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Preface 

The government commissioned VTI to estimate the marginal cost of roads operation and maintenance 
of Swedish road network. The note presents separate model estimations for paved road operation and 
maintenance, gravel road operation and maintenance, and winter road operations. We are grateful to 
Jenny Larsson, Tommy Bylund, Jonas Hallenberg and Michaela Mau in Trafikverket for providing 
data. 
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Summary 

Marginal cost of road maintenance and operation. Swedish estimates based on data from 2004 to 
2014 

by Sherzod Yarmukhamedov (VTI) and Jan-Erik Swärdh (VTI) 

 

In this study, we estimated the marginal costs of road operation and maintenance by using the cost 
function approach with Swedish road network data from 2004 to 2014.  

The data consist of traffic volume, costs, and road attributes for the Swedish national road network. 
The observational unit is the road maintenance delivery unit (MDU), and there were 109 such MDUs 
in Sweden in 2014.  

We estimated models separately for paved road operation and maintenance, gravel road operation and 
maintenance, and winter road operations. In paved road maintenance, reinvestment is excluded. The 
data are given in panel format and the models are estimated with random effects. A logarithmic 
functional form has been used, and this means that the estimated parameter can be interpreted as an 
elasticity. This elasticity together with the average cost yields the marginal cost. 

The results of this study suggest a marginal cost of 0.07 SEK per vehicle kilometre for maintenance 
and operation of gravel roads. The estimated marginal cost for winter road operation is less than 0.01 
SEK per vehicle kilometre, and this marginal cost estimate is statistically significant. We do not find a 
statistically significant marginal cost for maintenance and operation of paved roads. 

Our estimates of marginal costs for road maintenance and operation are generally lower compared to 
previous Swedish estimates. An important reason for this is that the definition of an MDU has changed 
over time, but we used the current classification for each year of data in this report. The lack of a 
significant marginal cost for paved roads is most likely explained by the fact that reinvestment costs 
were not included in our analysis. 

We have tested other model specifications to check the robustness of our results. The estimates are 
robust with respect to different time periods, the choice of measure of traffic volume, and new 
explanatory variables, except in the case of the gravel roads.  
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Sammanfattning 

Marginalkostnader för drift och underhåll på väg. Skattningar på svenska data från 2004–2014 

av Sherzod Yarmukhamedov (VTI) och Jan-Erik Swärdh (VTI) 

 

I den här studien skattas marginalkostnaden för drift och underhåll på det nationella svenska vägnätet 
och observationsperioden omfattar 2004–2014.  

Vägdata och trafikdata från nationella vägdatabasen (NVDB) har tillsammans med kostnadsdata från 
Trafikverkets (Vägverkets) bokföring utgjort vårt analyserade datamaterial. Observationerna är på 
driftområdesnivå. 

En viktig distinktion är att reinvesteringar i form av större beläggningsarbeten analyseras med en 
annan metod och kvar blir då övrigt vägunderhåll, vinterväghållning och övrig drift. 

Separata modeller har skattats för drift och underhåll belagd väg, drift och underhåll grusväg och 
vinterväghållning. Modellerna har skattats med paneldatametoden ”random effects”. En logaritmisk 
funktionsform har används vilket ger kostnadselasticiteter direkt från den skattade parametern. 
Tillsammans med mått på genomsnittliga kostnader kan marginalkostnaden beräknas.  

Resultaten visar en skattad marginalkostnad på omkring 7 öre per fordonskilometer för grusvägars 
drift och underhåll. Den skattade marginalkostnaden för vinterväghållning är statistiskt signifikant 
men så pass låg som under 1 öre per fordonskilometer. För belagda vägars drift och underhåll finner vi 
ingen marginalkostnad som är statistiskt skild från noll. 

Jämfört med tidigare marginalkostnadsskattningar av drift och underhåll på nationella vägar ligger 
våra skattningar generellt lägre. En viktig anledning till detta är att driftområden har slagits samman 
jämfört med tidsperioder som använts för tidigare studier. Att vi inte finner någon signifikant 
marginalkostnad för belagda vägars drift och underhåll beror sannolikt på att reinvesteringar inte ingår 
i analysen. 

Vi har testat andra modellspecifikationer för att analysera hur de skattade kostnadselasticiteterna 
förändras. Skattningarna är robusta med avseende på olika tidsperioder, valet av trafikmått och extra 
förklarande variabler, med undantag för grusvägar. 
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1. Introduction 

In this study, the marginal costs of road maintenance and operation are estimated based on Swedish 
national road data. The study continues the long-term work at VTI of estimating such marginal costs 
(see e.g. Haraldsson, 2007; Jonsson and Haraldsson, 2009; Haraldsson, 2012). This analysis is a 
complement to another SAMKOST project that analyzes road reinvestment costs (Nilsson and 
Svensson, 2014). Because the reinvestment costs for different road types are analyzed separately, we 
did not incorporate these costs in the analysis of this paper. 

Our present study also extends the analysis of Haraldsson (2012) in two other important dimensions. 
First, we expand the data of Haraldsson (2012) to include data up to 2014 instead of 2009, i.e. five 
more years are added in our analysis. Second, we introduce winter weather data and more road 
attributes as explanatory variables than only the length of the road network that was used in 
Haraldsson (2012). Winter weather data contain information on the number of days with snowfall and 
slippery roads. Road attributes include the number of roadside resting places, bridges and tunnels; the 
length of the road with reduced load-bearing capacity; and the length of road with a cable barrier. 

We use the cost function approach and estimate the different costs separately as a function of traffic, 
road characteristics, winter condition variables, regional indicators, and yearly indicators. We use the 
random-effect panel-data estimator and assume a logarithmic functional form. The latter implies that 
the model coefficients are interpreted as elasticities. Based on the cost elasticity with respect to traffic 
and the average vehicle kilometer cost, we can calculate the marginal cost per vehicle kilometer. 

1.1. Limitations 
There are some limitations in the data that are important for our analysis. The most important 
limitation is that it is difficult to separate reinvestment costs from other maintenance costs. Likewise, 
due to poor accounting it is impossible to identify the costs of additional work orders that have not 
been specified in a base contract.  

In addition, it is challenging to allocate costs to the correct MDU. Fortunately, we can allocate the cost 
to the correct region and thus we can rely on the shares of total costs per region, which otherwise 
cannot be allocated to an MDU when we exclude data observations from the analysis.  

Moreover, we have to deal with multicollinearity problems when we estimate our models, mainly due 
to the considerably high correlation between winter condition variables. Thus we specify our estimated 
model without using some of the winter variables. 

Lastly, some of the new explanatory variables, especially the number of resting places, bridges and 
tunnels, have a shorter period of observation (2010–2014) than the general traffic and cost data (2004–
2014). Therefore, these variables are excluded from the main analysis, but they are included in the 
supplementary analysis to examine their effects on costs. 

All of these limitations will be discussed in the paper, and sensitivity analyses will be used to check 
the robustness of our results. 

1.2. Disposition 
In Section 2, we present the method, including the data sources and the empirical approach. The 
analysis follows in Section 3, including a sensitivity analysis and a comparison with previously 
estimated marginal costs of road maintenance and operation. The report is concluded in Section 4. 
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2. Method 

We use the cost function approach to estimate the marginal costs of road maintenance and operation. 
This means that specific costs are explained by different cost-driving attributes such as traffic, road 
characteristics, and geographical region. 

2.1. Data sources 
The data include road data, traffic data, cost data, and weather data, all of which originate from 
different sources. Because there were only 109 MDUs in 2014, this means that the data in this analysis 
are observed on a relatively aggregated level. Thus we have to watch out for problems with 
multicollinearity caused by high correlation between explanatory variables. The analysis in Haraldsson 
(2012) used 133 MDUs, and we have adjusted the data from all years to fit the current classification of 
an MDU. 

2.1.1. Road data 

The road data originate from a database of the Swedish national road network (NVDB). Based on 
these data, we can calculate the road length of each MDU. We can also calculate the road length of 
paved roads and gravel roads separately. 

We also have access to other road characteristics in each MDU, including the number of bridges and 
tunnels, the road length with reduced load-bearing capacity, the number of roadside resting places, and 
the length of road with a cable barrier. 

2.1.2. Traffic data 

Traffic data are based on measurements on each road section of the NVDB. The national roads in each 
MDU are divided into road sections, and the number of vehicle passages is measured for each road 
section and reported for all vehicles and for heavy vehicles separately1. From these measurements, the 
yearly traffic can be estimated. However, these measurements are not made every year so there is a 
calculated inflation based on road traffic forecast models. This method might imply errors in the traffic 
volume, especially on minor roads where the time lapse between the traffic volume measurements is 
longer than for major roads. However, with the relatively aggregated data of MDUs, this should not be 
a considerable problem. 

In our study, we use traffic density as the main cost-driving factor, which is computed by multiplying 
the annual number of vehicle passages per road section by the length of the road section to obtain vehicle 
kilometers. We then aggregate the data by summing all vehicle kilometers in a given MDU and dividing 
this number by the total length of the roads in the MDU. 

2.1.3. Cost data 

The cost data originate from the business system of the Swedish Transport Administration. The cost 
data are separated with respect to paved roads, gravel roads, road maintenance, winter road operations, 
and other road operations. The Swedish Transport Administration’s definition of maintenance and 
operation is as follows, cited from Thomas (2004): 

                                                      
1 The traffic variables for all vehicles and heavy vehicles are highly correlated; therefore, it would be impossible 
to include both of them in the same model. 
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 Maintenance – services to preserve or restore the desired properties of the road system, and 
which result in effects and economic values that last for longer than one year. These measures 
can be planned in terms of both time and volume. 

 Operation – services to keep the road system functioning, and which result in effects and 
economic values of a short-term and immediately active nature that last for less than one year. 
These services are in the nature of inspections, rapid rectifications of defects that arise 
suddenly, daily care, and the operation of road system equipment. 

 Winter road operation – maintaining the passability and safety of the road system in 
accordance with established winter standards during the winter period. 

Examples of what is included in maintenance are the repair of cracks and potholes, while examples of 
what is included in operations are cleanup and road inspections. 

Reinvestment of paved roads is not included in the analysis. It is difficult to distinguish between 
reinvestments and other maintenance for the years 2004–2009; however, much of the missing costs 
(see Section 2.2.2) are reinvestment costs and will therefore be filtered out from the data.  

We calculate paved road costs as the sum of paved road maintenance and paved road operation. In the 
same way we calculate gravel road costs as the sum of gravel road maintenance and gravel road 
operation. When also including winter operations, we have three different cost classifications and three 
different cost functions to estimate. 

2.1.4. Weather data 

Winter weather data are obtained from the Road Weather Information System (VViS). There are 775 
weather measurement stations along the roads that facilitate the organization of winter road operations 
by the businesses and agencies that are responsible for a particular MDU. Information from these 
stations is publicly available to other road users. 

For most of the years covered by this report, these stations operated from the first October to the end 
of April. However, starting in 2014–2015 these stations are now in operation throughout the entire 
year. Measurements are taken every 30 minutes, and the system registers the wind speed and direction, 
the dew point, the air and road surface temperature, the type and amount of precipitation, and the 
relative humidity. 

2.2. Empirical approach 
We use a Cobb-Douglas cost function to estimate the relationship between costs and different road 
attributes, including traffic and weather observations.2 A logarithmic transformation is applied to the 
Cobb-Douglas function to facilitate the interpretation of parameter estimates. As it follows, the cost C 
for MDU i in year t is given by: 

 

ln 	 	 ln ∑ ln 	 ∑                 (1) 

where  is the traffic volume, X is the time-varying explanatory variables, Z is the indicator 
variables, R is a regional indicator, and ,	 ,	 , and  are parameters to be estimated. The error term, 

                                                      
2 Initially, we considered a more flexible Translog model than the Cobb-Douglas model presented in the paper. 
However, the results from the Translog model were implausible, so a less flexible Cobb-Douglas model is 
preferred. With the same data but in a different setting, Yarmukhamedov and Smith (2016) applied a restricted 
Translog model that provided sensible results. 
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, includes the individual-specific effect. This effect is assumed to be uncorrelated with the 
explanatory variables, and we estimate model (1) with a random-effect estimator.3 

The hypothesis that we will empirically test is that the traffic volume influences the cost of 
maintenance and operation, where the traffic volume can be based on heavy vehicles only or on all 
vehicles combined. 

An advantage to using a logarithmic functional form is that the estimated parameter is the elasticity, 
which in this formulation is assumed to be constant. Then we can easily calculate the (constant) 
marginal cost (MC) by: 

	 	                                 (2)	

where AC is the average cost. We calculate yearly ACs from our estimation data and averaged over 
the different years and MDUs. Also, we recalculate the average costs to take missing data into 
consideration.4 These average cost estimates – given in the price level of 2014 – are presented in Table 
1. 

As we can see from the AC estimates in Table 1, there is a huge difference between the AC for heavy 
vehicles compared to the AC for all vehicles. Thus, the marginal cost laid only on heavy vehicles 
might imply a large burden on these vehicles, and we therefore have to rely on clear empirical 
evidence to state that the marginal cost depends on heavy vehicles only. This is especially the case 
because we do not include reinvestment costs of paved roads in this analysis, and these costs could 
theoretically be assumed to be driven by heavy vehicles. 

An alternative to the constant marginal cost estimate might be a weighted marginal cost estimate, 
which takes into account the varying traffic volume in different MDUs as well as varying average 
costs: 

                                     ∑
∑

                                                 (3) 

It should be noted that a weighted marginal cost equation allocates larger weights to the heavily 
trafficked MDUs, thus MDUs with smaller traffic get smaller weights. This makes reflecting the 
average costs per measure of traffic volume (in our case vehicle kilometers) more accurate. However, 
as mentioned in section 2.1.2, measurements of traffic volume are not made on an annual basis, which 
means that imprecise estimates5 of the traffic volume are possible. We present both weighted and 
constant estimates of the marginal cost for comparison purposes, and despite the accuracy of the 
weighted marginal cost the constant marginal cost estimate serves as a main estimate in this work due 
to the traffic volume measurement problems discussed above. 

Table 1. Average costs in SEK per vehicle kilometer in year 2014 prices. 

 Paved roads Gravel roads Winter operations 

All vehicles 0.011 0.428 0.032 

Heavy vehicles 0.107 5.442 - 

                                                      
3 Other possible estimators that are less sensitive to this assumption are the fixed-effect estimator and the first-
difference estimator. However, based on the relatively low variation of the variables over time for a given MDU, 
we conclude that these estimators would be less appropriate than the random-effect estimator in our application. 

4 These missing data are presented in Table 2. 

5 For instance, a certain road section might be partly closed for new bridge construction, which might result in 
some drivers choosing alternative routes for two years. Because measurements are not conducted annually, an 
increased traffic volume on alternative roads would not be reflected in the data even though wear-and-tear on 
these alternative roads is intensified.  
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2.2.1. Variable definitions 

The different cost types are described in Section 2.1.3. These costs are all inflated with the Consumer 
Price Index to make them comparable to the prices of 2014. The variables are transformed 
logarithmically. 

The traffic volume is measured as described in Section 2.1.2. Traffic volume is calculated for all 
vehicles and for heavy vehicles separately for the different road classifications. 

A possible candidate for the traffic variable in the cost function would be vehicle kilometers because 
this measure controls for the lengths of the road sections where the traffic levels are measured. 
However, using vehicle kilometers will generate a high correlation between vehicle kilometers and 
road length, which will lead to the problem of identifying the separate effects of these explanatory 
variables. It is essential to distinctly estimate the effects of traffic and road length in the same model 
because the traffic effects and scale effects might have short-term and long-term effects on costs, 
respectively. Thus, to identify the effect of traffic on costs, we instead use traffic density. We can still 
calculate the marginal cost per vehicle kilometer by using equation (2) with the average cost expressed 
in vehicle kilometers. 

The road characteristics that we use are road length, the number of bridges and tunnels, road buoyance 
(road length with low weight-bearing capacity), the number of roadside resting places, and road length 
with a cable barrier, all observed on the MDU level. Except for road length and the number of bridges 
and tunnels, the other variables include zero values, which imply that after a log transformation these 
zero values turn into missing values. Therefore, we need to decompose them. We denote them as Z, 
and the decomposition is as follows. First, a dummy that indicates zero values of Z is created, i.e. DZ 
= 1 if Z = 0, 0 otherwise. Second, we log transform Z, i.e. Ln(Z), thus replacing missing values (due to 
zeroes) with the minimum value of Ln(Z). Finally, we include the DZ and Ln(Z) variables in the model 
instead of the Z variable. 

Weather data are used to define the annual number of days with snowfall and slippery roads for each 
MDU. The road slipperiness is divided into the following five categories: a moderate hoarfrost, a 
strong hoarfrost, rain or a rain-snow mixture, a moist road surface, and a light snowfall. However, due 
to a high correlation among weather condition variables, we have to omit some categories of the road 
slipperiness. As a result, only the number of days with snowfall and the number of days with slippery 
roads (category: rain or a rain-snow mixture) are used as winter condition variables. 

Indicator variables for regions and years are also used in all models. Region North and the year 2004 
are the references. 

2.2.2. Excluded observations 

There is an analysis of missing values with respect to MDUs for the years 2004–2009 in Haraldsson 
(2012), and the fractions of the costs that cannot be associated with a specific MDU are presented in 
Table 3 of that paper (reproduced as Table 2 in this paper). However, the region of the cost can be 
observed, and based on these fractions some regions are excluded from the analysis. Regions with 
more than 40 percent costs not specified to an MDU seem to have been excluded in Haraldsson 
(2012). However, because we do not distinguish between operation and maintenance and because we 
have more years of data, we cannot use Haraldsson’s (2012) exclusions without consideration. 

Region West for all cost types, Region Center and Region Stockholm for paved roads, and Region 
Stockholm for gravel roads are all excluded because most of the costs are not associated with a 
specific MDU in the years 2004–2009. It is more problematic to decide about Region Stockholm 
regarding winter operations where 35 percent of the costs are unspecified. It turns out, however, that a 
model excluding Region Stockholm has a much better fit than a model including Region Stockholm, 
and we thus exclude Region Stockholm in the estimation of winter road operation costs.  
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Table 2. Percentage of costs that cannot be specified to an MDU. 

Region Paved roads Winter road 
operations 

Gravel roads 

 Maintenance Operation Maintenance Operation 

North 4 4 1 14 3 

Center 85 49 2 22 8 

Stockholm 86 41 35 100 31 

West 98 100 100 98 100 

East 22 6 0 0 0 

Southeast 8 28 3 2 18 

South 11 16 3 33 3 

Notes: This table is a reproduction of Table 3 of Haraldsson (2012). East is named Mälardalen and South is named Skåne in 
Haraldsson (2012). 

 

We have also decided to exclude eight MDUs because the calculated traffic flows showed yearly 
variations that are not likely to occur under the assumption of the same geographic size during all 
years.  

For the years 2010–2014, there are no large fractions of unspecified costs, so all regions are included 
for these years. 
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3. Analysis 

3.1. Descriptive statistics 
In Table 3 we present the mean, standard deviation, and minimum and maximum values of our 
included variables. 

Table 3. Descriptive statistics. 

 Mean Std. dev. Min Max 

Maintenance and operation costs – paved roads* 6,290 6,815 490 78,321 

Maintenance and operation costs – gravel roads* 2,386 1,976 54 12,538 

Winter operation costs* 16,983 7,540 1,298 62,634 

Traffic density – All vehicles** 591       722 60 6,122 

Traffic density – Heavy vehicles** 62 55 6 440 

Paved road length, km 795 331 122 2,549 

Gravel road length, km 186 151 0 635 

Road buoyance, km 48 64 0 323 

Dummy road buoyance 0.02  0 1 

Cable barrier, km  34 54 0 223 

Dummy cable barrier 0.39  0 1 

Snowfall, number of days 113 34 38 206 

Slippery road, number of days  66 21 22 147 

Tunnels and bridges 288 206 25 1,255 

Resting places 2.49 2.37 0 13 

Dummy resting places 0.24  0 1 

Region Center 0.22  0 1 

Region North 0.21  0 1 

Region Stockholm 0.09  0 1 

Region South 0.19  0 1 

Region West 0.14  0 1 

Region East 0.14  0 1 

Notes: Variables marked with: * and ** are defined in thousands and millions SEK, respectively. 

 

Most of the variables have large variation as indicated by the size of the standard deviation compared 
to the mean. This is especially obvious for maintenance and operation costs of paved roads and some 
of the other road characteristics. Here, the logarithmic functional form also plays an important role in 
improving the model fit. Heavy vehicles make up about one tenth of the total traffic density. The large 
variation in costs and vehicle passages is plausible considering the heterogeneity of the MDUs, which 
can be seen from the large variation in road length. 

Furthermore, the mean cost is highest for winter operations and lowest for gravel road maintenance 
and operation. In fact, almost two-thirds of the total maintenance and operation costs are due to winter 
operations. This large difference is likely to be due to the new classification of maintenance costs used 
in this work. We have not included reinvestment costs, while such costs were probably included in 
Haraldsson’s (2007) estimates of total road maintenance costs. In section 3.6.1, a more detailed 
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discussion is provided regarding the possible presence of reinvestment costs in the data for 2004–
2009. 

3.2. Maintenance and operation costs – paved roads 
The estimated cost function for the maintenance and operation of paved roads is presented in Table 4. 
As described earlier, we have no a priori assumption about which type of traffic causes the costs. 
Empirical models where light vehicles and heavy vehicles are included as explanatory variables do not 
show any evidence for the assumption that only heavy vehicles cause the costs. 

The coefficient estimates for traffic density with respect to all vehicles and just to heavy vehicles are 
positive, but they are not statistically significant at conventional significance levels. Thus we cannot 
find any evidence for a marginal cost for maintenance and operation of paved roads. One must recall, 
however, that these costs do not include reinvestment costs. 

Road length is, as expected, positive and significant. The coefficient is not statistically different from 
one, so we cannot conclude whether there are increasing or decreasing returns to scale in the 
maintenance and operation of paved roads. The other road characteristics are all non-significant, and 
thus changes in these variables have no influence on maintenance and operation costs.  

There are region and time effects on the maintenance costs. Region Center and Region Stockholm 
have lower costs than Region North. Yearly indicators suggest that compared to the year 2004, there 
were lower costs in 2005 and 2006, but greater decreases in costs are seen in the later years of the time 
period. Again, this might be due to the exclusion of reinvestment costs in these later years. 

3.3. Maintenance and operation costs – gravel roads 
The estimated cost function for gravel road maintenance and operation is presented in Table 5. The 
coefficient estimate for traffic density for all vehicles, 0.16, is significant at the 10 percent significance 
level, which implies that a 1 percent increase in traffic density leads to a 0.16 percent increase in the 
maintenance and operation costs of gravel roads. When we consider only the traffic density for heavy 
vehicles, then costs increase by 0.02 percentage points, although this is not a statistically significant 
change between the models. Thus, we have no empirical evidence for the maintenance and operation 
costs on gravel roads being driven by heavy vehicles only. Therefore, traffic density of all vehicles is 
the basis for our marginal cost calculations on gravel roads.  

Road length is significantly positive, as is expected. It is also important to note that the road length 
coefficient is significantly lower than one, which means that there are increasing returns to scale in 
gravel road maintenance and operation. 

The occurrence of more days with slippery roads seems to decrease the costs for the maintenance and 
operation of gravel roads. This effect is probably due to a lower priority on maintenance and operation 
activities during the winter season. 

Finally, there are also regional and time effects for the costs of gravel roads. The regional effects are 
particularly strong, and Regions Center, Stockholm, and East all have much higher costs than the 
reference Region North. Regarding the time effects, it seems that the more recent years have lower 
costs. 
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Table 4. Estimated cost function for paved road maintenance and operation. 

 All vehicles Heavy vehicles 

Coefficient SE Coefficient SE 

Ln(Traffic Density) 0.080 0.106 0.059 0.099 

Ln(Road length) 0.924*** 0.101 0.917*** 0.102 

Ln(Road buoyance) −0.021 0.016 −0.022 0.016 

Dummy road buoyance −0.405 0.301 −0.409 0.301 

Ln(Cable barrier) 0.013 0.020 0.015 0.020 

Dummy cable barrier 0.165 0.119 0.167 0.120 

Ln(Snowfall) 0.042 0.175 0.018 0.173 

Ln(Slippery road) −0.112 0.110 −0.103 0.113 

Region Center −0.679*** 0.115 −0.665*** 0.108 

Region Stockholm −0.443** 0.194 −0.407** 0.178 

Region South 0.217 0.149 0.228 0.149 

Region West −0.092 0.115 −0.079 0.113 

Region East −0.121 0.134 −0.104 0.128 

Year 2005 −0.091* 0.046 −0.093* 0.046 

Year 2006 −0.249** 0.104 −0.254** 0.102 

Year 2007 −0.047 0.086 −0.057 0.084 

Year 2008 −0.092 0.094 −0.101 0.093 

Year 2009 −0.028 0.089 −0.035 0.088 

Year 2010 −0.441*** 0.128 −0.445*** 0.130 

Year 2011 −0.377*** 0.104 −0.392*** 0.105 

Year 2012 −0.354*** 0.090 −0.364*** 0.092 

Year 2013 −0.137* 0.083 −0.150* 0.081 

Year 2014 −0.001 0.088 −0.016 0.086 

Constant 2.310* 1.265 2.696* 1.065 

Overall R-square 0.549 0.549 

Number of observations 815 815 

Notes: ***, **, and * denote a statistically significant difference from zero at the one, five, and ten percent levels, 
respectively. The robust standard error (SE) is shown. Region North and Year 2004 are the reference categories. 
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Table 5. Estimated cost function for gravel road maintenance and operation. 

 All vehicles Heavy vehicles 

Coefficient SE Coefficient SE 

Ln(Traffic Density) 0.161* 0.088 0.183** 0.086 

Ln(Road length) 0.863*** 0.040 0.869*** 0.040 

Ln(Road buoyance) 0.012 0.015 0.010 0.016 

Dummy road buoyance 0.147 0.217 0.150 0.217 

Ln(Snowfall) 0.067 0.195 0.105 0.195 

Ln(Slippery road) −0.197* 0.113 −0.243** 0.114 

Region Center 0.639*** 0.100 0.659*** 0.099 

Region Stockholm 0.640** 0.293 0.107 0.445 

Region South 0.091 0.134 0.165 0.138 

Region West 0.157 0.130 0.222* 0.130 

Region East 0.565*** 0.122 0.621*** 0.121 

Year 2005 −0.145* 0.083 −0.146* 0.083 

Year 2006 −0.041 0.083 −0.042 0.083 

Year 2007 −0.054 0.091 −0.056 0.091 

Year 2008 0.018 0.092 0.014 0.091 

Year 2009 0.048 0.085 0.036 0.084 

Year 2010 −0.070 0.092 −0.117 0.092 

Year 2011 −0.299*** 0.098 −0.310*** 0.097 

Year 2012 0.002 0.083 −0.018 0.084 

Year 2013 −0.282*** 0.088 −0.316*** 0.088 

Year 2014 −0.258*** 0.091 −0.271*** 0.090 

Constant 2.765*** 0.806 3.137*** 0.722 

Overall R-square 0.693 0.693 

Number of observations 860 856 

Notes: ***, **, and * denote a statistically significant difference from zero at the one, five, and ten percent levels, 
respectively. The robust standard error (SE) is shown. Region North and Year 2004 are the reference categories. 
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Table 6. Estimated cost function for winter road operations. 

 All vehicles Heavy vehicles 

Coefficient SE Coefficient SE 

Ln(Traffic Density) 0.281*** 0.048 0.283*** 0.050 

Ln(Road length) 0.690*** 0.066 0.670*** 0.066 

Ln(Road buoyance) 0.006 0.009 0.003 0.009 

Dummy road buoyance −0.107 0.112 −0.104 0.112 

Ln(Cable barrier) 0.001 0.014 −0.004 0.014 

Dummy cable barrier 0.089 0.076 0.073 0.077 

Ln(Snowfall) 0.482*** 0.098 0.440*** 0.097 

Ln(Slippery road) 0.183*** 0.057 0.201*** 0.057 

Region Center −0.045 0.071 −0.027 0.070 

Region Stockholm −0.181 0.114 −0.073 0.109 

Region South −0.070 0.093 −0.047 0.092 

Region West −0.092 0.088 −0.059 0.087 

Region East −0.201** 0.093 −0.171* 0.091 

Year 2005 0.063 0.043 0.055 0.043 

Year 2006 0.023 0.043 −0.004 0.043 

Year 2007 −0.029 0.046 −0.065 0.047 

Year 2008 −0.096** 0.047 −0.133** 0.047 

Year 2009 −0.043 0.043 −0.080* 0.044 

Year 2010 −0.080* 0.046 −0.121** 0.048 

Year 2011 −0.141*** 0.048 −0.200*** 0.049 

Year 2012 −0.161*** 0.042 −0.213*** 0.044 

Year 2013 −0.101** 0.044 −0.158*** 0.046 

Year 2014 −0.140*** 0.045 −0.208*** 0.047 

Constant 0.324 0.720 1.209* 0.635 

Overall R-square 0.540 0.540 

Number of observations 1001 1001 

Notes: ***, **, and * denote a statistically significant difference from zero at the one, five, and ten percent levels, 
respectively. The robust standard error (SE) is shown. Region North and Year 2004 are the reference categories. 

3.4. Winter road operation costs 
The estimated cost function for winter road operations is presented in Table 6. The traffic density 
coefficient estimate for all vehicles is positive and statistically significant with an elasticity of 0.28, 
which implies that a 1 percent increase in traffic density for all vehicles leads to a 0.28 percent 
increase in winter operations costs. The effect of heavy vehicle traffic on winter operation costs is 
quite similar to the costs for all vehicles. 

Road length is positive and significant, as expected, and there is support for increasing returns to scale 
in winter road operations. 

The winter condition variables are both positive, as expected. The strongest effect on winter operation 
costs seems to be caused by snowfall rather than by road slipperiness. 
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There are some regional effects that seem plausible when considering different weather conditions in 
Sweden. Region East seems to have lower winter operation costs than Region North, which might be 
explained by lower exposure to winter conditions and thus a need for fewer resources. 

3.5. Marginal cost estimates 
In Table 7, we present the (constant) marginal cost estimates based on equation (2), i.e. the marginal 
costs are calculated from the average costs of Table 1 and our estimated cost elasticities. 

We can see that the marginal cost for gravel road maintenance and operation is 0.07 SEK per vehicle 
kilometer. For paved roads, the marginal cost is non-significant because the cost elasticity estimate is 
not statistically significant. For winter road operations, there is a significant marginal cost of 0.009 
SEK per vehicle kilometer. This marginal cost is small compared to other marginal driving costs such 
as fuel costs, and will thus likely have only a marginal effect on driving behavior if it is internalized6. 

Table 7. Marginal costs in SEK per vehicle kilometer, 2014 years prices. 

 Cost elasticity Average cost Marginal cost 

Paved road operation and maintenance Non-significant 0.011 Non-significant 

Gravel road operation and maintenance 0.161 0.428 0.069 

Winter road operations 0.281 0.032 0.009 

Note: Average cost is based on vehicle kilometers of all vehicles for all cost types. 

 

The corresponding weighted marginal cost estimates, which are estimated according to equation (3), 
are 0.0001 SEK for gravel road maintenance and operation and very close to zero (8.38e-06) for 
winter road operations. As emphasized in section 2.2, the imprecise measurement of traffic volume 
justifies using the constant marginal cost estimate for further reference. 

3.6. Sensitivity analysis 
In this section we test the sensitivity of the results with respect to the traffic density (all vehicles) from 
the main analysis in terms of (1) different time periods, (2) the measure of the traffic volume, and (3) 
additional explanatory variables. 

3.6.1. Sensitivity analysis: Different time periods 

In Section 1.1, we mentioned that it is difficult to separate reinvestment costs from other maintenance 
costs for the period 2004–2009. This implies that the costs for these periods are higher than the costs 
for 2010–2014, which is shown in Figure A.1 (Appendix) where the average costs of maintenance and 
operation for paved and gravel roads, as well as the average winter operation costs, are presented over 
the entire period studied (2004–2014). A distinguishing feature of this figure is that the costs of 
maintenance and operation of paved roads significantly decrease in 2010 and in the following two 
years, while the costs for gravel roads and winter operations fluctuate moderately over the whole 
period. A possible explanation for this observation is provided in the Annual Report of the Swedish 
Transport Administration, which states that the maintenance and operation costs decreased in the 
period 2010–2012, but from 2013 these costs substantially increased. Moreover, it is also stated in that 
report that harsh winter conditions might deplete the resources allocated to the maintenance and 
operation of the paved roads. These statements provided in the report support the phenomena observed 
in the data. However, it is still unclear whether these substantial cost fluctuations between 2004–2009 

                                                      
6 As a calculation example, a fuel price of 12 SEK per liter and fuel consumption of 0.06 liter per kilometer 
yields a fuel cost per kilometer of 0.72 SEK, which is much more than 0.009 SEK per kilometer. 
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and 2010–2014 are entirely explained by the provided statements. That is, due to limitations in the 
data we cannot assert that the cost data for 2004–2009 does not include reinvestments, and thus 
uncertainty still remains but, unfortunately, cannot be investigated further. 

In the view of the above-mentioned concerns, we divide the complete sample into two sub samples for 
2004–2009 and 2010–2014 and estimate cost models for paved roads, gravel roads, and winter 
operations for both of these time periods. The results are presented in Table A.1-A.3 (Appendix). The 
results from both sub samples for paved roads (Table A.1) and winter operations (Table A.3) are 
similar to the results in the main analysis, but the elasticity estimate (traffic density) for gravel roads 
(Table A.2) becomes insignificant. However, there is no substantial difference between the time 
periods for gravel roads, so the significant traffic density coefficient of the complete sample is 
probably due to better estimation efficiency with more observations in the longer time period. 

3.6.2. Sensitivity analysis: The measure of traffic volume 

There are other measures of traffic volume than the traffic density that we used in the main analysis. 
These measures are the total number of vehicle passages and the total number of vehicle kilometers 
(the product of vehicle passages multiplied by the length of the road section). The latter measure is 
highly correlated with the road length, which complicates the identification of the separate effects of 
both variables. Therefore, the number of vehicle passages7 is used as an alternative measure of traffic 
volume in the cost functions for paved roads, gravel roads, and winter operations. 

We obtain similar results (Table A.4, Appendix) in the case of paved roads, i.e. the coefficient 
estimate is insignificant, but in the case of the gravel roads the coefficient estimate turns out to be 
insignificant while in the main analysis it is significant. The estimation of the cost function for winter 
operations results in a lower, but still significant, coefficient estimate compared to the main analysis. 

3.6.3. Sensitivity analysis: Additional explanatory variables 

Compared to Haraldsson (2012), we have access to more explanatory variables such as the number of 
roadside resting places and the number of bridges and tunnels. In this section, we test whether the 
results obtained from the main analysis are sensitive to including more explanatory variables. Note 
that the period of observation for these new variables is 2010–2014, so that only part of the whole 
sample is estimated. 

According to the estimation results for paved and gravel roads (Table A.5, Appendix), the coefficient 
estimates are insignificant in both cost models such that the traffic density variable turns out to be 
insignificant in the case of the gravel roads compared to the main analysis results. Adding new 
explanatory variables shows that a 1 percent increase in the number of bridges and tunnels leads to a 
0.26 percent increase in the cost of maintenance and operation for paved roads. The estimation of the 
cost function for winter operations shows that the coefficient estimate for traffic density is slightly 
lower compared to the main analysis. 

3.7. Comparison with previous studies 
In this section we summarize our estimated results from the main analysis and the results from the 
previous Swedish studies of marginal cost for road maintenance and operation. However, because 
previously estimated marginal costs in some cases are relatively imprecisely estimated, there is the 
possibility that the magnitude of our estimates is different when new and extended data are analyzed. 

                                                      
7 There is an argument that the total number of vehicle passages might be a misleading measure of traffic volume 
because it depends heavily on the number of measurement points. Thus, the density measure is suggested to be 
the preferred measure of traffic volume (Gerlough and Huber, 1975). We present a sensitivity analysis using 
vehicle passages only for comparison purposes. 
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Also, it is important to recall the different definition of paved road maintenance costs in this study 
where reinvestment costs are not included. Instead, we compare the cost elasticities of the marginal 
costs because the former are not sensitive to different price years or to different estimates of the 
average costs. 

In Table 8, the results from three previous Swedish studies of marginal cost estimates are compared 
with the results of our study. We can see that our estimates are lower than Haraldsson (2012) in all 
cases. The largest differences appear for paved roads, and our non-significant estimate should be 
compared with the relatively high previous estimates.  

Table 8. Comparison with previous cost elasticity estimations. 

 Haraldsson 
(2007) 

Jonsson and 
Haraldsson 

(2009) 

Haraldsson 
(2012) 

Current study 

Paved road maintenance 0.30 0.39 0.80 non-significant 

Paved road operation 0.41 - 0.47 

Gravel road maintenance 0.27 0.39 0.51  

0.16 Gravel road operation 0.59 - 0.52 

Winter road operation 0.00 - 0.56 0.28 

Years analyzed 1998–2002 2004–2007 2004–2009 2004–2014 

Notes: Haraldsson (2007) is based on short-term elasticities for the sub samples. Jonsson and Haraldsson (2009) is a pooled 
model of paved and gravel road maintenance. 

 

Compared to the marginal costs on the EU level, which are found in the latest EU handbook on external 
costs of infrastructure (Ricardo-AEA, 2014), our estimates are much lower. The comparison here is also 
not straightforward because the dominant part of the marginal cost for wear and tear on paved roads in 
our Swedish application is based on the analysis of reinvestment costs in Nilsson and Svensson (2014). 
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4. Conclusions 

In this study, we have estimated the marginal costs of road maintenance and operation by using the 
cost function approach with Swedish road network data from 2004 to 2014. The Swedish road network 
is categorized into MDUs, which is the observation level in our dataset. Cost functions are estimated 
separately for paved road maintenance and operation, gravel road maintenance and operation, and 
winter operations. 

Our estimated results show a marginal cost of 0.07 SEK per vehicle kilometer for gravel road 
maintenance and operation. For paved road maintenance and operation, the marginal cost is not 
statistically significant. Note, however, that we have excluded reinvestment costs of paved roads, 
which implies intuitivism of the result. Winter road operation has a small but statistically significant 
marginal cost of 0.009 SEK per vehicle kilometer. 

As expected, the most relevant variable for explaining maintenance and operation costs is road length. 
Other road characteristics show mixed results. 

We have compared our results with previous Swedish estimates of road maintenance and operation 
based on data from different time periods. Our estimates are lower in general, and there are several 
possible reasons for the observed differences. First, reinvestment costs are probably present in the 
2004–2009 data because the average maintenance costs are higher in this period compared to the rest 
of the observation period. Second, in the current study traffic density is used as the measure of traffic 
volume due to the high correlation between vehicle kilometer and road length. Previous studies might 
have overlooked this multicollinearity issue. Third, the MDUs have changed during the time period 
studied, and we have merged them for all observation years. There are 24 fewer MDUs in our analysis 
than in the 2004–2009 data used in Haraldsson (2012). 

Further empirical analysis shows that our estimated results are robust for different time periods, the 
choice of the measure of traffic volume, and additional explanatory variables, except for the gravel 
roads. In the case of gravel roads, the already weak significance of the traffic variable vanishes when 
the time period is split. However, both the coefficient and the standard error are very similar for both 
time periods, and thus we draw conclusions based on the larger sample of all time periods when the 
traffic variable is significant. Furthermore, for gravel roads, the traffic variable is sensitive to the 
measure of traffic volume and to the inclusion of additional explanatory variables. 

The results of the current study might be seen as an improvement of previous studies because we have 
(1) more observations, which increases the estimation efficiency; (2) additional explanatory variables, 
which enhances the estimation precision of our key variable (traffic volume); and (3) a higher 
coefficient of determination (adjusted/overall R-squared), which implies that the variation in costs are 
better explained in our study. 

In the future we can extend this analysis in several different ways. The data can be improved by 
incorporating more years, but also by performing a more rigorous analysis of the missing values. In 
particular, more detailed cost data on additional work orders (outside of the base contract) would 
significantly improve the quality of the data. Further, the estimated models can be improved, 
especially for road maintenance and operation where a lagged dependent variable might be included as 
an explanatory variable. Such dynamic panel data models, however, require careful estimation 
procedures, and one needs to take endogeneity problems into account. Therefore, we have not been 
able to perform such a time-consuming analysis within our study. Also, experience from Haraldsson 
(2012) shows that it is difficult to reach significant coefficients and that it is impractical, due to 
implementation reasons, to estimate the marginal costs both in the short term and in the long term, 
which would be the result of a dynamic panel data estimation. 
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Appendix 

Table A.1. Estimated cost function for paved road maintenance and operation for different time 
periods. 

 Period 2004–2009 Period 2010–2014 

Coefficient SE Coefficient SE 

Ln(Traffic Density) −0.057 0.120 0.032 0.124 

Ln(Road length) 1.129*** 0.125 0.963*** 0.118 

Ln(Road buoyance) −0.112** 0.044 0.012 0.017 

Dummy road buoyance −1.195** 0.551 0.117 0.229 

Ln(Cable barrier) −0.015 0.025 0.023 0.025 

Dummy cable barrier −0.132 0.137 0.275* 0.156 

Ln(Snowfall) 0.176 0.298 −0.312 0.203 

Ln(Slippery road) 0.109 0.128 −0.105 0.132 

Region Center − − −0.737*** 0.130 

Region Stockholm − − −0.648*** 0.215 

Region South 0.269 0.179 −0.054 0.195 

Region West − − −0.245* 0.135 

Region East −0.087 0.138 −0.267 0.188 

Year 2005 −0.093* 0.056   

Year 2006 −0.231** 0.094   

Year 2007 −0.050 0.089   

Year 2008 −0.136 0.095   

Year 2009 −0.063 0.087   

Year 2010   Reference  

Year 2011   −0.051 0.109 

Year 2012   0.057 0.085 

Year 2013   0.224** 0.111 

Year 2014   0.342** 0.110 

Constant 0.624 1.867 3.592** 1.407 

Overall R−square 0.621 0.488

Number of observations 315 500

Notes: Traffic density is for all vehicles.  ***, **, and * denote a statistically significant difference from zero at the one, five, 
and ten percent levels, respectively. The robust standard error (SE) is shown. Region North and Year 2004 (in Period 2004–
2009) are the reference categories.  
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Table A.2. Estimated cost function for gravel road maintenance and operation for different time 
periods. 

 Period 2004–2009 Period 2010–2014 

Coefficient SE Coefficient SE 

Ln(Traffic Density) 0.196 0.121 0.166 0.124 

Ln(Road length) 0.605*** 0.053 0.882*** 0.057 

Ln(Road buoyance) 0.053** 0.021 0.029 0.022 

Dummy road buoyance 0.169 0.209 0.385 0.435 

Ln(Snowfall) −0.224 0.202 −0.130 0.278 

Ln(Slippery road) −0.071 0.115 −0.167 0.161 

Region Center 0.847*** 0.132 0.242* 0.142 

Region Stockholm − − 0.285 0.354 

Region South 0.177 0.164 −0.465** 0.195 

Region West − − −0.228 0.177 

Region East 0.734*** 0.154 0.062 0.179 

Year 2005 −0.148** 0.052   

Year 2006 −0.036 0.052   

Year 2007 −0.079 0.064   

Year 2008 −0.004 0.065   

Year 2009 0.052 0.055   

Year 2010   Reference  

Year 2011   −0.234 0.155 

Year 2012   0.061 0.113 

Year 2013   −0.244* 0.133 

Year 2014   −0.224 0.139 

Constant 4.626*** 0.956 3.723*** 1.142 

Overall R-square 0.729 0.699

Number of observations 429 431

Notes: Traffic density is for all vehicles.  ***, **, and * denote a statistically significant difference from zero at the one, five, 
and ten percent levels, respectively. The robust standard error (SE) is shown. Region North and Year 2004 (in Period 2004–
2009) are the reference categories. 
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Table A.3. Estimated cost function for winter road operations for different time periods. 

 Period 2004–2009 Period 2010–2014 

Coefficient SE Coefficient SE 

Ln(Traffic Density) 0.389*** 0.064 0.251*** 0.063 

Ln(Road length) 0.621*** 0.076 0.733*** 0.092 

Ln(Road buoyance) 0.025** 0.011 0.006 0.013 

Dummy road buoyance 0.130 0.105 −0.177 0.202 

Ln(Cable barrier) 0.027 0.018 −0.015 0.017 

Dummy cable barrier 0.357*** 0.106 0.008 0.103 

Ln(Snowfall) 0.545*** 0.093 0.448*** 0.146 

Ln(Slippery road) 0.119** 0.058 0.174** 0.084 

Region Center 0.036 0.086 −0.181** 0.090 

Region Stockholm −0.279** 0.136 −0.197 0.147 

Region South −0.116 0.106 −0.038 0.123 

Region West − − −0.089 0.111 

Region East −0.217** 0.110 −0.221* 0.118 

Year 2005 0.071** 0.026   

Year 2006 0.021 0.026   

Year 2007 −0.020 0.031   

Year 2008 −0.074** 0.032   

Year 2009 −0.035 0.027   

Year 2010   Reference  

Year 2011   −0.067 0.080 

Year 2012   −0.079 0.058 

Year 2013   −0.024 0.070 

Year 2014   −0.067 0.073 

Constant −0.053 0.815 0.391 1.040 

Overall R-square 0.650 0.497

Number of observations 475 526

Notes: Traffic density is for all vehicles.  ***, **, and * denote a statistically significant difference from zero at the one, five, 
and ten percent levels, respectively. The robust standard error (SE) is shown. Region North and Year 2004 (in Period 2004–
2009) are the reference categories. 

  



32  VTI notat 15A-2016 

Table A.4 – Estimated cost functions for paved and gravel road maintenance and operation and winter 
road operations using the total number of vehicle passages as the traffic variable. 

 Paved Roads Gravel Roads Winter road 
operations 

Coefficient SE Coefficient SE Coefficient SE 

Ln(All vehicle passages) 0.056 0.087 0.005 0.014 0.141*** 0.037 

Ln(Road length) 0.866*** 0.136 0.857*** 0.059 0.492*** 0.068 

Ln(Road buoyance) −0.023 0.017 0.011 0.018 0.003 0.010 

Dummy road buoyance −0.485* 0.293 0.150 0.120 −0.144 0.114 

Ln(Cable barrier) 0.012 0.018   0.024* 0.013 

Dummy cable barrier 0.135 0.117   0.144* 0.078 

Ln(Snowfall) −0.001 0.187 0.013 0.209 0.455*** 0.100 

Ln(Slippery road) −0.113 0.120 −0.187 0.131 0.190*** 0.057 

Region Center −0.689*** 0.131 0.699*** 0.127 −0.001 0.075 

Region Stockholm −0.463** 0.198 0.558 0.458 −0.098 0.118 

Region South 0.187 0.155 0.068 0.215 −0.017 0.097 

Region West −0.095 0.136 0.187 0.192 −0.076 0.094 

Region East −0.143 0.135 0.606*** 0.164 −0.119 0.095 

Year 2005 −0.091 0.058 −0.149** 0.054 0.062 0.043 

Year 2006 −0.277** 0.111 −0.045 0.046 0.031 0.043 

Year 2007 −0.105 0.093 −0.068 0.074 −0.029 0.046 

Year 2008 −0.130 0.102 0.004 0.088 −0.095** 0.047 

Year 2009 −0.065 0.096 0.039 0.072 −0.040 0.043 

Year 2010 −0.511*** 0.139 −0.073 0.100 −0.102** 0.049 

Year 2011 −0.427*** 0.107 −0.319** 0.109 −0.165*** 0.048 

Year 2012 −0.391*** 0.098 −0.008 0.102 −0.185*** 0.044 

Year 2013 −0.210** 0.087 −0.301** 0.111 −0.130*** 0.046 

Year 2014 −0.054 0.091 −0.278** 0.101 −0.173*** 0.047 

Constant 3.006** 1.051 3.512*** 0.934 2.202*** 0.605 

Overall R-square 0.539 0.688 0.520

Number of observations 731 860 1001

Notes: ***, **, and * denote a statistically significant difference from zero at the one, five, and ten percent levels, 
respectively. The robust standard error (SE) is shown. Region North and Year 2004 are the reference categories. 
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Table A.5 – Estimated cost functions for paved and gravel road maintenance and operation and winter 
road operations with more explanatory variables included. 

 Paved Roads Gravel Roads Winter road 
operations 

Coefficient SE Coefficient SE Coefficient SE 

Ln(Traffic density) −0.176 0.145 0.163 0.125 0.193** 0.098 

Ln(Road length) 0.677*** 0.197 0.888*** 0.059 0.648*** 0.146 

Ln(Road buoyance) 0.010 0.020 0.029 0.022 0.005 0.013 

Dummy road buoyance 0.210 0.309 0.389 0.437 −0.102 0.211 

Ln(Cable barrier) 0.006 0.030   −0.021 0.020 

Dummy cable barrier 0.220 0.161   −0.013 0.107 

Ln(Bridges and Tunnels) 0.262* 0.158   0.094 0.107 

Ln(Resting places) 0.037 0.067 0.033 0.073 −0.045 0.043 

Dummy resting places −0.058 0.110 0.019 0.119 −0.043 0.073 

Ln(Snowfall) −0.370 0.249 −0.124 0.280 0.429*** 0.148 

Ln(Slippery road) −0.103 0.143 −0.175 0.163 0.179** 0.084 

Region Center −0.686*** 0.136 0.243* 0.144 −0.170* 0.093 

Region Stockholm −0.431* 0.243 0.309 0.365 −0.154 0.161 

Region South 0.068 0.200 −0.474** 0.196 0.001 0.132 

Region West −0.088 0.183 −0.221 0.181 −0.061 0.123 

Region East −0.132 0.192 0.056 0.180 −0.189 0.129 

Year 2011 −0.008 0.139 −0.225 0.157 −0.060 0.082 

Year 2012 0.069 0.102 0.069 0.115 −0.083 0.059 

Year 2013 0.212* 0.120 −0.240* 0.134 −0.031 0.071 

Year 2014 0.315** 0.125 −0.220 0.140 −0.078 0.074 

Constant 5.542*** 1.850 3.671*** 1.157 0.919 1.269 

Overall R-square 0.497 0.700 0.499

Number of observations 500 431 526

Notes: ***, **, and * denote a statistically significant difference from zero at the one, five, and ten percent levels, 
respectively. The robust standard error (SE) is shown. Region North and Year 2010 are the reference categories. 
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Figure A.1. Average costs of maintenance and operation. 
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