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Abstract 

Transport investments and policies have increasingly shifted 

towards dealing with transport congestion rather than with 

shortening the potential free flow travel time. However, appraisal 

methodologies for congestion mitigation projects are relatively less 

well developed compared to methodologies for projects reducing 

free flow travel times. For instance, static assignment models are 

incapable of representing the build-up and dissipation of traffic 

queues, or capturing the experienced crowding caused by uneven 

on-board passenger loads. Despite the availability of dynamic 

traffic assignment, only few model systems have been developed 

for cost-benefit analysis of real applications. The six included 

papers present approaches and tools for analysing traffic and 

transit projects where congestion relief is the main target. We use 

these approaches to analyse the congestion charging system in 

Gothenburg and a new metro line as well as bus service measures 

in Stockholm. 

In the transit case studies, we use BusMezzo to analyse 

congestion and crowding effects and to conduct cost-benefit 

analyses. BusMezzo is an agent-based simulation model for 

analysing transit vehicle operations and individual traveller 

behaviour. An extension to the model introduces an iterative 

network loading, where travellers adapt to delays, crowding and 

information provision through a day-to-day learning process. 

Thereby the dynamic path choice model adopts travel time 

expectations which are consistent with experienced travel time in 

congested transit networks.  

In the case study of a metro extension in Stockholm, we 

demonstrate that congestion and crowding effects constitute more 

than a third of the total benefits and that a conventional static 

model underestimates these effects vastly. In another case study, 

we analyse various operational measures with BusMezzo and 

validate the results against observed data.  The findings indicate 

that the three main measures (boarding through all doors, 



 
 

headway-based holding and bus lanes) had an overall positive 

impact on service performance and that synergetic effects exist. 

For the congestion charging system in Gothenburg, we 

demonstrate that a hierarchal route choice model with a 

continuous value of time distribution gives realistic predictions of 

route choice effects although the assignment is static. The 

predicted reduction of traffic volume across the Gothenburg 

congestion charge cordon in the peak, 11%, turned out to be an 

accurate estimate of the observed reduction, 12%. The reduction in 

the off-peak, however, was overpredicted, as it was also in the 

Stockholm case. We use the model to show that the net social 

benefit of the charging system in Gothenburg is positive. However, 

we also show that the system is regressive, (i.e., that low income 

groups pay a larger share of their income than high income 

groups). 

To analyse congestion charges in Stockholm however, 

integration of dynamic traffic assignment with the demand model 

is necessary, and we demonstrate that this is fully possible. In the 

performed tests we show that both tested models, Visum DUE and 

Transmodeler, were in reasonable agreement with observed traffic 

counts and travel times even without systematic calibration. The 

presented experiments did not reveal any striking difference 

between using a macroscopic and a microscopic assignment 

package.  

Hence, failure to represent dynamic congestion effects may lead 

to substantial underestimation of the benefits of projects primarily 

designed to relieve congestion rather than reduce travel times. 

Models able to correctly predict these effects highlight the 

surprisingly large travel time savings of pricing policies and small 

operational measures. These measures are cheap compared to 

investments in new infrastructure and their implementation can 

therefore lead to large societal gains.  



 
 

Sammanfattning 

Investeringar och åtgärdsprogram inom transportområdet handlar 

allt oftare om att råda bot på trängsel snarare än att minska 

potentiella friflödesrestider. Utvärderingsmetoder för projekt som 

syftar till att minska trängsel är dock mindre utvecklade än 

metoder för projekt som syftar till att minska friflödesrestider. 

Statiska nätutläggningsmodeller är till exempel inte lämpade för 

att representera uppbyggnad och avveckling av köer eller för att 

fånga upplevd trängsel orsakad av ojämn belastning på 

kollektivtrafikfordon. Trots förekomsten av dynamisk 

trafikutläggning finns det endast ett fåtal modellsystem utvecklade 

för att beräkna samhällsnyttor i verkliga tillämpningar. Den här 

avhandlingens sex artiklar presenterar verktyg för att analysera 

trafikprojekt där trängselavlastning är huvudsyftet. Vi använder 

dessa verktyg för att analysera trängselskattesystemet i Göteborg, 

ny tunnelbana till Nacka samt busstrafikåtgärder i Stockholm. 

I analyserna av kollektivtrafik använder vi BusMezzo för att 

analysera trängseleffekter och göra nyttokalkyler. BusMezzo är en 

agentbaserad simuleringsmodell för att analysera kollektivtrafik 

och resenärers beteende. En utökning av modellen möjliggör nu 

iterativ nätutläggning, där resenärerna anpassar sig till 

fördröjningar, trängsel och tillgång till information. Därmed 

tillämpar den dynamiska vägvalsmodellen restidsförväntningar 

som är konsistenta med upplevda restider i belastade 

kollektivtrafiknät. 

I en fallstudie av blå tunnelbanelinjes förlängning till Nacka 

använder vi BusMezzo för att visa att trängseleffekter utgör mer än 

en tredjedel av de totala nyttorna och att dessa effekter är kraftigt 

underskattade i en konventionell statisk modell. I en annan 

fallstudie analyserar vi effekter av olika operationella åtgärder med 

BusMezzo och validerar resultaten mot observerade data. 

Resultaten tyder på att alla tre testade åtgärder i en fallstudie 

(ombordstigning i alla dörrar, turtäthetsbaserad reglering och 



 
 

busskörfält) hade en positiv inverkan på servicenivån och att det 

förekommer synergieffekter dem emellan. 

För trängselskattesystemet i Göteborg visar vi att en hierarkisk 

ruttvalsmodell med kontinuerlig tidsvärdesfördelning ger 

realistiska förutsägelser av ruttvalseffekterna. Den predikterade 

trafikflödesminskningen på 11 % över trängselskattesnittet i 

Göteborg visade sig stämma väl överens med den observerade 

minskningen på 12 %. Minskningen under lågtrafik visade sig dock 

vara överskattad, precis som i Stockholmsfallet. Vi använder 

modellen och visar att Göteborgs trängselskattesystem ger en klar 

samhällsnytta, men att det är regressivt (d.v.s. att 

låginkomsttagare betalar mer än höginkomsttagare i förhållande 

till sin inkomst). 

För att analysera trängseleffekter i Stockholm är det nödvändigt 

och fullt möjligt att integrera en dynamisk trafikmodell med 

efterfrågemodellen. I en av studierna i avhandlingen utfördes 

tester som visade att båda de testade modellerna, Visum DUE och 

Transmodeler, hade problem med att återskapa korrekta flöden på 

Essingeleden under morgonens maxtimme, men i övrigt gav god 

överensstämmelse. De första resultaten visar att även utan 

systematisk kalibrering är modellresultaten i paritet med 

observerade trafikflöden och restider. Experimentresultaten tyder 

inte på någon slående skillnad mellan att använda makroskopisk 

eller mikroskopisk nätutläggning. 

Att inte modellera dynamiska trängseleffekter kan alltså leda till 

påtagbar underskattning av nyttorna i projekt som primärt handlar 

om trängsellättnad snarare än restidsförkortning. Modeller som 

korrekt återger dessa effekter lyfter fram den förvånansvärt stora 

nyttan som prissättning och små operationella åtgärder kan bära 

med sig. Dessa åtgärder är oftast relativt billiga jämfört med 

investeringar i ny transportinfrastruktur och stora sociala nyttor 

kan därför åstadkommas.  
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Introduction 

For a long time, the growth of cities went hand in hand with the 

invention of faster modes of transport, which gradually made 

longer commuting distances possible. However, at present the 

delimiter of city growth is rarely vehicle top speed. As cities grow 

and sprawl, traffic congestion effectively and inevitably lowers the 

travel speed and comfort. Hence, nowadays transport investments 

and policies have increasingly shifted towards combatting 

transport congestion rather than shortening free flow travel time. 

However, compared to appraisal methodologies for projects aimed 

to reduce travel times, methodologies for congestion mitigation 

projects are less developed. 

Static equilibrium assignment models with level-of-service 

feedback integrated in four-stage travel demand models have 

dominated urban and regional forecasts for many years (Vovsha et 

al. 2004, Wegener 2004). Misspecification of dynamic congestion 

(Verhoef 1999) and coarse aggregation of travel demand (Ben-

Akiva and Bowman 1998) have until recently hindered the 

investigation and evaluation of congestion mitigating measures 

such as congestion charges and transit capacity expansions. 

In, for instance, the analysis of a time-dependent congestion 

charging scheme (such as the ones implemented in Stockholm and 

Gothenburg), the modelling of peak-hour and off-peak traffic both 

pose their own difficulties; peak-hour modelling must be focused 

on sufficiently capturing network congestion effects while the 

difficulties in off-peak modelling mainly lie in predicting demand 

for trips other than work trips. In Gothenburg the network 

congestion effects could be represented in the static assignment 

model. For predicting the build-up and dissipation of queues 

around the toll cordon in Stockholm during rush hour, a static 

traffic assignment model was however inadequate (Engelson and 

van Amelsfort 2011). Despite the availability of dynamic traffic 

assignment (DTA) and fairly concrete ideas of how the demand 
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model integration could take place (Flötteröd and Bierlaire 

2012, Nagel and Flötteröd 2012), model systems linking 

demand and supply developed for real applications are few. 

The counterpart to car congestion in transit is an array of weak 

system constraints, ranging from a lack of available seats on-board 

the bus to track capacity problems. For simplification, strategic 

transit analyses often ignore explicit capacity constraints and 

discomfort factors and use travel time metrics expressed in terms 

of average performance measures (obtained from static transport 

assignment models) as input for cost-benefit analysis 

(Prud’homme et al. 2012, Kroes et al. 2013, Pel et al. 2014). Long-

term planning decisions thus overlook the impact of capacity 

increases on the distribution of passengers over different vehicles 

and hence their implications on experienced crowding. 

In the context of car traffic, simulation models have evolved as 

the primary tool for evaluation at the operational level. Transit 

simulations may serve several interests (Meignan et al. 2007): 

observation of network dynamics and design, evaluation and 

control of dynamic processes, and evaluation of network 

performance under alternative designs. Transit simulation models 

may be instrumental in testing the implications of various 

operational measures prior to their implementation. Most of the 

previous transit simulation studies extended the capabilities of 

traffic simulation models without representation of transit 

operations for specific applications (Abdelghany et al. 2006, Ding 

et al. 2001, Chang et al. 2003, and Cortes et al. 2005). This 

prohibits the analysis of measures that may extend beyond a single 

segment or influence other lines. 

Thesis objectives 

In this thesis, the objective is to model the transport system in 

such a detailed way that the full magnitude and distribution of 

travel time and travel comfort changes is captured when analysing 

operational or structural improvement measures. At the same 

time, the model system needs to be simple and comprehensive 



17 

 

enough to allow consistent cost-benefit analyses for large 

networks. Through this thesis, this is achieved using different 

modelling approaches, each balancing between detail and 

comprehensibility for different cases.  

In the Gothenburg congestion charges case, a standard static 

equilibrium assignment model is used, but modified to consider 

the intricate route choice options implied by the congestion 

charges. In Stockholm, where congestion is more severe, dynamic 

traffic assignment is applied. For the studies of transit measures, 

the simulation model BusMezzo is enhanced and used in the 

application cases. 

Concepts 

Cost-benefit analysis 

Social cost-benefit analysis (CBA) is a commonly used method to 

analyse suggested transport investments, where future benefits 

and costs stemming from the investment are predicted relative to a 

reference scenario where the investment has not taken place. The 

sum of these benefits and costs can then be compared to the 

estimated investment cost. If we accept the general principle that 

the aim of public policy is to weigh social benefits against social 

costs, a crucial question is how benefits of different kinds should 

be weighed against each other (e.g., the monetary value of time, 

described in the next subsection). Social benefits (gains) can for 

instance be reduced travel times or reduced emissions or traffic 

accidents. Social costs (losses) include monetary costs, but also 

increased emissions or accidents. The prediction of benefits and 

costs come from a transport model, which models traveller 

behaviour effects and the feedback effects of the transport system. 

The simplest possible prediction model is the combination of an 

elasticity function, which predicts the demand increase caused by a 

travel time decrease on a given link, and a volume-delay function, 

which predicts the travel time increase caused by a demand 
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increase on the same link. The gain of the new users is then 

estimated with the rule-of-a-half. This type of prediction however 

ignores any side effects that the investment could have, for 

example that a demand shift from other links can lead to shorter 

travel times on these links as well. Such effects can be substantial 

(Neuburger 1971). A more common approach is therefore to take 

the travel time changes in the whole transport network into 

account in the analysis, but still use the rule-of-a-half for entirely 

new travellers and hence ignore effects on for instance other 

transport modes. 

CBA has been used to evaluate not only the construction of new 

transport infrastructure, but also for analysing for example 

suggested congestion charging systems, both for real cities and 

hypothetical systems (Verhoef and Small 2004). In the case of 

congestion charges, the investment cost is normally small 

compared to the yearly gains and losses. However, due to often 

substantial operating costs and losses for evicted drivers, the yearly 

net benefit is not necessarily positive in a real congestion charging 

system (Prud’homme and Bocarejo 2005). 

Less common than conducting a CBA for suggested future 

investments, but equally interesting from a research point of view, 

is to conduct CBA for already made transport investments. This 

allows us to evaluate what the true outcome of the investment was. 

In the case of congestion charges it also allows us to halt the 

operation if the system turns out to be non-beneficial for society. 

A large share of the gains arising from congestion charging 

systems and other transport investments is usually travel time 

gains. In a CBA, travel time should always be measured from the 

origin to the destination, regardless of the route chosen. This 

means that if the route choice changes due to a change in the 

transport system, the travel time gain for the traveller will be the 

difference in travel time between the old route and the new route. 

Hypothetically, we could calculate link-based travel time gains 

and include all route choice effects in the rule-of-a-half. However, 

as mentioned can a travel time change on one link affect the 
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demand and travel time on other links substantially, so this 

calculation method could lead to large errors. In some rare cases 

though, such as a congestion charging system that is implemented 

on all possible routes from the origin to the destination, we can 

argue that no route choice effects exist. 

However, we are normally not able to measure all possible 

origin-destination travel times, but only selected link travel times. 

This means that even for an already implemented change, we often 

rely on transport models for calculating the gains and losses. Two 

main problems relate to using models; firstly the model-computed 

travel time gains might not be accurate because of complicated 

relationships between volume and delay (e.g., spillback 

congestion) and secondly the time-dependency of the effects might 

not be fully captured in the model, including short-lived peak-hour 

effects as well as shifted departure times. 

Value of time 

It is important to be able to translate travel time into money in 

order to prioritize among candidate transport investment projects 

through CBA (Oort 1969). This is complicated by the fact that 

travel time is not directly sold or bought on any market. 

The value of travel time (VTT) is essential in both prediction 

and evaluation. VTT, which in transit modelling is closely 

connected to the value of comfort and crowding, is a key 

determinant in destination choice, route choice and the choice 

whether to board a full bus or wait for the next one (Li and 

Hensher 2011). The VTT applied in traffic route choice is crucial 

for predicting the effect of congestion charges, including revenues, 

but has still received surprisingly little attention in the literature, 

possibly due to the few congestion charging systems implemented 

around the world. 

In reality, VTT varies with socioeconomic factors and trip 

characteristics (e.g., trip purpose and trip comfort). The VTT is the 

sum of the opportunity cost of time and the direct (marginal) 

disutility of spending time in a particular situation relative to some 
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reference situation. The opportunity cost of time will be equal in all 

situations for a given individual, assuming that individuals allocate 

their time optimally across potential activities. The direct disutility, 

however, will depend on characteristics of the specific situation, 

such as the comfort level and possibilities to use the time 

productively. The direct disutility of waiting time on a platform will 

usually be higher than that of travel time in the vehicle; crowding 

will increase the direct disutility of time spent both in vehicles and 

on platforms. 

Valuing unreliable travel times is more complicated. 

Unreliability causes disutility since travellers need to adjust their 

departure time to accommodate the risk of being late. The 

theoretical basis for valuing travel time variability can be found in 

Fosgerau and Karlström (2010) and Fosgerau and Engelson 

(2011). The basic idea is that travellers have time-varying marginal 

utilities of being at different locations, and choose their departure 

time to travel from one location to the next in order to maximize 

total utility. If travel times were perfectly predictable, travellers 

would choose departure times so that marginal utilities at the 

origin and destination were equal; but if travel times are uncertain, 

the choice of departure time needs to take this into account. With 

an optimally chosen departure time travellers will usually arrive a 

little early, but occasionally arrive late. The total disutility of these 

late and early arrivals, compared to the ideal arrival time, is the 

disutility of travel time variability. However, travellers seem to 

value travel time variability as a disutility in itself, over and above 

what can be derived from the valuations of early and late arrivals 

(Börjesson et al. 2012). 

Furthermore, empirical evidence indicates that VTT depends on 

the size and sign of the travel time change compared to a reference 

situation (Daly et al. 2011). Travellers may for instance overlook 

very small travel time savings or value increased travel time higher 

than decreased travel time (i.e., loss aversion). One strong 

argument for using a single VTT is however that the limitation of 

the evaluated project and the corresponding reference situation is 
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arbitrary in the long run where no reference situation exists. Many 

small projects could be bundled together to achieve considerable 

travel time savings. 

A common method to estimate VTT is to apply a logit model on 

stated preference (SP) survey data (Börjesson and Eliasson 2014). 

Recent advances in estimation techniques (e.g., Fosgerau 2007) 

have enhanced the possibilities to capture the full distribution of 

VTT. However, translating the hypothetical choices in an SP study 

to a reasonable VTT involve several difficulties, such as reference 

dependence and hypothetical bias. 

Assigning different VTT to different traveller groups and 

transport modes is sometimes controversial, even if the purpose 

would be merely to make a better representation of reality. Many 

authors (e.g., Mackie et al. 2001) argue that the effect of income 

differences on VTT should be removed. As different transport 

modes attract different socio-economic groups, using mode 

specific VTT also needs to be carefully motivated. However, 

according to Börjesson and Eliasson (2014), the impact of income 

on the difference in VTT across travel modes, purposes and trip 

lengths is small compared to other variables. 

Congestion and crowding in transit 

In research on car traffic, the term congestion is rather well 

defined. According to Wikipedia, “traffic congestion is a condition 

on road networks that occurs as use increases, and is characterized 

by slower speeds, longer trip times, and increased vehicular 

queuing.” The concept of car congestion has been studied 

extensively and is possible to express in rather simple equations 

(e.g., volume-delay functions, speed-density curves) or in agent- 

based simulation models. 

In research and debate on transit however, there are several 

aspects of crowding and congestion related problems that can be 

brought up: 

1. Crowding in the vehicles increases the value of time of 

passengers and hence their generalized travel cost (i.e., it is 
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less convenient to travel when the vehicle is full and the 

passengers might need to stand). 

2. If a vehicle gets full, some passengers will be denied 

boarding and have to wait for the next vehicle. This 

effectively increases waiting times. Waiting due to denied 

boarding imposes a higher disutility per minute for 

passengers than normal waiting times since they are 

unpredictable, and moreover cannot be partly spent at 

home (or similar) as normal waiting times can. 

3. Boarding takes time, so high demand tends to cause 

“bunching” of vehicles when long boarding times cause 

some vehicles to fall behind their schedule and other 

vehicles to catch up. This is a vicious circle: when a vehicle 

falls behind schedule, the number of passengers waiting to 

board that vehicle on the next stop will be even higher, 

causing it to fall even further behind. Conversely, when a 

vehicle begins to catch up the vehicle before it, fewer 

passengers will be waiting to board at the next stop, 

possibly causing it to catch up even further. This increases 

average waiting times since vehicles are not evenly spaced, 

increases average crowding since passengers are not evenly 

distributed across vehicles, and decreases reliability since 

vehicles cannot keep their schedule. 

4. Boarding and alighting time increases as the vehicle 

becomes more crowded. This could truly be described as 

congestion. 

5. If the bus lane or track segment gets full, the transit 

vehicles will cause delays to each other, just like car traffic 

congestion. 

6. Car traffic congestion can cause delays in transit if it is not 

entirely separated from car traffic. 

7. Crowding and congestion can occur at stops and transfer 

nodes, causing both discomfort and actual delays. 

The seminal paper on transit modelling by Spiess and Florian 

(1989) intentionally uses the term “congestion” to mean anything 
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caused by increased travel demand that would make the service 

less attractive to the travellers, mentioning on-board crowding as 

an example and longer vehicle travel time as another. This is a 

natural convention considering that their model is a network flow 

model and hence lacks an explicit representation of travellers or 

vehicles. In this context, the term congestion is borrowed directly 

from literature on car congestion modelling, which was already 

quite mature then. 

Subsequently it seems that this convention spread in the transit 

modelling society, which more and more started to use the word 

congestion as synonym for crowding. As an example, Kroes et al. 

(2013) in the background to their research topic state that “the 

reduction in congestion levels can also be forecasted by more 

advanced traffic models”. It is difficult to say what the word 

congestion refers to in this sentence, but the following paragraphs 

as well as the title of the paper (“The value of crowding on public 

transport in Île-de-France”) reveal the meaning. Nuzzolo et al. 

(2012) states that “in the context of transit networks, congestion 

usually refers to the decrease in on-board comfort as the on-board 

load increases up to a maximum threshold (vehicle capacity), after 

which users are not allowed to board (oversaturation) and have to 

wait for next arriving vehicle.” Their paper omits the word 

crowding completely. However, native English speaking authors 

generally prefer using the word crowding over the more ambiguous 

congestion. 

In this thesis, congestion in transit refers to phenomena related 

to increased demand which results in decreased service 

performance, including both high densities of passengers and of 

vehicles. Crowding refers to the decrease in on-board comfort as 

the on-board load increases. 

Congestion charges 

Congestion charging (or congestion pricing) refers to the (possibly 

time-of-day dependent) pricing of road space, with the aim of 

charging the users for the negative externalities that they generate 
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in terms of congestion. To relieve traffic congestion within a city 

centre the fee can be a cordon-based toll paid by car drivers to 

enter or leave the area. 

Dynamic traffic assignment 

Static assignment models distribute OD (origin-destination) flows 

over routes in the network for an analysis period assuming a 

volume-delay function for each link. The drivers are assumed to 

choose the cheapest route where the cost of the route is a 

combination of travel time and monetary cost. Representation of 

travel time in static models suggests a  uniquely defined 

relationship between volume (demand for trips through the road 

link) and travel time on the link (i.e., a separable volume-delay 

function). In real world situations with congestion, the existence of 

such a separable relationship is implausible because travel time for 

a given demand depends on the volume on other links and at the 

time proceeding the analysis period. Therefore the calculation of 

travel time based on separable volume-delay functions is 

misleading in such situations. 

Even if the volume-delay functions and the demand matrices 

can be calibrated so that the static assignment results in plausible 

traffic volumes and travel times in a baseline situation, the change 

in travel times due to changes in travel demand will usually be 

underestimated in a static model because the positive and non-

linear (convex) relationships to other links and periods are not 

taken into account. Truly dynamic traffic assignment (DTA) 

models, on the other hand, capture the spatio-temporal dynamics 

of vehicles, vehicle packages or vehicle flows. This typically implies 

a temporal model resolution in the order of seconds, and a spatial 

resolution in the order of vehicle lengths. 

Approximately dynamic (semi-dynamic) models typically 

replace exact spatio-temporal vehicle dynamics by loosely coupled 

assignments per time slice. They allow for a coarser time resolution 

than truly dynamic models. Due to the coarser representation of 

traffic dynamics, the usage of semi-dynamic models might be 
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easier. In particular, the semi-dynamic models typically require 

fewer parameters, less calibration effort and shorter calculation 

times. However, the semi-dynamic models suffer from 

inconsistencies that result from their inherent approximations; 

they capture queue build-up and dissipation processes inexactly 

and the representation of trips that span multiple time periods is 

problematic.  

In a view of model systems used in strategic planning and cost-

benefit analysis, the possible coupling with demand models is an 

important criterion for the choice of representation of traffic 

dynamics. Given that a major concern in the coupling is the 

maintenance of consistent data associations (e.g. between persons, 

trips, and cars), a truly dynamic model is highly preferable over an 

approximation thereof. Any approximation of the dynamics in the 

network loading procedure is likely to lead to a further degradation 

of the representable data associations. Also, recent algorithmic and 

computational advances (event-based simulation, multi-threaded 

simulation) render the truly dynamic simulation even of large 

metropolitan regions feasible.  

Currently, no models in planning practice consistently 

incorporate travel demand modelling with truly dynamic 

assignment models. The main obstacle is the requirement of 

detailed calibration of the behaviour at specific road links and 

intersections. Truly dynamic models tend to be very sensitive to 

details that are not possible to input as they are today and to keep 

in a future scenario. Indeed many intersections need to and will 

change in future scenarios. 

Literature review 

Evaluation and CBA of congestion charges 

Systematic ex-post evaluations of transport model predictions 

include the studies by Hartgen (2013), Nicolaisen and Driscoll 

(2014), and van Wee (2007). Næss et al. (2006), Li and Hensher 
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(2010), Bain (2009 and 2011), Welde and Odeck (2011) and Welde 

(2011) have evaluated the predictions of traffic volume on toll 

roads. Leape (2006) performed an ex-post analysis of the model 

predictions of the congestion charging system in London. 

Many studies examine welfare effects of congestion charges, but 

most of these are theoretical (Arnott, De Palma and Lindsey 1994, 

Evans 1992, Glazer and Niskanen 2000, and Verhoef and Small 

2004). Only a few studies explore the welfare of real-world 

examples; Danielis et al. (2012) and Gibson & Carnovale (2015) 

evaluated Milan’s Ecopass system, while Eliasson (2009), and 

Börjesson and Kristoffersson (2014) calculate benefits and cost of 

the congestion charges in Stockholm. TfL (Santos and Shaffer, 

2004) and Prud’homme and Bocarejo (2005) present different cost 

benefit analyses of the London congestion charges. 

DTA in transport modelling 

The traditional four-stage process in urban transportation 

modelling struggles with issues such as time-dependent effects, 

individual decision-making and spatial effects at the micro scale 

(Vovsha et al. 2004). An alternative is to use activity-based 

demand models (e.g., Bhat et al. 2004, Jonnalagadda et al. 2001), 

which typically produce time-dependent OD matrices, which are 

then fed to a route assignment package. The assignment package 

computes (static or dynamic) route equilibrium and feeds the 

result back as travel impedances (Lin et al. 2008). Recent 

international research efforts reflect a trend of adding the route 

choice to the demand model, which leaves the network loading as 

the sole non-behavioural model component (Nagel and Flötteröd 

2012). 

Model systems combining four-stage or activity-based demand 

models with DTA have increased in popularity in recent years; 

examples are the macroscopic model systems of Lin et al. (2008) 

and Zockaie et al. (2015), the MATSim approaches of Hao et al. 

(2010) and Bekhor et al. (2011), and the microscopic models 

proposed by Auld et al. (2016) and Pendyala et al. (2012). One of 
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the most extensive projects seems to be SHRP 2 C10, relying on 

DAYSIM ABM (National Research Council et al. 2014). 

Transit assignment and travel time calculations 

Many earlier transit assignment models have taken congestion and 

crowding into account in different ways. Spiess and Florian (1989), 

Lam et al. (1999) and Hamdouch et al. (2011) developed models 

penalizing congested links by letting travel times be an increasing 

function of the flow-capacity ratio. De Cea and Fernández (1993), 

and Cominetti and Correa (2011), on the other hand, considered 

the congestion effect in transit assignment by computing the 

effective frequency (i.e., letting waiting time increase as a function 

of flow saturation), hence shifting the travel impedance from links 

to nodes. Nuzzolo et al. (2001) and Cepeda et al. (2006) introduced 

vanishing effective frequencies for exceeding the total capacity in 

schedule- and frequency-based assignment models, respectively.  

Schmöcker et al. (2008) developed a quasi-dynamic frequency-

based model where the share of passengers that exceeds the 

residual capacity in the respective time period is transferred to the 

next period. Poon et al. (2004) and Hamdouch and 

Lawphongpanich (2008) adopted this approach in schedule-based 

models where capacity constraints are satisfied at the individual 

vehicle level by introducing new arcs between successive vehicle 

trips. Trozzi et al. (2013) modelled impact of denied boarding by 

introducing a bottleneck queue model for deriving the excess 

queuing time. Sumalee et al. (2009), Schmöcker et al. (2011), and 

Leurent et al. (2014) introduced fail-to-sit probabilities to satisfy 

in-vehicle seat priorities and the seat capacity constraint. 

Szeto et al. (2013) modelled both waiting time and in-vehicle 

times as random variables depending on the effective frequency. 

Similarly, Leurent et al. (2014) calculated delay as a function of 

line irregularity. Hamdouch et al. (2014) extended the schedule-

based TAM presented in Hamdouch and Lawphongpanich (2008) 

by introducing covariance of travel time between links in the 

space-time diagram. However, none of these studies captures the 
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dynamic interaction between service uncertainty and passenger 

flows. Furthermore, previous studies that evaluated the impact of 

congestion (Prud’homme et al. 2012, Pel et al. 2014) were limited 

to consider crowding as the ratio between average demand and 

average supply (e.g., number of seats). 

Abdelghany et al. (2006), Ding et al. (2001), Chang et al. 

(2003), and Cortes et al. (2005) adjusted traffic simulation models 

by extending their capabilities for specific transit operations 

applications. Fernandez (2010) developed a stop design and 

performance simulation model where the operations of the 

immediate stop area under different vehicle and passenger arrival 

patterns are analysed. Recently, agent-based models such as 

MATSim (Balmer et al. 2008) and MILATRAS (Wahba and 

Shalaby 2014) have increased in popularity for large-scale 

transport applications and have introduced learning mechanisms 

and uncertainty in the transit assignment. 

Contributions of the thesis 

I. A dynamic stochastic model for evaluating congestion and 

crowding effects in transit systems 

Crowding effects constitute a large part of the benefits in a typical 

metro rail project and these effects are not possible to fully capture 

in a static assignment model. This study develops a method to 

capture the benefits of increased capacity by using a dynamic and 

stochastic transit assignment model to represent the evolution of 

network reliability and on-board crowding. The paper shows, 

through a case study of a metro extension in Stockholm, that 

congestion and crowding effects constitute more than a third of the 

total benefits and that these effects are excessively underestimated 

by a conventional static model. More specifically, accounting for 

the dynamic congestion effects adds 60% to the benefits of a 

conventional static model which essentially only captures travel 
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time savings. Using crowding factors to adjust the travel time in 

the static model in the case study only adds 3% to the benefit. 

II. Modelling transit user adaptation and learning 

Our model represents individual traveller strategies in varying and 

uncertain environments by modelling how travellers adapt their 

choices during the trip based on day-to-day learning. Through 

iterative network loading, we attain consistency between expected 

and experienced travel time and VTT in an agent-based stochastic 

simulation framework. We link the iterative network loading to the 

agents’ behavioural day-to-day learning processes and the learning 

agents consider different sources of information and update their 

credibility from day to day. The model can be used for studying 

how reliability, congestion, crowding and information provision on 

frequent transit services effect path choice, passenger loads and 

travel times. We demonstrate that the model can simulate traveller 

adaptation and learning for a real-size urban transit network. 

III. Evaluating transit service improvement strategies - priority 

lanes, boarding and control 

Effects of various bus operational measures can be analysed with 

BusMezzo and the results have been validated against observed 

data. Our findings indicate that three tested measures (boarding 

through all doors, headway-based holding and bus lanes) all had a 

positive impact on service performance. They were however 

subject to negative synergy effects, such that their combined effect 

was smaller than the sum of their marginal contributions. The 

exception was headway-based holding which exercised positive 

synergy effects with the two other measures. It is therefore 

advisable to simulate alternative packages of measures prior to 

their implementation to assess their impacts and refine their 

design. 

IV. Accuracy of the Gothenburg congestion charges forecast 

For the congestion charging system in Gothenburg, we 

demonstrate that a hierarchal route choice model with a 
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continuous value of time distribution gives accurate predictions of 

route choice effects. The topology of the transport network in 

Gothenburg implies a large number of OD-relations where the 

driver has the choice between a faster charged route and an 

uncharged but slower route. Due to this, the predicted route choice 

is highly sensitive to the VTT assumed in traffic assignment. 

Moreover, a special multi-passage rule applies in Gothenburg, 

introducing a non-additive component into the route choice utility 

function. Nevertheless, we found high accuracy of the predicted 

reduction of traffic volume across the cordon in the peak, 11% 

compared to the observed 12%. The reduction in the off-peak, 

however, was overpredicted, as it was also in the Stockholm case. 

The lower accuracy of the off-peak predictions seems to be driven 

by the different and possibly more diversified adaptation strategies 

applied to discretionary trips, whereas virtually all commuters 

priced off the road switched to transit. 

V. The Gothenburg Congestion charges: CBA and equity 

The congestion charge scheme in Gothenburg is socially beneficial, 

generating a net surplus of €20 million per year. The investment 

cost is from a social surplus perspective repaid in less than four 

years. However, the redistributed sums are substantially larger 

than the net benefit and the congestion charge is regressive, for 

several reasons. First, even low income individuals are highly car 

dependent in Gothenburg, due to the relatively low transit share 

(26% in the charged relations). Second, workers in the highest 

income class have considerably higher access to company cars, and 

are therefore either exempt from paying the charge, or can deduce 

the charge from their income tax (which implies approximately a 

70% discount). Third, high income individuals have higher values 

of time. Except for individuals in the highest income class the 

average consumer surplus is negative for all individuals.  Since 

most residents of Gothenburg suffer a net loss from the charges, 

and because of the negative distributional effects, the spending of 

the revenue is important. However, the revenue is spent mainly on 
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a rail tunnel which primarily gives benefits to commuters from 

surrounding regions. This is potentially the main reason behind 

the negative public opinion in Gothenburg. 

VI. Integration of dynamic traffic assignment with a travel 

demand model for the Stockholm region 

To make better forecasts of travel time gains in Stockholm (e.g., to 

analyse congestion charges) it is necessary, yet fully possible to 

integrate DTA with the regional transport demand model. Results 

from the integration show that even without systematic calibration 

the DTA is in reasonable agreement with observed traffic counts 

and travel times. However, in the performed tests we could see that 

the two models that we tested (Visum DUE and Transmodeler) had 

problems replicating the flow on the main bypass early in the 

morning. A likely explanation is that we have used the same 

departure time profile for all origin-destination-pairs. 

Traditionally, DTA have been used with fixed demand, which is not 

a problem for analysing minor and local policy interventions, or for 

designing local traffic facilities. Our ambition, however, is to be 

able to use DTA tools for evaluation of more strategic policies, 

where demand effects are not only expected but intended. In such 

cases we cannot rely on fixed demand estimated to replicate flows, 

we need a demand model. Furthermore, in some cases, such as 

time-differentiated congestion pricing, departure time choices are 

important. The presented experiments did not reveal a striking 

difference between using a macroscopic and a microscopic 

assignment package. A potential disadvantage in using a 

simulation model is the necessity to perform several replications of 

the simulation for making a statistically sound comparison 

between alternatives. This still presents a challenge due to 

extensive computing time. However, given the clear trend to 

microscopic modelling and simulation on the travel demand side, 

the use of a micro-simulation-based DTA package appears more 

natural from a system integration perspective. 
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Discussion 

Throughout this thesis, the focus is on modelling the transport 

system in such detail that the full magnitude and distribution of 

travel time and travel comfort changes are captured when 

analysing operational or structural improvement measures. What 

is new in this work is the use of advanced methods in practice, 

where most other studies stay at a highly exploratory level, with 

simple networks and hypothetical cases. In this work, all cases are 

full-scale real-life demonstrations with the modelling approach 

adequate for the problem.  

This work generally relies on theory developed previously by 

others. In project appraisal, analytical transport models are 

standard since several decades and utility functions including 

value of time for different user classes and transport modes are 

usually key features in these. Using a continuous value of time 

distribution in a route choice model and in CBA is more ambitious 

than the state of practice, but the theory behind it is relatively 

simple. This work does not include any new parameter 

estimations. 

Traffic simulation models have also existed for a long time. 

Until recently though, the usage of micro simulation has been 

constrained mainly by computer power, but this constraint is now 

rapidly becoming less important. Analytical models (i.e., more 

abstract representations of the transport system) usually rely on 

rather bold assumptions and theories about variable dependencies, 

often expressed in complicated formulas. The concept of agent-

based simulation, on the other hand, is rather simple and 

straightforward, at least in theory. A pure micro simulation traffic 

model lacks complicated formulas, even if the algorithms can be 

rather incomprehensible at first look. Still, the programming and 

calibration effort of good micro simulation models is a serious 

hindrance to their further usage. In practice, many promising 

attempts have halted in their early developing stages due to lack of 

resources or devotion. 
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The cases studied in this work are all in Swedish context. A 

Swedish standard for how congestion charges are implemented has 

been set by the Stockholm and Gothenburg systems and other 

systems might be designed differently. However, the finding that 

the transport forecasts are accurate is reassuring, also for 

evaluating other types of systems.  

Congestion and crowding problems experienced in Swedish 

cities are mild compared to the congestion and crowding in larger 

cities in the world. Still, the Swedish examples in this work can be 

regarded as good examples of how state of the art and state of the 

practice can be brought closer to each other when it comes to 

modelling and evaluating effects of capacity improvement and 

congestion and crowding mitigation. 

The simulation models that we have used in the case studies, 

namely BusMezzo and TransModeler, both have their strengths 

and weaknesses. They should not be regarded as ultimate solutions 

to any problem, but as fine examples of fairly advanced micro 

simulation models that have the crucial property that they can be 

scaled to large applications and handle route choice. Further 

validation of the models used will help increase the confidence in 

the results attainted. 

As congestion and crowding problems grow, they tend to spread 

outside peak hour and to a larger extent involve also other 

travellers than commuters. Therefore, a complete model 

framework should include departure time choice and better 

modelling of the heterogeneity of travellers. The detailed modelling 

of transport supply and route choice showcased in this thesis give 

important building material for such a model framework. 

Conclusions 

Failure to represent dynamic congestion and distribution effects 

may lead to substantial underestimation of the benefits of projects 

primarily designed to relieve congestion and crowding. Such 
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projects include congestion charges, the construction of high-

capacity transit, redesigning transit service capacity and increased 

service frequency.  

Models able to accurately predict these effects highlight the 

surprisingly large impact that pricing policies and small 

operational measures may have on travel times and crowding. Our 

bus line case study showed that measures such as priority lanes, 

headway control and faster boarding can offer large gains to the 

passengers. The net social benefit of the Gothenburg congestion 

charge is positive, but we also show that low income citizens pay a 

larger share of their income. The Stockholm congestion charges 

case showed that in highly congested road networks a dynamic 

simulation model is necessary for capturing the full benefit of 

congestion charges. 

These types of measures are cheap compared to investments in 

new infrastructure and their implementation can therefore lead to 

large societal gains. However, evaluating such gains requires 

advanced modelling of transport demand and supply interaction. 
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