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Summary 

The marginal cost of reinvestments in Sweden’s railway network 

by Sherzod Yarmukhamedov (VTI), Jan-Eric Nilsson (VTI) and Kristofer Odolinski (VTI) 

 

This study provides new estimates of the marginal cost of railway reinvestments using Swedish data 

on reinvestment costs, traffic, and other railway network characteristics for the period 1999–2014.  

The empirical analysis is based on a two-part model approach, where several factors can explain the 

reinvestment decision in the first part of the model and the size of the reinvestment in the second part.  

We find a marginal cost estimate of SEK 0.03 per gross ton-kilometers for reinvestments, which is 

significantly higher than previous estimates. There are two main reasons for this difference. First, the 

present analysis is based on a more comprehensive reinvestment cost definition that now also includes 

signalling, electricity installations, etc. Secondly, it has now also become feasible to add information 

about station sections.  

Moreover, we test whether it is appropriate to add new explanatory variables or replace existing 

variables to better understand what drives decisions to undertake track renewals and the costs for 

doing so. The results appear to be sensitive in terms of reported errors and cumulative tonnage density, 

which means that inclusion of these variables better explains the variation in reinvestment decision 

and the size of the reinvestment. However, these results must be interpreted with caution due to the 

shorter period of observation and the limited number of track sections that are observed. 
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Sammanfattning 

Marginalkostnad för reinvesteringar i det svenska järnvägsnätet 

av Sherzod Yarmukhamedov (VTI), Jan-Eric Nilsson (VTI) och Kristofer Odolinski (VTI) 

 

I den här studien skattas nya marginalkostnader för reinvesteringar i järnväg genom att använda 

information om reinvesteringskostnader i Sverige, samt information om trafik och övriga egenskaper 

hos järnvägen, under perioden 1999–2014.  

Den empiriska analysen bygger på en tvådelad modell, där olika faktorer förklarar reinvesterings-

beslutet i den första delen av modellen och storleken på reinvesteringen förklaras i den andra delen. 

Skattningarna resulterar i en marginalkostnad på 3 öre per bruttoton-kilometer för reinvesteringar, 

vilket är betydligt högre än tidigare beräkningar. Det finns två förklaringar till denna skillnad. För det 

första är reinvesteringskostnaderna mer heltäckande i studien, det vill säga förutom kostnader för 

spårbyten ingår även kostnader för signal- och elanläggningar etc. För det andra finns det nu tillgång 

till information om stationsbandelar. 

I studien har vi dessutom testat om nya förklarande variabler, eller byte av befintliga variabler, ger en 

ökad förståelse för vilka faktorer som påverkar reinvesteringsbeslutet och storleken på 

reinvesteringarna. Resultaten visar att rapporterade fel på infrastrukturen och ackumulerat tonnage ger 

en bättre förklaring av variationer i reinvesteringsbeslut och kostnader. Däremot måste dessa resultat 

tolkas med viss försiktighet då de nya variablerna innebär en kortare observationsperiod och ett mer 

begränsat antal bandelar som kan studeras. 

  



10  VTI notat 23A-2016 

 



VTI notat 23A-2016  11 

1. Introduction 

In order to contribute to the efficient and sustainable use of the transport system, the European 

commission advocates pricing railroad infrastructure based on the marginal social costs of track use 

(Nash and Sansom, 2001; Nash and Mathews, 2005; Link, 2003; Huib van Essen et al., 2004; 

Lindberg, 2007). In the same way as in the road sector, there might be two different sources of 

marginal costs of railway wear and tear. One concerns the impact of additional train services (in a 

similar way as road vehicles) on the need for ongoing maintenance, and the other is the consequences 

of variations in train traffic for reinvestment spending, i.e. track renewal (in a similar way to 

resurfacing of roads).  

The standard approach for addressing the first aspect, i.e. the impact of variations in track (road) use 

on maintenance, is to specify a cost model as a function of traffic and other railway (road) network 

characteristics. If the cost model results in a statistically significant estimate for the traffic variable, 

then there is an impact of traffic on track wear and tear that should be taken into account in pricing the 

infrastructure usage. For railways, this approach was first used in Johansson and Nilsson (2004) and 

most recently by Odolinski & Nilsson (2016). Haraldsson (2012) and Yarmukhamedov and Swärdh 

(2016) provide corresponding results for the pricing of road infrastructure. 

The impact of variations in traffic on infrastructure renewal can be analyzed by estimating a cost 

function. Such functions are usually based on the framework suggested by Small et al. (1987), and the 

most recent marginal reinvestment costs in the road sector were reported in Nilsson et al. (2015). 

However, such an approach is not directly applicable in the railway renewal context. Because renewal 

is a rare event over the life cycle of railroad tracks and structures, there are many years with zero 

spending before substantial resources are spent on track rehabilitation. This makes it inappropriate to 

use standard regression techniques for establishing the link between traffic and costs in the railway 

sector. Instead, an elaborate conceptual model for understanding what triggers track renewal as well as 

the costs of such renewal has to be established before data processing can be initiated. 

Renewal is an activity that restores the infrastructure to its original standard. Renewals and 

maintenance are linked in so far as a lack of maintenance will lead to renewal at an earlier stage than if 

maintenance were undertaken properly, and likewise proper maintenance will lead to longer times 

before renewal is necessary. An optimally managed railway track therefore has a mix of maintenance 

and renewal over its life cycle. Still, it is traffic that originally creates the need for renewals (and 

maintenance), and estimating traffic’s effect on renewal costs is our main objective. Isolating the 

effects of the interdependence between maintenance and renewals is beyond the scope of this paper.  

There are two previous studies on the marginal cost of railway reinvestments (that we are aware of), 

and these estimated cost functions using a two-part model (Andersson et al., 2012) and a survival 

model (Andersson et al., 2016). Based on a similar approach to the Andersson et al. (2012) paper, the 

purpose of this paper is to provide a new estimate of the marginal reinvestment cost in the Swedish 

railway sector. Information about reinvestment costs, traffic, and other railway network characteristics 

for the 1999–2014 period was used for estimating a two-part model. The first part of the model 

explains the decision on whether to reinvest or not, and the second part is a cost function that explains 

the size of reinvestment spending.  

Compared to previous studies, we had five more years of observations. Moreover, our measure of 

reinvestment costs also included spending on new signaling, overhead power lines, etc., whereas the 

previous paper only had access to track reinvestment costs. Information is also now available about 

installations and costs of sections that primarily consist of a station. In addition, we were able to test 

whether it is reasonable to add new variables or replace previous variables in order to better 

understand what drives decisions to undertake track renewals and the costs for doing so. Taken 

together, this means that this paper adds to our understanding of what motivates infrastructure renewal 
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costs in the Swedish railway sector, and it provides a solid platform for establishing fees for track 

access that can contribute to efficient track use. 

Because previous work in this field is scarce, the strategy of the paper is to proceed in steps so that it is 

easier to identify the reasons for results that deviate from previous understandings. The paper is 

organized as follows. The model and its estimation procedure are presented in section 2. Section 3 

describes the dataset. Estimation results, a discussion, and a sensitivity analysis are presented in 

section 4. The last section concludes the paper. 
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2. Model 

2.1. Model structure 

Because track reinvestment is a rare event, there are many observations of zero values in the 

dependent variable, i.e. in the observation of whether each track section has been renovated or not 

during a year. Our dataset is censored in so far as there are zero cost values in the dependent variable 

even though there are still observations of traffic and network characteristics. These zeros are observed 

and true values, meaning that the infrastructure manager makes an actual decision every year on 

whether to make reinvestments or not. So-called corner solution models (Wooldridge, 2002), where 

the dependent variable takes zero values with a positive probability, and otherwise is a strictly positive 

continuous random variable, can be used for understanding the logic of these decisions. Along the 

same line as Andersson et al. (2012), we considered the two-part, Tobit, and Heckit models in our 

analysis. 

The two-part model we used was proposed by Cragg (1971). The first part is depicted by eq. (1), and 

this is a probit model where 𝑧𝑖
∗ is a latent variable, i.e. it is unobservable in this context, and this 

underpins the decision whether to renew or not, Ii is a binary choice variable taking the value 1 (or 

zero) when a decision is taken to implement a reinvestment (or not), 𝑥 is a vector of explanatory 

variables that includes traffic volume, railway network characteristics, geographical location, and 

period dummies, and 𝑢 is the error term.  

 

𝑧𝑖
∗ = 𝑥1𝑖

′ 𝛽1 + 𝑢1𝑖     (1) 

𝐼𝑖 = 1 if  𝑧𝑖
∗ > 0 

𝐼𝑖 = 0 otherwise 

𝑢1𝑖~𝑁(0,1)  

 

The second part is a truncated regression model where the expected value of the error term for positive 

values of reinvestment costs is zero, i.e. E(𝑢2𝑖|Ii = 1) = 0, and the error term, 𝑢2𝑖, is not necessarily 

normally distributed (cf. eq. (2)). 

 

𝑦𝑖|(𝐼1 = 1) = 𝑥2𝑖
′ 𝛽2 + 𝑢2𝑖     (2) 

 

The implication of this model is that the size of the total reinvestment cost, y, given that it is positive, 

is independent of the decision of whether or not to undertake renewal activities after controlling for all 

explanatory variables in the model. The decision to renew or not might therefore be based on other 

information than what the decision of how much to spend is based on. In this way, x1i need not equal 

x2i. Even if the regressors are the same, the signs, magnitudes, and significance levels of the 

coefficients from the first and the second parts can be different. Moreover, the two-part model assumes 

that the error terms in both parts are independently distributed. This implies that while correlation 

between parts is allowed via the included regressors, the residuals are uncorrelated. The issue of 

correlation between residuals is typical in the presence of a sample selection problem, which was not 

an issue in our case because all observed zeroes in our expenditure variable were true zeroes 

(Andersson et al., 2012). 

The Tobit model is a special case of the two-part model presented above. Basically, the Tobit model 

accommodates the decision on reinvestments and the size of reinvestment spending within a single 
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mechanism, which might be too restrictive. Besides, the consistent estimation of parameter estimates 

of a Tobit model is critically dependent on assumptions of normality and homoscedasticity. We 

therefore tested these assumptions in the model selection. The Heckit model is also closely related to 

the two-part model, but it allows for the errors in the two parts to be correlated. 

2.2. Estimation 

In this section, we describe different model specifications and model selection criteria. Moreover, we 

present the estimation procedure for the elasticity and the marginal cost. 

Model selection and specifications 

We first needed to make a choice between the two-part, Tobit, and Heckit models. The selection 

procedure was as follows. First, we conducted a diagnostic test of the Tobit model assumptions of 

normality and homoscedasticity (the null hypothesis) against the alternative that such assumptions are 

not correct. Rejection of the null hypothesis implies that the Tobit model is irrelevant for analysis. If 

the Tobit model is rejected, then the choice is between the two-part and Heckit models. We estimated 

both models and made use of the empirical mean square error (EMSE) estimate in the model selection, 

which is derived from the elasticity estimate with respect to tonnage density. The model with the 

lowest EMSE should be selected (Dow and Norton, 2003).1 

Having access to detailed railway infrastructure characteristics, we assumed that there was no 

remaining unobserved track section heterogeneity left in the model. This implies that a pooled 

regression model is specified where reinvestment costs are explained by a large number of railway 

network characteristics, including the geographic locations of the track sections. 

Our first model specification included only track sections (Model I), while the second specification 

comprised the entire sample, i.e. it included both track and station sections (Model II). The rationale 

behind this was to investigate the contribution of adding information about station sections to the 

marginal cost estimate. The regression estimates facilitate a comparison with previous studies.  

The third model specification comprised the entire sample and included a station dummy in order to 

capture unobserved characteristics of the station tracks (Model III). The fourth model (Model IV) 

excluded2 all year dummies from the third specification and compared the Akaike information 

criterion (AIC) values with Model III.  

The model with the lowest AIC value was regarded as our main model and was used as a benchmark 

for testing the relevance of adding new explanatory variables to our list. Such explanatory variables 

included the number of reported errors, the length of renewed track sections, and the cumulative 

tonnage density. 

The dependent variable in eq. (2), as well as time-varying independent variables in eq. (1) and eq. (2) 

are log transformed because this can reduce skewness and heteroscedasticity. 

Marginal cost estimation 

In order to calculate marginal costs, the first challenge is to establish an appropriate measure of traffic. 

In the case of roads, wear might be caused by traffic in general but in particular by heavy vehicles 

                                                      

1 Another criterion is to test whether the correlation between the errors in the two stages is significant in a Heckit 

model. If the correlation is significantly different from zero (t-test), then the Heckit model should be selected. 

However, the t-test is sensitive to multicollinearity issues, which makes this criterion unreliable (Dow and 

Norton, 2003). 

2 In this specification, we tested whether the presence or absence of year indicators improved the explanatory 

power of the model.  
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(Nilsson et al., 2015). In railways, a train might be short (such as railcars on secondary lines) or it 

might be long and heavy or it might be long and light (loaded and empty freight trains, respectively). 

However, from a wear and tear perspective, the standard way to measure usage has come to be the 

number of tons of trains using a railway line. More specifically, the gross ton-km per route-km, i.e. the 

tonnage density (ton-km/route-km), provided our traffic variable. We also tested for tonnage density 

between freight and passenger trains, respectively, in order to account for the possibility that the 

impact of a certain tonnage density on tracks differs between the two categories. 

We then needed to estimate how a proportionate increase in tonnage density affects reinvestment costs 

– that is, we needed to estimate its cost elasticity. The equation for the cost elasticity for track section i 

with respect to tonnage density (k) is given by eq. (3), where 𝛽1𝑘 and 𝛽2𝑘 are coefficient estimates for 

tonnage density from the first and the second parts, respectively, and 𝜆(𝑥1
′ �̂�1) is the inverse Mills ratio 

that equals 
𝜙(𝑥1

′ �̂�1)

𝛷(𝑥1
′ �̂�1)

, where 𝜙(.) and 𝛷(.) are the probability density and cumulative distribution 

functions, respectively. This is derived from the estimation of a probit model in the first part. 

𝛾𝑖𝑘 =
𝜕𝐸[𝑦]

𝜕𝑥𝑘
×

𝑥𝑘

𝐸[𝑦]
= 𝛽2𝑘 + 𝛽1𝑘𝜆(𝑥1

′ �̂�1)    (3) 

 

Using the elasticity estimate, the equation for computing marginal cost is: 

 

𝑀𝐶𝑖𝑘 = 𝛾𝑖𝑘𝐴�̂�𝑖     (4) 

 

where 𝐴�̂� is the predicted average renewal cost per gross ton-km. A weighted marginal cost estimate 

is computed to take the traffic share per track section into account. Specifically, the marginal cost 

weighted by gross ton-km per track section (𝐺𝑇𝐾𝑀𝑖) is: 

 

𝑀𝐶𝑖𝑘
𝑊 = 𝑀𝐶𝑖𝑘

𝐺𝑇𝐾𝑀𝑖

∑ 𝐺𝑇𝐾𝑀𝑖𝑖
     (5) 
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3. Data 

Sweden’s railway network is 16,500 km long. Trafikverket (the Swedish Transport Administration) 

administers about 14,100 km of the network and records information about costs for track 

maintenance and reinvestment as well as “output” (i.e. traffic) and other network characteristics. The 

network comprises some 260 track sections, which include 24 station sections. About 80% of the 

network is electrified. Single tracks constitute about 60% of the network, while the rest are double or 

multiple tracks. Approximately 4000 bridges and 200 tunnels have been built. 

One of the largest infrastructure reinvestments in the railway sector is track renewal. Track renewal 

includes renewal of the track bed (e.g. rail, sleepers, ballast, etc.) and sometimes electrical wiring, 

signaling, and telecommunications equipment. These renewal activities can often be performed 

separately, i.e. a track bed renewal does not necessarily imply that electric equipment is also changed 

at the same time.  

Information about traffic per track section is partly missing, but this is mainly for sections with little 

traffic and for sections used for industrial purposes. Marshalling yards have been excluded from the 

analysis because the cost structure at these places can be expected to differ from track sections at 

large. Privately owned sections, heritage railways, and sidings and track sections that are closed for 

traffic are not included in the analysis. 

With access to extensive railway network characteristics, there are problems of multicollinearity. Our 

analysis therefore included a constrained number of explanatory variables. The test is thus to regress 

the total reinvestment costs per track section against traffic density (our measure of traffic volume), 

track section length, the age of the switches, rail weight, and indicators for stations and regions as well 

as year dummies. The entire dataset consisted of 190 track sections and 24 station sections over the 

period 1999–2014, which resulted in 2970 observations. 

As indicated above, we had more years of observations than Andersson et al. (2012), but our dataset 

also differed in two other ways. Based on work reported by Odolinski (2014), we had observations not 

only of track sections comprising lines between stations but also about station areas that are defined to 

be a track section of their own. 

3.1. Descriptive statistics 

This section presents descriptive statistics for two subsamples, where the first one includes track 

sections only and the second subsample includes only station sections (which were not accessible in 

previous studies). This is done to show the station sections’ contribution to the whole sample, where 

we are especially interested in the traffic and reinvestment costs. 

Table 1 shows that station sections constituted almost 10% of the total number of track sections. In 

addition, our dataset facilitated the use of two partly overlapping definitions of reinvestment costs. 

While previous researchers only had information about costs relating to renewal of the track bed, we 

now also know whether electricity installations, signaling, and telecommunication equipment are 

renewed at the same time.  

The first two rows of the table indicate that total reinvestment costs are almost two times higher than 

costs for track reinvestment only, while they are seven times higher in the case of station sections.  
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Table 1. Descriptive statistics for track sections and station sections. 

 Track sections 

N = 2653 

Station sections 

N = 317 

|t-test| 

 Mean SD Mean SD 

Total reinvestment costs, SEK* 7.37 26.68 8.16 20.40 0.05 

Track reinvestment cost, SEK* 3.97 20.84 1.17 3.53 2.39 

Section length, km 72.13 51.64 25.67 24.78 15.79 

Tonnage density (gross tons per route)* 7.12 7.86 13.16 11.80 12.12 

Number of switches 85.33 68.76 189.87 160.60 21.06 

Switch length, km 1.53 1.34 3.22 2.99 17.69 

Switch age, years 20.90 9.58 19.85 8.49 1.86 

Rail weight, kg 51.12 4.99 50.52 3.43 2.07 

Rail age, years 20.88 11.20 18.81 7.67 3.18 

Number of trains** 15.75 18.76 29.88 34.84 11.28 

Number of joints 162.73 117.68 165.18 228.23 0.30 

Bridge length, km 0.69 1.25 1.03 2.16 4.05 

Regions:      

 West 0.18  0.09  0.92 

 North 0.13  0.16  1.71 

 Central 0.19  0.17  1.05 

 South 0.25  0.25  0.11 

 East 0.24  0.33  3.15 

* In millions, ** in thousands.  

 

Moreover, while the total reinvestment costs for track sections on average are insignificantly lower 

than those for station sections, the difference in track reinvestment costs is statistically significant 

between track sections and station sections.3  

The tonnage density is significantly higher (2 times) in station sections than in other track sections. 

The number of switches is also significantly higher (2 times) in station sections compared to the other 

track sections, but they are quite similar in terms of the switch length and age. Compared to the track 

sections, station sections have lighter and newer rails, as well as a higher number of passing trains. In 

terms of the number of joints, track sections and station sections are comparable, while in terms of the 

bridges, track sections have on average significantly shorter bridges than station sections. 

Most of the stations added to the dataset are junctions. While a single-track railway line section might 

include a station where trains can meet and where passenger trains stop for passengers, a “pure 

station” track section typically also comprises a place where three (or more) lines intersect. The station 

might also comprise tracks for shunting and possibly for overnight parking of trains. These features 

add to the understanding of the differences described above. 

                                                      

3 The t-test value in the last column of Table 1 serves as an indicator of the significant difference between track 

sections and station sections, where values higher than 1.96 indicate a statistically significant (at the 5% level) 

difference between mean values of track sections and station sections. 
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4. Results 

This section discusses the results of the diagnostic test for a structural break and the results of the 

selection procedure for a relevant model for analysis, where the Tobit, two-part, and Heckit models 

were considered. After the selection of a model, we present the regression results for different model 

specifications with respect to the selected model as described in section 2.1 in terms of total 

reinvestment costs and track reinvestment costs. Thereafter, we discuss the main findings and provide 

the results for the sensitivity analysis. 

4.1. Regression results 

Because our dataset covers 16 years, structural changes such as those due to financial crises or other 

shocks in the economy might have had repercussions on the railway sector at large and on 

reinvestment costs in particular. Before starting the analyses, we therefore tested for changes in costs 

by using the Zivot–Andrews unit root test, which allows for testing for a structural break within panel 

data (Andrews and Zivot, 1992). The results of that analysis suggested that there were no statistically 

significant structural breaks in the period of observation.4  

We tested the normality and homoscedasticity assumptions of the Tobit model. In both cases, these 

null hypotheses were rejected at the 1% significance level, so we proceeded to the selection between 

the two-part and Heckit models. The estimated EMSE value of the two-part model (0.007) was lower 

than the EMSE value of the Heckit model (0.011),5 and this suggested that the two-part model was the 

best choice. 

Total reinvestment costs  

Table 2 provides the two-part model estimation results for total reinvestment costs for the entire 

sample without and with station sections (Models I and II as defined in section 2.1). This comparison 

facilitated the analysis of adding station sections when estimating marginal costs. We focused on the 

estimated coefficients with respect to tonnage density in this comparison because these estimates were 

used in the subsequent marginal cost calculation. Including traffic in station sections resulted in a 0.03 

percentage points higher probability for undertaking renewal activities (the selection equation). The 

elasticity estimate of the outcome equation was almost 0.07 percentage points higher when station 

sections were included in the sample. This implied that disregarding station sections led to an 

underestimation of traffic effects. However, the estimated coefficients for the other explanatory 

variables were rather close in both models. 

The estimation results for Model specifications III and IV are presented in Table 3. Model III makes 

use of the entire sample and includes a station dummy while Model IV excludes all year dummies 

from Model III. We based the choice between these two specifications on AIC values, which 

suggested that Model III was preferred in the selection equation (row 29: 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝐼𝐼 = 2887 vs. 

𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝑉 = 3121) and outcome equation (row 60: 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝐼𝐼 = 9222 vs. 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝑉 = 9247). 

This implied that the inclusion of period effects improves the explanatory power of both the selection 

and outcome equations. Therefore, we refer to Model III as the main model. 

Track reinvestment costs 

From eq. (2) it is obvious that if only track reinvestment costs rather than total reinvestment costs are 

analyzed, the marginal costs of railway infrastructure use might be underestimated. We estimated 

Model I and Model II using track reinvestment costs instead of total track reinvestment costs (Table 

                                                      

4 The results are suppressed to save a text space. 

5 The diagnostic test results and EMSE estimation results are suppressed to save a text space. 
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A.1, Appendix). Compared to the case where only track sections were analyzed, the effect of including 

the traffic volume in station sections increased the probability of a reinvestment decision by 0.02 

percentage points in the selection equation, and including the traffic in station sections increased the 

size of the reinvestment by 0.01 percentage points. 

We utilized the same logic in choosing the correct model specification when only track reinvestment 

costs were considered, which implied that a choice should be made between Model III and Model IV. 

AIC values (Table A.2, Appendix) for the respective models suggested that in the selection equation 

Model III should be chosen (row 29: 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝐼𝐼 = 3415 vs. 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝑉 = 3568), while in the 

outcome equation Model IV should be selected (row 60: 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝐼𝐼 = 5883 vs. 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝐼𝑉 =

5871). This implied that our preferred approach should be Model V, which comprises the first part of 

Model III and the second part of Model IV. In this case, the selection of track section renewal was 

better understood by including year dummies, whereas the explanatory power of the outcome equation 

was not improved by adding period effects.  

Overall, the main variable of interest, tonnage density, was positive and significant with respect to the 

selection and outcome equations. A positive tonnage density in the first part of the model implies that 

an increase in traffic intensifies the wear and tear process and increases the probability of renewal. A 

positive effect of tonnage density in the second part might instead derive from expected future tonnage 

where higher expected usage would trigger higher standard and cost of renewal. To the extent that 

current tonnage is a good proxy for both past and future traffic, this distinction might be unimportant. 

Regional and year dummy variables were included to capture unobserved heterogeneity between 

sections, budget fluctuations, and other time trends. 

Table 2. Estimation results using total reinvestment costs as the dependent variable. 

 

 

Row 

 Model I 

(N = 2639) 

Model II 

(N = 2970) 

Coef. SE Coef. SE 

1  
Selection equation     

2  
Ln (section length) 0.5945*** 0.0597 0.4768*** 0.0578 

3  
Ln (tonnage density) 0.2999*** 0.0389 0.3309*** 0.0372 

4  
Ln (switch age) 0.2081** 0.0818 0.2161** 0.0801 

5  
Ln (rail weight) −1.3017** 0.6225 –1.4710** 0.6111 

6  
West region  Reference category 

7  
North region –0.0093 0.1422 0.0073 0.1362 

8  
Central region –0.2834** 0.1337 –0.2581* 0.1374 

9  
South region –0.0233 0.1199 –0.0513 0.1235 

10  
East region 0.1183 0.1377 –0.0460 0.1371 

11  
Year 1999 –0.0468 0.1164 –0.0252 0.1081 

12  
Year 2000 Reference category 

13  
Year 2001 0.3279** 0.0989 0.3530*** 0.0926 

14  
Year 2002 0.5313*** 0.1338 0.4868*** 0.1222 

15  
Year 2003 0.8122*** 0.1426 0.7523*** 0.1336 

16  
Year 2004 0.8395*** 0.1555 0.7512*** 0.1436 

17  
Year 2005 1.2964*** 0.1779 1.1868*** 0.1612 

18  
Year 2006 1.1319*** 0.1572 1.0467*** 0.1440 

19  
Year 2007 0.8885*** 0.1609 0.8863*** 0.1474 
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Row 

 Model I 

(N = 2639) 

Model II 

(N = 2970) 

Coef. SE Coef. SE 

20  
Year 2008 1.0648*** 0.1687 1.0219*** 0.1563 

21  
Year 2009 1.4800*** 0.1718 1.4111*** 0.1593 

22  
Year 2010 1.5893*** 0.1884 1.5129*** 0.1690 

23  
Year 2011 0.9570*** 0.1704 0.9362*** 0.1566 

24  
Year 2012 0.2840* 0.1559 0.2872** 0.1443 

25  
Year 2013 0.6324*** 0.1595 0.5832*** 0.1498 

26  
Year 2014 0.8721*** 0.1563 0.7693*** 0.1520 

27  
Constant –6.6370** 2.2793 –5.0570** 2.2488 

28  
     

29  
Outcome equation     

30  
Ln (section length) 1.0867*** 0.1146 0.9443*** 0.1040 

31  
Ln (tonnage density) 0.3821*** 0.0754 0.4483*** 0.0727 

32 Outcome equation     

33 Ln (switch age) 0.1661 0.1592 0.1298 0.1524 

34 Ln (rail weight) –2.9727** 1.1432 –2.9055** 1.1618 

35 West region Reference category 

36 North region –0.1845 0.2670 –0.1678 0.2591 

37 Central region –0.5762** 0.2601 –0.6760** 0.2545 

38 South region –0.0883 0.2456 –0.2226 0.2394 

39 East region 0.1593 0.2313 0.0601 0.2380 

40 Year 1999 0.9434** 0.3209 0.6689** 0.2982 

41 Year 2000 Reference category 

42 Year 2001 –0.2644 0.4315 –0.3568 0.3817 

43 Year 2002 0.7203** 0.3587 0.4201 0.3446 

44 Year 2003 0.6683* 0.3819 0.4614 0.3508 

45 Year 2004 0.8101** 0.3917 0.5981* 0.3603 

46 Year 2005 0.9960** 0.3834 0.7312** 0.3599 

47 Year 2006 0.4661 0.3621 0.1970 0.3376 

48 Year 2007 0.6935* 0.3755 0.4400 0.3455 

49 Year 2008 –0.0177 0.3567 –0.3302 0.3334 

50 Year 2009 0.4572 0.3642 0.2435 0.3362 

51 Year 2010 0.3221 0.3633 0.1974 0.3350 

52 Year 2011 0.0293 0.3585 –0.0967 0.3362 

53 Year 2012 –0.2943 0.4260 –0.6268 0.3999 

54 Year 2013 0.1158 0.3849 –0.2107 0.3595 

55 Year 2014 0.2654 0.4034 0.0047 0.3828 

56 Constant 7.2102* 3.9496 7.9941** 3.9616 

57      
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Row 

 Model I 

(N = 2639) 

Model II 

(N = 2970) 

Coef. SE Coef. SE 

58 Elasticity  0.5485*** 0.0874 0.6258***    0.0838 

59 Marginal cost 0.0302 0.0007 0.0404     0.0009 

***, **, * Significant at 1%, 5%, and 10%, respectively. 

 

Table 3. Estimation results using total reinvestment costs as the dependent variable. 

 

Row 

 Model III Model IV 

Coef. SE Coef. SE 

1 Selection equation     

2 Ln (section length) 0.5789*** 0.0554 0.5105*** 0.0500 

3 Ln (tonnage density) 0.2891*** 0.0371 0.2574*** 0.0345 

4 Ln (switch age) 0.2003** 0.0800 0.3048*** 0.0797 

5 Ln (rail weight) –1.1887** 0.6036 –0.4350 0.5378 

6 West region Reference category 

7 North region –0.0255 0.1336 –0.0148 0.1197 

8 Central region –0.2523* 0.1299 –0.2249* 0.1193 

9 South region –0.0373 0.1160 –0.0130 0.1064 

10 East region –0.0124 0.1335 –0.0119 0.1215 

11 Year 1999 –0.0243 0.1095   

12 Year 2000 Reference category 

13 Year 2001 0.3475*** 0.0933   

14 Year 2002 0.4870*** 0.1234   

15 Year 2003 0.7581*** 0.1344   

16 Year 2004 0.7589*** 0.1442   

17 Year 2005 1.1984*** 0.1633   

18 Year 2006 1.0559*** 0.1459   

19 Year 2007 0.8982*** 0.1497   

20 Year 2008 1.0373*** 0.1570   

21 Year 2009 1.4336*** 0.1605   

22 Year 2010 1.5317*** 0.1710   

23 Year 2011 0.9368*** 0.1577   

24 Year 2012 0.2839* 0.1457   

25 Year 2013 0.5747*** 0.1505   

26 Year 2014 0.8123*** 0.1518   

27 Stations (dummy) 0.6042** 0.1744 0.5358** 0.1550 

28 Constant –6.6664** 2.1997 –8.0087*** 1.9596 

29 AIC 2886.8009 3121.0358 

30      

31 Outcome equation     
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Row 

 Model III Model IV 

Coef. SE Coef. SE 

32 Ln (section length) 1.1111*** 0.1060 1.1075*** 0.1063 

33 Outcome equation     

34 Ln (tonnage density) 0.3703*** 0.0729 0.3812*** 0.0723 

35 Ln (switch age) 0.1121 0.1539 0.0361 0.1549 

36 Ln (rail weight) –2.3680** 1.1312 –2.8589** 1.1244 

37 West region Reference category 

38 North region –0.1943 0.2507 –0.1766 0.2499 

39 Central region –0.6381** 0.2466 –0.6640** 0.2513 

40 South region –0.2009 0.2311 –0.2058 0.2324 

41 East region 0.1235 0.2212 0.1390 0.2229 

42 Year 1999 0.6927** 0.2968   

43 Year 2000 Reference category 

44 Year 2001 –0.3609 0.3813   

45 Year 2002 0.4423 0.3453   

46 Year 2003 0.4791 0.3478   

47 Year 2004 0.6226* 0.3577   

48 Year 2005 0.7539** 0.3573   

49 Year 2006 0.2152 0.3356   

50 Year 2007 0.4374 0.3436   

51 Year 2008 –0.3224 0.3320   

52 Year 2009 0.2551 0.3347   

53 Year 2010 0.2144 0.3329   

54 Year 2011 –0.0998 0.3334   

55 Year 2012 –0.6601* 0.3995   

56 Year 2013 –0.2262 0.3583   

57 Year 2014 0.0643 0.3796   

58 Stations (dummy) 0.8976** 0.2600 0.8328** 0.2660 

59 Constant 5.1573 3.9161 7.3543* 3.9816 

60 AIC 9221.9594 9246.6744 

61      

62 Elasticity  0.5258*** 0.0839 0.5174*** 0.0824 

63 Marginal cost 0.0342 0.0009 0.0347 0.0008 

***, **, * Significant at 1%, 5%, and 10%, respectively. 

4.2. Result discussion 

In this section, we summarize the estimation results in terms of exclusion and inclusion of station 

sections where the dependent variable was either total reinvestment cost or track reinvestment cost. 

This decomposition was done to analyze the contribution of station sections and other reinvestment 

cost components to the estimates of elasticity and marginal cost. Table 4 summarizes the estimation 

results. 
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Without stations 

The inclusion of costs for electrical, signaling, and telecommunications equipment in track bed 

reinvestment costs significantly increased the costs of reinvestment by almost two-fold (the sample 

means were 3.97 million SEK when they were not included vs. 7.37 million SEK when they were 

included). This implies that the average reinvestment cost per gross ton kilometer also becomes higher 

when other cost components are included. 

Table 4. Summary of the results. 

 Elasticity Marginal cost* 

Without stations   

 Track section reinvestment costs 0.5646 0.0160 

Total reinvestment costs 0.5485 0.0302 

With stations   

 Track section reinvestment costs 0.5488 0.0145 

Total reinvestment costs 0.5258 0.0342 

* SEK per gross ton kilometers 

 

Adding other cost components related to the track renewal activity led to a slightly lower elasticity 

estimate (0.5646 vs. 0.5485, i.e. 0.02 percentage points lower), which was expected and might be 

explained by the fact that track wear is normally caused by usage related wear. This implies that 

including other cost components for electrical, signaling, and telecommunications equipment, which 

are not generally affected by traffic volume, should reduce the elasticity. A higher marginal cost 

estimate in the case of total reinvestment costs is explained by a higher average cost that includes other 

cost components. 

With stations 

The inclusion of station sections in the sample seems to be important because there are differences in 

terms of the total reinvestment costs, track reinvestment costs, section length, and traffic volume.  

The model specifications that include station sections in the case of track section reinvestment costs 

are Model II and Model V, and in the case of total reinvestment costs Model II and Model III are 

under consideration. Model II is presented to emphasize the contribution of station sections to the 

usual samples used in previous studies, however this model is mis-specified because it includes station 

sections but fails (by not including an indicator variable for stations) to control for station sections in 

the model. Therefore, we compared Model I (no stations) with Model V and Model III for track 

section reinvestments and total reinvestments, respectively, when analyzing the inclusion of station 

sections. 

In the case of track section reinvestments, the inclusion of station sections resulted in a slightly lower 

elasticity estimate (0.5646 vs. 0.5488, i.e. 0.02 percentage points lower). On the one hand, tracks at 

stations might be exposed to more wear and tear than tracks on lines because trains accelerate and 

brake at stations. On its own, this would imply that traffic at station sections should intensify track 

wear and lead to an increase in the cost elasticity. On the other hand, the average speed is much lower 

at stations, which pulls the results in the opposite direction, and thus the overall difference is small. 

Compared to Andersson et al. (2012), our estimate of the marginal cost is 77% higher, while the 

elasticity estimate is similar. Obtaining a higher marginal cost estimate in the present study compared 

to the previous study was expected and intuitive because we included costs for station sections and 
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considered the total reinvestment costs, while previous studies excluded station sections and 

considered only track reinvestment costs. 

4.3. Sensitivity analysis 

In this section, we consider the relevance of adding information to the main model from the 

perspective of consequences for elasticity and marginal cost estimates. The sensitivity analysis was 

conducted in terms of adding or replacing explanatory variables either in the selection equations or the 

outcome equations as specified below. 

4.3.1. Reported errors 

Information about errors on the track section level is routinely reported. Examples include fires, 

animal accidents, material wear and tear/ageing, faulty maneuvering, abnormal temperatures, loose 

details, etc. However, observations are only available from the year 2003, slightly reducing the size of 

our dataset. 

We started the analysis by testing the relevance of the reported number of errors per year and track 

section (NRERR) for explaining reinvestment decisions. The expectation was that more errors would 

increase the probability of reinvestment. The following errors related to the infrastructure were 

included: insufficient maintenance, geotechnical problems, loose details, electronic malfunctions, 

materials fatigue or ageing, improper construction, improper assembly, unexpected electrical or 

mechanical strain, rust/verdigris, rail displacement, and improper insulation. 

NRERR is obviously a count variable that includes zeroes and is right-skewed. For this reason, we 

transformed this variable by decomposing it into two parts. First, we created a dummy variable that 

indicates zero values of NRERR, i.e. NONRERR = 1 if NRERR = 0 and 0 otherwise. Second, we log 

transformed NRERR, i.e. Ln(NRERR), replacing the resulting missing values (due to zeros) after 

transformation with the lowest value of Ln(NRERR). In the end, we included the NONRERR and 

Ln(NRERR) variables in the model instead of NRERR6. 

We found that it was justified to include these additional variables because the AIC value was lower 

than if it was not included (Appendix, Table A.3, row 27). The Ln(NRERR) coefficient was positive 

and significant, thus the larger the number of errors the greater the probability that tracks will be 

upgraded. Interestingly, adding the number of errors to the estimation resulted in lower estimates of 

elasticity and marginal cost, 0.43 and SEK 0.0255, respectively, compared to the results in Table 3 

(0.52 and SEK 0.0340, respectively). 

Using a track measurement car, the geometry of the tracks is recorded on a regular basis. Errors are 

categorized into three classes: A-, B-, and C-class errors, with the latter being the most severe that 

require remedial action shortly after being registered (see Odolinski and Smith (2016) for details). 

This information is, however, only available for 131 track sections over the period 2002–2012. 

Including the number of C-class errors as an additional explanatory variable for those parts of the 

network where information is available, however, turned out to be insignificant in explaining 

reinvestment decisions. The results are suppressed to save text space.  

Because observations of a large number of severe problems with respect to track geometry can be 

expected to increase the probability for track reinvestment, this result is not obvious. In addition to the 

                                                      

6 We performed another type of transformation as well to check for the sensitivity of the results to the 

transformation method. The variable NRERR was log transformed using a constant (C), i.e. Ln(NRERR) = 

Ln(NRERR + C) in order to avoid missing values after log transformation in cases where NRERR is zero. 

Because the new transformed variable Ln(NRERR) is an explanatory variable, the choice of C is not crucial for 

the analysis. Here, we let C = 1. The results (not shown) provided similar coefficient estimates in both 

transformation methods. 
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limited dataset for such errors, another explanation for this result might be that this measurement 

reflects roughly the same types of issues that are handled by the reported number of errors. This is a 

reason to test the explanatory power of the variable once more data are available. 

4.3.2. Renewed section length 

Section length was significant in all previously published models, signaling that it is costlier to 

undertake renewal activities on longer track sections. However, in exchange for the ordinary section 

length variable, we now have access to information on the length of tracks that are given a treatment, 

i.e. the extent of renewal activities that are actually implemented. This information was used to replace 

the section length variable in the outcome equation with the actual numbers of meters of new track that 

was replaced. Bearing in mind that the complete track section is rarely replaced, but rather a fraction 

of the full length, the intuition is to check if this is not a better way to model the part 2 estimation of 

costs. The length of tracks being renewed was captured as NEWRAIL in Table A.4 (Appendix). This 

variable also included many zeroes so was transformed in the same way as the NRERR variable. 

AIC values in the outcome equation in Table A.3 (row 54, AIC = 7374) and Table A.4 (row 55, AIC = 

7482) suggest that a model with ordinary section length better explained reinvestment costs in the 

outcome equation. At this stage, we failed to find an intuitive explanation for this result. It implies that 

we still contrast the findings from the main model with the results from Table A.3. 

4.3.3. Cumulative tonnage density 

So far we have used tonnage density as a traffic variable, but using cumulative tonnage density might 

be attractive in a track reinvestment context. For instance, measuring the total amount of traffic that 

has passed on a track section during its service-life seems to be a better explanatory variable than only 

using annual traffic. In particular, this new variable is more relevant in making a decision to undertake 

reinvestment or not to, i.e. in the selection equation. Intuitively, using the cumulative tonnage density 

variable in the outcome equation might be irrelevant because the size of the reinvestment is supposed 

to be independent of the accumulated traffic that passed over the track section during its service-life. 

Nevertheless, we also compared the results for the outcome equation to check whether the statistical 

test suggests using cumulative tonnage in the outcome equation as well. 

The AIC value for the selection equation was lower when cumulative tonnage density was used (AIC 

= 2418; Appendix, Table A.5, row 29) compared to the AIC value when ordinary annual tonnage 

density was used (AIC = 2887, Table 3, row 29). This implied that a model with cumulative tonnage 

density better explains the reinvestment decision. 

The corresponding AIC value for the outcome equation was also lower when cumulative tonnage 

density was used (AIC = 8349, Appendix, Table A.5, row 60) compared to when ordinary annual 

tonnage was used (AIC = 9222, Table 3, row 60), and this suggested that a model with cumulative 

tonnage density should be preferred. It should be noted, however, that the coefficient estimates for the 

traffic variable were quite similar in both specifications (0.35 vs. 0.36, respectively).  

Compared to the main model results, the estimated elasticity was lower in this specification (0.52 vs. 

0.45, respectively), but the marginal cost estimate was almost the same (SEK 0.0345 vs. SEK 0.0340, 

respectively). It seems that the effect of traffic volume was overestimated in the selection equation 

when ordinary annual tonnage density was used in the model, which consequently led to a higher 

elasticity estimate. Another reason for the discrepancy is that the data on cumulative tonnage was 

composed of fewer track sections than in the main model. 
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5. Conclusion 

Marginal social cost pricing is necessary to ensure the efficient use of infrastructure capacity. Besides 

the fiscal instruments that are used to mitigate the external costs of vehicle use, in the railway sector 

the marginal cost pricing of railway (road) maintenance and operation as well as track reinvestments 

(road resurfacing) should reflect the costs of infrastructure use. 

The marginal cost of railway infrastructure use includes the costs of maintenance and operation as well 

as track reinvestments, which are largely affected by train traffic. The density of traffic determines the 

intensity of wear and tear, which consequently regulates the extent of the maintenance and operation 

activities and the periodicity of track reinvestments. Therefore, an optimal charging for infrastructure 

use requires quantitative evidence on the marginal cost of track maintenance and operation as well as 

track reinvestments.  

This study has provided new estimates of the marginal cost of infrastructure use in terms of track 

reinvestments, and this can support policy makers in determining the optimal level of infrastructure 

charges. We have used Swedish data on track reinvestment costs, traffic, and other railway network 

characteristics over the period 1999–2014. A two-part model proposed by Cragg (1971) is used to 

explain the reinvestment decision and the size of reinvestments in a two-part estimation procedure, 

where the results suggest that an increase in traffic by 1% leads to an increase in reinvestment costs of 

0.52%. The associated marginal cost estimate is SEK 0.03 per gross ton kilometers. 

We also analyzed the sensitivity of the results in terms of reported errors, renewed section length, and 

cumulative tonnage density. The results appear to be sensitive in terms of reported errors and 

cumulative tonnage density, which means that inclusion of these variables better explains the variation 

in reinvestment decision and the size of the reinvestment. However, these results must be interpreted 

with caution due to the shorter period of observation and the limited number of track sections that are 

observed. Therefore, the results from the main analysis are suggested for consideration, i.e. an 

elasticity estimate of 0.52 and a marginal cost estimate of SEK 0.03. 

The results of this study have several advantages over previous studies. First, our analysis is based on 

a longer period of observation, which increases the efficiency of the estimates. Second, this study 

considers total reinvestment costs instead of only track reinvestment cost, which allows us to take into 

account all costs related to reinvestment activity. Third, this study also includes station sections. 

Fourth, we have new additional explanatory variables that reduce the risk of omitted variable bias and 

might open up new perspectives for further analyses. 

It would be interesting to analyze the dynamic relationship between maintenance and reinvestments in 

future research where deferred or poor maintenance might intensify the need for earlier reinvestments. 
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Appendix 

Table A.1. Estimation results using track section reinvestment costs as the dependent variable. 

 

Row 

 Model I Model II 

Coef. SE Coef. SE 

1 Selection equation     

2 Ln (section length) 0.5002*** 0.0568 0.4758*** 0.0477 

3 Ln (tonnage density) 0.3098*** 0.0444 0.3291*** 0.0412 

4 Ln (switch age) 0.1236 0.0918 0.1253 0.0868 

5 Ln (rail weight) −1.8779** 0.6540 −2.0383** 0.6277 

6 West region Reference category 

7 North region −0.1090 0.1606 −0.0732 0.1499 

8 Central region −0.0464 0.1383 −0.0806 0.1322 

9 South region 0.0984 0.1364 0.0804 0.1275 

10 East region 0.1954 0.1432 0.1340 0.1360 

11 Year 1999 0.2120 0.1312 0.1246 0.1286 

12 Year 2000 Reference category 

13 Year 2001 0.3058** 0.1358 0.2875** 0.1293 

14 Year 2002 0.8408*** 0.1414 0.7594*** 0.1354 

15 Year 2003 0.7740*** 0.1434 0.7155*** 0.1425 

16 Year 2004 0.8430*** 0.1407 0.8027*** 0.1401 

17 Year 2005 0.7907*** 0.1557 0.7386*** 0.1522 

18 Year 2006 1.0576*** 0.1536 0.9616*** 0.1519 

19 Year 2007 1.0969*** 0.1497 1.0553*** 0.1419 

20 Year 2008 1.0674*** 0.1394 0.9976*** 0.1390 

21 Year 2009 1.4328*** 0.1621 1.3680*** 0.1532 

22 Year 2010 0.9266*** 0.1604 0.8453*** 0.1507 

23 Year 2011 0.7164*** 0.1532 0.6160*** 0.1472 

24 Year 2012 0.4106** 0.1576 0.3213** 0.1532 

25 Year 2013 0.8488*** 0.1481 0.7460*** 0.1446 

26 Year 2014 1.0563*** 0.1633 0.9680*** 0.1617 

27 Constant −4.1422* 2.2322 −3.4370 2.1459 

28      

29 Outcome equation     

30 Ln (section length) 0.9661*** 0.1526 0.8890*** 0.1290 

31 Ln (tonnage density) 0.2532** 0.1038 0.2640** 0.0933 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.1. Estimation results using track section reinvestment costs as the dependent variable (cont.). 

 

Row 

 Model I Model II 

Coef. SE Coef. SE 

32 Outcome equation     

33 Ln (switch age) 0.2142 0.2142 0.2052 0.1999 

34 Ln (rail weight) −2.9083** 1.4534 −2.7401* 1.4171 

35 West region Reference category 

36 North region 0.2403 0.4050 0.1712 0.3665 

37 Central region −0.0603 0.3367 −0.1491 0.3232 

38 South region 0.2902 0.2852 0.1945 0.2709 

39 East region −0.1334 0.2836 −0.2738 0.2736 

40 Year 1999 −0.0701 0.6816 0.1485 0.6442 

41 Year 2000 Reference category 

42 Year 2001 0.3268 0.5580 0.5411 0.5226 

43 Year 2002 −0.7377 0.6028 −0.4432 0.5801 

44 Year 2003 −0.3815 0.5676 −0.2052 0.5327 

45 Year 2004 0.0099 0.5561 0.1902 0.5253 

46 Year 2005 −0.0657 0.5902 0.2428 0.5557 

47 Year 2006 −0.2310 0.5656 −0.1321 0.5358 

48 Year 2007 −0.5722 0.5779 −0.2930 0.5373 

49 Year 2008 −0.4367 0.5645 −0.2587 0.5294 

50 Year 2009 −0.1604 0.5671 −0.0720 0.5320 

51 Year 2010 −0.6787 0.6423 −0.4583 0.6025 

52 Year 2011 0.1969 0.5883 0.4853 0.5556 

53 Year 2012 −0.3772 0.5926 −0.2281 0.5591 

54 Year 2013 −0.0077 0.5369 0.1230 0.5064 

55 Year 2014 0.0512 0.5804 0.1743 0.5529 

56 Constant 9.9723** 4.8232 9.9523** 4.7965 

57      

58 Elasticity  0.5646*** 0.1272 0.5953*** 0.1154 

59 Marginal cost 0.0160 0.0004 0.0159 0.0004 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.2.Estimation results using track section reinvestment costs as the dependent variable. 

Row  Model III Model IV Model V 

Coef. SE Coef. SE Coef. SE 

1 Selection equation       

2 Ln (section length) 0.5006*** 0.0530 0.4538*** 0.0488 0.5006*** 0.0530 

3 Ln (tonnage density) 0.3162*** 0.0432 0.2979*** 0.0421 0.3162*** 0.0432 

4 Ln (switch age) 0.1213 0.0869 0.2348** 0.0857 0.1213 0.0869 

5 Ln (rail weight) −1.9468** 0.6286 −1.3470** 0.5894 −1.9468** 0.6286 

6 West region Reference category 

7 North region −0.0812 0.1492 −0.0824 0.1432 −0.0812 0.1492 

8 Central region −0.0750 0.1319 −0.0834 0.1255 −0.0750 0.1319 

9 South region 0.0832 0.1267 0.0973 0.1206 0.0832 0.1267 

10 East region 0.1419 0.1357 0.1290 0.1279 0.1419 0.1357 

11 Year 1999 0.1290 0.1282   0.1290 0.1282 

12 Year 2000 Reference category 

13 Year 2001 0.2890** 0.1294   0.2890** 0.1294 

14 Year 2002 0.7630*** 0.1353   0.7630*** 0.1353 

15 Year 2003 0.7189*** 0.1421   0.7189*** 0.1421 

16 Year 2004 0.8064*** 0.1395   0.8064*** 0.1395 

17 Year 2005 0.7418*** 0.1520   0.7418*** 0.1520 

18 Year 2006 0.9636*** 0.1516   0.9636*** 0.1516 

19 Year 2007 1.0576*** 0.1419   1.0576*** 0.1419 

20 Year 2008 1.0004*** 0.1389   1.0004*** 0.1389 

21 Year 2009 1.3723*** 0.1531   1.3723*** 0.1531 

22 Year 2010 0.8479*** 0.1507   0.8479*** 0.1507 

23 Year 2011 0.6176*** 0.1471   0.6176*** 0.1471 

24 Year 2012 0.3222** 0.1532   0.3222** 0.1532 

25 Year 2013 0.7453*** 0.1444   0.7453*** 0.1444 

26 Year 2014 0.9796*** 0.1617   0.9796*** 0.1617 

27 Stations (dummy) 0.1533 0.1145 0.1253 0.1071 0.1533 0.1145 

28 Constant −3.8802* 2.1605 −5.0488** 2.0201 −3.8802* 2.1605 

29 AIC 3415.1528 3568.4091  

30        

31 Outcome equation       

32 Ln (section length) 0.9361*** 0.1386 0.9455*** 0.1371 0.9455*** 0.1371 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.2. Estimation results using track section reinvestment costs as the dependent variable (cont.). 

  Model III Model IV Model V 

Row  Coef. SE Coef. SE Coef. SE 

33 Outcome equation       

34 Ln (tonnage density) 0.2366** 0.1001 0.2304** 0.0984 0.2304** 0.0984 

35 Ln (switch age) 0.1953 0.2019 0.1739 0.1980 0.1739 0.1980 

36 Ln (rail weight) −2.5718* 1.4209 −2.5182* 1.3615 −2.5182* 1.3615 

37 West region Reference category 

38 North region 0.1637 0.3679 0.1485 0.3715 0.1485 0.3715 

39 Central region −0.1318 0.3223 −0.1265 0.3218 −0.1265 0.3218 

40 South region 0.1990 0.2665 0.1798 0.2670 0.1798 0.2670 

41 East region −0.2568 0.2686 −0.2620 0.2694 −0.2620 0.2694 

42 Year 1999 0.1802 0.6429     

43 Year 2000 Reference category 

44 Year 2001 0.5435 0.5238     

45 Year 2002 −0.4267 0.5790     

46 Year 2003 −0.1887 0.5316     

47 Year 2004 0.1986 0.5263     

48 Year 2005 0.2499 0.5559     

49 Year 2006 −0.1169 0.5358     

50 Year 2007 −0.2839 0.5372     

51 Year 2008 −0.2459 0.5299     

52 Year 2009 −0.0606 0.5317     

53 Year 2010 −0.4453 0.6032     

54 Year 2011 0.4972 0.5551     

55 Year 2012 −0.2170 0.5593     

56 Year 2013 0.1368 0.5061     

57 Year 2014 0.2051 0.5513     

58 Stations (dummy) 0.2947 0.2590 0.2979 0.2618 0.2979 0.2618 

59 Constant 9.1694* 4.7805 8.9894* 4.6803 8.9894* 4.6803 

60 AIC 5883.5432 5870.6036  

61        

62 Elasticity  0.5550*** 0.1222 0.5229***    0.1198 0.5488*** 0.1209 

63 Marginal cost 0.0147     0.0004 0.0142     0.0003 0.0145 0.0003 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.3. Sensitivity analysis: Reported errors. 

 

Row 

 Without errors With errors 

Coef. SE Coef. SE 

1 Selection equation     

2 Ln (section length) 0.6809*** 0.0651 0.6388*** 0.0667 

3 Ln (tonnage density) 0.2359*** 0.0399 0.2109*** 0.0391 

4 Ln (switch age) 0.1628** 0.0846 0.1665** 0.0843 

5 Ln (rail weight) −1.9403** 0.6805 −1.6570** 0.6605 

6 West region Reference category 

7 North region −0.1802 0.1516 −0.1673 0.1517 

8 Central region −0.2636* 0.1451 −0.2805* 0.1465 

9 South region 0.1157 0.1343 0.1588 0.1378 

10 East region 0.2011 0.1478 0.2030 0.1485 

11 Year 2003 Reference category 

12 Year 2004 −0.0336 0.1209 −0.0311 0.1207 

13 Year 2005 0.4412** 0.1587 0.4467** 0.1585 

14 Year 2006 0.3060** 0.1492 0.3080** 0.1496 

15 Year 2007 0.1788 0.1394 0.1748 0.1390 

16 Year 2008 0.3519** 0.1691 0.3534** 0.1685 

17 Year 2009 0.6950*** 0.1656 0.6904*** 0.1646 

18 Year 2010 0.7525*** 0.1677 0.7474*** 0.1676 

19 Year 2011 0.2034 0.1579 0.1585 0.1607 

20 Year 2012 −0.4213** 0.1489 −0.4594** 0.1509 

21 Year 2013 −0.1172 0.1501 −0.1597 0.1529 

22 Year 2014 0.1051 0.1608 0.0805 0.1619 

23 Stations (dummy) 0.6323** 0.1829 0.5912** 0.1886 

24 Ln (number of errors)   0.0906** 0.0414 

25 No errors (dummy)   0.0510 0.1107 

26 Constant −3.2356 2.4301 −3.6711 2.3980 

27 AIC 2012.3159 2010.252 

28      

29 Outcome equation     

30 Ln (section length) 1.1911*** 0.1121 1.1911*** 0.1121 

31 Ln (tonnage density) 0.3465*** 0.0695 0.3465*** 0.0695 

32 Ln (switch age) 0.0894 0.1479 0.0894 0.1479 

***, **, * Significant at 1%, 5%, and 10%, respectively.  
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Table A.3. Sensitivity analysis: Reported errors (cont.). 

 

Row 

 Without errors With errors 

Coef. SE Coef. SE 

33 Outcome equation     

34 Ln (rail weight) −2.4829** 1.1258 −2.4829** 1.1258 

35 West region Reference category 

36 North region −0.2284 0.2633 −0.2284 0.2633 

37 Central region −0.6207** 0.2582 −0.6207** 0.2582 

38 South region −0.1504 0.2254 −0.1504 0.2254 

39 East region 0.1791 0.2294 0.1791 0.2294 

40 Year 2003 Reference category 

41 Year 2004 0.2028 0.1900 0.2028 0.1900 

42 Year 2005 0.2602 0.1786 0.2602 0.1786 

43 Year 2006 −0.2615 0.2328 −0.2615 0.2328 

44 Year 2007 −0.0336 0.2341 −0.0336 0.2341 

45 Year 2008 −0.8024** 0.2380 −0.8024** 0.2380 

46 Year 2009 −0.2151 0.2193 −0.2151 0.2193 

47 Year 2010 −0.1982 0.2325 −0.1982 0.2325 

48 Year 2011 −0.5876** 0.2673 −0.5876** 0.2673 

49 Year 2012 −1.1305*** 0.3231 −1.1305*** 0.3231 

50 Year 2013 −0.6456** 0.2730 −0.6456** 0.2730 

51 Year 2014 −0.4061 0.2804 −0.4061 0.2804 

52 Stations (dummy) 0.9073** 0.2674 0.9073** 0.2674 

53 Constant 5.6097 3.9403 5.6097 3.9403 

54 AIC 7374.1444 7374.1444 

55      

56 Elasticity  0.4457*** 0.0778 0.4350*** 0.0771 

57 Marginal cost 0.0299 0.0009 0.0255 0.0008 

***, **, * Significant at 1%, 5%, and 10%, respectively.  
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Table A.4. Sensitivity analysis: Reported errors and renewed section length. 

Row  Coef. SE 

1 Selection equation   

2 Ln (section length) 0.6387*** 0.0667 

3 Ln (tonnage density) 0.2109*** 0.0391 

4 Ln (switch age) 0.1665** 0.0843 

5 Ln (rail weight) −1.6570** 0.6605 

6 West region Reference category 

7 North region −0.1673 0.1517 

8 Central region −0.2805* 0.1465 

9 South region 0.1588 0.1378 

10 East region 0.2031 0.1485 

11 Year 2003 Reference category 

12 Year 2004 −0.0311 0.1207 

13 Year 2005 0.4467** 0.1585 

14 Year 2006 0.3081** 0.1496 

15 Year 2007 0.1748 0.1390 

16 Year 2008 0.3534** 0.1685 

17 Year 2009 0.6904*** 0.1646 

18 Year 2010 0.7474*** 0.1676 

19 Year 2011 0.1585 0.1607 

20 Year 2012 −0.4594** 0.1509 

21 Year 2013 −0.1597 0.1529 

22 Year 2014 0.0805 0.1619 

23 Stations (dummy) 0.5912** 0.1886 

24 Ln (number of errors) 0.0906** 0.0414 

25 No errors (dummy) 0.0510 0.1107 

26 Constant −3.6711 2.3980 

27 AIC 2010.252 

28    

29 Outcome equation   

30 Ln (renewed section length) 0.3195*** 0.0596 

31 No renewal (dummy) 0.6754** 0.2836 

32 Ln (tonnage density) 0.3667*** 0.0862 

33 Ln (switch age) 0.3596** 0.1712 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.4. Sensitivity analysis: Reported errors and renewed section length (cont.). 

Row  Coef. SE 

34 Outcome equation   

35 Ln (rail weight) −0.0809 1.2527 

36 West region Reference category 

37 North region −0.3033 0.3240 

38 Central region −0.7189** 0.3102 

39 South region −0.3996 0.2702 

40 East region −0.2028 0.2894 

41 Year 2003 Reference category 

42 Year 2004 0.0954 0.1880 

43 Year 2005 −0.0363 0.1875 

44 Year 2006 −0.4581* 0.2367 

45 Year 2007 −0.3251 0.2413 

46 Year 2008 −1.1612*** 0.2392 

47 Year 2009 −0.6365** 0.2236 

48 Year 2010 −0.5001** 0.2365 

49 Year 2011 −0.9288*** 0.2661 

50 Year 2012 −1.2555*** 0.3116 

51 Year 2013 −1.0035*** 0.2781 

52 Year 2014 −0.8801** 0.2873 

53 Stations (dummy) −0.2944 0.3051 

54 Constant 7.2446* 4.3327 

55 AIC 7482.7953 

56    

57 Elasticity  0.4552*** 0.0895 

58 Marginal cost 0.0283 0.0008 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.5. Sensitivity analysis: Cumulative tonnage density. 

Row  Coef. SE 

1 Selection equation   

2 Ln (section length) 0.5308*** 0.0663 

3 Ln (cumulative tonnage density) 0.2186*** 0.0429 

4 Ln (switch age) 0.0652 0.0997 

5 Ln (rail weight) 0.5170 0.5809 

6 West region Reference category 

7 North region −0.0893 0.1613 

8 Central region −0.3350** 0.1503 

9 South region −0.0149 0.1393 

10 East region −0.1194 0.1505 

11 Year 1999 −0.0433 0.1170 

12 Year 2000 Reference category 

13 Year 2001 0.3437*** 0.0981 

14 Year 2002 0.4427*** 0.1303 

15 Year 2003 0.7312*** 0.1370 

16 Year 2004 0.7418*** 0.1483 

17 Year 2005 1.1315*** 0.1714 

18 Year 2006 1.0066*** 0.1536 

19 Year 2007 0.8931*** 0.1703 

20 Year 2008 0.9972*** 0.1779 

21 Year 2009 1.4540*** 0.1867 

22 Year 2010 1.4237*** 0.1981 

23 Year 2011 0.8385*** 0.1677 

24 Year 2012 0.2455 0.1544 

25 Year 2013 0.5478** 0.1592 

26 Year 2014 0.7491*** 0.1554 

27 Stations (dummy) 0.5835** 0.2006 

28 Constant −11.8602** 2.2853 

29 AIC 2418.9762 

30    

31 Outcome equation   

32 Ln (section length) 1.1028*** 0.1166 

33 Ln (cumulative tonnage density) 0.3532*** 0.0725 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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Table A.5. Sensitivity analysis: Cumulative tonnage density (cont.). 

Row  Coef. SE 

34 Outcome equation   

35 Ln (switch age) 0.0574 0.1892 

36 Ln (rail weight) −0.7956 1.1225 

37 West region Reference category 

38 North region −0.2186 0.2757 

39 Central region −0.8096** 0.2404 

40 South region −0.2834 0.2528 

41 East region −0.0366 0.2287 

42 Year 1999 0.7193** 0.3002 

43 Year 2000 Reference category 

44 Year 2001 −0.2893 0.3830 

45 Year 2002 0.4528 0.3488 

46 Year 2003 0.5430 0.3465 

47 Year 2004 0.6572* 0.3502 

48 Year 2005 0.8267** 0.3560 

49 Year 2006 0.2629 0.3374 

50 Year 2007 0.5574 0.3463 

51 Year 2008 −0.1425 0.3356 

52 Year 2009 0.1922 0.3347 

53 Year 2010 0.1483 0.3363 

54 Year 2011 −0.1780 0.3267 

55 Year 2012 −0.7264* 0.4114 

56 Year 2013 −0.3068 0.3570 

57 Year 2014 0.0841 0.3788 

58 Stations (dummy) 1.0607*** 0.2794 

59 Constant −1.4195 4.2296 

60 AIC 8349.6866 

61    

62 Elasticity  0.4504*** 0.0830 

63 Marginal cost 0.0345 0.0010 

***, **, * Significant at 1%, 5%, and 10%, respectively. 
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