fatalities annually (WHO, 

2018). In the 2030 Agenda for Sustainable Development the UN has set a target of halving the global 

number of injuries and deaths by 2020 (UN General Assembly, 2015). Similarly, Vision Zero is a 

policy introduced by the Swedish parliament in 1997 aiming to reduce deaths and serious injuries 

caused by road traffic to zero by the year 2020. Although the number of vehicles on the roads is 

increasing (Transport Styrelsen, 2019), the number of deaths caused by traffic accidents is decreasing 

(Trafikanalys, 2019) which suggests that the plans and policies that have been implemented have been 

effective. 

 

Another global problem on roads is disturbance in the continuity of road traffic. The result is traffic 

congestions caused by a number of factors including accidents, often caused by weather related 

events. Limited accessibility on the road network has both economic and socio-economic costs for the 

road user such as travel time costs, fuel consumption, and vehicle costs (Ahlberg, 2015). 

 

In countries with cold climates and long-lasting winters such as Sweden, effective road maintenance 

during winter months is vital to ensure accessibility and traffic safety. Driving on slippery surfaces 

raises the risk of traffic accidents in comparison with driving on dry roads (Johnsson, 2017), and 

should therefore be mitigated to avoid disturbances in road traffic.  

 

Winter road maintenance in Sweden today is achieved by a combination of mechanical snow 

clearance and the spreading of salt to prevent ice formation. This method is effective and has been 

used since the mid-1950s, but the excess use of salt is controversially discussed. Over the past decade, 

an average of 180 000 tons of salt has been used for winter road maintenance in Sweden. Studies have 

shown that using salt results in a series of negative environmental impacts on vegetation in proximity 

of to the road surface as well as increased salinity in both surface and groundwater (Trafikverket, 

2018).  

 

In 1974 the Swedish parliament issued a statement assessing that the advantages of using salt for de-

icing purposes exceeds the disadvantages, which still constitutes to the framework on which the 

Swedish Transport Administration operates. However, between the years of 1990 and 2012 the STA 

has actively worked on decreasing the amount of salt used on national roads as well as increasing the 

knowledge on the environmental impacts of salt (Trafikverket, 2018).  

 

Technological advancements have resulted in alternative methods being developed to achieve 

equivalent road conditions. To obtain non-skid winter roads, hydronic pavement systems can be used 

to melt snow and ice by embedding a pipe network in the pavement. A heat transfer fluid then 

circulates in the pipes, allowing the transport of thermal energy though the road surface. 

 

Several Swedish cities have had their central streets heated since the early 1960s. A 2018 study from 

Chalmers University of Technology shows that heated street pavements reduces the risk of slipping 

for pedestrians by 67-100%, as well as reduces the amount of sand abrasives needed for winter 

maintenance (Carlsson, et al., 2018). Although there are socio-economic benefits of heating both 

critical road sections as well as pedestrian streets, it is important to consider factors of environmental 

and economic sustainability. The challenge therefore lies in developing a sustainable method for 

heating roads applicable in rural areas outside the vicinity of district heating using environmentally 

sound and renewable sources of energy. 
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The Swedish Transport Agency has in cooperation with Norwegian Public Road Administration, 

Chalmers University of Technology, Geotec, and NordFoU been working on a research and 

development project since 2015. The overall aim of the project is to reduce accidents and increase 

accessibility on roads caused by snow and ice formation. This is to be achieved by installing a hydronic 

pavement system in the road to be powered by ground source heat as a renewable energy source 

(NordFoU, 2019). The concept is being validated on a test site in Östersund.  

 

This thesis will suggest a geographical location for a pilot project to the STA by examining the 

prerequisites of Hamnbacken in Visby port and the possibility of using geoenergy to power a hydronic 

pavement for sustainable and salt-free winter road maintenance. 

1.1 Scope 

This thesis aims to (1) increase the knowledge about, and (2) illuminate the possibility of using 
geoenergy to power a hydronic pavement systems for sustainable winter road maintenance in 
Sweden. This study intends to provide a suggestion to the Swedish Transport Administration of a 
geographical location where a pilot project may be implemented through a case study of Visby port. 
To meet the aim of this study the following objectives have been identified: 
 

- Examine the results and experiences gained from the test site in Östersund.  
- Examine the possibility of a renewable energy source for a HP system in Hamnbacken. 
- Identify the current weather related road surface conditions on Hamnbacken by examining 

the amount of precipitation, air and surface temperatures, and wind speed.  
 

1.2 Limitations 

The geographical boundaries of this study is limited to Sweden. However, research from neighbouring 
Nordic countries has been studied in the literature review, and reference projects from both national 
and international experiences are listed in chapter 4.  
 
The suggestion of hydronic pavement for ice-free roads is limited to critical road sections. I.e. - road 
sections with limited accessibility and a higher rate of traffic stops due to winter road conditions.  
 
Due to the time limitation of the study, the application of HP systems will be limited to roads although 
previous research by the Swedish Transport Administration has identified bridges, platforms, and 
cycling roads as possible application areas.  
 
Weather and traffic data for the case study in Visby will be analysed between October 1st and April 
30th for the past 10 winter seasons.   
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2 METHODOLOGY 

A study can be executed using qualitative or quantitative research approaches, or a combination of 
the two. Qualitative data is represented through words and pictures/icons and is analysed using 
thematic exploration. However, quantitative data is represented through numbers and analysed using 
statistics (O’Leary, 2017).  
 
This thesis is based on both qualitative and quantitative approaches and the specific methodology 
chosen to carry out this study is outlined in the following chapter. 

2.1 Literature review  

Zina O’Leary, defines a literature review as a “critical review of a body of knowledge, including 
findings, and theoretical and methodological contributions”. Past research and works published in 
well-established research journals are reviewed, providing an overlap between knowledge from 
research and literature (O’Leary, 2017).  
 
The foundation of this thesis lies on a thorough literature review. The initial focus lies on finding 
similar studies that have been previously carried out, preferably in the Nordic countries. However, it 
is important that the literature review is limited mostly to scientific publications and not company 
reports that may be subjective.  
 
The literature review will also provide the theoretical knowledge needed to carry out this thesis. The 
technology behind hydronic pavement systems will be assessed, and a more thorough understanding 
of current winter road maintenance and sustainable development will be gained.  
 
A complete literature review covering a broad scope of information while at the same time remaining 
critical to the sources will frame the course of this project. However, it is possible that the information 
gathered may result in pre-conceptions of the outcome. The literature review will act as a knowledge 
bank that helps us understand the research objectives, the methodology, and the possible outcomes. 
It will not however, directly answer a research question, but rather provide knowledge that will. 

2.2 Explorative Interviews 

The potential and possibility of a geoenergy powered HP system in the Nordic climate has not yet 
been implemented on a large scale project and hence requires engagement that may not be acquired 
through the literature review. Zina O’Leary (2017) describes interviews as a method for data collection 
where researches gain open-ended answers related to specific questions, topic areas, or themes.  
 
HERO is an ongoing research project by NordFoU which provides a basis for the proposed thesis. It 
is therefore important to obtain first-hand knowledge of any developments that may not have been 
announced, or research findings that has not yet been published.  
 
Explorative interviews will be conducted with researchers, experts, and project leaders throughout 
the study. This type of interview that will be used is similar for all meetings as they will be informal 
and semi-structured with no specific guidelines. The aim is to discuss a topic in it broader sense and 
a subject for the interview will be determined but the questions are asked and adapted based on the 
given response. An advantage gained by this form of explorative interview is the possibility to gain 
unintended information that may be of use (O’Leary, 2017).  
 
Interviews with researchers, project managers, and strategists will act as a complement to the 
literature review to gain information on the most recent developments rather than directly answering 
a research question.  

2.3 Case Study 

Case studies are often used in different types of research. The purpose of this method is to gain a 
deeper understanding of the subject in question by examining a particular case or situation (O’Leary, 
2017). Zina O’Leary also defines a case as “a site or a particular instance or entity that can be defined 
by identifiable boundaries”. 



 

4 

 

 
The subject of this thesis is geoenergy powered HP systems, and the case study’s role is to provide a 
suggestion for the STA of a location where this technology may be applied. The Case study of Visby 
Port will examine the prerequisites of the location as well as other factors such as weather situation 
and energy source that may enable the execution of the proposed project.  
 
To define a case, specific and distinctive set of characteristics need to be defined and the main criteria 
is that the boundaries are clear (O’Leary, 2017). Convenience, access, and geographic location are 
generally the main criteria for selecting pilot cases (Yin, 2003). The characteristic boundaries defined 
for this study are presented in figure 2.1 below.  
 

 
Figure 2.1 Case study boundaries considered in Visby port for a geographical location of pilot project. 

2.4 Study visit  

O’Leary (2017) defines observation as “a systematic method of data collection that relies on a 
researcher’s ability to gather data through his or her senses”. Two study visits have been conducted 
during the course of the study aiming to gain first-hand insight and knowledge of the experimental 
test site as well as a broader understanding of the prerequisites of the proposed location for a pilot 
project.  

2.4.1 Östersund 

A study visit was made to the HERO test site in Östersund, Sweden where the NordFoU research on 
HP systems is being tested. The facility is in operation and the effect of the installation could be 
observed first-hand. A presentation was held by the project manager from the Swedish Transport 
Agency, followed by a tour of the site consisting of different road sections and a technical building. 
Furthermore, an interview was held on a later occasion with researchers on the project to complement 
the study visit.  

2.4.2 Visby Port 

A second study visit was made to Visby Port aiming to examine the topography of the proposed site 
for a pilot project. To gain a broader understanding of the natural and man-made features of the area 
as well as the incline in elevation, the ascent from the ferry docks on route 142, commonly known as 
Hamnbacken, was explored on foot.  

2.5 Weather data analysis from RWiS and Vintersidan 

Reflexive analysis is a process which requires systematic management and organization of data as 
well as interpreting and discovering findings and statistics, and drawing relevant conclusions. This 
should be done while consistently keeping the set research questions, aims, and objectives within the 
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methodological constraint (O’Leary, 2017). Figure 2.2 below shows the process of reflective analysis 
and how the data collection is integrated into the entirety of the thesis.  
 
 

 
 
Figure 2.2 Reflective analysis process (O’Leary, 2017) 

 
The first set of data will be provided by the Swedish Transport Agency’s Road Weather Information 
System (RWiS) which consists of about 800 weather stations spaced along the road network, and a 
central computing system for the collection and presentation of measured data. Each station 
measures and monitors air temperature, surface temperature, dew point temperature, relative 
humidity, amount of precipitation and precipitation type, wind speed, and wind direction. Many 
stations are even equipped with cameras showing the current state of the road. Generally, the 
measured parameters are updated every half hour, and used as a basis for determining the weather 
situation at a given location. 
 

Vintersidan is an application developed by the STA used for regulating the compensation for different 
winter road maintenance contractors depending on the winter weather conditions. Vintersidan uses 
a model based on data from RWiS and MESAN which is a meteorological analysis model used as a 
complement to observations where weather measuring stations are limited (SMHI, 2017). The 
application can be used to define different weather situations with parameters measured by the RWiS 
stations and the timeframe for which they last. The result is an indicator of the number of instances 
and hours that the road surface has been slippery and its cause defined by pre-set parameters.  
 
The data obtained from the STA’s systems, applications, and databases was processed in Microsoft 
Excel to obtain meaningful numerical information.  
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3 THEORETICAL BACKGROUND 

3.1 Sustainable Infrastructure  

The theoretical framework behind this thesis is based on the theory of sustainable development 
defined by the UN general assembly (1987) as “development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs”. Although somewhat 
vague, this definition has developed into a broader understanding of the term. Sustainable 
development is achieved by balancing social, economic, and environmental sustainability, (UN 
Environment, 2019) and the catalyst that moves planning and development processes forward is 
cooperation and compromise.  
 
The 2030 Agenda for Sustainable Development adopted by the UN member states in 2015 provides 
further insight to the complexity of sustainable development. This thesis builds on the seventh, ninth 
and eleventh Sustainable Development Goals listed below: 
 

 

 
AFFORDABLE &  
CLEAN ENERGY 

 
Ensure access to affordable, reliable, 
sustainable and modern energy for all. 

 

 
INDUSTRY, INNOVATION,  

& INFRASTRUCTURE 

 
Build resilient infrastructure, promote inclusive 

and sustainable industrialisation, and foster 
innovation. 

 

 
SUSTAINABLE CITIES  

& COMMUNITIES 

 
Make cities and human settlements inclusive, 

safe, resilient, and sustainable. 

 
A fourth dimension to sustainability that is not as frequently discussed in the sustainability debate is 
institutional sustainability. Regulations and frameworks aligning national and international 
commitments need to be implemented by a transparent governance system in order to make 
balancing social, economic, and environmental sustainability factors possible in practice (IDB, 2018).  
 
In their 2018 report A Framework to Guide Sustainability across the Project Cycle, the Inter-
American Development Bank defines sustainable infrastructure as follows:  

“Sustainable infrastructure refers to infrastructure projects that are 
planned, designed, constructed, operated, and decommissioned in a 

manner to ensure economic and financial, social, environmental, and 

institutional sustainability over the entire life cycle of the project.” 

To elaborate on the abovementioned statement, the Inter-American Development Bank suggest that 
infrastructure projects are financially sustainable if they generate a positive economic return, and 
recovery of initial investments by an adequate revenue stream while offering affordable services to all 
stakeholders. Environmental sustainability in infrastructure projects requires the preservation, 
reservation, and integration of biodiversity and ecosystems in the natural environment. Natural 
resources such as energy, water and building materials used need to be carefully selected to limit and 
when possible eliminate pollution, and promote carbon neutral sources of energy. Socially sustainable 
infrastructure is supported by effected communities and inclusive of all stakeholders.   
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The constructional phase of the project regards high labour, safety, and health standards, and the 
operational phase promotes social equity and diversity. Institutionally sustainable projects are based 
on robust framework developed by responsible authorities with clear definitions of project planning, 
design, and operation procedures. Figure 3.1 below outlines some factors of the four dimensions of 
sustainable infrastructure.  
 

 
Figure 3.1 Dimensions of sustainable infrastructure (IDB, 2018) 

3.2 Renewable energy sector in Sweden 

Sweden is one of the countries that have taken climate challenges the furthest by investing in long 
term environmentally sustainable energy solutions (Swedish Institute, 2017). The energy sector in 
Sweden has undergone constant production changes over the past decades after the oil crisis in 1970 
which resulted in a new nuclear power program that altered the fuel base to coal, gas and biomass. In 
1980 however, a referendum underwent to decrease nuclear power and later in 1990, policies were 
adjusted to increase renewable energy sources (Wang, 2006). In terms of energy use and production, 
Sweden has two major set goals: (1) Moving to less carbon-intensive means of producing energy, and 
(2) increasing energy efficiency (Swedish Institute, 2017). 
 
International policies also play a role in impacting the development and integration of renewable 
energy sources. The EU Energy Efficiency and Renewable Energy directive for example, outlines 
sustainability targets that must be reached by all EU countries. Specific measures and policies as well 
as guidance notes are set to help achieve these common targets. Other international documents such 
as the Paris agreement, Kyoto Protocol and the United Nations Framework Convention on Climate 
Change set a framework for climate action policies and limit greenhouse gas emissions. Sweden sets 
an example in environmental sustainability for countries worldwide. 
 

 
Figure 3.2 Energy supply in Sweden by source (IEA, 2018) 
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The division by source of the primary energy supply in Sweden is presented in figure 3.2. Although 
carbon neutral sources such as hydro, nuclear and biofuels make up a large fraction of the total energy 
supply, it is clearly evident that the potential of solar and geothermal energy has not yet been fully 
tapped. Meanwhile, the development of solar technologies has reached a point where it has become 
economically profitable to use solar power. The price of solar panels has decreased significantly 
during the past few years and companies such as Tesla are making solar panels widely accessible to 
the public at competitive prices (Simon, 2017). Statistics provided by the International Energy Agency 
presented in figure 3.2 show an increase in the use of solar and geothermal energy from year 2010.  

3.2.1 Solar Energy Potential  

Solar energy can be defined as the total energy that the sun radiates through visible light and other 
unseen electromagnetic waves. Solar power, however, is a subset of solar energy which refers to 
converting solar energy into electricity using solar energy system technology.  
 
A common misconception is that the Nordic countries are not favourable for the production of solar 
power due to the weather conditions associated with the region. Figure 3.3 below shows the annual 
sum of global irradiation on optimally-inclined photovoltaic modules (right) and on horizontal plane 
(left). This map is produced by the European commission in 2017 and shows that the global 
irradiation on a horizontal plane reaches up to 1100 kWh/m² in southern Sweden.  
 
Solar energy stored in the ground and waterbodies is called geoenergy and is discussed further in 
chapter 3.2.2. This thesis explores the potential of using geoenergy to power hydronic pavements for 
sustainable winter road maintenance in the Swedish climate.  
 

 
Figure 3.3 Global irradiation and solar electricity potential on optimum angle (left) horizontal plane (right). 
(European commission, 2017) 
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3.2.2 Geoenergy  

Geoenergy consists mainly of solar energy passively stored in soil, 
rock and groundwater. Geoenergy should not be mixed with 
geothermal energy which is heat energy from the earth’s core 
(Svenskt Geoenergicentrum, 2019). Due to direct radiation, 
precipitation, and wind, the solar energy can reach a few hundred 
meters into the ground. Seasonal variations in ground temperatures 
is only seen to a depth of 10-15m. The approximate ground 
temperature at 100 m depth in Sweden is illustrated in figure 3.4. 
Deeper into the ground, the temperature is uniform throughout the 
year and is approximately equal to the annual average air 
temperature in that region (Offentliga fastigheter, 2017). In Sweden, 
the ground temperature increases with 1-3° C per hundred meters 
depth, and the geothermal heat contribution is less than 5% of the 
total heat inflow (Svenskt Geoenergicentrum, 2019). 
    

Geoenergy systems can be either active or passive, depending on the 
energy recharge needed to obtain an energy balance (Thuresson, 
2014). If the energy output of the geoenergy system exceeds the 
passive recharging from the ground and gound surface, then the 
ground needs to be actively recharged. This is important to assure 
the possibility of heat extraction over time which otherwise could be 
reduced (Offentliga Fastigheter, 2017). While a passive system has 
active energy extraction and passive recharging, an active system has 
both active energy withdrawals and recharge (Thuresson, 2014). 
 
Seasonal thermal energy storage is the collection of thermal energy when available and storing it to 
be used whenever needed. The thermal energy is often stored underground by aquifer thermal energy 
storage (ATES) or borehole thermal energy storage (BTES). Other applications are ground source 
heat, surface water heat, and ground water heat storage. Figure 3.5 illustrates three types of geoenergy 
systems:  vertical ground source heat, surface water source heat, and ground water source heat. 
Swedish Association of Local Authorities and Regions have commissioned a guide called Guide to 
Geoenergy by Offentliga Fastigheter in 2017 which outlines the different types of geoenergy explained 
below. 
 
The main principle behind vertical ground source heat and borehole systems (BTES) is based 
on the storage of heat in the rock or soil materials surrounding the boreholes. The heat is transported 
into the ground though heat conduction. The heat exchange between the ground and the facility takes 
place through heat exchangers consisting of one or several u-tubes circulating a heat carrier fluid. The 
boreholes are often between 100-300 m deep, where the ground temperature is constant. Installed 
borehole systems with heat exchangers contain no moving part and hence the need for maintenance 
is minimal. The technology’s efficiency and adaptability to different geological conditions that makes 
it the most adapted source of geoenergy in Sweden.  
 
Surface water source heat systems can be open-loop or closed-loop. Most SWSH systems in 
Sweden are closed-loop as open-loop systems require a ruling from the environmental court. 
Closed-loop surface water systems have plastic pipes anchored at the bottom of a water body with a 
circulating heat transfer fluid that exchanges heat with the surrounding water. Pipes laid or buried 
at the bottom sediment of a water body have the ability to absorb heat from both the water and the 
sediment layer. Surface water source heat systems are not suitable for seasonal heat storage on their 
own, but need to be combined with BTES for example.  
 
Aquifer thermal energy storage (ATES) and ground water source heat systems require specific 
favourable hydrogeological conditions that only occur in about 15% of Sweden’s surface. In simple 
terms, ground water is pumped up from a well into a heat exchanger, and then returned to the same 
aquifer through another well, or to another suitable water body. Ground water has an almost constant 
temperature year round, which makes it an excellent heat source. The wells are between 20-150m 
deep depending on the type of sediment/rock. Groundwater systems often require some 

Figure 3.4 Ground temperature 
in Sweden at 100m depth  
(Offentliga Fastigheter, 2017) 
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maintenance. Operational problems such as chemical corrosion, or deposition of iron and manganese 
can occur in unfavourable conditions or in cases of improper construction.  
 

 
Figure 3.5 Types of geoenergy: vertical ground source heat, surface water source heat, and ground water source 
heat (Offentliga Fastighteter, 2017) 

3.3 Current Winter Road Maintenance   

Nordic countries are known for their cold climates and long-lasting winters. Effective road 
maintenance during winter months is therefore vital to ensure accessibility and traffic safety. The 
Swedish Transport Agency is responsible for the operation and maintenance of the Swedish state road 
network which measures up to approximately 98 000 km. Managing these roads entails ensuring that 
they are kept in such condition that they are accessible and safe all year round, which extends the 
road's durability. The winter season brings a large bill with approximately SEK 2 billion spent on snow 
plowing, skid control and other winter road maintenance works (D. Eriksson, oral communication, 
April 9th 2019). 

 
Sweden is a geographically elongated country in located in between 62° 
00' North latitude and 15° 00' East latitude, and hence the climate differs 
drastically between the northern and southern parts of the country. The 
winter season in the north lasts for seven months while the south has a 
mere four months of winter (Arvidsson, 2018). The Swedish climate is also 
influenced by maritime weather as it borders the Baltic Sea and Gulf of 
Bothnia to the south and east. It is therefore difficult to define and 
implement a general nationwide framework for winter road maintenance 
without taking the difference in climate into consideration. Figure 3.6 
shows the four climate zones used as a basis for winter road maintenance 
operations as well as calculations and evaluation. 
 

 
 
 
 

Figure 3.6 Climate zone division for winter road maintenance in Sweden (Arvidsson, 2018) 

 
Knowing when road surfaces will be slippery and need to be mitigated, requires weather descriptions 
and forecasts. This data is provided by the STA’s Road Weather Information System (RWiS). Each 
station measures and monitors air temperature, surface temperature, dew point temperature, relative 
humidity, precipitation type, amount of precipitation, wind speed, and wind direction. Many stations 
are even equipped with cameras showing the current state of the road. The maintenance contractors 
are provided with weather forecasts which help them plan their road maintenance works.  
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3.3.1 Contracting and road classification 

The construction of new roads as well as the operation and maintenance of the Swedish state road 
transportation network has since 1991 been contracted by competitive bidding. Prospective 
contractor shall be able to demonstrate relevant expertise that has been acquired through experience 
and knowledge about winter road maintenance can be obtained from courses run by the STA Training 
and Education Centre. Currently there are four major contractors that compete for road contracts in 
Sweden. The roads are contracted in terms of road functioning, which in practice means that focus 
lies on the state of the road under certain given conditions rather than how the work is carried out 
(Eriksson, 2017). 
 
Swedish roads are divided into six standard classes ranging from high volume roads with an annual 
average daily traffic (AADT) of 16000 vehicles (standard class 1) to low volume roads with an AADT 
of less than 500 vehicles (standard class 6) (Trafikverket, 2019). The road classification also dictates 
the condition of winter maintenance, and the time frame of which snow and slippery road conditions 
need to be mitigated. Roads of standard class 1 for example, must be free from snow and ice no later 
than two hours after the snow has stopped falling if the road surface temperature is above 6°C. 
Furthermore, while it is snowing the depth of the snow shall not exceed 1 cm and the slush depth shall 
never be more than 0.5 cm.  
 
Standard class 6 roads with low traffic volume, on the other hand, require that snow plowing and any 
necessary skid control measure shall be completed no later than eight hours after it has stopped 
snowing, and the snow depth during the snowfall may be up to 10 cm. Figures 3.7 and 3.8 below 
illustrate the difference in mitigation of snow and slippery road conditions for different standard 
classes. The operating requirements are written in functional terms that describe the road surface 
condition during different weather conditions and thus does not stipulate when or how measures are 
to be carried out, but it is rather up to the contractor to decide.  
 

 
Figure 3.7 Winter road maintenance of standard class 1 roads (Trafikverket,2017).  
 

 
Figure 3.8 Winter road maintenance of standard class 6 roads (Trafikverket,2017).  
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3.3.2 De-icing salt and the roadside environment 

Tracking the amount of chemicals used in winter road maintenance is very important for road 
authorities as these chemicals often make it into the roadside environment (Eriksson, 2017). When 
salt is spread on the road surface to mitigate slippery road conditions, it may leave the road surface 
in a number of ways. Some of the salt will be transported away by (1) run-off to the roadside or 
drainage system. In some road sections, the salt may (2) infiltrate the road surface and reach the road 
construction interior. Through (3) plowing and splashing salt crystals transported by the air will be 
deposited on the road side. The salt solution may now easily reach both surface water and 
groundwater through groundwater transport (Blomqvist, 2001). Figure 3.9 below shows a conceptual 
model of the transport mechanisms and pathways of the salt from the road. 
 

 
Figure 3.9 Conceptual model of the transport mechanisms and pathways from the road (Blomqvist, 2001) 

 
Novontry et al., 2012 state that runoff from roadways on which road salt has been used may form a 
saline water layer at the bottom of waterbodies. The presence of such a layer will hinder the natural 
vertical mixing of water, affecting both the water quality and ecology. Field measurements also show 
that the salt concentration and the seasonal thermocline hindered the erosion of the saline layer 
during summer. By simulation, it was demonstrated that this layer eliminated and delayed the 
transport of oxygen in parts of the lake. The study concludes that the excessive and continuous 
presence of road salt in a lake disrupts its natural mixing mechanics and can have significant 
consequences for a lake’s water quality and ecology. 

Variations in snow and ice conditions from year to year make it difficult to compare salt usage between 
winter seasons. The Swedish Transport Administration has developed a Salt Index to tackle this 
problem. The Salt Index is based on data from RWiS stations as well as data provided by the SMHI 
and the total amount of salt used. The monthly number of slippery weather conditions in each 
maintenance area is compared with the amount of salt materials used to calculate the salt index. This 
provides a fair basis for comparing salt consumption per year and makes it possible to identify areas 
where excess salt is used relative to the weather. 

3.3.3 Road surface energy balance  

Slippery road surfaces are generally known as a symptom of heavy winter conditions and heavy 
snowfall, but can also be a consequence of low ground temperatures. Black ice, which is a thin coating 
of glaze ice on a road surface, is formed when the surface temperature is cold enough to cause 
condensation of the air moisture.  
 
The vapour concentration at saturation point is the maximum amount of water vapour air can hold 
at a given temperature measured in grams per cubic meter [g/m3]. At higher temperatures, air has a 
greater capacity to hold water vapour, a capacity which is decreased when the temperature is lowered. 
This relation can be seen in figure 3.10. When the vapour concentration exceeds the saturation point 
capacity, the airborne water condenses.   
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Figure 3.10 Vapour concentration of air at saturation point 

 
The air temperature at which air becomes saturated with water is called the dew point. If the air is 
cooled below the dew point, water vapour will condense to form liquid water. If the road surface 
temperature is lower than the air temperature, the air may cool to its dew point through contact with 
the road, forming black ice. Hence, the formation of black ice on the road surface is possible in autumn 
when the air temperature is still fairly mild as it is the road surface temperature rather than the air 
temperature that causes this ice formation.  
 
Slippery road surfaces can be a result of one or more weather conditions. Assessment of winter road 
maintenance measures are based on the following causes of slippery roads: 

- Slippery surface due to rain or sleet on a cold road. 

- Slippery surface due to damp/wet roads freezing over. 

- Slippery surface due to light precipitation. 

- Slippery surface due to light frost. 

- Slippery surface due to heavy frost. 

To further understand the road surface temperature, the energy balance of the road is examined. 
Convection, evaporation, radiation and the road structure are some factors that affect the heat balance 
on the road. As convection is affected by wind, the road surface temperature adapts more quickly to 
the air temperature if the weather is windy. Thermal energy is needed for moisture to evaporate from 
the road, causing the road surface temperature to drop.  
 
Figure 3.11 demonstrates the energy balance in a road. The white arrows represent the radiation in 
and out of the road, while the black arrows show the direction of energy transport caused by the 
contact of air with the road surface, and the contact between the road surface and the ground.  

 
Figure 3.11 Energy balance on the road surface (Trafikverket, 2014 modified) 

 
Frost and black ice formation can be avoided by increasing the road temperature which changes the 
correlation between vaporisation and condensation in relation to the air temperature. The amount of 
energy needed to warm the road surface to keep it frost free is however significantly lower than the 
amount needed to maintain a snow and ice free surface (Trafikverket, 2014). 

https://en.wikipedia.org/wiki/Water_vapor#Condensation
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3.4 Socio-economic cost model   

The Swedish Transport Agency started a project in the early 2000s called Winter Model aiming to 
predict and describe the socio-economic consequences of different strategies used for winter road 
maintenance. The developed program made it possible to calculate and evaluate the impacts of winter 
road maintenance on road users, authorities, and municipalities, as well as calculate the socio-
economic costs for each respective winter season (Arvidsson, 2014).   
 
Calculations made by the winter model show that the socio-economic costs increase when the road 
classification is changed to a lower standard (Arvidsson, 2014). Generally, the accident costs have 
accounted for the highest cost increase in all compared scenarios. Travel time costs also increase 
significantly when the road conditions are worsened and make up a large fraction of the total winter 
costs. However, the fuel consumption and CO2 emissions decrease in all compared scenarios. Figure 
3.12 shows the overall calculation concept and the relation between different socio-economic costs. 

 
Figure 3.12 Interplay of factors affected by the road condition and their effect on socio-economic costs as well as 
the total winter costs 

3.5 Hydronic Pavement Systems 

The proposed concept of using hydronic pavements for winter road maintenance is theoretically 
simple, and can be compared to modern underfloor heating system (Johnsson, 2017). The challenge 
and goal is utilising renewable sources of energy for winter road maintenance. However, when there 
is a lack or shortage of existing energy sources, solar energy should be harnessed by the HP system.  
 
A hydronic pavement system contains a pipe network embedded under the road surface, in which a 
heat transfer liquid such as brine or glycol circulates (Adl-Zarrabi et al., 2016a). During summer 
months the road surface acts as a solar heat collector, and absorbs heat which is then transferred to a 
seasonal thermal energy storage. This is achieved through the circulation of heat transfer liquid in the 
pipes which is not heated by any external sources (Mirzanamadi et al., 2018). During winter months, 
the system releases stored energy to heat the road surface in order to melt ice and/or snow. A 
conceptual overall scheme of how the system works is illustrated in figure 3.13. 
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Figure 3.13 Conceptual idea for a hydronic pavement system where the piping is connected to an underground 
thermal energy storage in which the harvested solar energy is stored. (Illustration by Karin Holmgren, modified) 
 

Harvesting solar energy from the road will decrease the temperature of the asphalt pavement. This 
may extend the pavement’s lifetime since a reduction of temperatures will make the pavement 
withstand rutting and other permanent deformations (Xu and Tan, 2015).  

3.5.1 Designing a Hydronic Pavement System 

Several parameters such as the road surface material conductivity and absorptivity, as well as fluid 
temperature affect the performance of an HP system. Piping, however, is considered one of the most 
important parameters in the HP system design and can be made of steel, iron, copper, or plastic (Adl-
Zarrabi et al., 2016a). The efficiency of the system is greatly affected by pipe diameter, buried depth 
from the surface, and distance between the pipes. In 2018, Mirzanamadi et al. published the article 
Anti-icing of road surfaces using Hydronic Heating Pavement with low temperature, in which they 
conclude the following: (1) Placing pipes at a shallower depth from the surface improves the efficiency 
of the HP system. (2) Decreasing the distance between the pipes improves the efficiency and has a 
greater impact than the placement depth of the pipes. (3) Larger pipe diameters decreases the risk of 
slippery road conditions. 
 
According to Adl-Zarrabi et al. (2016b), it is advisable from an enhanced heat transfer aspect to embed 
the pipes no deeper than 78mm from the surface, and less than 200mm apart. It is also important to 
note that the risk of damage to the pipes will increase if placed in a shallow depth within the pavement.  
 
Increasing the thermal conductivity of the pavement is another method to increase the efficiency of 
the HP system (Adl-Zarrabi et al, 2016b). The heat transfer rate to the road surface from the pipes 
increases if the pavement has a higher thermal conductivity. Likewise, road surfaces with higher 
absorptivity absorb more solar radiation and higher surface temperatures which in turn increases the 
efficiency of the HP system (Mirzanamadi et al., 2018). 
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3.5.2 Possible energy sources 

Sustainable infrastructure needs to be powered by sustainable and clean energy sources. The heat 
energy source supplying the HP system must be environmentally friendly, cost-effective and have 
sufficient continuance. A number of energy sources that can be used to heat a hydronic pavement 
have been identified by the STA in a pilot study from 2014. The following energy sources have been 
identified: 
 

1. General/ rural application  
 

a. Solar energy/ stored geoenergy – Main focus of study since it can be applied 
almost anywhere.  

b. Surface water source heat – Used to heat bridges or surface in close vicinity to a 
water source.  

c. Ground water source heat or aquifers – Hydrogeological prerequisites need to be 
met.  
 

2. Urban application  
 

a. District heating  
b. Waste heat from : 

- Current converter plants, or server halls  
- Wastewater treatment plants and other water treatment infrastructure 
- Heat from refineries or other industrial waste heat 
- Other suitable sources of waste heat.  
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4 REFERENCE PROJECTS  

The following chapter outlines both national and international reference projects where hydronic 
pavements have been installed and are in operation. The SERSO project is geoenergy powered, while 
Göteborgsbacken is powered using district heating. Both these projects have been deemed successful. 

4.1 SERSO, bridge in Switzerland 

The SERSO project (Solar Energy Recuperation from the Road Pavement) in Switzerland was 
designed and developed in the early 1990s and went into operation in 1994 (Eugster, 2007). The 
initial reasoning for the SERSO project was the influence of central European winter conditions on 
traffic safety and road accessibility, as well as environmental aspects of increasing CO2 emissions 
(Siebert et al., 2010).  
 
The overall concept of the SERSO system was to collect and store heat energy from solar radiation 
onto the road during summer and use it to control the road surface temperature during winter. The 
system depends on solar energy collected from the road surface and a BTES system. The heated area 
is around 1,300 m² and the thermal energy is stored in roughly 55,000 m3 of rock volume in a system 
of 91 boreholes with a depth of 65m each (Eugster, 2007). The different elements of the SERSO project 
system are presented in a scheme in figure 4.1, and the main elements are the asphalt coils which act 
as solar collectors and the ground source heat pump system.  
 

  
Figure 4.1 Scheme of SERSO project system (Siebert et al., 2010) 

 
The bridge is still in operation today, and the results show that the road’s energy production is mainly 
steady with minor variations and that the amount of energy produced is greater than the energy 
needed to stabilize the road surface temperature during winter (Siebert et al., 2010). Hence, the 
project was not only deemed successful, but can also be economically profitable for saving energy.  
Figure 4.2 shows the bridge in operation.  
 
 

 
Figure 4.2: SERSO Bridge in operation (Eugster, 2007)  
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4.2 Road in Jönköping (RV40) 

In 2007 the Swedish National Road Administration reconstructed a road section called 
Göteborgsbacken on highway RV40, installing a hydronic pavement to mitigate slippery road 
conditions. Göteborgsbacken is located outside the city of Jönköping with a total distance of 3300 m 
and an elevation difference of 130 m where the steepest part of the slope measures up to a 7% gradient. 
Göteborgsbacken had suffered from limited accessibility and regular total stop in traffic for many 
years prior to its reconstruction (Trafikverket, 2012). To improve and increase accessibility for heavy 
trucks and other vehicles in conjunction with frost and snow fall, the right lane in upwards direction 
was refurbished as a hydronic pavement with pipes embedded underneath the asphalt. Figure 4.3 
shows a cross-section of the road. The energy source used to heat up the road is district heating from 
Jönköping municipality, and an automated control system regulates the heat by processing weather 
data form RWiS and SMHI. 
 

 
 
Figure 4.3 Cross section of heated lane in Göteborgsbacken (Trafikverket, 2014 edited) 

 
The reconstruction cost about 40 million SEK and is considered a highly successful project as the skid 
related traffic stops have been almost completely eliminated (Trafikverket, 2012). The annual power 
consumption of the installed hydronic pavement is estimated to 125-250 kWh/m² (Trafikverket, 
2012), keeping in mind that amount of energy needed to warm the road surface to keep it frost free is 
significantly lower than the amount needed to maintain a snow and ice free surface (Trafikverket, 
2014). 
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5 PROPOSED PILOT PROJECT: PORT OF VISBY 

Gotland is an island in the Baltic Sea located around 100km east of the Swedish coastline. It is the 
largest Swedish island and is home to a population of around 59,000 people (SCB, 2019). Visby is the 
largest urban settlement on the island, and can only be reached by air or sea traffic. The Port of Visby 
is hence the main point of connection and logistics for the entire island. Ensuring accessibility to and 
from the port is therefore vital for the island’s inhabitants. 
 
Gotland’s topography is unique as almost the entire province is flat and with an elevation of about 
30m above sea level (“Gotland”, 2018). These prerequisites provide good conditions for winter road 
maintenance. However, the flat terrain also provides optimal conditions for ground blizzards, as it 
enables high wind speeds.  
 
In 1985 an experiment named MINSALT was carried out on the island with a purpose of studying the 
consequences for road users and road maintenance authorities when the use of salt was eliminated 
from winter road maintenance (Öberg, et al., 1991).  From the obtained results (which are further 
discussed in chapter 5.2) a decision was made to stop the use of salt in winter road maintenance on 
Gotland entirely.   
 
Gotland has been “salt-free” since the winter season of 1986/1987 (Öberg, et al., 1991), but in 2018 
project manager Ann-Louise Almgren issued a statement deeming the use of salt necessary in 
conjunction with snowfall (Trafikverket, 2018). Furthermore, it was exclusively stated that this would 
only apply to a 2 km road section referred to as Hamnbacken, and all other roads on Gotland would 
remain free of salt.  
 
Two prerequisites that make Hamnbacken a suitable case study for a pilot project study for geoenergy 
powered hydronic pavements are: (1) the location which is in very close vicinity to the sea providing 
a renewable energy source, and (2) the short length of the critical road section. 

5.1 Location  

Visby is located on the Gotland’s west coast and can be reached by sea from Nynäshamn and 
Oskarshamn. During summer, when tourism peaks on the island, an extra sea route is also added 
between Visby and Västervik (Detsination Gotland, 2019). The main way to access the port is through 
Färjeleden on route 142 which is a sloping road with one lane in each direction. An annual average of 
6100 vehicles drive on this road daily peaking at 9900 vehicles during the summer season. Traffic 
stops on vital routes such as Färjeleden could have extensive consequences in terms of accessibility 
and socio-economic costs, and should be actively prevented and mitigated.  
 
Hamnbacken is the common name for the ascent from the port and extends from the docks to the 
intersection of Färjeleden with Allégatan. The critical distance on which the STA deemed the use of 
salt necessary for the winter season of 2018/2019 is marked in figure 5.1. 
 
The elevation of Hamnbacken increases from 2 meters above sea level at the ferry docks, to about 50 
meters at the intersection with Allégatan. The total distance is roughly 2 km, and the steepest part of 
the slope measures up to a 6.6 % gradient.  
Reconstructing the road as a hydronic pavement is suggested from the first part of the ascent to the 
roundabout which is the steepest section marked in figure 5.2. 
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Figure 5.1: Location of Hamnbacken (Eniro maps) 

 

 
Figure 5.2 Satellite image of the steepest section of Hamnbacken (Google maps) 
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5.2 MINSALT Gotland  

In 1985 the National Road Administration, together with the Swedish Association of Local Authorities 
and the Swedish Road and Traffic Research Institute carried out an experiment with unsalted roads 
and streets on Gotland called MINSALT. The purpose was to study the consequences for road users 
and road maintenance authorities when the use of salt was eliminated from winter road maintenance 
(Öberg, et al., 1991). The main motivation behind choosing Gotland region for this experiment was 
due to its small size and remote location which eliminated through traffic. Furthermore, corrosion 
could be studied on cars as the number of “Gotland-cars” that travelled to the mainland during winter 
were limited. In addition, due to a low population and a limited number of road users, information 
about the ongoing experiment could easily be conveyed people who would adjust their driving 
according to the new road conditions (Öberg, et al., 1991). 
 
The experiment was carried out by the regional road administration and Gotland municipality and 
lasted for four winters between 1985 and 1989. The effects of the salt-free roads were studied on the 
following factors:  
 
EXAMINED FACTOR OBSERVED EFFECTS 

ROAD CONDITION 1.5 to 3.5 times more snow and ice on roads depending on the 
type of road/street (rural/municipal). 

TRAFFIC DATA No change in traffic flow. Number of cars with studded tyres 
increased.  

SPOT SPEED Lower average vehicle speeds on unsalted roads.  
 

TRAFFIC SAFETY Majority of accidents are “single accidents”. 
Number of injured pedestrians increased.  
Number of accidents involving other road users decreased by 22%.  

CORROSION 
 

Rate of corrosion on vehicles declined dramatically. 

ENVIRONMENTAL 
IMPACTS 
 

Reduced salt content in soil and groundwater. 

ROAD USER OPINION 
 

The people of Gotland do not want salt on the roads.  

EXPERIENCE OF THE 
ROAD MAINTENANCE 
AUTHORITY 
 

No criticism towards authorities although roads are more slippery. 
Gotland municipality will refrain from using salt in winter road 
maintenance.  

ROAD MAINTENANCE 
COSTS 

Road maintenance costs increased on rural roads as well as 
municipal streets. 

 
From these obtained results, a decision was made by the National Road Administration to stop the 
use of salt in winter road maintenance on Gotland entirely. 
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6 RESULTS 

6.1 Test site in Östersund 

The Swedish Transport Agency has in cooperation with the Norwegian Public Road Administration, 
Chalmers University of Technology, Geotec, and NordFoU been working on a research and 
development project since 2015. The ongoing project, HERO, studies the heating of roads with stored 
solar energy with an overall aim to reduce accidents caused by snow and ice and improve accessibility 
on winter roads. Furthermore, technical design and different materials for various applications have 
been studied and investigated to optimize the system performance and increase effectiveness and 
efficiency. 
 
Construction of the test site started in April 2017 and the inauguration took place in March 2018. The 
aim was to validate the numerical models and to prove the functionality of the concept. The site was 
built in Östersund, a city located in Jämtland province in north Sweden in the upper north climate 
zone where winters last around seven months.  
 
The constructed road section is divided into different parts as shown in figure 6.1.  Reference surface 
[A] is and surface [B] are insulated and have surfaces of asphalt and concrete respectively. Neither 
reference surface is heated. The test surface [C] of about 70m² is also insulated and has piping 
embedded with a c/c distance of 50mm under a concrete surface of 50mm. Reference surface [D] is 
an asphalt surface reserved for future surface testing. The site is also equipped with its own RWiS 
station and four boreholes with a c/c distance of 10m connected to the service building.  

 
Figure 6.1 Comprehensive plan of test site in Östersund 

 
The road surface has been used as a solar thermal collector during the summer months, and resulted 
in a surprisingly high amount of accumulated energy to be used during winter. The system is energy 
efficient as around 90% of its energy consumption is from free solar energy (J.E Lundmark, oral 
communication, March 15th, 2019). When the first frost and snow fell in autumn, the system was 
automatically regulated and data was continuously collected to evaluate the energy consumption in 
order to verify the computer models. Figure 6.2 shows the test site in operation in late October (left) 

and in December (right) with the same outgoing temperature of 1-3°C in the circulating fluid. 
 

 
Figure 6.2 Photo: RWiS 
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The HP system is effective for preventing frost formation. However, keeping the road section snow 
free in air temperatures below -7°C was more challenging.  Figure 6.3 shows the road section in early 
February when the air temperature was around -20°C and the outgoing temperature had to be 
increased to 2-7°C to achieve a snow free surface. 
 

 
Figure 6.3 Photo: RWiS 
 

The aim is to operate and maintain the road section as a “normal road” which entails using it as much 
as possible, as well as using traditional snow clearance by plowing (J.E Lundmark, oral 
communication, March 15th, 2019). Figure 6.4 shows a picture of the site in operation mid-March 
2019, where it can be observed that the road section is not entirely snow free in the bottom right 
corner. Snow is moved onto the heated road section from the reference surface by the different 
vehicles driving on the road. This phenomenon was previously unaccounted for and presented minor 
challenges, leading to increased outgoing temperatures in that section of the system.  
 
Results and experiences gained from the winter season have not yet been officially published. From 
an interview with Josef Johnsson, a Phd student from Chalmers University of Technology who has 
been controlling and monitoring the site, preliminary results have been obtained. In respect to energy 
storage from the summer season, a rough estimate of 18 000 KWh has been stored in the boreholes. 
As for the energy consumption during the winter season, an estimate of 8600 KWh have been used, 
and the energy needed to heat the road surface is estimated to 100-150 KWh/m².  
 

 
Figur 6.4 Photo: Chirin Barikan 
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6.2 Energy source for proposed project  

Surface water source heat is the suggested energy source for the proposed hydronic pavement system. 
Plastic pipes anchored at the bottom of the sea bed at a depth of approximately 10m will circulate the 
heat transfer fluid. The nautical chart of Visby port, shown in figure 6.5, provides a graphic 
representation of the sea area and adjacent coastal region. The sea bed reaches a depth of 10m roughly 
300m from the shore. The exact water temperatures at this depth has not been measured, but 
temperature data at 19m depth has been provided by the Port Administration in Visby. According to 
the port director, sea water is already being used for heating and cooling purposes in facilities in close 
vicinity to the shoreline including Visby Hospital, Almedalsbiblioteket (public library), and Wisby 
Strand congress and event hall. 

 
Figure 6.5 Nautical chart of Visby port 

 
The temperature data obtained form the port administration is measured at a depth of 19 m roughly 
500m from shore, and retrievd with an interval of 8 hours between measurements. Figure 6.6 shows 
the sea temperatures between the months of November 2017 and April 2018. The average water 
temperature during the winter months is 4,91°C with a high of 10,32°C and a low of 2,34°C. 
 

  
Figure 6.6 Baltics Sea water temperature at 19m depth, 510m from shore. 
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6.3 Winter road conditions on Hamnbacken 

The instances of slippery road surfaces due to different weather conditions have been obtained based 
on data from Vintersidan. In this calibration, an “instance” a time period between one and four hours  
with unchanged weather conditions. The following parameters have been defined: 
 

 
 
The results have been complied in figure 6.7 below. The results show that light frost (HR1) is the main 
contributor to slippery road conditions. The data indicates that there has been 377 instances of HR1 
between 2008 and 2019.  HT, HS, and HN have roughly the same instance contributions with 232, 
220, and 211 instances respectively. Slippery road conditions due to heavy frost (HR2) have occurred 
at an annual rate between 0 and 20 times, and at a total of 76 instances over the examined time period.  
 

 
 
Figure 6.7 Weather related road surface conditions  
 

HN: Slippery surface due to rain or sleet on a cold road:  Rain or snow falls on a surface 

that has a temperature below +1°C 

HT: Slippery surface due to damp/wet roads freezing over: Road surface is damp* and 

surface temperature is below +1°C.  

*Roads are damp if one of the following applies: (a) precipitation in form of rain or snow  

(b) surface temperature is > 0°C and at least 0,5°C lower than the dew point temperature.  

HS: Slippery surface due to light precipitation: Snowfall up to 0,5cm.  

HR1: Slippery surface due to light frost: Road surface temperature is below +1°C and 

between 0,5 and 2°C lower than the dew point temperature. 

HR2: Slippery surface due to heavy frost: Road surface temperature is below +1°C and the 

temperature difference between the surface temperature and the dew point temperature is >2°C. 

Ground Blizzard: Wind speed exceeding 6m/s in snowy weather conditions. 
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The annual number of ground blizzards for each respective season, and the combined total duration 
of these blizzards is presented in figure 6.8 below. In the winters of 2014/2015 and 2018/2019 no 
instances of ground blizzards were recorded. With the exception of years 2010/2011, the average is 
about five ground blizzards per year on Hamnbacken. An average of the duration is not representative 
of the data obtained as the difference in blizzards duration is significant. Figure 6.9 presents the 
length of the individual recorded instances of ground blizzards which varies between four and sixty 
hours. 
 

 
Figure 6.8 Ground blizzard frequency in Hamnbacken 
 

 
Figure 6.9 Duration of individual instances of ground blizzards on Hamnbacken between 2008 and 20018 

 
A total of 3,550 kg of salt was used on Hamnbacken for winter road maintenance on thirteen different 
occasions during the winter season of 2018/2019. Weather conditions, and other parameters such as 
precipitation, air and surface temperature, dew point, wind speed and amount of salt used on these 
occasions are presented in Appendix A. The relation between the amounts of accumulated snow and 
salt used is presented in figure 6.10.  
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Figure 6.10 Salt used on Hamnbacken on 13 occasions during the winter season of 2018/2019. 
 

From an interview with the project manager for road maintenance in Visby, the main challenge on 
Hamnbacken was identified as snowfall in conjunction with the arrival of a ferry to the port. In such 
cases, the road contractors most often do not have enough time to plow the roads before the pulse of 
traffic heads onto the road from the docks.  
 
The exact statistics of number of traffic congestions or total stops on Hamnbacken have not been 
obtained, but the project manager’s perception is that the number has decreased during the winter 
season of 2018/2019.  
 
The results obtained from interviews with researchers, project managers, and strategists as well as 
observations made on study visits to Östersund and Visby and numerical figures obtained by the data 
analysis have been presented in this chapter and are discussed in further detail in chapter 7 to help 
meet the research objectives.  
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7 DISCUSSION 

7.1 Strengths and weaknesses with the chosen methods  

To thoroughly analyse and discuss the results obtained in this study it is important to understand the 
strengths and weaknesses of the chosen methods. The purpose of the literature review was to provide 
information to aid in the formulation of the theoretical background chapter, reference projects, and 
background information on the case study. The drawback of relying on this method for primary 
information is the limited number of publications on hydronic pavement systems powered by 
geoenergy in the Nordic climate as the technology is rather new and has not been implemented on a 
full scale project. However, a number of general pilot studies have been carried out specifically 
targeting application in Swedish and Norwegian climate. These studies are documented and 
published in great detail, and have proven very beneficial to the theoretical basis on which this report 
is based. Reference projects have been identified in Switzerland and Germany but publications in 
English have been more challenging to come by.  
 
Explorative interviews with project managers and researchers helped complement the literature 
study, and provided the information about and the results obtained from the Östersund test site. The 
drawback with the information gained from these interviews, however, is that the results obtained are 
preliminary results and not verified figures.  
 
The study visit to Östersund provided first-hand perception of a hydronic pavement system in 
operation and the associated installations and technology behind the facility. However, the visit to 
Visby, although useful for observation, provided very limited information that could be used in the 
report. While in Visby it was discovered that the sewage treatment plant was located on Färjeleden, 
which had not been perceived previously. This raised thoughts and question of whether waste heat 
from the sewage treatment plant could be used to heat the HP system. Due to the limited timeframe, 
however, this was not examined further.  
Ideally during the study visit a meeting with a member of the STA’s committee responsible for winter 
road maintenance would have been held, as well as with the maintenance contractors in charge. This 
would have allowed a broader understanding of the problems faced by winter road maintenance from 
parties with first-hand experiences of these challenges. Similarly, meetings with the port 
administration and Visby sewage treatment plant representative could possibly have resulted in 
further information on the use of seawater for heating/cooling purposes and the possibility for or 
current use of waste heat.   
 
Data analysis provided the statistics and numerical information presented in the results chapter. 
The main strength of this method the data accuracy provided by the automatic weather stations, as 
well as the vast amount of data provided on an hourly basis. Setting parameter boundaries in 
Vintersidan however, may result in inaccuracies in the presented data. For example, the results 
show that there are five instances of slippery road surface caused by heavy frost in the winter of 
2018-2019. Since one instance is defined as a time period lasting between one and four hours, the 
actual total time period with heavy frost ranges between four and twenty hours. It is important to 
note that the obtained data suggests the road surface condition that will arise if the weather 
situation is not mitigated by plowing, heating, or salt for example.  
 
The data analysis provided concrete quantitative information on the weather conditions for the 
specific road section examined. The clear demarcation of the examined section, and the location 
specific data provides a numerical indicator of the problems experienced on Hamnbacken. 
Furthermore, analysis of traffic flow and congestions, as well as statistics on total stops on 
Hamnbacken would complement and strengthen the results of the data analysis process.   

7.2 Previous experience and research  

Successful national and international hydronic pavement projects have been identified in this study. 
The proposed geoenergy powered HP system is backed up by extensive research that examines energy 
sources, technical design, and materials among other factors. In Östersund, a basis for verifying the 
numerical computer models was provided by the data obtained during the testing season. Small scale 
testing of the system has allowed for practical experience to back up the theoretical research and 
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computer model simulations. Identifying challenges that were previously unaccounted for, such as 
snow moved onto the road by different vehicles, allows for further innovation and optimization of the 
proposed system before full scale application.  
 
The results obtained from the test site in Östersund were both positive and energy efficient. High 
amounts of solar energy was accumulated during the summer and stored in the boreholes to be used 
for system operation in winter. The background study for the test facility also concludes that the 
concept is more feasible and energy efficient in areas with milder Scandinavian winters. Gotland is 
located in Sweden’s southern climate zone, where winters are both shorter and milder than in 
Östersund.  
 
The project proposed in Visby does not fully align with the case in Östersund as the suggested energy 
source is surface water source heat rather than collected solar energy seasonally stored in BTES. The 
previous research does however examines details such as the technical design and materials used in 
the construction of the hydronic pavement. The results obtained from these studies can be applied in 
the design of a HP system in Visby.  

7.3 Energy supply in Hamnbacken  

The results obtained show that a number of facilities in close vicinity to the coastline in Visby use 
surface water source heat for cooling and heating purposes. This suggests that the prerequisites 
needed for surface water source heat systems are met in Visby port. The results also show that the 
water temperature of the Baltic sea during the winter months reaches a low of 2,34°C and whether 
that is sufficient heat energy for the proposed system cannot be answered by this study, but is a 
recommendation for further research. However, it can be stated that a surface water source heat 
pumps are used to increase the supply temperature in surface water heat pump systems. Furthermore, 
the downside of using a surface water source heat as an energy supply is that they are not suitable for 
seasonal thermal energy storage. Hence, solar heat energy can’t be stored if harnessed from the 
pavement surface during summer. The system can however be complemented with BTES but that 
would increases the economic cost of the project.  
 
The previously carried out pilot studies and research studied in the literature review examines the use 
of low temperatures which now has been tested in Östersund and provided positive results. This 
thesis, however, suggests the use of surface water source heat as an energy supply to heat the road 
surface of the hydronic pavement. The construction of the road section in Hamnbacken would be 
similar to the test site road surface, but the adjoining energy supply system cannot directly be 
compared. Hence, modelling and simulation of the proposed surface water source heat system needs 
to be carried out, providing numerical data to back up the research. The study visit to Visby also 
resulted in a suggestion of an alternative heat source from the sewage treatment plant. A project 
specific pilot study which further examines the possible heat energy sources and compares factors 
such as economic cost, and energy efficiency needs to be conducted.  

7.4  Hamnbacken road conditions and the use of salt  

The winter road maintenance on the entirety of Gotland Region has been salt free for the past three 
decades. From an environmental point of view, the return of salt to Visby is a huge step backwards in 
terms of sustainable development. The MINSALT experiment concluded that the salt content in both 
soil and ground water declined when the use of road salt was eliminated and that the rate of corrosion 
on vehicles decreased dramatically. 
In 2014, Vattenmyndigheten (the water authority) stated that they want to see a decrease in the use 
salt for winter road maintenance on route E20. This was to ensure that would be clean and 
uncontaminated sources of drinking water in the future. The STA then claimed that in doing so, the 
number of skid related accidents would increase. This can be seen in the experiences gained during 
the MINSALT experiment as the testing on other locations had to be shut down due to a rapid increase 
in accident rate. On Gotland, however, the situation was different, and the experiment was successful 
due to the uniquely flat terrain, the absence of through traffic and well informed road users. It can 
therefore be concluded that if the deduction and/or elimination of the use of salt is done properly, 
and with the right geographical prerequisites, the endeavour may deem very successful.  
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Looking at the results of road surface conditions that have been obtained between the years of 2008 
and 2018, it is evident that the main reason for slippery surface conditions has been light frost. During 
the winter season of 2018/2019 the trend is broken and replaced by slippery surfaces due to rain or 
sleet on a cold road. This trend change is only due to the weather conditions as the last winter has 
been the mildest season of the decade. The results presented in figure 6.7 represent the road surface 
conditions defined only by meteorological factors. Hence, the effect of salt use cannot be seen in these 
results. However, when occasions where salt has been used are examined, it becomes evident that 
there is no coherence in the amount of salt used in relation to the amount of precipitation. This can 
be seen in figure 6.8 and in further detail in Appendix A where the amount of snow fallen and salt 
used per m2 are compared. For example, on January 5th, when the snowfall accumulated to a mere 
6mm on the surface, 30g/m2 of salt was used by the contractors. On January 27th, however, 46mm of 
snow fell onto the road but 15 g/m2 of salt was spread onto the surface.  
What may seem as an incoherent pattern of salt spread on the road surface by the contracts may in 
reality be justified. The type of snow fallen is not specified by the measured but will affect the 
measures taken by the contractor. There has also been an experience gap of 30 years in regards to 
salting on the island and the inconsistency may be caused by younger and inexperienced crew 
members. Regardless, no conclusions can be mad from the results obtained and experiences gained 
from the winter season of 2018/2019 in Visby.  
 
As for the frequency and duration of ground blizzards on Hamnbacken between 2008 and 2018, there 
seems to be no trend in weather condition. During rougher winters seen in 2010/2011, ground 
blizzards on Hamnbacken lasted between six and sixty hours on eighteen different occasions. In the 
winter of 2014/2015, however, no instances of ground blizzards were recorded.  
 
The use of salt for winter road maintenance will continue in order to gather more reference data before 
an assessment can be made. However, the amount of salt used during the assessment period may be 
of great importance to future studies on the effects of the return of salt to the streets of Visby, and 
should therefore be strictly monitored and regulated. Furthermore, the Swedish Transport Agency in 
Visby state that they will continue the use of salt for winter road maintenance on Hamnbacken, and 
there is an ongoing discussion about extending the use of salt to mitigate frost formation on the road 
surface and not only snowfall.  

7.5  General discussion  

Sustainable development is a globally discussed topic, and the formation and adoption of The 2030 
Agenda for Sustainable Development by the UN members strengthen the claim to the importance of 
sustainability. Although environmental, economic, and social aspects often are the focus of 
sustainable development, institutional sustainability is vital to ensure the success of the development 
process. Institutional sustainability provides a national strategy and framework to reach specific and 
concrete goals. A governance system with social and environmental accountability is necessary to 
ensure that respective stakeholders are doing their share to meet the set goals.  
 
Sweden is a small country with minor environmental print on a global scale. Promoting and investing 
in innovation and research on sustainable development will ultimately have an amplified impact on 
a global scale. Other countries may use Swedish research and experiences as reference to their own 
sustainable development projects. It can therefore be argued that a pilot project for HP system 
powered by geoenergy in Gotland contributes to the globally set sustainable development goals. A 
conducted pilot study, followed by the full scale construction of the proposed system, provides a 
practical example of how the proposed system operates rather than theoretical research and becomes 
a reference project example to be studied in similar projects in the Nordic countries and around the 
world.  
 
Socio-economic cost models such as Winter Model have been adopted and may benefit socio-
economic development. The assigned road classification affects the state of the road and hence the 
socio-economic costs for the road user as well as environmental costs. Winter model results show that 
the socio-economic costs decrease when the road classification is changed to a higher standard. 
Improved road conditions will decrease accident rate and accident costs which make up the largest 
fraction socio-economic costs calibrated by the winter model. Thus, increased traffic safety, 
accessibility and socio-economic gain are few of the benefits ensured by a well maintained road.   
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8 CONCLUSIONS 

Hydronic pavement systems can be used to increase the road surface temperature and mitigate 
slippery road conditions in the Nordic climate. A heat transfer fluid circulates in pipes embedded 
underneath the pavement transferring heat energy to and from the road surface. Successful 
applications of HP systems have been highlighted by national and international experiences.  
Hamnbacken in Visby is the geographical location suggested to the STA in this thesis for an HP system 
project. The location is unique as it is the only road section on which salt is used for winter road 
maintenance on Gotland.  

The first objective of this study was to examine the results and experiences gained from the NorfFoU 
test site in Östersund. The results provide an understanding of how HP systems function in 
combination with a renewable geoenergy source and seasonal thermal energy storage. The results 
show high amounts of accumulated solar energy collected by the road surface and stored in BTES 
during the summer season. Regulation of the system’s outgoing temperatures according to the air 
temperature when the system was operated in winter allowed a snow and ice free surface to be 
maintained.  

Utilizing renewable energy sources such as stored solar energy and ground source heat has been 
tested in harsh Swedish climates with long lasting winters and has been found to be both effective and 
energy efficient. The combination of a HP system with borehole thermal energy storage confirms that 
BTES is a suitable energy storage technology for this type of facility. The use of district heating as a 
heat energy source for the HP system is also identified as a viable application in the Nordic climate.  

Another objective was examining the possibility of a renewable energy source in Hamnbacken to heat 
the road surface. The concept that this thesis suggests is a HP system powered by surface water source 
heat which unlike district heating is a renewable and carbon neutral energy source. Hamnbacken’s 
location makes the Baltic Sea an attainable source of heat energy. The results obtained show water 
temperatures between 2,34°C and 10,32°C at 19 m depth in Visby port. It has also been found that 
several buildings along the coastline in Visby use surface water source heat for cooling and heating 
purposes which further suggests that the prerequisites for using surface water source heat are met. 
To better understand the implications of using this energy source to heat a HP system, further studies 
modelling and simulating the system with low supply temperatures should be conducted. 

The weather-related road surface conditions on Hamnbacken over the past decade have also been 
identified in this study. The main contributor to slippery road conditions on Hamnbacken was found 
to be light frost during the winter seasons with a trend break in 2018/2019 which was a very mild 
winter. Spreading salt on the road surface does not affect the meteorological data presented and due 
to limited reference data, no conclusions can be made on the effect of salt on the road surface 
conditions in Hamnbacken.  

The scope limits the application of hydronic pavement for ice-free roads to critical road sections, and 
hence from the knowledge and information gained throughout this study, it is concluded that 
pavement heating is not needed for the entirety of Hamnbacken but rather on the steepest section of 
the ascent. A recommendation for future research based on this conclusion is the simulation of an HP 
system in different sections and varying extents and comparing the surface road conditions using 
actual weather data. This research clearly illustrates the importance of mitigating slippery road 
conditions on a vital route such as Hamnbacken to ensure traffic safety and accessibility. It also raises 
the question of the amount of traffic needed to reach socio-economic sustainability. It is important to 
balance the different dimensions of sustainability to ensure sustainable development, and hence the 
economic feasibility of the proposed project in Visby needs to be conducted as well.  

In conclusion, the results obtained through this thesis strongly suggest that a detailed pilot study of 
Hamnbacken for a full scale application of a HP system combined with a surface water source heat is 
conducted. Emphasis should be put on the optimization of the system function in relation to the heat 
source and regulation of the system, as well as on the practical details of the construction and the 
temporary redirection of traffic.  
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APPENDIX A: Weather and surface conditions on Hamnbacken during occasions with road salt use.

Date Hour: 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total

2018-12-17 Weather condition S S S HN S
Snow (mm) 0,7 0,8 1,3 0 0 0 0 0 0,9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,7
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -0,4 -0,9 -0,4 -0,2 -0,5 -0,5 -0,1 0,1 0,2 0,0 0,5 0,5 0,6 0,6 0,8 0,7 -0,1 -0,3 -0,4 -0,5 -0,6 -0,5 -0,5 -0,4
Surface temperature (°C) -0,7 -1,0 -0,9 -0,7 -0,7 -0,7 -0,7 -0,5 -0,4 -0,3 -0,2 0,3 0,9 0,7 0,6 0,4 0,3 0,1 0,0 -0,1 -0,1 -0,1 -0,1 -0,2
Dew point (°C) -0,9 -1,4 -0,9 -0,7 -1,1 -1,2 -1,3 -0,9 -0,5 -0,7 -1,1 -0,9 -0,7 -1,4 -1,4 -1,3 -1,2 -1,2 -1,2 -1,4 -1,5 -1,4 -1,4 -1,2
Wind speed (m/s) 2,0 2,0 1,9 2,3 2,7 2,9 3,1 2,7 2,5 2,1 1,5 1,3 1,3 1,5 1,3 1,1 1,0 1,0 1,3 1,4 1,3 1,2 1,2 1,1
Salt used (g/m²) 20,0

2019-01-03 Weather condition S S S S S S S S S D D D S
Snow (mm) 2,5 3,6 0,5 1,4 1,8 5,2 5,7 3,6 0,5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1,4 26,2
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) 0,9 -1,3 0,6 0,4 0,4 0,1 -1,8 -1,3 -0,7 0,2 0,4 -0,1 -0,2 -0,1 -0,4 -0,2 -0,2 -0,3 -1,2 -1,5 0,0 0,5 -0,2 -0,4
Surface temperature (°C) -0,3 -0,5 -1,1 -0,7 -1,3 -0,9 -2,1 -1,6 -1,4 -1,7 -2,3 -2,6 -2,4 -2,1 -2,2 -2,4 -2,3 -2,6 -3,1 -3,1 -2,6 -1,9 -1,5 -1,3
Dew point (°C) -4,5 -3,5 -4,4 -3,1 -4,8 -3,8 -3,0 -2,6 -3,9 -6,8 -8,3 -8,5 -8,7 -8,3 -7,9 -6,9 -6,4 -7,2 -6,7 -6,6 -5,0 -4,5 -4,2 -3,9
Wind speed (m/s) 8,4 8,0 7,4 6,9 6,3 5,6 5,4 5,2 4,9 5,4 6,2 6,4 6,4 5,9 5,4 4,7 4,1 3,3 2,1 1,5 1,6 1,6 1,9 2,8
Salt used (g/m²) 30,0

2019-01-05 Weather condition S S S S S S S S
Snow (mm) 0 0 0 0 0 0 0 0 0 0 0 0,1 0,4 0,8 1,0 1,0 0 1,4 0,4 0 0,8 0 0 0 5,9
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) 4,1 4,2 4,1 4,0 3,4 3,4 3,3 2,9 2,2 2,1 2,3 2,6 1,8 1,0 0,9 0,5 0,4 -0,1 -0,8 -0,7 -1,0 -1,1 -1,2 -1,2
Surface temperature (°C) 3,1 3,2 3,3 3,2 2,3 2,4 1,5 1,6 1,3 1,3 1,5 1,8 1,8 1,6 1,2 0,4 0,4 0,0 -0,2 -0,2 -0,2 -0,2 -0,4 -1,2
Dew point (°C) 2,8 3,1 3,0 2,7 1,7 1,8 0,2 -0,2 -1,0 -1,9 -1,9 -1,1 -0,9 -0,3 -0,7 -1,0 -1,4 -1,9 -1,8 -1,7 -1,8 -1,9 -2,0 -2,3
Wind speed (m/s) 4,5 4,4 4,2 4,6 5,5 5,8 5,7 5,7 5,9 6,3 6,3 5,8 5,4 5,1 4,8 4,7 4,7 4,6 4,5 4,2 4,0 3,9 3,8 3,4
Salt used (g/m²) 30,0

2019-01-13 Weather condition S S S S S S S HR1 HR1 HR1
Snow (mm) 0 0 0 0 0 0 0 0 0 1,2 0,5 0 0 0 2,9 5,0 2,7 1,8 0,3 0 0 0 0 0 14,4
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -3,5 -3,1 -4,0 -4,2 -3,8 -2,1 -1,0 -1,0 -0,7 -0,3 0,1 -0,1 -0,1 0,1 -0,1 0,0 -0,1 0,2 1,9 1,6 1,6 1,6 1,5 1,6
Surface temperature (°C) -3,2 -3,5 -3,7 -3,6 -3,2 -2,0 -2,1 -1,6 -1,2 -0,6 -0,3 -0,2 -0,2 -0,1 -0,1 -0,1 -0,1 -0,1 -0,1 -0,1 0,0 -0,7 0,1 0,5
Dew point (°C) -4,2 -3,7 -4,7 -4,9 -4,5 -2,7 -1,6 -1,6 -1,4 -0,9 -0,7 -1,9 -2,4 -2,5 -1,5 -0,7 -0,7 -0,3 1,3 0,8 0,7 0,4 0,2 0,2
Wind speed (m/s) 1,0 0,9 0,7 0,5 0,4 0,4 0,8 1,3 1,6 2,1 2,5 2,8 3,3 3,2 2,9 2,8 2,3 1,7 1,5 1,3 1,5 2,8 4,0 5,0
Salt used (g/m²) 20,0
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2019-01-16 Weather condition S S S S HN R
Snow (mm) 0,2 0 0 0 0 0 0 0 0 0 0 0 0 0,9 5,0 0,4 0 0 0 0 0 0 0 0 6,5
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,2 0,2 0 0 0 0 0 0 0,4
Air temperature (°C) -0,4 -0,5 -0,5 -0,9 -0,7 -0,5 -0,6 -1,2 -2,6 -1,6 -1,2 -0,9 -0,1 0,4 -0,1 0,9 2,1 3,7 4,2 4,6 4,7 4,8 5,1 5,2
Surface temperature (°C) -1,0 -1,1 -1,1 -2,0 -2,0 -1,6 -1,4 -1,6 -2,5 -2,3 -1,3 -0,5 -0,1 0,3 -0,1 -0,3 0,7 1,6 1,9 2,2 2,4 2,3 2,6 2,9
Dew point (°C) -3,9 -4,2 -4,7 -5,5 -5,9 -5,6 -5,6 -5,6 -6,1 -5,6 -5,6 -5,2 -3,8 -2,3 -1,0 0,6 1,8 3,5 3,9 4,0 3,8 3,6 3,8 3,9
Wind speed (m/s) 2,8 2,7 2,3 2,1 1,9 1,6 1,1 0,8 1,0 1,6 2,1 2,8 3,6 4,0 4,8 5,6 5,9 6,2 6,8 7,1 7,3 7,7 8,2 8,3
Salt used (g/m²) 15,0

2019-01-22 Weather condition HR1 HR1 HR1 HR1 HN S S S S S S S
Snow (mm) 0 0 0 0 0 0 0 0 0 0 0 0,3 0,1 0 0 0 0 0 0 0,3 4,0 4,3 1,1 0,9 11,0
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -2,4 -2,8 -2,2 -2,0 -2,3 -2,3 -2,5 -1,3 -1,1 -0,9 -0,2 0,2 0,7 1,0 0,9 0,7 0,6 0,5 0,8 0,7 0,5 0,4 0,4 0,4
Surface temperature (°C) -3,7 -4,0 -3,7 -4,0 -4,3 -4,3 -4,2 -2,7 -2,3 -1,8 -1,0 -0,6 -0,2 -0,1 -0,1 -0,2 -0,4 -0,5 -0,4 -0,5 -1,0 -0,9 -0,7 -0,7
Dew point (°C) -3,8 -4,1 -3,4 -3,0 -3,1 -3,0 -3,3 -3,4 -3,1 -2,8 -2,1 -1,2 -0,6 -0,7 -1,2 -1,5 -1,2 -1,0 -1,0 -1,0 -0,4 -0,4 -0,4 -0,3
Wind speed (m/s) 1,6 1,6 1,7 1,9 1,9 1,7 1,9 2,1 2,4 3,0 3,3 3,3 3,1 2,6 2,2 2,4 2,9 3,0 3,2 3,3 3,3 3,6 3,8 3,5
Salt used (g/m²) 15,0

2019-01-23 Weather condition S S S S S HN S S S S S S
Snow (mm) 1,6 2,3 0,3 0 0,4 1,0 0 0,6 1,3 3,2 4,0 1,7 0,3 0 0 0 0 0 0 0 0 0 0 0 16,7
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) 0,5 1,1 -0,1 0,2 -0,1 -0,1 -0,1 -0,2 0,1 0,2 0,0 -0,1 1,4 1,8 0,9 -0,6 -1,2 -1,8 -2,3 -2,7 -2,9 -3,7 -2,9 -2,1
Surface temperature (°C) -0,7 -0,5 -0,7 -0,7 -0,7 -0,8 -0,8 -0,7 -0,7 -0,6 -0,5 -0,4 -0,2 0,7 -0,5 -1,0 -1,8 -2,8 -3,5 -3,7 -4,1 -4,0 -3,7 -3,3
Dew point (°C) -0,7 -0,8 -1,8 -1,7 -1,6 -1,5 -1,6 -1,4 -1,4 -1,3 -1,1 -1,2 -2,4 -3,0 -3,7 -4,4 -4,4 -4,7 -4,7 -4,8 -5,3 -5,5 -5,1 -4,8
Wind speed (m/s) 3,1 2,8 2,7 2,9 2,9 2,4 2,3 2,3 2,2 2,1 1,9 2,1 2,7 3,2 3,1 2,5 1,9 1,8 1,9 1,8 1,6 1,6 1,7 1,8
Salt used (g/m²) 15,0

2019-01-25 Weather condition S S S S S S S S S S S
Snow (mm) 1,4 5,9 1,9 0,8 0,2 0 0 0 0 0 0 0 0 0 0 0 0 0 1,4 6,6 8,4 4,1 2,1 0,7 33,5
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -2,0 -2,1 -2,3 -2,1 -2,3 -2,7 -3,4 -4,7 -4,6 -4,8 -3,2 -2,5 -1,9 -1,6 -1,8 -2,0 -2,3 -2,3 -2,3 -2,6 -2,7 -2,7 -2,7 -2,9
Surface temperature (°C) -2,5 -2,3 -2,1 -2,0 -2,3 -3,1 -3,8 -4,6 -4,9 -4,6 -3,5 -2,7 -2,1 -1,6 -1,8 -2,0 -2,3 -2,4 -2,4 -2,3 -2,3 -2,1 -2,0 -2,0
Dew point (°C) -3,9 -3,3 -3,4 -3,2 -3,4 -3,7 -4,5 -6,0 -6,7 -6,9 -6,1 -5,7 -5,8 -5,6 -5,7 -6,2 -5,8 -5,6 -5,2 -4,5 -3,9 -3,7 -3,8 -3,9
Wind speed (m/s) 1,2 1,6 1,8 1,8 1,9 1,8 2,1 2,3 2,2 2,3 2,5 2,5 2,4 2,4 2,5 2,2 2,0 1,7 1,4 1,3 0,9 1,2 1,2 1,1
Salt used (g/m²) 15,0

2019-01-26 Weather condition S HN HN S S S S S
Snow (mm) 0,2 0 0 0 0 0 0 0 0 0 0 0 0,3 0,2 0,3 0,2 0,3 0 0 0 0 0 0 0 1,5
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -3,0 -3,5 -3,3 -3,4 -3,4 -3,3 -3,2 -2,9 -3,0 -2,8 -1,7 -0,4 -0,6 -0,1 -1,1 -0,9 -1,8 -2,4 -2,6 -2,7 -3,0 -4,2 -4,8 -4,5
Surface temperature (°C) -2,0 -2,4 -2,8 -2,9 -2,8 -2,8 -2,7 -2,7 -2,6 -2,3 -1,6 -0,6 0,1 0,4 -0,3 -1,0 -1,2 -1,7 -2,0 -2,1 -2,4 -3,4 -4,2 -3,8
Dew point (°C) -4,2 -4,6 -4,3 -4,7 -4,6 -4,3 -4,4 -4,2 -4,1 -3,9 -3,4 -5,1 -5,7 -6,1 -6,6 -6,5 -7,1 -7,1 -6,6 -6,5 -7,0 -7,3 -7,9 -7,1
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Wind speed (m/s) 1,0 0,6 0,5 0,6 0,7 0,8 1,0 1,1 1,3 1,5 1,5 1,3 1,1 1,0 1,0 0,6 0,4 0,7 0,9 0,8 0,7 0,8 1,0 1,2
Salt used (g/m²) 12,0

2019-01-27 Weather condition S S S S S S S S S S
Snow (mm) 0 0 0 0 0 0 0 0 0 0 0,5 1,1 0 0 0 0 1,4 5,7 7,6 8,4 8,1 5,0 5,0 2,8 45,6
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) -4,1 -3,8 -3,7 -4,5 -3,7 -3,2 -2,9 -2,1 -2,4 -2,1 -1,4 -1,2 -1,0 -0,6 -0,9 -1,5 -2,1 -2,5 -2,7 -2,4 -2,2 -1,9 -1,8 -1,9
Surface temperature (°C) -3,8 -4,0 -3,9 -4,7 -4,5 -4,0 -3,7 -3,3 -3,1 -2,6 -2,0 -2,0 -1,3 -1,0 -1,1 -1,4 -2,0 -2,1 -2,2 -2,3 -2,2 -2,0 -2,0 -2,0
Dew point (°C) -6,6 -7,6 -8,1 -8,1 -8,2 -8,0 -7,7 -4,8 -5,0 -4,5 -4,0 -3,3 -3,1 -4,1 -4,5 -4,9 -4,6 -4,1 -4,0 -3,7 -3,5 -3,2 -3,1 -3,3
Wind speed (m/s) 1,2 1,1 0,9 0,7 0,7 0,8 1,2 1,7 2,2 2,7 3,0 3,5 3,8 3,9 4,2 4,7 4,8 4,9 5,4 5,2 4,8 4,8 4,9 5,1
Salt used (g/m²) 15,0

2019-01-28 Weather condition S S S S S S S S S S S S HN R R HN HN HN HN HN HN HR1 HR1
Snow (mm) 4,6 3,0 3,5 3,5 5,8 7,2 3,5 2,6 5,4 5,1 5,5 2,3 0 0 0 0 0 0 0 0 0 0 0 0 52,0
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0,4 0,2 0 0 0 0 0,2 0,3 0,1 0,1 0 0 0 1,3
Air temperature (°C) -2,1 -2,2 -2,1 -1,5 -1,3 -1,1 -0,7 -0,2 0,1 0,3 0,3 0,4 1,1 1,8 2,0 2,1 2,1 2,1 2,1 2,1 2,2 2,1 1,8 1,8
Surface temperature (°C) -2,1 -2,4 -2,9 -2,3 -2,0 -1,7 -1,6 -1,3 -1,1 -0,9 -0,5 -0,3 0,3 1,0 1,1 1,2 1,0 0,9 0,9 0,9 0,9 0,9 0,7 0,7
Dew point (°C) -3,4 -3,5 -3,3 -2,7 -2,4 -1,9 -1,5 -1,1 -0,7 0,0 0,0 0,2 0,9 1,6 1,8 1,9 1,9 1,9 1,9 1,9 2,0 1,9 1,6 1,6
Wind speed (m/s) 5,3 5,4 5,0 4,7 4,6 4,2 3,9 4,2 4,4 4,3 4,1 3,9 3,8 4,0 4,3 4,5 4,4 4,1 4,0 3,9 4,0 3,8 3,2 2,7
Salt used (g/m²) 20,0

2019-01-29 Weather condition HN HR1 HR1 HR1 HR1 HR1 HR1 HR1 HR1 HR1 HT S S S S S S
Snow (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1,5 5,8 7,8 5,2 1,5 0,3 0 0 0 22,1
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0
Air temperature (°C) 1,8 1,8 1,6 1,5 1,5 1,2 1,3 1,0 0,7 1,2 1,5 1,8 1,7 0,7 0,2 -0,2 -0,3 -0,4 -0,4 -0,4 -0,5 -0,7 -0,7 -0,9
Surface temperature (°C) 0,7 0,6 0,2 -0,1 -0,1 -0,1 -0,1 -0,1 -0,1 0,2 1,2 1,8 1,8 1,0 0,5 0,0 -0,1 -0,1 -0,1 -0,4 -1,0 -1,0 -1,0 -1,0
Dew point (°C) 1,6 1,6 1,4 1,3 1,3 1,0 1,1 0,8 0,5 1,0 1,2 1,5 1,4 0,4 -0,2 -0,7 -1,1 -1,1 -1,3 -1,8 -2,2 -2,5 -2,6 -3,1
Wind speed (m/s) 2,4 2,4 2,4 2,2 2,1 2,0 1,7 1,5 1,4 1,6 1,6 1,5 1,4 1,5 2,1 2,6 2,7 2,7 2,8 3,0 2,9 2,7 2,7 2,6
Salt used (g/m²) 15,0

2019-02-02 Weather condition S S HN HN S S S S S S
Snow (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0,7 0,2 0 0 0 1,0 0,7 3,6 9,4 8,9 5,5 30,0
Rain (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,2 0,2 0 0 0 0,4
Air temperature (°C) 0,3 0,4 0,5 0,9 0,9 0,9 0,8 1,0 1,2 1,3 1,5 1,6 1,6 1,4 1,3 1,3 1,3 1,3 1,1 1,3 0,7 0,2 0,2 0,2
Surface temperature (°C) -1,4 -1,4 -1,2 -0,9 -0,7 -0,6 -0,5 -0,5 -0,4 -0,3 -0,2 0,1 0,5 0,4 0,4 0,4 0,4 0,4 0,3 0,3 0,0 0,0 0,0 0,0
Dew point (°C) -1,1 -1,4 -1,2 -1,3 -1,7 -1,7 -1,4 -1,5 -1,3 -1,0 -0,6 -0,4 -0,3 -0,1 0,1 0,2 0,5 0,5 0,5 0,6 0,0 -0,3 -0,3 -0,2
Wind speed (m/s) 3,0 2,8 2,4 2,0 2,1 2,3 2,5 2,4 2,4 2,6 3,1 3,6 3,3 3,0 3,2 3,4 3,5 3,4 3,4 3,2 2,8 2,6 2,5 2,5
Salt used (g/m²) 15,0
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