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Abstract 

This Master thesis develops and applies a replicable framework to measure combined 

aʡordability, housing and transport, at metropolitan scale. First, heterogeneous data are 

harmonized to a common zoning system. Then, multimodal transportation costs and 

time costs in terms of value of time (VoT) are estimated and related to housing 

expenditures. Finally, the Combined Housing and Transport Aʡordability Index 

(CHTAI) is computed. Unlike the traditional unitary housing metrics, the framework 

reveals the true ýnancial burden on households and provides an operational basis, via 

OD-based mobility metrics and survey inputs, to diagnose social and spatial disparities 

across the territory in terms of aʡordability.  

Applied to the êrea Metropolitana de Barcelona (AMB), the methodology uncovers a 

structural core-to-periphery imbalance. Barcelona, the metropolitan core, as well as near 

zones exhibit high public transport use supported by a denser, more connected public 

transport network, yield lower transport burden. Outer zones show the mirror pattern, 

namely lower public transport shares, higher private-vehicle dependence and higher 

motorization, which raise transport costs.  

Yet the trade-oʡ comes when analyzing Housing aʡordability (HAI) vs Transportation 

aʡordability (TAI). A quadrant classiýcation using above/below the metropolitan means 

of HAI and TAI makes this explicit: over ʷʯ% of the analyzed zones fall into the two 

compensating regimes (HAI below average - TAI above average or HAI above average - 

TAI below average). Results conýrm that places which appear aʡordable on HAI alone 

become much less aʡordable once the mobility bill is included (the peripheral zones), 

and vice versa. Following the spatial trend of core and periphery.  

Equity implications are clear. In the core, housing markets are the binding constraint. In 

the outskirts transport infrastructure and service are the constraint. Considering both 

together, the framework points to place speciýc remedies: expand and protect aʡordable 

housing in high-accessibility areas and reduce structural transport costs in outer areas. 

As a decision-support tool, CHTAI can be recomputed under diʡerent policy scenarios 

to quantify distributional impacts by zone and guide investment for more equitable 

territory.  

Finally, the thesis acknowledges data and scale limitations that constrain further socio-

economic analysis, and outlines future work to address them, and other 

recommendations. 
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Resum  

Aquesta tesi desenvolupa i aplica un marc replicable per mesurar l'assequibilitat, amb 

l'habitatge i el transport combinats, a escala metropolitana. En primer lloc, les dades 

s'harmonitzen a un sistema de zoniýcaci· com¼. A continuaci·, s'estimen els costos de 

transport per cada un del modes, i els costos de temps en termes de valor del temps 

(VoT), que posteriorment es relacionen amb les despeses d'habitatge. Finalment, es 

calcula l'ĉndex Combinat d'Assequibilitat de l'Habitatge i el Transport (CHTAI). A 

difer¯ncia de les m¯triques tradicionals d'habitatge unitari, el marc revela la veritable 

c¨rrega ýnancera sobre les llars i proporciona una base operativa, a trav®s de m¯triques 

de mobilitat basades en Matrius OD i enquestes de mobilitat, per diagnosticar les 

disparitats socials i espacials a tot el territori en termes d'assequibilitat.  

Aplicada a l'êrea Metropolitana de Barcelona (AMB), la metodologia revela un 

desequilibri estructural de nucli a perif¯ria. A Barcelona, el nucli metropolit¨, aix² com 

les zones properes, presenten un alt ¼s del transport p¼blic recolzat per una xarxa m®s 

densa i connectada, que implica un menor cost de transport. Les zones exteriors mostren 

el patr· oposat, ®s a dir, un menor repartiment modal respecte al transport p¼blic, una 

major depend¯ncia del vehicle privat i una major motoritzaci·, que augmenten els costos 

de transport.  

Aquest contrast entre el centre i la perif¯ria,  sôevidencia quan s'analitza l'assequibilitat 

de l'habitatge (HAI) contra l'assequibilitat del transport (TAI). Una classiýcaci· per 

quadrants que utilitza les mitjanes metropolitans del HAI i el TAI indica que: m®s del 

ʷʯ% de les zones analitzades es troben dins dels dos r¯gims de compensaci· (HAI per 

sota de la mitjana - TAI per sobre de la mitjana o HAI per sobre de la mitjana - TAI per 

sota de la mitjana). Els resultats conýrmen que zones que semblen assequibles nom®s 

pel que fa a lôHAI esdevenen molt menys assequibles quan sôinclou la factura de mobilitat 

(les zones perif¯riques), i viceversa. Seguint la tend¯ncia espacial de nucli i perif¯ria. 

Les implicacions equitatives s·n clares. M®s a prop del centre, els mercats d'habitatge 

s·n la restricci· vinculant. Als afores, la infraestructura de transport i el servei s·n la 

restricci·. Considerant conjuntament ambd·s factors, el marc proposa solucions 

espec²ýques per a cada lloc: expandir i protegir lôhabitatge assequible a les zones dôalta 

connectivitat i reduir els costos estructurals de transport a les zones perif¯riques. Com a 

eina de suport a la presa de decisions, el CHTAI es pot tornar a calcular sota diferents 

escenaris pol²tics per quantiýcar els impactes de distribuci· per zona i guiar la inversi· 

per a un territori m®s equitatiu. Finalment, la tesi reconeix les limitacions d'escala i dades 

que restringeixen l'an¨lisi socioecon¸mica posterior, i descriu el treball futur per 

abordar-les, i altres recomanacions.  
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Resumen 

Esta tesis desarrolla y aplica un marco replicable para medir la asequibilidad, con la 

vivienda y el transporte combinados, a escala metropolitana. En primer lugar, los datos 

se harmonizan a un sistema de zoniýcaci·n com¼n. A continuaci·n, se estiman los costes 

de transporte por cada uno de los modos, y los costes de tiempos en t®rminos de valor 

del tiempo (VoT), que posteriormente se relacionan con los gastos de vivienda. 

Finalmente, se calcula el ĉndice Combinado de Asequibilidad de la Vivienda y el 

Transporte (CHTAI). A diferencia de las m®tricas tradicionales de vivienda unitaria, el 

marco revela la verdadera carga ýnanciera sobre los hogares y proporciona una base 

operativa, a trav®s de m®tricas de movilidad basadas en Matrices OD y encuestas de 

movilidad, para diagnosticar las disparidades sociales y espaciales del territorio en 

t®rminos de asequibilidad.  

Aplicada en el Ćrea Metropolitana de Barcelona (AMB), la metodolog²a revela un 

desequilibrio estructural de n¼cleo a periferia. En Barcelona, el n¼cleo metropolitano, 

as² como las zonas pr·ximas, presentan un alto uso del transporte p¼blico apoyado por 

una red m§s densa y mejor conectada, que implica un menor coste de transporte. Las 

zonas exteriores muestran el patr·n opuesto, es decir, un menor reparto modal respecto 

al transporte p¼blico, una mayor dependencia del veh²culo privado y una mayor 

motorizaci·n, que aumentan los costes de transporte.  

Este contraste entre el centro y la periferia se evidencia cuando se analiza la asequibilidad 

de la vivienda (HAI) contra la asequibilidad del transporte (TAI). Una clasiýcaci·n por 

cuadrantes que utiliza las medias metropolitanas del HAI y el TAI indica que: m§s del 

ʷʯ% de las zonas analizadas se encuentran dentro de los dos reg²menes de compensaci·n 

(HAI por debajo de la media - TAI por encima de la media o HAI por encima de la media 

- TAI por debajo de la media). Los resultados conýrman que zonas que parecen 

asequibles solo en cuanto a la HAI acontecen mucho menos asequibles cuando se incluye 

la factura de movilidad (las zonas perif®ricas), y viceversa, siguiendo la tendencia 

espacial de n¼cleo y periferia. 

Las implicaciones equitativas son claras. M§s cerca del centro, los mercados de vivienda 

son la restricci·n vinculante. En las afueras, la infraestructura de transporte y el servicio 

son la restricci·n. Considerando conjuntamente ambos factores, el marco propone 

soluciones espec²ýcas para cada lugar: expandir y proteger la vivienda asequible en las 

zonas de alta conectividad y reducir los costes estructurales de transporte a las zonas 

perif®ricas. Como herramienta de apoyo a la toma de decisiones, el CHTAI se puede 

volver a calcular bajo diferentes escenarios pol²ticos para cuantiýcar los impactos de 

distribuci·n por zona y guiar la inversi·n para un territorio m§s equitativo. Finalmente, 
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la tesis reconoce las limitaciones de escala y datos que restringen el an§lisis 

socioecon·mico posterior, y describe el trabajo futuro para abordarlas, y otras 

recomendaciones.  
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ʰ.Introduction 

Urban areas worldwide, are struggling with escalating living costs, causing signiýcant 

challenges to residents' economic well-being and equitable access to opportunities. 

Among these, the increasing price of housing has emerged as one of the main concerns 

of our society, especially in dense metropolitan centers, resulting in conventional 

residential areas becoming unaʡordable for a substantial portion of the population. This 

trend leads to a cost-driven suburbanization, as individuals and families seek more 

aʡordable housing options in suburban and peripheral areas, being priced out of city 

centers. 

However, this outward shift due to housing cost increase, is not the only problem, as it 

implies a critical hidden cost: the necessity to commute longer distances to access work, 

education, and other essential services and higher dependency on private transportation. 

This situation is translated in a substantial increase in transportation expenditures. 

Consequently, the understanding of aʡordability, which has been traditionally assessed 

as unidimensional, is starting to being recognized as a multidimensional concept, 

especially in urban areas. Then, a new approach is needed it to integrate transportation 

costs in its estimation, as those cost vary signiýcantly across diʡerent locations. Indeed, 

there is a complex trade-oʡ between housing cost and transportation costs.  This 

combined burden signiýcantly impacts household budgets, thus restricting access to 

critical urban areas and opportunities. This fact aggravates socio-spatial inequalities and 

contributes to a reduced quality of life, particularly for vulnerable populations.  

Despite some of them recognizing the link between housing and transport costs, current 

aʡordability metrics are often insuʢcient for a detailed social and spatial assessment, 

particularly in diverse urban areas, such the Area Metropolitana de Barcelona (AMB). 

Indeed, many existing methodologies lack the ýne-scale resolution needed to identify 

intra-metropolitan disparities. They also tend to overlook non-directly monetary 

burdens, like travel time, and often fail to integrate equity metrics eʡectively. Integrating 

diʡerent datasets from socio-economic indicators and housing prices to detailed mobility 

patterns, presents a signiýcant methodological hurdle for a holistic analysis. 

The AMB serves as case study, for this master thesis, as it is embedded in an ongoing 

process of rising housing costs and socio-spatial restructuring, which could be 

characterized by the outward relocation of population toward suburban areas, further 

from the city of Barcelona. The trade-oʡ indicates that as people relocate farther from 

the city center, their daily commutes whether by private vehicle or public transport, 

become longer and costlier, not only in terms of money, but also in time. This growing 
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spatial divide in housing and transportation costs has signiýcant implications for the 

economic well-being of residents and its mobility.  

According to IDESCAT in Catalonia (IDESCAT, ʱʯʱʳ), the average expenditure of 

Catalan families in ʱʯʱʳ was ʲʳ.ʱʴʸ ú, from which the housing is signiýcantly the largest 

expense, representing ʲʳ,ʵ% of the total (including gas, water and electricity). In this 

case, transportation is the ʲrd largest expense, as it represents ʰʯ,ʳ% of the cost. Then, 

both elements together represent roughly ʳ%ɹ of the total expenses of a family in 

Catalonia, underscoring their critical role in household ýnancial stability. 

This master thesis intends to develop a comprehensive aʡordability index, providing a 

clearer picture of the true ýnancial burden on urban residents, by integrating housing 

and transportation costs. It aims to provide with a methodology that allows evaluating 

the disparities that exist between diʡerent areas, which present a wide variety of socio-

economic characteristics, mobility patterns and connectivity to essential services and 

transportation. In addition to addressing these critical issues through a robust, 

integrated methodological framework, this master thesis will also oʡer valuable insights 

into the broader challenge of urban spatial inequality, supporting eʡorts to create more 

equitable and sustainable urban environments that balance the needs of residents, 

businesses, and the environment, with a methodology that can be replicable in other 

urban areas.  

The reminder of this thesis is structured as follows: The ýrst part in section ʱ presents a 

comprehensive review of the relevant literature, across the evolution of aʡordability 

concepts and identifying key methodological gaps. Following the chronology, section ʲ 

outlines the objectives of this research. Section  ris dedicated to explaining the proposed 

methodology, including spatial data orchestration, transportation cost estimation, and 

the deýnition of the combined aʡordability index. Then, section  ɹthe AMB is introduced 

as the case study, detailing its characteristics and the data sources that will be used. After 

that, subsequent section ɻ, will present the results from the applied methodology to the 

case study and analyze social and spatial disparities concluding with key ýndings, gaps 

and recommendations for future research.  
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ʱ.Literature review 

The aim of this study is to develop a holistic aʡordability framework to jointly assess two 

of the most representative costs for families in most European cities: housing and 

transportation. In Catalunya for example, these costs represent nearly in average rʴ% of 

the total average family expenses, underlining their critical role in determining a 

household's economic stability and access to opportunity. 

This section provides an overview of how aʡordability has traditionally been assessed, 

the evolution towards a combined housing and transportation approach and how all 

these information is linked with mobility equity and social and spatial disparities, due to 

the trade-oʡ on housing cost being cheaper further from the central business district 

(CBD), and its associated increase in transportation costs. Finally, it concludes with the 

methodological gaps and challenges.  

 

ʱ.ʰ. From traditional housing aʡordability to combined aʡordability indices 

As it has already been exposed, housing aʡordability has been traditionally assessed by 

just considering the housing cost to income ratio, which includes monthly rent and 

mortgage payments. Equation ʰ represents the traditional housing aʡordability.  

Ὄ  ὃὪὪέὶὨὥὦὭὰὭὸώ ὭὲὨὩὼ
ὌέόίὭὲὫ ὧέίὸ

ὌέόίὩὬέὰὨ ὍὲὧέάὩ
          ρ 

The early measures, that just considered the housing costs, determined that a house was 

aʡordable if approximately no more than ʱʴ% of household income was spend, 

commonly known with the expression ña weekôs wage for a month rent by Feins and Lein 

ʰʸʷ.h This gradually evolved into the widely adopted ʲʯ% rule of thumb, which is a 

benchmark frequently referenced by housing authorities and policy initiatives, especially 

in the U.S (Pelletiere, ʱʯʯʷ), to deýne housing stress and allocate housing assistance. 

Those standards were even given legal weight in the United Stated, ýrst in ʰʸʵʸ, as the 

Brooke Amendment, stablished by the congress, the maximum amount that a family 

would spend in housing, by a ʱʴ% of the household income. And later in ʰʸʷʲ the 

Housing and Urban-Rural Recovery Act increased this standard to the ʲʯ% (Pelletiere, 

ʱʯʯʷ). A current approach in ɦ ʯʰʵ by US Department of Housing and Urban 

Development (HUD) determined that the aʡordability guidelines should vary across 

regions and household size. 

However, this traditional single-factor deýnition of housing aʡordability, has 

increasingly been challenged, particularly since the late ʱʯth century, as urban economic 
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landscapes have been diversifying, and the complexities of household budgets become 

more apparent. One of the principal limitations of ʲʯ% standard is the rigid uniformity 

(Herbert, ʱʯʰʷ). Researchers agree that it fails to account for the diverse and evolving 

aʡordability challenges across diʡerent markets, household types, and, moreover, it does 

not consider some other the non-housing expenses. For example, a household spending 

ʲʯ% of its income on housing faces diʡerent levels of ýnancial strain depending on its 

income level, family size, presence of children, medical needs, and other essential 

expenditures like food, healthcare, and transportation. This perspective can lead to 

confusing conclusions which indicate that higher-income households are aʡordable in 

expensive areas, while the index do not properly reþect the severe ýnancial strain on low-

income households who despite minimal housing outlays, may lack of suʢcient funds 

for other necessities (Herbert, ʱʯʰʷ). 

To all these it is also important to consider, that the single-factor index also fails on the 

validity of it over time, as the cost-driven suburbanization, especially on middle and low-

income households, forces them to move to the periphery where housing is more 

aʡordable, but further from their jobs, schools, and other services, in addition to strongly 

car-dependency, in some occasions. This trend can be understood as urban sprawl 

(CulturalRoad, ʱʯʱʴ) it is especially strong in dense metropolises forcing to reformulate 

this concept and include transportation cost in a new approach.  

The recognition of the intrinsic, and often inverse, relationship between transportation 

and housing costs is found in urban economic theory. The fundamental models, such as 

the monocentric model, developed by Alonso in ʰʸʵʳ, based on Von Th¿nen's land-use 

theory (ʰʷʱʵ), provided the ýrst theoretical basis for this dilemma (Guerra, ʱʯʰʵ). This 

model postulates that households choose residential location by balancing declining land 

and housing costs with increasing commuting costs, both considering monetary cost and 

travel times, as the distance from a CBD increase. This implies lower housing prices in 

the periphery are theoretically oʡset by higher transportation costs, a concept according 

to which housing costs capitalize commuting expenses, thus maintaining relatively 

constant household utility in diʡerent locations. A clear example of this situation is the 

city of Philadelphia in ʱʯʰʯ, where the mean transport expense ratio of a moderate-

income household was around ʱʯ% close to the city center but exceeded ʲʯ% in the most 

remote parts of the metropolitan area  (Coulombel, ʱʯʰʶ). The same trend is observed 

by Coulumbel in ʱʯʯʶ in Paris region, with median-income households in inner Paris 

allocating ʲʱ% of its income to housing and transportation. Compared to ʴʯ% in rural 

areas. Those results conýrm the inverse relationship of housing and transportation costs 
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related to CBD distance, and the risk of not assessing aʡordability, considering both 

parameters.  

Based on this theoretical understanding and early empirical evidence, researchers and 

policymakers have started to investigate for the integration of transportation costs into 

the measures of aʡordability.  The aim of this combined Housing + Transportation (H+T) 

started gaining presence in the late ʱʯth century and early ʱsht century, especially in those 

regions experiencing rapid suburbanization and an increasing burden in terms of 

housing costs and transportation. For example, in the United States, organizations such 

as the Center for Neighborhood Technology (CNT) emerged as key advocates, 

recognizing that traditional measures of aʡordability were failing to capture the full 

ýnancial pressure on households. Its seminal H+T Index, initially launched in ʱʯʯʵ, 

aimed to provide a more holistic view by incorporating both housing and location-based 

transportation costs (CNT, ʱʯʯʵ).  

Early iterations of the CNT models, based on a ʰʸʸʳ Natural Resources Defense Council 

study, used robust multivariate ordinary least squares regression analyses. These models 

employed variables such as household characteristics, employment, and connectivity to 

estimate typical transportation expenses, including car ownership, vehicle miles traveled 

(VMT), and transportation expenses for speciýc locations (Guerra, ʱʯʰʵ). 

Nowadays, the H+T Aʡordability methodology build by the CNT, is one of the most 

relevant approaches, presented for the ýrst time in ʱʯʯʵ and readapted in ʱʯʱʱ.  It was 

established that the ʰʴ% of the income is an attainable goal for transportation 

aʡordability, leading to a new combined an aʡordability (H+T) that should not exceed 

the ʳʴ% of the income (CNT, ʱʯʯʵ).  Furthermore, the are some studies that have applied 

the H+T index to contexts outside the US, such as Mexico City and Qom, Iran, conýrm 

similar patterns where central, transit-friendly locations appear relatively more 

aʡordable when transportation costs are considered, reinforcing the index's global 

relevance. show me these studies in other countries (Shahmoradi, ʱʯʰʳ) and (Guerra, 

ʱʯʰʵ).  

Moreover, traditional aʡordability indices, including H+T models, have been widely 

criticized for relying on arbitrary thresholds, overlooking household composition, size, 

age, number of incomes, ignoring other essential expenses, such as schools and food, 

related to the housing and transportation, and failing to consider life stage, debt, or 

accumulated wealth (Guerra, ʱʯʰʵ). These limitations highlight the need for more 

þexible, context-sensitive approaches to measuring aʡordability.    
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To conclude with a numeric example, according to Center for Neighborhood Technology  

when the assessing the aʡordability by just considering the housing costs, the ɹʴ% of U.S 

neighborhoods are aʡordable, but if transportation costs are considered in the equation, 

the number of aʡordable neighborhoods is reduced to ʱʵ%  (CNT, ʱʯʱʲ). This 

phenomenon shows the trade-oʡ of the location between housing and transportation 

cost and the necessity to assess both in the aʡordability index, as the traditional 

methodology neglects the broader context of spatial location and daily mobility needs. 

Transportation aʡordability has become an essential component to measure social 

equity and for urban planning, as it not only assesses the monetary cost that implies the 

location where we live, also the connectivity to essential services, jobs and goods 

(CulturalRoad, ʱʯʱʴ).  

 

ʱ.ʱ. Approaches for the combined H+T aʡordability 

The evolution from traditional housing aʡordability indices to more holistic H+T indices 

has led to the development of diverse methodological approaches, each with its own 

strengths and limitations. These approaches can be broadly categorized from simpler 

indexes to more complex models.  

The initial approaches to include transportation aʡordability are the Transportation 

Aʡordability index (TAI), which just compares transportation expenditures to household 

income as expressed in Equation ʱ by (Fan, ʱʯʰʰ) (CulturalRoad, ʱʯʱʴ)). 

ὝὃὍὭ
ὝὶὥὲίὴέὶὸὥὸὭέὲ ὩὼὴὩὲὨὭὸόὶὩί

ὌέόίὩὬέὰὨ ὭὲὧέάὩ ὃὪὸὩὶ Ὕὥὼ
         ς 

The same equation ʱ can also be expressed as the income as the total household 

expenditure, as it is shown in Equation ʲ.  

ὝὃὍὩ
ὝὶὥὲίὴέὶὸὥὸὭέὲ ὩὼὴὩὲὨὭὸόὶὩί

Ὕέὸὥὰ ὬέόίὩὬέὰὨ ὩὼὴὩὲὨὭὸόὶὩί
        σ   

But these simple methodologies have some limitations (CulturalRoad, ʱʯʱʴ). As said, 

TAIs is a simple methodology that does not consider the variations of transportation 

costs with household size, location and income. In the other hand just, the monetary 

costs are assessed as no value of time (VoT) is considered.  

Another methodology is considered for a pre-determined number of essential trips 

(Carruthers, ʱʯʯʴ) (CulturalRoad, ʱʯʱʴ) presented according to Equation ʳ:  

ὝὃὍὸ
ὔόάὦὩὶ έὪ ὸὶὭὴίὃὺὩὶὥὫὩ ὧέίὸ ὴὩὶ ὸὶὭὴ

ὖὩὶ ὅὥὴὭὸὥ ὍὲὧέάὩ
        τ       
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Again, it is a simple methodology that prioritizes the easy data access to estimate 

transportation costs, but in the other hand is criticized as it is very rigid and makes strong 

assumptions, which is good to compare transportation aʡordability across diʡerent cities 

or countries, but not enough for a local comparison.  

After all these approaches, combined housing and transportation aʡordability index 

methodology has developed considering the index as the housing cost combined with the 

transportation cost and divided by the income (CNT, ʱʯʯʵ) as expressed in Equation ʴ.  

Ὄ Ὕ ὃὪὪέὶὨὥὦὭὰὭὸώ ὭὲὨὩὼ
ὌέόίὭὲὫ ὧέίὸὝὶὥὲίὴέὶὸὥὸὭέὲ ὧέίὸ

ὍὲὧέάὩ
          υ 

The components of this index were computed in diʡerent ways; the housing cost were 

measured from a ʴ-year survey in ʱʯʰʸ considering rents and mortgage, spend monthly. 

For the transportation costs, those were modelled by estimating ʲ dependent variables 

auto ownership, auto use, and transit combined as functions of ʰʵ independent variables, 

including: household characteristics, employment and connectivity. To build this 

regression equations, the methodology tested separately each predictor variable, and 

then the predicted result from each model is multiplied by the autos, miles and transit 

trips, obtaining the costs of the component of transportation. This was done following 

the Equation  ɻ(CNT, ʱʯʯʵ). 

ὌέόίὩὬέὰὨ ὸὶὥὲίὴέὶὸὥὸὭέὲ ὧέίὸί

 ὅ  Ὂ ὢ ὅ  Ὂ ὢ ὅ  Ὂ ὢ            φ 

Where:  

C is the costs factor for each transportation components ($/mile) 

F represents the modeled dependent variables as function of the independent 

variables 

ὃὕ standing for auto ownership 

ὃὟ represents auto use 

ὝὟ is transit use. 

However this approach has been a great advancement to measure the real aʡordability 

in urban environments, there exist some limitations as its application has been mostly 

focused on national or metropolitan averages, in the US context. The methodology lacks 

the granularity required for ýne-scale local comparisons, especially in European contexts 

with more compact urban forms, diʡerent fare systems, and higher public transport 

usage. Moreover, it relevant to mention that the cost estimation relies heavily on 
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modeled outputs rather than observed transport behavior, which may limit accuracy at 

the micro level. 

 

ʱ.̡. Aʡordability, mobility equity, and social and spatial disparities 

As it has been already exposed, transportation costs vary spatially, as commonly, people 

living in the periphery face higher transportation costs due to longer distances, reduced 

supply, and lower connectivity to public transport. This situation leads to a higher 

dependency on private vehicle, which increase the expenditure according to Banister, 

ʰʸʸ rand Mattioli, ʱʯʰʶ (Tiznado-Aitken, ʱʯʱʱ). The trade-oʡ comes with housing being 

cheaper than in the CBD.  This situation leads to spatial transportation cost related 

vulnerability and therefore, mobility inequity and urban segregation issues. 

Recent studies emphasize that combined housing and transport costs are key drivers of 

spatial inequality in cities. Research in Santiago de Chile (Tiznado-Aitken, ʱʯʱʱ) 

demonstrates how high H+T expenses exclude low-income households with children, old 

people and immigrant, as the most accessible urban zones are unreachable for them, 

limiting the housing location choices and forcing them to move to the peripheral and 

poor-connected areas. Furthermore, of its impossibility to live close by well-connected 

areas, those low-income groups still spend a higher share of their income on H+T, which 

make it non aʡordable. The study also reþects that the current transport and housing 

policies in Santiago de Chile are insuʢcient to alleviate these disparities.  

Addressing these disparities requires a deep understanding of mobility equity, a concept 

that integrates ideas from ethics, economics, sociology, and public policy according to 

(Litman, ʱʯʱʱ) (CulturalRoad, ʱʯʱʴ). Equity in mobility is fundamentally focused on 

equity in the distribution of the beneýts and burdens of transport systems. It goes beyond 

mere equitable distribution to recognize diʡerences in needs and context, advocating 

diʡerentiated approaches to foster a more just society (Litman, ʱʯʱʱ) (CulturalRoad, 

ʱʯʱʴ). Transportation equity serves as a moral and practical framework, ensuring that 

policies and investments improve access for all people, regardless of income, location, 

gender, disability, or social background, to essential services such as employment, 

education, and health care, and so on addressing the systemic disparities and access to 

mobility (Pereira, ʱʯʱʰ) (CulturalRoad, ʱʯʱʴ). 

In transportation equity, this principle is divided typically in two subcategories (Litman, 

ʱʯʱʱ)  
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ʰ. Horizontal equity: which claims for equal treatment among individuals in similar 

conditions.  

ʱ. Vertical equity: which recognizes the need for diʡerentiated policies to address 

structural disadvantages  

Moreover, a critical and yet often underexplored dimension of inequality, related to 

mobility is time poverty (Tiznado-Aitken, ʱʯʱʱ). Those people living in the outskirts 

experience longer travel times and unpaid labor, reducing the available time for leisure, 

education, or paid work, resulting in social disparities and often combining with low 

connectivity to public transportation network. So, this term can be deýned as the 

excessive time spent on traveling, which can lead to social isolation and signiýcantly limit 

discretionary time for other activities. Lili Pang, argue that "the role of commute time 

has not been as thoroughly examined as the ýnancial costs of commutingò, emphasizing 

its importance as a metric tied to "commuting burden, job-housing imbalance, transport 

inequity, and overall well-being" (Pang, ʱʯʱʴ). Its relevance becomes particularly 

pronounced in contexts where direct ýnancial costs, such as public transport fares, are 

heavily subsidized, making time a more salient indicator of the true commuting burden 

(Pang, ʱʯʱʴ). For instance, the resulting data from Santiago de Chile revealed that ʱʵ% 

of the working population spends at least ʰʱ hours a day (including travel), and ʲʱ% have 

less than ʱ hours of free time daily (Tiznado-Aitken, ʱʯʱʱ). Furthermore, time use shows 

deep inequalities across socioeconomic groups. Despite its impact, time poverty aspects 

associated with daily activity and mobility needs are often overlooked by aʡordable 

housing and transport studies, which tend to prioritize the income dimension of poverty. 

This can be extended to other hidden or indirect cost such as stress, reliability, safe, 

health, which disproportionately aʡect vulnerable groups beyond direct monetary 

outlays.  

Aʡordability assessments that ignore these principles often risk on perpetuating with all 

these inequalities, particularly if they are based on ýxed aʡordability thresholds that do 

not take into account the diʡerentiated needs of diʡerent social groups and the hidden 

costs, such as time and barriers, the need of private vehicle. As highlighted in the 

CulturalRoad project, to ensure equity in mobility, which is deýned as equitable access 

to transport regardless of income, location or capacity, requires embedding equity at all 

levels of transport and housing policies, in particular because otherwise emerging 

mobility technologies could exacerbate exclusion. So, the implication is clear, combined 

aʡordability is inherently a spatial justice issue, requiring analysis beyond average 

household spending to include territorial disparities and social, connectivity and 

accessibility metrics (CulturalRoad, ʱʯʱʴ) . 
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ʱ.ʳ Gaps and opportunities  

Despite the existing research on housing and combined aʡordability estimations and 

indexes and its associated social and spatial disparities, several critical gaps remain. 

These gaps refer both to the conceptual models used to develop the already proposed 

methodologies, particularly concerning their application in diverse urban contexts, and 

their ability to inform equitable policies.  

The gaps that have been identiýed are:  

i) The absence of a standardized comprehensive methodology that 

allows estimating combined housing and transportation 

aʡordability based on mobility data. Especially, there is lack of a 

standardized method that accounts for particular mobility patterns, fusing 

diʡerent types of data, both measured, simulated or obtained from surveys to 

model transportation costs, and that can be applied to any case study. 

For example, some of the existing H+T indices, such as the CNT model, are 

primarily focused on national or metropolitan averages in the US context, 

which rely specially on modeled outputs rather than observed transport 

behavior.  

Existing H+T methodologies do not explicitly detail how to consider, if they 

do, the speciýc OD matrix of the study area, or how they perform the data 

treatment. This is crucial for a ýne-scale resolution, as it is the fact that OD 

matrices are often aggregated across the entire day and do not distinguish 

between trip purposes.  

ii) Insuʢcient quantiýcation of spatially heterogeneous non-monetary, and 

usually subjective, travel burdens such as VoT and other implicit costs 

within a combined aʡordability index framework.  

These research gaps have been a motivation for the development of this master thesis. 
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.̡Objectives 

The main objective of this study is to develop a methodology for the estimation of 

combined housing and transportation aʡordability that is replicable for any area of study 

and that allows for the assessment of social and spatial disparities.  

This main objective is addressed through the following speciýc aims: 

¶ Develop a speciýc methodology to estimate transportation costs, incorporating 

monetary expenses and time-related costs, based on OD matrices and surveys.  

¶ Build a combined housing and transport aʡordability estimation framework, 

relating monthly transport expenditures to household income and housing costs, 

at a desired spatial level.  

¶ Validate the overall methodology in a speciýc case study (the AMB).  

¶ Identify the spatial disparities in aʡordability across the diʡerent areas of the 

AMB. Also, examine the inþuence of socioeconomic and spatial factors, such as 

income levels, connectivity to services, public transportation oʡer, on combined 

aʡordability in diʡerent zones of the AMB. 

¶ Obtain signiýcant insights on the patterns across diʡerent housing and 

transportation cost withing a diverse metropolitan area.   

The development of a submethodology to harmonize and integrate spatial datasets at 

diʡerent scales using spatial data orchestration techniques will be another output of this 

master thesis. This method could be applied to other studies involving diverse spatial 

datasets.  



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʱ  r

 

.rMethodological approach 

As explained in the previous section, this methodological framework is structured to 

estimate a combined housing and transport aʡordability index (CHTAI) in any 

metropolitan area. It also aims to assess the study area and observe the social and spatial 

disparities across the territory. The main phases of the methodology are: 

ʰ. Data collection, which accounts for transportation data, housing data and socio-

economic data for further evaluation of territory disparities.    

ʱ. Data orchestration and harmonization in uniýed geospatial framework: datasets 

inputs are commonly obtained in diʡerent geospatial divisions; this must be all 

uniýed in just one analysis zoning system.  

ʲ. Aʡordability parameters estimation, accounting for transportation cost and 

housing costs.  

ʳ. CHTAI deýnition and estimation. For each zone of the geospatial framework.  

ʴ. Result and disparities evaluation, integrating harmonized socio-economic data.  

Those steps are better represented in the workþow in Figure ʰ:  

 

Figure :h Workþow of the proposed methodological approach 
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.rh . Data collection (inputs) 

As it has already been exposed, the ýrst step in this methodological approach is collecting 

the necessary data for further aʡordability estimation. The data needed can be divided 

in ʲ main groups, considering:  

¶ Transportation data: which should always consider OD trip matrices, mobility 

survey data and other cost parameters such as fuel price, public transport fares, 

insurance costs, etc.  

¶ Housing costs: considering rent and family size. 

¶ Socio-economic data: such as population, income, motorization index, public 

transport connectivity, education level... 

Typically, these datasets are represented in diʡerent geospatial frameworks, which 

makes impossible to work with raw data. That is why it must be, ýrst, integrated in a 

uniýed geospatial framework.  

ʳ.ʱ Data orchestration and harmonization 

The use of diʡerent input data sources enriches the outputs but usually entails fusion 

issues. In the proposed framework, these data sources are OD data, usually obtained 

from simulation, and survey data. The latter is complex and expensive to acquire. Thus, 

it is usually linked to wide territorial areas in order the results to be statistically 

signiýcant. Therefore, a spatial data fusion protocol, or what is called data orchestration 

in this thesis, is often needed. The aim of this data orchestration, which is a key part of 

the analytical framework proposed, is to harmonize all data sources into a common 

territorial division for mapping and interpretation.  This process involves spatial overlay 

techniques based on population, which could be also based on other parameters such as 

area, depending on the available data to correlate both datasets.  

As it has already been introduced, for this data integration, prior to any orchestration a 

uniýed geospatial framework must be deýned. This zoning system will be the one used 

for all the outputs created and results presented.   

 

ʳ.ʱ.ʰ OD trip matrices orchestration  

Considering transportation data, OD matrices are typically expressed in Traʢc Analysis 

Zones (TAZ), as it is the universally used geographic unit in travel demand modelling 

(Miller, ʱʯʱʰ). This TAZ usually do not have housing and socio-economic data 

associated. That is why it must be transformed to bigger areas. The procedure to do that 

compress two steps, population-weighted overlay method and OD matrix integration.  
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.rɦ..h hPopulation-weighted overlay method  

To assign each smaller zone ὤ  to one or more larger analysis ὤ zones, a geographic 

system GIS-based spatial join must be implemented.  

The ýrst step is to generate a polygon intersection between the two shapeýles. With the 

intersected polygons the percentage of population falling within each bigger zone ὤ is 

computed according to Equation .ʁ Finally, a weight matrix ὡ  is constructed, 

where each cell represents the share population from ὤ assigned to the ὤ zone.  

ὡ
ὖέὴόὰὥὸὭέὲ ὤᴂ᷊ ὤ

ὖέὴόὰὥὸὭέὲ ὤᴂ
            χ 

This equation must be applied iteratively for all intersections to build the full matrix. The 

result of this process will be then used as the tool to redistribute value from TAZ level 

(the usual one for OD matrices) into the study case level scale. 

As it has been previously introduced, this approximation is preferably performed using 

the population to correlate both data sets. If no available, it is possible to use another 

variable such as area, jobs, public transport, etc., or the combination of several variables.  

 

.rʱ.h. ɦOD Matrix aggregation  

Once the weight matrix ὡ  is built, the OD matrix (ὤὼ ὤ ó) for either public or 

private transportation, must be aggregated into the ὤ ὼ ὤ  zoning system, generating a 

new OD matrix.  Equation  ̫summarizes this procedure:  

ὕὈȟ ὕὈ ȟ ὡ ὡ               ψ

ᶰᶰ

 

Where:  

¶ ὤρᴂ and ὤςᴂ represent the origin and destinations of the trips in ὤᴂ level, 

respectively.  

¶ Ὕ denote the set of all ὤ ὤ zones.  

¶ ὕὈȟ  represents the aggregated number of trips from ὤ to ὤ 

¶ ὕὈ  accounts for the original number of trips in ὤᴂ zoning level from ὤᴂ to 

ὤᴂ. 

¶ ὡ  represents the share of the ὤᴂ assigned to ὤ zone, according to Equation 

ʶ.   

Aggregating by double weight ensures spatial consistency between the OD zones.  
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.rʱ.ɦ Harmonization of other variables 

Housing costs and income indicators are either directly available at the study level or 

aggregated from ýner scales, such as census tracts, using the same area-weighted 

technique, as it shown in Equation :y  

 

ὢ ὢ ὡȟ

ᶰ

            ω 

Where:  

¶ ὅ considers all the ýner level zones sets.   

¶ ὢ considers the value of the variable in analysis zone level ὤ .  

¶ ὢ represents the value of the variable in ýner scale level ὧ than required for 

the study.   

¶ ὡȟ  accounts for proportion of population corresponding to the analysis 

zone.  

 

.rɦ.̡ Data orchestration output 

After orchestration, all variables needed in the framework such as trip þows, modal 

splits, travel distances, housing costs, and socio-economic indicators must be 

harmonized into the same geospatial unit. This harmonization enables direct 

comparison and integrated analysis across domains, forming the basis for the 

computation of the combined housing and transportation aʡordability index and for the 

subsequent identiýcation of spatial disparities. 

 

.rɦ. Transportation cost estimation  

The estimation of the transportation costs is a key component of the CHTAI analysis. The 

proposed methodology approaches to estimate those costs based on mobility patterns 

from OD matrices during workdays and detailed survey data. The resulting variables are 

then averaged as a monthly expenditure for each analysis zone. Moreover, in order to 

ensure its applicability to diʡerent geographical context, this methodological approach 

is deliberately designed to be generic. Requiring minor adjustments to account for local 

mobility characteristics and data availability. 

A distinction is considered based on ʳ diʡerent general transportation modes ά.  
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¶ Private vehicle 

¶ Public Transportation  

¶ Bike 

¶ Walk  

It is also important to note that each transportation mode may be further classiýed into 

several subtypes, such as in public transport, which includes train, metro, tram, taxi, 

among others.  

The general formulation for estimating monthly transportation cost of an individual 

living in zone Ὥ is provided by Equation ʯh: 

ὅ ίȟ ὅȟ ίȟ  ὅȟ   ὅȟ
 ὅȟ

     ρπ 

Where: 

¶ Ὥ accounts for each origin zone. 

¶ ά represents each transportation mode. 

¶ ὅ denotes the average monthly transportation cost per person in zone Ὥ  

(ú/(personĿmonth)). 

¶ ὅȟ accounts for the average monthly cost per transportation mode ά per person 

in a speciýc zone Ὥ (ú/(personĿmonth)). 

¶ ίȟ is referred to the modal share (%) of mode ά in zone Ὥ.  

¶ ὅȟ  denotes the average monthly ýxed costs associated with transportation 

mode ά for a person in zone Ὥ (ú/(personĿmonth)). 

¶ ὅȟ
  corresponds to the average monthly variable costs associated with 

transportation mode ά for a person in zone Ὥ (ú/(personĿmonth)). 

¶ ὅȟ
 accounts for the cost associated to the VoT in zone Ὥ by mode ά 

(ú/(personĿmonth)). 

The ýxed costs are the ones incurred regardless of usage, mainly related to private car 

use, such as: car insurance, parking, tools, etc.. In the other hand, variable costs are the 

ones dependent on the usage such as fuel, based on distance travelled. Also, the average 

cost of the VoT per person in each zone (ὠέὝȟ  considering the transport mode used.  

As mentioned, Equation ʰʯ can be adapted and simpliýed, depending on data availability 

and transportation network in the area of study, as will be further developed in the 

following sections.  
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.rɦ.h Data needs 

The data used for the transport cost estimation compressed two main typologies:  

¶ Mobility patterns: necessary to obtain the number of trips in each zone, the 

modal share and average travel times and distances. Mainly coming from 

simulated OD matrices and survey data.  

¶ Fix cost parameters: such as fuel prices, vehicle insurance cost, public 

transportation fares, VoT, etc.  

 

.rɦ.ʱ VoT estimation  

In addition to direct monetary expenses, the transportation cost estimation incorporates 

the VoT. Its theoretical meaning and its empirical measurement are fundamental for 

travel demand modeling, social cost analysis, pricing decisions, project assessment, and 

the evaluation of many public policies (Small, ʱʯʰʱ). The VoT is the conversion of time 

into money, commonly expressed as in Equation ʰh (Bºrjesson, ʱʯʰʱ):  

ὠέὝ
ὙὩίέόὶὧὩ ὠέὝ ὈὭὶὩὧὸ όὸὭὰὭὸώ έὪ ὝὶὥὺὩὰ ὝὭάὩ

ὓὥὶὫὭὲὥὰ ὟὸὭὰὭὸώ άέὲὩώ
            ρρ 

The ýrst term (Resource VoT) accounts for the VoT of doing other activities. Direct utility 

of Travel Time is the residual value that has travelling itself.  Finally, Marginally Utility 

money represents how valuable extra money is to the person.  

As Bºrjesson indicates If a travel time saving can be converted into more working 

hours, the ýrst part is equal to the wage rate, (Bºrjesson, ʱʯʰʱ) Equation ʰ:ɦ  

ὠέὝύὥὫὩ ὶὥὸὩ 
 ὈὭὶὩὧὸ όὸὭὰὭὸώ έὪ ὝὶὥὺὩὰ ὝὭάὩ

ὓὥὶὫὭὲὥὰ ὟὸὭὰὭὸώ άέὲὩώ
            ρς 

Some other researchers have assigned the VoT as a percentage of the wage rate. For 

example, Watson (ʰʸʶʳ) stablishes the VoT between ʲʰ and ʵʶ.ʴ % of the wage rate, 

while Stopher and Meyburg (ʰʸʶʵ) report a variation from ʰʳ to ʰʲʱ% of the wage rate 

(Hauer, ʰʸʷʰ).  

Another literature reference for mobility studies, when estimating the value of time, is 

the Handbook on the External Costs of Transportation (ɦ ʯʰ)y, which stablishes a ýxed 

value of time for each European country. It diʡerentiates between commuting and 

personal mobility, and short and long-distance trips for just private vehicle trips. As it is 

presented in Table ɦ  y(Annex A.ʰ).  The values for Spain are the ones in Table :h  
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 VoT from Handbook on external cost of transportation  

 Short distance* Long - distance 

 

Commuting -
Business 

Personal 
Commuting -

Business 
Personal 

Spain 12.1 5.6 15 5.6 
*Short distance considers trips less than 32km 

Table :h VoT in Spain. Source Handbook on external cost of transportation , 2019 

For the developed framework, the VoT will be evaluated for each of the analysis chosen 

areas.  

In many European applications, the VoT is assed as a ýxed value, typically derived from 

the Handbook of external cost of transportation. Trip motivations are generally 

distinguished between commuting and personal travel. The corresponding value is then 

computed per zone, according to Equation ʰ̡:  

ὠὕὝ ὡ  ὠὕὝ          ρσ 

Where:  

¶ ὓέὸὭὺὥὸὭέὲὨὭίὸὥὲὧὩ accounts for all possible combinations, trip motivation 

(commuting and personal) and trip distance (short or long), considering the VoT 

Handbook ýxed values.  

¶ ὠὕὝ refers to the value of time per person in each origin zone Ὥ (ú/hour) 

¶ ὡ   account for the share of each combination of trip motivation 

and distance. 

¶ ὠὕὝ   corresponds to the ýxed value of time in the Handbook for 

each trip motivation and distance combination (ú/jour) 

The main limitation of using this methodology lies in the use of the reference VoT from 

the Handbook, in Table ,h which are estimated exclusively for private vehicles and 

derived from UK mobility data for each of the European countries. As a result, the 

transferability of these values to other countries and other transport modes may be 

limited. Furthermore, the methodology does not account for variations in household 

income across zones. This lack of diʡerentiation prevents an assessment of equity, as all 

users are implicitly assumed to bear the same economic burden, regardless of their socio-

economic conditions. 

That is why for this thesis, the VoT is estimated according to the income-based VoT 

Equation hr  is as follows: 

ὠὕὝȟ
ὍӶȟ

Ὤ
‌ ὅέάάόὸὭὲὫȟ ‍ ὖὩὶίέὲὥὰȟ           ρτ 
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Where:  

¶ ὠὕὝȟ refers value of time per person in each origin zone Ὥ, diʡerentiating per 

transportation mode ά (ú/hour). 

¶ ὅέάάόὸὭὲὫȟ corresponds to the percentage of trips to commuting, in zone Ὥ as 

origin, and by mode άȢ 

¶ ὖὩὶίέὲὥὰȟ corresponds to the percentage of personal trips, in zone Ὥ as origin, 

and by mode άȢ 

¶ ὍӶȟ stands for the mean year income in the zone Ὥ (ú/year). 

¶ Ὤ  stands for the annual working hours (h/year). 

¶ ‌ is the parameter that assigns the proportion of the hourly wage to commuting 

travel times. 

¶ ‍ is the parameter that assigns the proportion of the hourly wage to personal 

travel times. 

According to Victoria Transport Policy Institute parameters ‌ and ‍ are typically the 

ones in the Table ɦ ( Victoria Transport Policy Institute, ʱʯʱʲ):  

 

Table :ɦ Recommendations for VoT proportion of hourly wage assignation per trip category. Source: 
Transportation Cost and Beneýt Analysis II ï Travel Time Costs (Victoria Transport Policy Institute, 

ʱʯʱʲ) 

This income-based methodology allows for a diʡerentiated valuation of travel time 

across zones and by modes, where wealthier areas are assigned higher VoT values, 

according to the higher incomes.  

 

.rɦ.̡ Private vehicle costs 

The private vehicles will be classiýed according to the size and driving power, which are 

parameters that signiýcantly aʡect the cost. (Viri, ʱʯʱʲ). 
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Table :̡  Combination of Driving power and vehicle size. Source: The costs of mobility (Viri, ɦʯʱʲ) 

The ýrst step is computing the cost for each category and then multiply it by its share, 

for each of the analyzed zones.  

The private transportation costs can be divided into ɦ subcategories (CNT, ʱʯʯʵ):  

¶ Auto ownership: This category includes the ýxed costs, i.e., incurred 

whether the vehicle is used or not. It accounts for the vehicle depreciation, 

insurance, loan payments or leasing, taxes, and periodic maintenance. These 

costs are location-independent, but present variations by household income, 

size, and car type.  

¶ Auto use: This category accounts for the variable costs, depending on the 

vehicle usage. These are mainly fuel cost, tolls, parking fees, and distance-

based maintenance.  

And moreover, an extra subcategory, included in all transportation modes, the cost of 

VoT.  

The general equation considering private vehicle costs is governed by Equation ʰɹ, where 

ὅȟ   accounts for average private vehicle costs in zone Ὥ per person and month (ú/ 

(person Ŀmonth)).  

ὅȟ  ὅȟ   ὅȟ
 ὅȟ

           ρυ 

Where:  

¶ ὅȟ  represents the monthly auto ownership costs per zone 

Ὥ (ú/(monthĿperson)). 

¶ ὅȟ
  accounts for the monthly variableôs costs associate to vehicle usage per zone 

Ὥ (ú/(monthĿperson)). 

¶ ὅȟ
 is the cost associated to the VoT per each zone Ὥ (ú/(month person)). 

The auto ownership cost ὅȟ  depends on vehicle type, as shown in Equation 

ʰɻ:   

ὅȟ
ρ

ρς
ὡȟ  Ὂȟ

ρ

ρς
ὡȟ ȟ‏   ‎ȟ  ”ȟ  †ȟ  „ȟ    

[ʰɻ] 
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Where: 

¶ ὅȟ  accounts for auto ownership costs in zone Ὥ (ú/(monthĿperson)). 

¶ ὸώὴὩ corresponds to the vehicle type classiýcation, based on the combination of 

vehicle size and driving power.  

¶ ὡȟ  representing the weight (%) of each vehicle type. 

¶ Ὂȟ   accounts for all the auto ownership costs per type of vehicle 

(ú/(yearĿperson)). 

ȟ‏ ¶   is the depreciation cost per type of vehicle (ú/(yearĿperson)). 

¶ ‎ȟ  is the insurance cost per type of vehicle (ú/(yearĿperson)). 

¶ ”ȟ   accounts for the loan payments per type of vehicle (ú/(yearĿperson)). 

¶ †ȟ   represents the taxes per type of vehicle (ú/(yearĿperson)). 

¶ „ȟ   represents the periodic maintenance (ú/(yearĿperson)). 

Note that Equation h  ɻis divided by ʰʱ as all these variables are expressed in ú/year but 

the costs should be expressed as monthly expenses.  

Depreciation cost is complex to estimate (Viri, ʱʯʱʲ), but typically based on purchase 

price and expected lifespan according to Equation ʰʁ:  

ȟ‏
ὍὲὭὸὭὥὰ ὧέίὸίὙὩίὭὨόὥὰ ὠὥὰόὩ

ὒὭὪὩ ίὴὥὲ
               ρχ 

The residual value is the expected sell value according associated to each life span, 

according to Equation ʰ:̫ 

ὙὩίὭὨόὥὰ ὠὥὰόὩὍὲὭὸὭὥὰ ὧέίὸίρ Ϸ έὪ ὨὩὴὩὶὩὧὭὥὸὭέὲ ὥὸ ώὩὥὶ Ὕ  ρψ    

Then Ϸ έὪ ὨὩὴὩὶὩὧὭὥὸὭέὲ ὥὸ ώὩὥὶ Ὕ accounts for the percentage of reduction from the 

ὍὲὭὸὭὥὰ ὧέίὸί at year T.  

 

The variable costs by use ὅȟ
  are also dependent on the vehicle type, as shown in 

Equation hy : 

ὅȟ
 ὡȟ  ὅ ȟ  ὅ ȟ  Ὠȟ Ὕέὰὰȟ ὖὥὶὯὭὲὫȟ

ὔ
Ⱦ  

          ρω 
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Where:  

¶ ὅȟ
  accounts for monthly average cost per person per vehicle use in zone Ὥ 

(ú/(monthĿperson)). 

¶ Ὠȟ  represents the average trip length for each type of private vehicle trips 

originating from zone Ὥ (km/trip).  

¶ ὅ ȟ   is the fuel consumption depending on the vehicle type (ú/km). 

¶ ὅ ȟ   represents the distance-based maintenance cost per km for each 

vehicle type (ú/km).  

¶ Ὕέὰὰȟ  is equivalent to the mean cost of toll per trip in the zone Ὥ as origin, 

and could be dependent on vehicle type, average distance, connectivity to toll 

motorways or it can be estimated as the weighted average of tolls across all 

destinations from each origin (ú/trip). 

¶ ὖὥὶὯὭὲὫȟ   represents the parking cost per trip per vehicle type, starting from 

zone Ὥ (ú/trip)  

¶ ὔ
Ⱦ  

accounts for the average number trips originating from zone Ὥ per 

month per person, computed as the number of trips per person a day multiplied 

by the number of labor days a month (trips/(personĿmonth)).  

ὅ ȟ   is one of the most inþuential factors in transportation expenditure. Vehicle 

driving power directly aʡects fuel consumption, while prices vary according to each type. 

In the following Table  rthere is the unit costs in Finland used in the study of Tiikkaja in 

ʱʯʱʲ and will change depending on the study case.  

 

Table :r  Power cost in Finland. Source: The costs of mobility (Viri, ɦʯʱ)̡ 

It is also relevant to consider the electric vehicles, which everyday represent a higher 

share of the total vehicle park in the world. In the following Table ,ɹ it is shown the 

combination of vehicle size and driving power used in Finland in ʱʯʱʲ (Viri, ʱʯʱʲ). 



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʲ  ɹ

 

Ë 

Table :ɹ Distinct power consumption by the combination of vehicle size and driving power type. Source: 
The costs of mobility (Viri, ʱʯʱʲ) 

As it has already been mentioned parking cost per trip ὖὥὶὯὭὲὫȟ   are considered part 

of the variable use costs. To estimate the average fee for the trips starting from zone Ὥ, it 

should be considered both: the fee paid in the origin and in the destination. Moreover, 

the diʡerent typologies of parking must be evaluated (on-street and free, on-street paid, 

oʡ-street and free,é). 

Finally, the cost for the VoT is computed according to Equation ʱʯ:  

ὅȟ ὠέὝȟ ὸȟ ὔ
Ⱦ  

             ςπ 

Where:  

¶ ὅȟ  refers to the cost of value of time per private vehicle trips considering each 

zone Ὥ (ú/(personĿmonth)) 

¶ ὠέὝȟ stands for the value of time for zone Ὥ as origin, per private vehicle mode 

and estimated as postulated in section ʳ..ɦʱ (ú/h)  

¶ ὸȟ  refers to the average travel time for private vehicle trips originating from 

zone Ὥ(h/trip).  

¶ ὔ
Ⱦ  

accounts for the average number trips per originating from zone Ὥ 

per month per person, computed as the number of trips per person a day 

multiplied by the number of labor days a month (trips/month/person).  

Finally adding up the ýxed costs, the variable costs and VoT, the total private vehicle costs 

per origin zone can be computed with the already mentioned Equation ʰr.  

 

.rɦ.r  Public transportation costs 

Public transportation costs are estimated by considering the following public modes of 

transport ὲ: 

¶ Train 
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¶ Metro  

¶ Urban Bus 

¶ Bus 

¶ Tramway 

¶ Taxi 

The total average monthly public transport cost per person in each zone Ὥ is calculated as 

the weighted average of mode-speciýc costs, using the modal shares of the zone as 

weights. This formulation is presented in Equation ʱ:h 

ὅȟ ίȟ ὅȟ          ςρ 

Where:  

¶ ὅȟ  represents the monthly public transportation costs per zone Ὥ and per person 

(ú/(monthĿperson)). 

¶ ίȟ is the share of public transportation mode ὲ  

¶ ὅȟ is the cost of public transportation mode ὲ in the zone Ὥ as origin per person 

(ú/(monthĿperson)). 

In exemption of taxis all this public transportation modes costs are governed by Equation 

ʱɦ.   

ὅȟ ὠέὝȟ ὸȟ ὡȟȟ Ὕȟȟ  ὔ      ςς 

Where:  

¶ ὊὥὶὩ represent the diʡerent fare typologies  

¶ ὅȟ are the monthly average cost of each public transportation mode ὲ per person 

in zone Ὥ  as origin (ú/(monthĿperson)).  

¶ ὠέὝȟ stands for the time-related cost, from origin Ὥ associated to each public 

transportation mode ὲ (ú/h). 

¶ ὸȟ refers to the average travel time for trips using mode ὲ and originating from 

zone Ὥ(hours/trip).  

¶ ὡȟȟ  represents the weight of people using each type of public transportation 

mode ὲand type of fare ὊὥὶὩ in zone Ὥ (%). 

¶ Ὕȟȟ  refers to the fare-related cost. The ticket price which can be a þat fare 

across all zones or vary across diʡerent zones (ú/trip).  



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʲ  ʁ

 

¶ Finally, ὔ
ȟ
 accounts for the average number of trips originating from zone Ὥ 

per person per month, computed as the number of trips a day per zone, multiplied 

by the number of labor days a month (trips/month/person).  

Finally, the cost for taxi trips ὲ ὸὥὼὭ is estimated according to Equation ɦ̡ :  

ὅ ȟ ὍΌȟ ȟὨ ‮ ὠέὝȟ ὸȟ  ὔ
Ⱦ  

      ςσ 

Where:  

¶  ὍΌȟ is the minimum fare to start a trip with a taxi in the zone of origin Ὥ 

(ú/trip), 

¶ .(mk/ú) Ὥ aera nigiro eht ni mk rep tsoc yratinu eht ot srefer ‮  

¶ ὸȟ  refers to the average trip time per taxi as origin area Ὥ (hour/trip) 

¶ Ὠȟ  refers to the average trip distance per taxi as origin area Ὥ (km/trip) 

¶ ὠέὝȟ  represents the VoT for taxi mode in zone Ὥ (ú/hour) 

 

.rɦ.ɹ  Bicycle costs 

To estimate bike costs, two diʡerent typologies of bike are considered:  

i) Private bike (  ὅȟ   

ii) Bike sharing system   ὅȟ   

The total average bike costs per zone Ὥ is computed as the weight average among, the 

previous mentioned, bike typologies, as expressed in Equation ʱ.r  

  ὅȟ   ίȟ    ὅȟ           ςτ

 

 

Where:  

¶   ὅȟ  stand for average monthly bike cost per person in zone Ὥ 

((ú/(monthĿperson)). 

¶ ὦὭὯὩ ὸώὴὩ stand for bike sharing and private bikes, the two bike typologies.  

¶   ίȟ   represents the share for each ὦὭὯὩ ὸώὴὩ in each zone Ὥ.  

¶  ὅȟ   represents the average monthly cost per person per ὦὭὯὩ ὸώὴὩ in each 

zone Ὥ ((ú/(monthĿperson)). 

 The ýrst typology, as it occurs with private vehicles, is governed by two types of costs:  
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¶ Fixed Costs: In this case it accounts for the bike price or loan, and maintenance 

costs.  

¶ Variable costs: Those account for the bike use, in this case distance-based 

maintenance.  

The general equation for private bike costs estimation is expressed in Equation ʱ ɹbelow:  

  ὅȟ  

ρ

ρς
ὅȟ  

 
ὅȟ  Ὠȟ    ὠέὝȟ

ὸȟ   ὔ
Ⱦ  

      ςυ 

 

¶ ὅȟ  
 

 represents the average yearly ýxed costs for private bicycle 

ownership in zone Ὥ, such as depreciation cost and ýx maintenance 

cost(ú/(yearĿperson)).  

¶ ὅȟ   considers the average variable maintenance cost per kilometer for 

bicycles (ú/km) 

¶ Ὠȟ   considers the average trip length for private bicycle trips originating 

from zone Ὥ (km/trip) 

¶ ὠέὝȟ  accounts for VoT for cycling in zone Ὥ (ú/hour).  

¶ ὸȟ   is the average travel time for private bicycle trips originating from 

zone Ὥ (hours/trip). 

In the second type of bike mode, the cost associated is governed by the following 

Equation ɦɻ .  

  ὅȟ  ὖȟ  Ὢȟ  ὠέὝȟ ὸȟ  

ὔ
Ⱦ  

        ςφ 

Where:  

¶ ὖΌȟ the monthly pass, equivalent to a ýxed cost of using the bike sharing system. 

(ú/(monthĿperson) 

¶ Ὢȟ   the fare for each trip done, in this case this is the variable cost, 

dependent on the number of trips (ú/trip).  

¶ ὸȟ   is the average travel time for bike sharing trips originating from zone 

Ὥ (hours/trip). 
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.rɦ.ɻ  Walking costs 

This transportation mode only incurs in a cost in terms of VoT. Its magnitude inþuences 

peopleôs choice to walk or not, and it is related to the walkability of each zone and the 

closeness to the points of interests, such as jobs, services, éThe following Equation ʱʁ 

expressed the monthly walking cots:  

ὅȟ ὠέὝὸȟ ὔ
Ⱦ  

       ςχ 

Where:  

¶ ὅȟ  is the total monthly generalized cost for walking trips for a person in 

zone i (ú/monthĿperson). 

¶ ὠέὝȟ  accounts for VoT for zone Ὥ for walking trips (ú/hour).  

¶ ὸȟ  is the average travel time for walking trips originating from zone 

Ὥ (hours/trip). 

 

ʳ.ʲ Combined housing and transportation aʡordability index (CHTAI) 

deýnition 

The CHTAI is deýned as the proportion of the household income allocated to housing 

and transportation costs.  

The general original formulation postulated in Equation ʴ in Literature review, has been 

readapted for this speciýc methodology according to Equation ʱ̫.  

ὅὌὝὃὍ
Ὄ Ὕ

Ὅ
       ςψ 

Where:  

¶ ὅὌὝὃὍ represents the combined housing and transport aʡordability index per 

each zone Ὥ.  

¶ Ὄ  represents the average monthly housing cost in zone Ὥ, just considering the 

average rent (ú/(monthĿhousehold)). 

¶ Ὕ stands for the average monthly transportation cost in zone Ὥ just considering 

the monthly working days trips cost, for every transportation mode 

(ú/(monthĿhousehold)). 

¶ Ὅ  is equivalent to the average monthly household income in zone Ὥ 

(ú/(monthĿhousehold). 
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Then, computed transportation costs, considering average cost per person, should be 

translated into household costs. This is done considering average family size per zone, 

according to Equation ʱy.  

Ὕ ὅ ὌὛ       ςω 

Where:  

¶ ὅ is the computed average transportation cost per person in zone Ὥ. 

(ú/(personĿmonth) 

¶ ὌὛ represent the household size for each zone Ὥ (person/household) 
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.ɹ Application of the proposed framework: the case of the AMB  

This section details the practical application of the proposed methodological framework 

in section ,r to the AMB. It outlines the socio-economic characteristics of the area, the 

speciýc data processing steps, the computational tools utilized, and the strategies 

employed to overcome key data challenges inherent in assessing CHTAI in a real urban 

context. The main goal is to generate the necessary inputs for the CHTAI for assessing 

the social and spatial disparities in the area of study.  

 

.ɹʰ Area of study 

The AMB has a strategic position in the south of Europe, as it opens Spain to world by 

the Mediterranean Sea through the well now Mediterranean corridor. This privileged 

position is one of the main reasons why the AMB is the epicenter of Catalonia, 

concentrating ʲ.ʱʲʸ.ʲʲʶ inhabitants in its ʵʲʵ km ɦof extension, representing just ɦ% of 

Cataloniaôs surface but corresponding to ʳʱ,ʷ% of its population across its ʲʵ 

municipalities, which is translated to half of the Gross Domestic Product of Catalonia 

(AMB, ʱʯʱʴ) 

Compared to other metropolitan areas in Europe it is not only the one with the biggest 

in extension but also the eight largest in population, according to Eurostat in ʱʯʰʱ (AMB, 

ʱʯʱʴ). These characteristics generate pronounced disparities among its municipalities, 

stemming from socio-economic and spatial diversity. Such disparities could translate 

into diʡerences in transportation and housing costs across its territory, which are crucial 

to understand the economical sustainability of its inhabitants, and the impacts to the 

quality of life and the social welfare.  

To provide a detailed picture of the study area it is essential to identify and analyze the 

socio-economic and mobility characteristics of the diʡerent regions within it. First, it is 

necessary to establish which geospatial division will be used through this methodological 

application. Considering the main datasets resolution, it has been decided to divide the 

territory in municipalities, with a speciýc distinction made for the city of Barcelona, 

considering each of its ʰʯ districts, due to its big extension, population density and socio-

economic and mobility diversity across its own area. In total, ʳʴ geospatial divisions are 

considered: corresponding to ʲʴ municipalities and ʰʯ districts of the city of Barcelona. 

This zoning system is then referred as Reference Territorial Division (RTD). 

This approach represents one main challenge, which is the integration of two diʡerent 

datasets at diʡerent geospatial level: municipalities and districts. To address this, it is 

necessary the use of geospatial tools such as QGIS, as well as other programing languages 
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such as Matlab and Python, to process the data through a series of steps that included: 

data integration, spatial joins, geometry corrections, spatial intersections, etc., to 

generate the desired maps and tables.  

The main objective of this data processing is to standardize the diʡerent administrative 

boundaries and integrate socio-economic and mobility indicators into a consistent 

spatial unit, thereby facilitating future analyses and enabling to estimate transportation 

and housing cost. 

The datasets used in this study are sourced from oʢcial institutions such Instituto 

Nacional de Estad²stica (INE), Institut dôEstad²stica de Catalunya (Idescat), AMB and 

OpenDataBCN.  

The extension of the AMB considering the RTD uniýed geospatial reference is shown in 

the following map in Figure ʱ.  

 

Figure :ɦ RTD used as uniýed geospatial zoning system for this thesis. 

To obtain the map in Figure ʱ, ʱ shapeýles are necessary:  

¶ Municipality level shapeýle  

¶ District level shapeýle  

To integrate both data sets into a unique spatial unit, the software QGIS was used. The 

ýrst step was to remove all the municipalities not belonging to the AMB. Second step in 
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the integration process was to eliminate the municipality of Barcelona from the 

municipality shapeýle, as the city needed to be subdivided into its ʰʯ districts. 

Subsequently, the geoprocessing tool ñUnionò was applied to merge the district and 

municipal layers into one uniýed spatial ýle.  

Once both ýles were merged, it was necessary to ýx the geometry and correct the missing 

boundaries between the districts and the adjacent municipalities, since gaps and 

overlaps often arise during merging process. This geometry cleaning steps are crucial for 

subsequent geoprocessing analysis, as any geometry problem could lead to errors in the 

processing steps.  

The uniýed shapeýle is then ýxed in terms of attribute table, creating two variables for 

the identiýcation of the new spatial joint (RTD_code and RTD_Name) that retain 

the oʢcial identiýers of both municipalities and districts. This step ensures consistency 

for linking further datasets to the new divisions. The full list of names and codes is 

provided in Table ʲr (Annex B.ʲ). 

Once the spatial integration has been performed, the analysis of the study area 

characteristics begins.  

After completing the spatial integration, the characterization of the study area was 

performed. To do so, the diʡerent datasets were joined to the new geospatial framework 

using the identiýcation code. Datasets were obtained either as shapeýles .xlsx or .CSV 

ýles, for municipalities and districts separately, and were joined through their 

corresponding codes. The outputs consist of spatial distributions of the selected 

indicators, represented in six graduated clusters and visualized using a yellow-to-red 

color scale. 

Used data archives are provided in Table ʯ̡ (Annex B.ʰ)  
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.ɹ.hʰ. Population share data  

The ýrst analysis related to population is visible in Figure ,̡ which shows the population 

distribution in ʱʯʱʳ across the RTD level. It visually highlights which are the areas with 

higher population, which is crucial for understanding demand on housing markets and 

the varying needs for transportation infrastructure and services. 

As it is observed, the most populated divisions correspond primarily to the ʰʯ districts 

of Barcelona, along with the municipalities of Badalona and Hospitalet del Llobregat. 

Population density generally decreases progressively with distance from Barcelona, 

reþecting the central role of the city in concentrating demand and, consequently, in 

generating mobility þows. 

 

Figure :̡ Population map for AMB in RTD level.  

To reýne the demographic understanding, it is necessary to display the population 

density ὭὲὬὥὦȾὯά , again considering the study geospatial level, RTD (Figure )r. This 

indicator is crucial as a high population density often correlates with higher land values 

and urbanization, typically corresponding to urban centers with higher concentration of 

services, education centers, healthcare and transportation network. In the other hand 

population density corresponds to a more standardized demographic indicator. As it is 

seen the city of Barcelona, it is the one that concentrates the highest population density, 

all together with the municipalities that are adjacent to it.  
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Figure :r Population density map for AMB in RTD level.  

 

ʴ.ʰ.ʱ. Socio-economic and housing data  

For the socio-economic parameters in the characterization of the study area, the analysis 

focuses on average monthly rent, average net income per person, and average net income 

per household. These indicators are essential to further stablish a primary housing 

aʡordability index for identifying areas with higher percentage of income destinated to 

housing.  

Figure ʴ highlights in red the areas with the highest rents, which correspond primarily 

to several districts of Barcelona, especially Sant Gervasi and the ones closest to the 

center, as well as municipalities such as Sant Cugat del Vall¯s. Overall, the spatial 

distribution of rents reveals a clear trend: rental costs are highest in the districts of 

Barcelona and decrease considerably with distance from the city. However, some zones 

in the eastern and western parts of the metropolitan area deviate from this pattern.  

Figures ʵ and ʶ, respectively, show the average net income per person and per household 

in the AMB. Both results are similar following the pattern observed in the average rent: 

those areas that were determined with higher rents are in most of the cases the areas with 

higher incomes. This makes sense, as families with higher purchasing power have access 
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to more expensive areas. Nevertheless, not all zones follow this pattern, corresponding 

possibly to tensioned areas, which be further analyzed.   

 

Figure :ɹ Rent map for AMB in RTD level. 

 

Figure :ɻ Average income per person for AMB in RTD level 
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Figure :ʁ Average income per household for AMB in RTD level 

 

Finally, a ýrst approximation to an aʡordability index has been performed by dividing 

the average rent per average household income, recalling Equation ʰ from the literature.  

Results are shown in Figure .̫ Considering just the housing cost, the less aʡordable areas 

are the districts in Barcelona, which concentrate most of the jobs and, thus, have higher 

population density. Due to this lack of aʡordability, people can be forced to move outside 

Barcelona, with a possible shaded cost (transportation cost), which will be further 

evaluated.  
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Figure :̫ Housing aʡordability index for AMB in RTD level. 

 

ʴ.ʰ..̡ Preliminary asses on transportation infrastructure distribution 

For this initial characterization of the area of study, it is important to consider the 

available transport infrastructure in each RTD zone. Together with some additional 

parameters, they will allow evaluating possible social and spatial disparities within the 

AMB, and how those disparities inþuence residentsô access to opportunities and quality 

of life. 

The ýrst map in Figure y illustrates public transport connectivity, measured through stop 

density. This indicator has been computed based on the T-Mobilitat GTFS uploaded in 

GIS and using the tool ñcount points in polygonò. On the one hand, clear diʡerence can 

be observed between the city of Barcelona and the surrounding municipalities, in terms 

of public transport oʡer. This measure serves as a principal indicator of a stronger 

reliance on public transportation in those areas, an aspect that will be further examined 

throughout the methodology. 
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Figure :y Public transportation density map for AMB in RTD level. 

On the other hand, the private vehicle mobility is generally assessed considering the 

motorization rate, which accounts for the number of vehicles per ʰ,ʯʯʯ inhabitants (Just 

considering cars and motorbikes). In Figure ʰʯ, the result from this analysis shows a 

clear pattern compared to the previous map of public transportation. The areas with 

higher public transport density, such as Barcelona, now show less dependency on private 

transportation as the motorization index is lower. Areas further away from Barcelona 

show motorization rates, that in some municipalities double the ones in Barcelona. The 

trends are clear: as further it gets from the city of Barcelona the connectivity by public 

transport is lower creating a trade-oʡ, considering a private transportation dependency. 

These concepts will be further analyzed.  

It is also important to analyze the access to active mobility. The bike lane density, which 

is essential in the promotion of bike trips in cities (D²az, ʱʯʱʲ) and can be used as an 

indicator. The result has been obtained by downloading the shapeýle for the AMB of all 

the bike lanes and using the tool ñSum line lengthsò. Results are shown in Figure ʰʰ, 

where a signiýcant diʡerence between Barcelona and the rest of the AMB arises again. 

This clear disparity in terms of active mobility infrastructure could aʡect the 

transportation costs.  
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Figure ʰʯ: Motorization rate for AMB in RTD level.  

  

Figure ʰ:h Bike Lane density map for AMB in RTD level. 
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Finally, all the data obtained from the study area preliminary analysis is available in 

Table ʲʴ (Annex B.ʲ) 

 

.ɹʱ. Data used for the case study  

As it has already been introduced, the methodology relies on three primary types of data: 

housing, transportation, and socio-economic indicators. In this section, the diʡerent 

variables within these categories will be exposed and each necessary pre-processing will 

be explained.  

¶ Housing data.  As it has already been introduced in study area characterization, 

these variables are the Average rent per zone, the Average income per household 

and household size.  

¶ Transportation data. Compresses the data necessary to estimate the 

transportation cost in the diʡerent regions of AMB. The main datasets 

correspond to Autoritat del Transport Metropolit¨ (ATM) simulated OD matrices 

and Mobility surveys, as well as other cost indicators, such as fuel prices, 

maintenance cost, insurance, which will be considered from diʡerent certiýed 

datasets.   

¶ Socio-economic and ýner-scale population data, services and other 

availability parameters. This data is relevant to understand the social and 

spatial disparities among the diʡerent divisions one the combined aʡordability 

index is built, and comes from diʡerent sources such as INE, AMB and Idescat. 

They will be used once the results of the aʡordability index are available.  

The data sources and key variables used for this section, together the ones already 

introduced for the study area characterization, is available in Table ʲʯ (Annex B.ʰ) and 

Table ʲʱ (Annex B.ʱ) respectively.  

 

ʴ.ʱ.ʰ. Transportation data  

As has been already exposed, transportation data is essential to estimate the 

transportation costs, which corresponds to the most time-consuming step in the 

methodology.  Two datasets will be used:   

¶ On the one hand, an OD matrix, considering the simulated trips during weekdays 

between each traʢc analysis zone (TAZ) in which the Area Metropolitan de 

Barcelona is divided. This is called TAZ-EMO zoning system and corresponds to 

ʲʶʱ divisions in the AMB extension.  
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¶ On the other hand, the data coming from the AMB surveys during weekdays, 

called EMEF. In the AMB extension, the granularity of the responses is exposed 

in ʳ ñcomarcasò (particular administrative regions that compress several 

municipalities) and the ʰʯ districts of Barcelona.  

The TAZ-EMO simulated data is composed by two OD matrixes, one corresponding 

to the private vehicle trips during weekdays and the other corresponding to public 

transport trips during weekdays. Both matrices are a result from a simulation with the 

software PTVisum during the weekdays performed by the ATM. Those do not specify 

between diʡerent public transportation modes, neither the travel times nor distances. As 

it has been already exposed, these OD matrices consider all the trips from origin-

destination TAZ-EMO for all the area of Catalonia in a complete day, so it is necessary to 

ýlter the data by TAZ-EMO zones within the AMB, which represents ʲʶʱ zones.  

The EMEF survey data, corresponds to the mobility surveys of the AMB residents aged 

ʰʵ and over, during the working days. The resolution is in ñcomarcasò in general, and in 

districts for the city of Barcelona. In the AMB extension, these are r  ñcomarcasò and ʰʯ 

districts of Barcelona. The information compresses information about trip typologies 

such as: gender, transportation mode, distance and origin of trip, trave times, fuel type 

of the vehicle, type of public transportation mode, trip motivation, etc.. The available 

survey from ʱʯʱʲ includes ʳʱ,ʰʱʰ responses and considers ɦʷʯ diʡerent variables. It is 

also relevant to consider that surveys have two diʡerent parts:  one related to trips (ʸʱ 

variables) and another one related to opinions (ʰʷʷ variables). However, one key 

limitation is that both surveys are not related; this is, opinions cannot be related to OD 

trips.  It is relevant to mention that all the EMEF variables used along this methodology 

application are presented in Table ʲ ̡(Annex B.ʱ) 

When working with diʡerent mobility data sources, a common challenge is that they are 

not structured around the same spatial divisions, as it has already been exposed. In this 

thesis, the available datasets are the TAZ-EMO simulation data and the EMEF mobility 

survey data, each organized at diʡerent spatial scales. To enable a consistent analysis, 

the RTD will be used, combining the ʰʯ districts of the city of Barcelona and the other ʲʴ 

municipalities of the AMB.  

To address this challenge of diʡerent data base size, a data orchestration and 

harmonization process will be conducted for the TAZ-EMO zones and for the EMEF 

zones. This process aggregates and re-structures the data into the uniýed RTD geospatial 

framework.  
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In the following Figures h ʱ and ʰ ̡the diʡerent scale between EMEF and TAZ-EMO 

zoning is detailed.  In Figure ʰ,ɦ the extension of the AMB is divided into ʲʶʱ divisions 

corresponding to the TAZ-EMO zoning system. In Figure ʰʲ, the EMEF level is shown 

graphically, considering the ʳ ñcomarcasò within the AMB which are Baix Llobregat, 

Vall¯s Occidental, Maresme and Barcelon¯s, and the ʰʯ districts of Barcelona which are 

compressed in the Barcelon¯s ñcomarcaò.  

 

Figure ʰ:ɦ TAZ-EMO zones within the AMB 

 

Figure ʰ:̡ EMEF zones within the AMB 
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ʴ.ʱ.ʱ. Housing data and socio-economic data   

Housing data was initially introduced during the characterization of the study area, 

focusing on factors such as average rent and household size. In addition, other socio-

economic data, considering population, income, and infrastructure distribution across 

the territory, were also considered. While attempts were made to gather other 

supplementary indicators such as education levels and points of interest, but no relevant 

or data could be located during the research process. In some cases, information for 

Barcelona was detailed, but for other municipalities was incomplete.  

 

.ɹ̡ . Transportation costs estimation 

In this section, the methodology to estimate the transportation costs will be detailed.  

The steps are the following:  

ʰ. Obtain a set of OD trip matrices, disaggregated by transportation mode and 

harmonized in the uniýed study framework, RTD, ensuring one OD matrix per 

transport mode. 

ʱ. Resolve the inconsistency in OD matrix trip direction, by ensuring that transport 

costs are attributed to the place of departure. Return trips will therefore be 

reassigned to their original point of origin. 

ʲ. Compute the modal share of each transportation mode in each of the ʳʴ RTD 

zones considering the previous OD matrices.  

ʳ. Obtain all the distance and travel time matrices, between all the RTD zones, for 

each transportation mode analyzed.  

ʴ. Compute the average travel times and average distances by transportation mode 

for each RTD zone, by weighting the distance and travel time matrices with the 

corresponding OD trip matrices.  

ʵ. Obtain and harmonize all the cost parameters such as fuel prices, type of vehicle 

in the uniýed ʳʴ geospatial zones. 

ʶ. Estimate the VoT per each of the RTD zone.  

ʷ. Compute the average cost per each transportation mode in each zone ὅȟ .  

ʸ. Finally, once all the averages costs per transportation mode per RTD zone are 

computed, apply the modal share of each zone, to obtain the total average 

transportation cost per zone, according to Equation X in the methodology.  

The following workþow summarizes the steps:  
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Figure ʰ:r Simpliýed Workþow for transportation cost estimation applied to AMB case study 

 

ʴ.ʲ.ʰ OD trip matrices obtention 

For the construction of the trip OD matrices, two distinct methodologies are applied 

depending on the data source associated with each transportation mode: 

i) OD matrices from TAZ-EMO level: these account for public 

transportation and private vehicle trips. They can be obtained from 

aggregating TAZ-EMO trips into the RTD geospatial framework.   

ii) OD matrices from EMEF level: these consider walking and bike trips, 

which should be disaggregated from EMEF level, while maintaining 

intrazonal trips at the Barcelona district level.  

Due to lack of information, it has not been possible to determine either the cost of taxi 

trips or the public bike sharing system costs within the AMB zone. Nevertheless, those 

costs do not represent a big share of the hole modal split for daily mobility.  
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ʴ.ʲ.ʰ.ʰ Public and private transportation matrices obtention  

The necessary steps to obtain the public and private transportation OD trip matrices 

consider: 

¶ Step ʰ: Filtering the OD trip matrices just by trips with origin and destination 

within the AMB. As the original matrix contains all TAZ zones within Catalonia 

extension.  

¶ Step ʱ: Data orchestration to aggregate trips from TAZ level to RTD level.  

In step ʰ, prior to any data orchestration, it is necessary to ýltrate the OD matrices to 

include only trips within the AMB in TAZ level. To do this, the TAZ shapeýle has been 

intersected with the AMB boundary shapeýle in QGIS software using the geoprocessing 

tool intersection. This process reduces the divisions from the entire territory of Catalonia 

to ʲʶʱ TAZ zones corresponding to the AMB extension. The resulting shapeýle was 

subsequently cleaned to correct geometry errors and exported as an Excel ýle containing 

all the TAZ codes inside the AMB.  

Once the attribute table containing the TAZ zones within the AMB, has been obtained. 

The OD trip matrices for public and private transportation were ýltered to retain only 

trips with both origin and destination inside the AMB. This operation has been 

implemented by using the software, Matlab, considering obtained TAZ codes inside the 

AMB, as ýlter. As a result, a new OD matrix was built, restricted to the ʲʶʱ TAZ units 

corresponding to the AMB. 

In step ʱ, because the spatial deýnitions of the TAZ-EMO zoning do not match the uniýed 

framework adopted in this study (RTD), it was necessary to aggregate the smaller TAZ 

zones into the larger RTD units. This process follows the data orchestration procedure 

described in Equation ʁ  of the general methodology, using TAZ-EMO shapeýle ýltered 

by AMB boundary and RTD shapeýle.  

First the area of each polygon in both shapeýles was calculated in QGIS.  After that, a 

polygon intersection between the two shapeýles was performed: generating new 

polygons that represent the overlapping areas between TAZ and RTD units.  Finally for 

each intersected polygon it was computed the share of intersection compared to total 

TAZ area ὡ . These shares are then used as weights for aggregating OD data 

from the TAZ level to the RTD level.  

As in this case there is no population data in TAZ level, the methodology has been 

adapted to an area-based orchestration. QGIS was used, using the vectorial 

geoprocessing tool intersection. 
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The attribute table obtained, shows the ýrst columns for the RTD code and a second 

column for the TAZ code, identifying the TAZ zones that remain inside the RTD zone. 

Then the INTER_AREA column, refers to the proportion of TAZ inside the RTD region. 

Comparing to the total TAZ area it remains the amount of TAZ area inside each RTD zone 

ὡ .  

Table ʵ shows the structure of the outputs obtained from this geospatial polygon 

intersection.   

RTD_Code TAZ_Code INTER_AREA  TAZ_AREA W_TAZ_RTD  

80155 48199 0.493 0.493 100.00% 

80155 48206 2.341 2.429 96.38% 
 

Table :ɻ Example of the obtained results from TAZ to RTD area intersection with QGIS 

The OD matrix at the RTD level is then implemented recalling the Equation  ̫in the 

methodology. Where now ὤρ and ὤς are the origin and destination zones in the study 

area zoning system, RTD, and ὤρᴂ and ὤςᴂ the TAZ origin and destinations. This 

aggregation was implemented in Matlab on the ýltered OD matrix for the AMB 

extension.  

The output obtained is the public transportation and private vehicle OD trip matrices in 

RTD level and AMB extension.  

 

ʴ.ʲ.ʰ.ʱ Walk and bicycle transportation matrices obtention 

i) Data source and initial processing 

As it has been introduced, walking and Bicycle OD matrices were constructed from 

weekday mobility surveys (EMEF) for the whole extension of Catalonia. SPSS software 

was used to process this dataset, ýltering responses by mode and by origin and 

destination, given the large sample size. The EMEF variables employed in this thesis are 

listed in Table ʲʲ (Annex B.ʱ), as it has already been mentioned.  

Before ýltering, it was necessary to apply the PESAIX variable as a case weight. This 

variable provides the expansion factor for each survey record, linking individual 

responses to the actual number of trips they represent in the population. In other words, 

since the EMEF is based on a sample of residents, each reported trip corresponds to 

multiple real trips. Applying PESAIX ensures that the OD matrices constructed from the 

survey data reþect the true distribution of trips rather than the raw sample structure. 

For mode identiýcation, the variable VʯʲG_Rʰ was used, with values ʯ and ʰ 

corresponding to walking and ʱ to cycling. Once weighted and ýltered by mode, the data 
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were analyzed using crosstabs of origins (VʯʲB_ʱ and COM_O)ɦ and destinations 

(VʯʲC_ʱ and COM_D)ɦ. This procedure generated one OD matrix for each mode, 

covering trips between the ʰʯ districts of Barcelona and the ʳ comarcas of the AMB 

(EMEF geospatial level). 

Certain adjustments were required before proceeding. Trips between the comarcas and 

Barcelon¯s, or vice versa, were excluded, as they are already represented in the district-

level trips of Barcelon¯s. Likewise, trips with origins or destinations outside the AMB 

were removed.  

After this cleaning process, the result was a ʰʳ Ĭ ʰʳ OD matrix at the EMEF resolution 

level for both walking and cycling. 

ii) Disaggregation to RTD units 

The cleaned ʰʳ Ĭ ʰʳ matrices were then disaggregated into the ʳʴ RTD units. This 

disaggregation was implemented in Matlab, involving the deýnition of diʡerent trip 

types and applying transformation rules. 

The trip types considered area 

¶ Intramuncipal trips: These trips are mainly short-distance trips originating 

and terminating within the same municipality. Based on EMEF data (Table ʶ and 

ʷ), this type of trip represents most of the walking and cycling trips. 

¶ Trips within the same district. For trips within the same district of 

Barcelona, data is complete, no further transformation is required.   

¶ District to municipality trips. Involves trip from a district of Barcelona to 

another municipality and vice versa, need to be disaggregated.  

¶ Intermunicipal trips. Involves trips between diʡerent municipalities, either 

within the same comarca or across diʡerent ñcomarcaò. They require 

disaggregation based on adjacency and population size. 

For this study, the impedance, which represents the generalized "cost" or resistance of 

traveling between two locations, was not modeled using an exponential function as is 

common in some trip distribution models, assigning how probable is the trip depending 

on the distance. (Comittee of the transport acces manual, ʱʯʱʯ).  

Instead, the disaggregation rules were based on spatial factors, such as adjacency, and 

the population distribution within the municipalities. 
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¶ Adjacency: Walking and cycling trips are geographically limited to adjacent 

municipalities. Therefore, only adjacent zones were considered in the 

disaggregation process. 

¶ Population Weighting: Trips were allocated based on the relative population 

size of municipalities. Larger municipalities receive a higher share of trips due to 

their higher population. 

iii) Disaggregation rules in Matlab 

Considering all the trip typologies, the following rules are applied using Matlab to 

disaggregate EMEF data to RTD level.   

¶ Rule ʰ, Trip within the same municipality (intramunicpal). The trips 

are adjusted based on the population weight of the municipality in the comarca 

and the autoconcentration of trips, which represents the proportion of trips that 

stay within the same municipality.  

¶ Rule ,ɦ Trips within districts of Barcelona. In the code, this is handled by 

checking if both zones, are the same, and if they are, the number of trips value 

remains unchanged. The trips are directly copied from the EMEF matrix to the 

RTD matrix. No disaggregation is performed here.   

¶ Rule ,̡ Trips between districts and municipalities and vice versa. The 

disaggregation considers the adjacency between the zones, as if it was an 

impedance function. Speciýcally, trips are only considered if both zones share a 

boundary, as indicated by an adjacency matrix (Figure ʰʴ). The trips between 

these zones are distributed equally among all the adjacent municipalities.  

¶ Rule .r,h Intermunicipal trips from one municipality to another 

within the same comarca. The trips are distributed among adjacent 

municipalities that share a boundary within the same comarca. The distribution 

of trips is based on the population of each municipality, with larger municipalities 

receiving a higher proportion of trips, by population weighting process. The 

process is performed from the remaining non intramunicpal trips.  

¶ Rule .rʱ: Intermunicipal trips from one municipality to another 

within diʡerent comarca. The disaggregation is performed similarly, with 

trips distributed among adjacent zones that share a boundary. The key diʡerence 

is that the disaggregation considers municipalities from diʡerent comarques, and 

the mobility is weighted by population for each municipality and adjusted for 

adjacency.  
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iv)Required data for disaggregation (Matlab Inputs) 

Summarizing, the following input data in Matlab are needed:  

¶ The OD matrix in EMEF level ʰʳ xʰʳ, obtained from SPSS analysis.  

¶ The adjacence matrix, consisting in a ʰ and ʯ matrix, using ʰ for those OD 

pairs that are adjacent and ʯ for those which are not. Figure ʰʴ.  

¶ The autoconcentration in municipality level, which corresponds to the 

percentage of trips in each Comarca that occurs in intermunicipal level (Table ʶ 

and ʷ). This is extrapolated to each municipality from the Comarca which belongs 

to.  

¶ Intersection of population weight between, each municipality within the 

ñcomarcaò which belongs to. Available in Table ʲʵ (Annex B.ʳ) 

Those data inputs were downloaded in Matlab and worked applying each of the 

restrictions, and distributed to obtain an OD matrix of ʳʴxʳʴ (RTD level).  

v) Intramunicipal trip share obtention and adjacency matrix obtention 

The percentages of intramunicipal trips are obtained from the EMEF survey with the 

SPSS software. First, the weights of the responses were assigned with PESAIX, and later 

ýltered by mode (Walk or Bike) according to variable VʯʲG_Rʰ being ʯ and ʰ for walking 

trips and ʱ for bicycle trips and ýltered by intramunicipal trips with variable Vʯ̡ B_Cʰ 

being equal to .h  

Within this ýltered dataset, the share of trips the origins and destinations belonging to 

the same municipality, providing the proportion of intrazonal trips. The resulting 

percentages for each origin are presented in Tables  ʁand ̫ for walking and bike 

respectively.  

Percentage of intramunicpal  walking 
trips (%)  (autoconcentration)  

Baix Llobregat 98.09 

Barcelonès 98.50 

Maresme 98.16 
Vallès Occidental 

97.98 
Table :ʁ Percentage of intramunicpal walking trips (%) 
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Percentage of intramunicpal  bike 
trips (%)  (autoconcentration)  

Baix Llobregat 68.49 

Barcelonès 91.52 

Maresme 70.76 
Vallès Occidental 

85.7 
Table :̫ Percentage of intramunicpal bike trips (%) 

After identifying that most of the walking and cycling trips are intramunicipal, the 

remaining inter-municipal trips must be redistributed across RTD units. Their allocation 

follows a set of spatial adjacency rules, under the assumption that walking and cycling 

trips can only occur between geographically contiguous zones. 

To implement this rule, an adjacency matrix was created. Using QGIS, the geoprocessing 

tool Join attributes by location with the intersect option was applied to the RTD 

shapeýle, producing a table of all pairs of adjacent zones. This table was then processed 

in Excel to obtain a binary adjacency matrix, where ñʰò indicates adjacency and ñʯò 

indicates no adjacency. The resulting matrix was used as an impedance for the 

distribution of walking and cycling trips, ensuring that þows are only assigned between 

adjacent zones. 

 

Figure ʰ:ɹ Adjacence matrix in RTD level 

 

ʴ.ʲ.ʱ Directional inconsistency between model and data structure  

One of the key methodological challenges that have appeared in this study was a 

fundamental mismatch between the logic of CHTAI and the structure of the available OD 

matrices data. The main idea behind the index is to reþect the real ýnancial burden that 

households face based on where they live, origin in zone Ὥ. This origin cost includes both 

housing costs and transport expenses. Therefore, both should be attributed to the 

locations where people reside. This is easy for housing costs. For the case of transport 

80155 80207 80543 80569 80689 80728 80734 80771 80898 81017 81234 81252 81265 81574 81580 81691 81803 81944 81960 82009 82042 82055 82114 82172 82212 82444 82457 82520 82634 82665 82824 82896 83015 89045 89058 8019301 8019302 8019303 8019304 8019305 8019306 8019307 8019308 8019309 8019310

80155 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

80207 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

80543 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

80569 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

80689 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0

80728 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

80734 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

80771 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

80898 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

81017 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0

81234 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

81252 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

81265 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

81574 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

81580 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

81691 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

81803 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

81944 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

81960 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

82009 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0

82042 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0

82055 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

82114 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

82172 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

82212 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0

82444 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

82457 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0

82520 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

82634 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0

82665 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0

82824 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

82896 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

83015 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

89045 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

89058 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8019301 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 1

8019302 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 0 0 1

8019303 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0

8019304 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0

8019305 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 0 0

8019306 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0

8019307 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 1 0 1 1 1

8019308 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0

8019309 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1

8019310 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 1 0
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costs, just trip origins and not destinations need to be considered, and this is not as 

straightforward.  

Indeed, the mobility data available for the AMB, in the form of OD matrices, diʢculted 

the process. These matrices are aggregated across the entire day and do not distinguish 

between trip directions, as could be home-to-work vs work-to-home, or trip motivation. 

All trips are treated equally whether someone is going to work or returning from it, or 

just going out for groceries, restaurants, hospitals,etc. 

This lack of detail creates an issue. For instance, consider someone who lives in Zone Ὥ 

and works in Zone Ὦ.  Their morning trip  Ὥ Ÿ j is correctly registered with the residential 

zone as the origin. But the return trip in the evening (Ὦ Ÿ Ὥ) is attributed to zone Ὦ and we 

can not know from the dataset that this is it not a trip from this personôs living place. If a 

lot of people work in Ὦ but do not live there, it would incorrectly seem that Zone Ὦ 

residents are taking many trips from home. The result is that zones with high 

concentrations of jobs, like the city of Barcelona, could end up shouldering inþated 

transport costs that should be assigned to other residential areas in order to reþect each 

areaôs real burden.  

The methodology that suits better to solve this problem is ýltering the trip by direction 

using the EMEF survey data, which provides a more granular information on the trip 

purpose (Trip from home or trips back home). This allows for a more accurate allocation 

of costs to the actual residential base.  

 

ʴ.ʲ.ʱ.ʰ Methodology used 

This methodology involves building an OD matrix that primarily reþects origin-based 

trips, ensuring that the travel burden is correctly assigned to a household's place of 

residence. 

To solve this inconsistency, the following Equation ʲʯ in Matrix form is used:  

ὕὈ ȟ

ὕὈ ȟ  ὡ ȟ

 ὕὈ ȟ ὡ ȟ       σπ 

Where:  

¶ ὙὝὈὢὙὝὈ reþects the matrix size. 

¶ ὕὈ ȟ  represents the new OD matrix obtained from this process, 

accounting the origins as resident areas, in RTD level.  
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¶ ὕὈ ȟ   corresponds to the public transportation and private 

transportation OD matrices computed in section ʴ..̡ʰ in RTD level.  

¶ ὡ ȟ  corresponds to the percentage of trips from home in matrix 

form in RTD level.  

¶ ὡ ȟ  corresponds to the percentage of trips from home in matrix 

form in RTD level.  

Note that the transpose operator in Equation ʲʯ is required because the back home trips 

are oriented with the non-residential zone as the origin and the residential zone as the 

destination. To ensure that all costs are attributed to the householdôs residential base, 

these þows must be reoriented. The transpose operation reassigns them from (Ὦ Ÿ Ὥ) to 

(Ὥ Ÿ Ὦ) aligning them with the residential-origin logic of the CHTAI framework. 

Moreover, this procedure was applied only to private vehicles and public transport, as 

walking and cycling trips are overwhelmingly intrazonal. In those cases, the asymmetry 

introduced by trip direction is negligible and does not materially aʡect the results.  

 

ʴ.ʲ.ʱ.ʱ Obtention of trip direction share 

First, trips back home and trips from home must be determined. To do so EMEF data is 

used by using the software SPSS. First, the data is ýltered using the variable VʯʲA_Rʱ, 

which includes and classiýes the trip motivation in ʳ groups (-hTrip back home from 

work, ʱ-Trip back home from leisure, ʲ- Commuting trip, ʳ-Personal trip). Then two 

ýlters will be applied separately.  

¶ Trips from home (home as origin): ýltering the variable VʯʲA_Rʱ by 

outputs ʲ and ʳ, the result is assigned as ὕὈ ȟ and corresponds 

to a ʰʳxʰʳ OD matrix, EMEF level (ʰʯ districts and ʳ comarcas of AMB).   

¶ Trips back home (home as destination): ýltering the variable VʯʲA_R ɦby 

outputs ʰ and ʱ. The result is assigned as ὕὈ ȟ  and corresponds 

to a ʰʳxʰʳ OD matrix 

Both matrices were normalized by the total number of trips to obtain the percentage of 

trips from home and the percentage of trips back home, resulting in the percentage 

matrices shown in the following Table  yfor home as origin ὡ ȟ  origin  

and Table ʰʯ for home as destination ὡ ȟ . 
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Table :y OD ratio of trip from home in EMEF level 

 

Table ʰʯ: OD ratio of trip back home in EMEF level 

Since these percentages are only available at the EMEF resolution, they were expanded 

to the RTD level. For the districts of Barcelona, the assignment is direct; for the rest, each 

RTD unit was mapped to its comarca using a correspondence table (RTD_Code ź 

EMEF_Code). This process was implemented in Matlab, producing the ýnal trip 

motivation matrices in RTD level.  

ὡ ȟ  O ὡ ȟ   

ὡ ȟ ᴼὡ ȟ  

 

ʴ.ʲ.ʱ. ̡OD matrix computation and results 

Finally, Equation ʲʯ was implanted using public transport and private vehicle matrices 

obtained in Section ʴ.ʰ.ʰ. The results indicate a signiýcant change in mobility patterns, 

particularly for trips originating from RTD zones outside Barcelona and destined to RTD 

zones within the city and vice versa.  

In ὕὈ ȟ  for public transportation and private vehicle, shows an increase in 

trips toward Barcelona, reþecting the cityôs strong gravitational pull due to its 

concentration of employment and services. Conversely, trips originating in Barcelona 

and traveling to the rest of the AMB decrease proportionally, by approximately ʳʯ% in 

public transportation and ʲʲ% in private vehicle. These results highlight a redistribution 

of travel þows that emphasizes movement toward the central city while reducing trips 

departing from it. Assigning correctly the real burden to the residence of each household. 

Graphical representations are observed in Figures ʰʵ and ʰʶ.  

Ciutat Vella Eixample Sants-Montjuïc Les Corts Sarrià-Sant Gervasi Gràcia Horta Nou Barris Sant Andreu Sant Martí Baix Llobregat Barcelonès Maresme Vallès Occidental

Ciutat Vella 0.60 0.70 0.61 0.87 0.54 0.38 0.21 0.11 0.52 0.56 0.35 0.32 0.33 0.38

Eixample 0.55 0.63 0.46 0.55 0.65 0.50 0.30 0.25 0.34 0.40 0.34 0.25 0.23 0.30

Sants-Montjuïc 0.67 0.79 0.56 0.65 0.65 0.61 0.27 0.15 0.40 0.63 0.38 0.43 0.13 0.33

Les Corts 0.59 0.65 0.51 0.60 0.54 0.49 0.40 0.00 0.45 0.49 0.40 0.20 0.00 0.42

Sarrià-Sant Gervasi 0.71 0.63 0.58 0.64 0.60 0.51 0.33 0.30 0.65 0.49 0.48 0.31 0.29 0.36

Gràcia 0.89 0.71 0.58 0.78 0.58 0.60 0.34 0.18 0.61 0.61 0.56 0.35 0.55 0.54

Horta 0.78 0.87 0.68 0.90 0.90 0.83 0.56 0.57 0.64 0.78 0.39 0.55 0.15 0.44

Nou Barris 0.83 0.83 0.88 1.00 1.00 0.84 0.50 0.58 0.61 0.87 0.92 0.61 0.45 0.71

Sant Andreu 0.53 0.72 0.79 0.88 0.59 0.73 0.51 0.50 0.55 0.58 0.62 0.56 0.61 0.39

Sant Martí 0.66 0.73 0.61 0.84 0.63 0.73 0.31 0.17 0.47 0.58 0.44 0.39 0.23 0.34

Baix Llobregat 0.62 0.77 0.75 0.74 0.79 0.74 0.67 0.21 0.46 0.67 0.57 0.54 0.26 0.63

Barcelonès 0.64 0.69 0.57 0.67 0.63 0.60 0.49 0.49 0.54 0.58 0.49 0.52 0.35 0.43

Maresme 0.91 0.86 0.86 1.00 0.84 0.84 0.80 0.45 0.59 0.89 0.87 0.53 0.55 0.86

Vallès Occidental 0.75 0.88 0.75 0.89 0.75 0.59 0.74 0.38 0.78 0.69 0.57 0.43 0.40 0.57

Ciutat Vella Eixample Sants-Montjuïc Les Corts Sarrià-Sant Gervasi Gràcia Horta Nou Barris Sant Andreu Sant Martí Baix Llobregat Barcelonès Maresme Vallès Occidental

Ciutat Vella 0.40 0.30 0.39 0.13 0.46 0.62 0.79 0.89 0.48 0.44 0.65 0.68 0.67 0.62

Eixample 0.45 0.37 0.54 0.45 0.35 0.50 0.70 0.75 0.66 0.60 0.66 0.75 0.77 0.70

Sants-Montjuïc 0.33 0.21 0.44 0.35 0.35 0.39 0.73 0.85 0.60 0.37 0.62 0.57 0.87 0.67

Les Corts 0.41 0.35 0.49 0.40 0.46 0.51 0.60 1.00 0.55 0.51 0.60 0.80 1.00 0.58

Sarrià-Sant Gervasi 0.29 0.37 0.42 0.36 0.40 0.49 0.67 0.70 0.35 0.51 0.52 0.69 0.71 0.64

Gràcia 0.11 0.29 0.42 0.22 0.42 0.40 0.66 0.82 0.39 0.39 0.44 0.65 0.45 0.46

Horta 0.22 0.13 0.32 0.10 0.10 0.17 0.44 0.43 0.36 0.22 0.61 0.45 0.85 0.56

Nou Barris 0.17 0.17 0.12 0.00 0.00 0.16 0.50 0.42 0.39 0.13 0.08 0.39 0.55 0.29

Sant Andreu 0.47 0.28 0.21 0.12 0.41 0.27 0.49 0.50 0.45 0.42 0.38 0.44 0.39 0.61

Sant Martí 0.34 0.27 0.39 0.16 0.37 0.27 0.69 0.83 0.53 0.42 0.56 0.61 0.77 0.66

Baix Llobregat 0.38 0.23 0.25 0.26 0.21 0.26 0.33 0.79 0.54 0.33 0.43 0.46 0.74 0.37

Barcelonès 0.36 0.31 0.43 0.33 0.37 0.40 0.51 0.51 0.46 0.42 0.51 0.48 0.65 0.57

Maresme 0.09 0.14 0.14 0.00 0.16 0.16 0.20 0.55 0.41 0.11 0.13 0.47 0.45 0.14

Vallès Occidental 0.25 0.12 0.25 0.11 0.25 0.41 0.26 0.62 0.22 0.31 0.43 0.57 0.60 0.43



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʵ  ɹ

 

 

Figure ʰ.ɻ Mobility trends from Barcelona to rest of AMB and vice versa, by public transportation before 
and after directional inconsistency methodology application 

 

Figure ʰ:ʁ Mobility trends from Barcelona to rest of AMB and vice versa, by private vehicle before and 
after directional inconsistency methodology application  

 

ʴ.ʲ. ̡Modal share estimation 

Once all OD matrices by mode (public transport, private vehicle, walking, and cycling) 

were obtained using the methodology described in Section ʰ, the modal share for the 

RTD zoning system was estimated. This calculation was performed using Equation ʲ:h 

ίȟ
В Ὕȟ

В В Ὕȟ

           σρ  

Where: 

¶ ίȟ is referred to the modal share (%) of mode m in zone Ὥ.  

¶ ά accounts for the trip mode (private vehicle, public transportation, bike, walk) 

¶ ὓ represents the total number of transportation modes in the analysis, which in 

this case is ʳ.  

¶ ὤ account the number of zones in the RTD level, which are ʳʴ. 

¶ Ὕȟ considers the number of trips between OD pair origin Ὥ and destination Ὦ 

made by mode m.   

Equation ʲ htherefore expresses the share of trips by mode ά originating in zone Ὥ, 

relative to all trips originating in that same zone. 

BCN

REST OF AMB 

3
2

0
,0

0
0

 
tr

ip
/d

a
y

BCN

REST OF AMB 

4
0

9
,0

0
0

 
tr

ip
/d

a
y

BEFORE AFTER

BCN

REST OF AMB 

3
2

8
,0

0
0

 
tr

ip
/d

a
y

BCN

REST OF AMB 

4
1

0
,5

0
0

 
tr

ip
/d

a
y

BEFORE AFTER



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʵ  ɻ

 

Because walking and cycling trips are derived from the EMEF survey and disaggregated 

by population weight at the municipal level, discrepancies may arise due to over or 

underestimation. To correct this, the modal shares obtained through Equation ʲʲ were 

compared with those derived directly from the EMEF survey at the comarca level (the 

district-level results remain unchanged). These EMEF shares were computed by ýltering 

trips by mode within each of the ʰʳ originïdestination pairs. 

Even though this discordance of values occurs for biking and walking, only trips by foot 

will be corrected, as walking is the mode chosen for most trips in every municipality.  

Although diʡerences were detected for both walking and cycling, only walking shares 

were corrected, as walking represents most trips in all municipalities (excluding 

Barcelona districts). The corrected walking share was computed as the average of the 

matrix-derived value and the corresponding EMEF comarca value, according to 

Equation ʲ:ɦ 

ίȟ ȟ

ίȟ ίȟ ȟ

ς
       σς 

Where:  

¶ ίȟ  is the modal share obtained from Equation ʲh  

¶ ίȟ ȟ  accounts for the share of walking resulting from EMEF survey at 

the comarca level for each RTD zone and its associated comarca.  

¶ ίȟ ȟ  is the obtained modal share after averaging comarca walking share 

and RTD walking share.  

ίȟ ȟ  obtained from EMEF data analysis are available in Table ʰ:h  

 ίȟ ȟ Ϸ  

Baix Llobregat 53.87 

Barcelonès 57.67 

Maresme 49.63 

Vallès Occidental 45.82 
Table ʰ:h Walking shares for each comarca. 

The walking OD matrix was then rescaled using the corrected share, as shown in 

Equation ʲ:̡ 

ὕὈ ȟ ȟ

ίȟȟ
ίȟ

ὕὈ ȟ             σσ 

Where:  

¶ ὕὈ ȟ  is the walking OD matrix at RTD level obtained in section ʴ..̡ʰ.  



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʵ  ʁ

 

¶ ὕὈ ȟ ȟ  accounts for the corrected walking OD matrix at RTD 

level.  

When the walk share is updated, the remaining percentage is redistributed among the 

other modes in proportion to their original shares. This ensures that the total stays at 

100% while preserving the relative balance between the non-walk modes. 

The resulting modal shares are presented in Table ʲ ʁ(Annex B.)ɹ 

 

ʴ.ʲ. rDistance and travel time matrices obtention 

In any transportation cost estimation methodology, it is essential to determine the 

distances and or travel times between the analyzed zones. The expected output should 

be a matrix representing the distances or travel times between each origin and 

destination pairs ὭὮ within the study area. Once these values are computed, it becomes 

possible to estimate the average distance and travel time per transportation mode for 

each origin zone. 

The objective of this section is to describe the methodology applied to compute the 

distance and travel time matrices for the AMB study area using QGIS and Python. 

 

ʴ.ʲ.ʳ. hCentroids determination 

Before computing distances, it is necessary to deýne the centroids of each zone, as these 

serve as the origin and destination inputs for the calculations. An initial attempt was 

made using the geometric centers directly computed in QGIS. However, for larger 

municipalities this approach produced incoherent results, including null values and 

unrealistically large distances. 

To overcome this limitation, population-weighted centroids provided by Idescat were 

used for the municipalities. For the districts of Barcelona, such data were not available. 

Given the high and relatively homogeneous population density of the city, geometric 

centroids were considered appropriate, with two exceptions: Sant Gervasi and Sants-

Montjuµc. In these cases, the centroids were manually displaced to better approximate 

the actual population center. 

The ýnal output was a shapeýle named Centroids, which contains the representative 

point of each RTD unit and is used as the basis for distance and travel time computations. 
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Each centroid is associated with its corresponding RTD code and is represented as a 

point in QGIS, forming the OD pairs required for matrix calculations. 

The geometric centroids were computed using the Centroids geoprocessing tool in QGIS, 

applied to the shapeýle of the study area. The resulting centroids ýle used for the analysis 

is displayed in Figure ʰʴ. 

 

Figure ʰ:̫ Centroids for each RTD division within the AMB. 

 

ʴ.ʲ.ʳ.ʱ Travel times and travel distances with QGIS   

For the private vehicle, walk and bike distance and travel matrices the software QGIS can 

be used, for public transportation GTFS are need it. It is complicated to integrate with 

QGIS due to the ýle weight and the process complexity. That is why python libraries are 

used instead, for public transportation, as it will be later detailed.   

For the mentioned distances and travel times a plugin must be installed in QGIS, which 

is OpenRouteService (ORS), which is a powerful tool that provides APIs and plugins for 

geospatial analysis, particularly focused on routing and distance/time calculations (ORS, 

ʱʯʱʴ). ORS can compute optimal routes and distance matrices for diʡerent 

transportation modes, including driving, walking, and cycling. This tool has already 

incorporated the road networks, pedestrian path networks and bike lanes. It computes 

the shortest path or quickest route between the origin and destination points ýles 

selected, considering real-world road data, traʢc, and routing preferences based on the 

selected mode. Moreover, considers the routing parameters such as speed limitations.  
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The input data needed, accounts for the origin and destination points, which is the 

centroids shapeýle previously obtained. The same shapeýle must be selected as origin 

and destination and select the RTD CODE as the output zone origin and destination pair. 

Previously the mode must be selected (bike, walk or driving). The output is a table of ʳ 

columns, the code of origin the code of destination, the distance between both pairs per 

mode, and the time between both pairs per mode.  

 

ʴ.ʲ.ʳ.ʲ Travel times with Python 

As it has already been presented, public transportation travel times are diʢcult to 

compute using QGIS, that is why python is used instead. According to the methodology, 

there is no need to estimate distances between OD pairs, so just travel times will be 

computed. 

To do so, it is essential to work with GTFS, accounting for General Transit Feed 

Speciýcation. GTFS are standardized data format which provides a structure for public 

transit agencies to describe the details of their services such as schedules, stops, 

fares,éAllowing public transit agencies to publish all this data in a format which is 

available to be uploaded and worked with many softwareôs (Speciýcation General Transit 

Feed, ʱʯʱʴ). 

The data source that has been used for this study is the T-Mobilitat GTFS, which 

considers all the public transportation modes included in the unitary fare T-Mobilitat in 

the all the area of Catalonia and was downloaded during June ʱʯʱʴ. This type of ýle can 

also be visualized in GIS as stops and shapes, as it is shown in Figure ʰ,y and some of the 

schedule tables, transfers and other service information:  

 

Figure ʰ:y T-Mobilitat GTFS in AMB extension. 
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As it is seen in Figure ʰ,y T-Mobilitat GTFS provides comprehensive information of the 

public transportation system in the AMB, including all the essential data for calculating 

travel times between zones such as:  

¶ Routes: Information on diʡerent public transport routes, considering bus, 

metro, tram, train,é 

¶ Trips: Speciýc trips within each route, including departure and arrival times. 

¶ Stops: Locations of all public transport stops. 

¶ Calendar: Days of operation for each trip. 

Once this information is downloaded. There are some libraries of python that must be 

installed, and which are essential to carry on the travel times estimation.  

¶ Pandas: is a powerful library used for data manipulation and analysis. It allows 

you to easily read, clean, and manipulate the GTFS ýles which are in CSV format, 

such as stops.txt, trips.txt, ... 

¶ Rʴpy: It is Python library for rapid realistic routing on multimodal transport 

networks including walk, bike, public transport, and car (RʴPY, ʱʯʱʴ).  

¶ Datetime: as GTFS involves schedules such as times for trips, arrivals, and 

departures.  The datetime library in  Python is essential for handling time and 

date operations, such as converting timestamps or calculating trip durations.  

The steps followed in python script are the ones below:  

ʰ. The ýrst step is to build the transport network, considering the OpenStreetMap 

(OSM) extract for the AMB and the GTFS ýle as an input. In this process 

TransportNetwork() merges the street layer from OSM with scheduled transit 

from GTFS into a routable network.  

ʱ. The second step enables RTD zones and centroids loading in the script in 

shapeýle format and considering ID ýeld as RTD_CODE. The output obtained is 

origins and destinations GeoDataFrames with columns id and geometry as 

points.  

ʲ. The following step compresses departure deýnition and cutoʡs. In this step rʴpy 

transfers these to Rʴ. For transit, Rʴ samples over a short time window and 

returns the median travel time by default. 

ʳ. The fourth step is dedicated to selecting the transport mode, in this case public 

transport where we include only transit modes on the main leg. 
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ʴ. The last step, compute and save matrices TravelTimeMatrix(...) as an all-to-all 

matrix in long format. Each row is a pair from_id  to_id with travel time in 

minutes. The resultant matrix is downloaded in .csv format.  

 

ʴ.ʲ.ʳ. rSolving the problem of intrazonal travel times and distances 

Nevertheless, the matrices that are obtained, independently  of the software utilized 

(QGIS or Python), are not ready to use, as they are computed between centroids, which 

are points, and the values obtained in the main diagonal of the matrix, where OD pairs 

are the same (origin is equal to destination Ὥ Ὦ), they are equal to zero. Those trips 

correspond to the intrazonal trips, and in some of the modes represent a big 

percentage of the total trips. In some studies, those values are set equal to zero, but the 

results could suʡer from being unrealistic, such as in walking and bike trips were due to 

the time impedance most of the trips are intrazonal.   

Over the past several decades, various models have been proposed to estimate the 

average intrazonal trip distance. Most of them based on the geometric characteristics of 

a traʢc zone (which in this case is a smaller area than the ones of the study case).  

 One of the ýrst models was postulated by Smeed in ʰʸʵʶ (Silva, ʱʯʱʰ) . This early 

approach was based on the analysis of grid-shaped street networks, indicating that the 

intrazonal average trip distance Ὀ depends just on the area of the zone ὃ, considering 

the following empirical Equation ̡r : 

Ὀ πȢψρ Ѝὃ      στ 

In hyʶʵ Batty proposed a model based on the premise of an approximately circular traʢc 

zone with a uniformly distributed population. This assumption simpliýes the calculation 

according to the following Equation ̡ɹ : (Silva, ʱʯʱʰ):  

Ὀ
ὃ

ς“
            συ 

In ʰʸʷʷ based on a similar geometric concept, Fotheringham also suggested a model 

assuming an approximately circular area. This led to a slightly diʡerent formulation with 

a calibrated coeʢcient as it is shown in Equation ʲɻ (Silva, ʱʯʱʰ):  

Ὀ πȢψτφ
ὃ

“
       σφ 
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Finally, Wilson in ʰʸʸʯ proposed another formulation that, like Smeed's, considers only 

the direct inþuence of the zone's area, according to Equation ʲʁ: (Silva, ʱʯʱʰ): 

Ὀ
σ

υ
 Ѝὃ             σχ 

All those models proposed similar equations to estimate the intrazonal average 

distances, which could be used in this study.  Nevertheless, there is no distinction 

between transportation modes and the impedances associated to walking and bike, 

which tends to be a determinant factor in the distance.  

Although there exist some approximations based on other parameters such as number 

of stops, population density, number of links, number of nodes, area, length, (Delice, 

ʱʯʰʸ) there R-squared obtained and not good enough, but they oʡer a distinction 

between modes (Weston, ʱʯʰʸ). 

In this case, intrazonal distances and travel times were estimated using the EMEF survey 

results. It should be noted, however, that this information is only available at the comarca 

level and, for Barcelona, at the district level. To obtain these results, the concentration of 

trips occurring within the same municipality was considered. In SPSS, this was 

implemented by ýltering the dataset with variable VʯʲB_Cʰ = ʯ, which identiýes 

intramunicipal trips. 

The ýltered responses were then analyzed to calculate the mean intrazonal travel times 

per comarca. This was performed using the variable VʯʲF, which records reported travel 

time, within a crosstab of origin and destination. The mean of all valid responses was 

assigned as the representative value for each comarca (and each district in the case of 

Barcelona). The resulting average intrazonal travel times are presented in Table ʰɦ. 

 

Table ʰ:ɦ Intrazonal travel times in EMEF level and by mode.  

 Mean intrazonal travel times by mode (min utes )  

EMEF zones  
Public 

transportation  
Private 
vehicle  

Walk  Bike  

Ciutat Vella 23 5 11 9 

Eixample 18 14 11 14 

Sants-Montjuïc  20 12 11 12 

Les Corts 15 11 10 7 

Sarrià-Sant Gervasi 19 11 11 4 

Gràcia 18 10 10 11 

Horta  21 10 13 12 

Nou Barris  16 10 12 11 

Sant Andreu 18 12 12 13 

Sant Martí  22 13 12 12 

Baix Llobregat 16 9 13 12 

Barcelonès 27 17 14 16 

Maresme 24 9 12 10 

Vallès Occidental 24 10 13 10 
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For the OD travel time matrices at the RTD resolution, each intrazonal travel time was 

assigned the mean intramunicipal travel time of its corresponding comarca, and for the 

districts of Barcelona, the EMEF-based intrazonal times were directly applied. 

To estimate average intrazonal distances, the mean travel time was combined with the 

average speed of each mode. Walking speed was set at ʲ.ʵ km/h and cycling speed at ʰʱ.ʴ 

km/h, following the parameters applied in QGIS. For private vehicles, an average speed 

of ʰʵ.ʷʴ km/h was adopted, based on the median speed reported for Barcelona 

(Montero, ʱʯʰʸ). 

The results obtained are presented in Table ʲ ̫and ʲ y(Annex B.)ɻ, for travel times and 

distances respectively. 

  

ʴ.ʲ.ʴ Average travel times and distances associated to each origin per mode 

This section outlines the process used to calculate the average travel times and average 

travel distances for each origin zone across the ʳ transport modes. This step is essential 

for the transportation costs estimation, as described in Section ʳ of the methodology. The 

calculation can only be performed once the OD matrices, together with the 

corresponding distances and travel times, have been derived from the previous steps. 

Then the inputs are:  

¶ OD trip matrices for all transportation modes, harmonized in RTD level 

computed in section ʴ.ʲ.ʰ and ʴ.ʲ.ʱ.  

¶ OD travel times matrices for all transportation modes, computed in section ʴ.ʲ.ʳ.  

¶ OD travel distance matrices for private vehicle mode, computed in section ʴ.ʲ.ʳ.  

The average travel time for each origin zone Ὥ and mode ά was calculated as the weighted 

average travel time across all destinations, where the number of trips from Ὥ to Ὦ serves 

as the weight, following Equation ʲ̫: 

ὸȟ
В Ὕȟ ὝὭάὩȟ

В Ὕȟ
              σψ 

Where:  

¶ ᾀέὲὩί accounts for the number of zones in RTD level (r )ɹ.  

¶ Ὕȟ considers the number of trips made by mode ά between OD pair origin Ὥ 

destination Ὦ  

¶ ὝὭάὩȟ considers the travel times by mode ά between OD pair origin Ὥ 

destination Ὦ (hours). 
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The same weighted average procedure was applied to compute distances, as shown in 

Equation ʲy: 

Ὠȟ
В Ὕȟ ὈὭίὸȟ

В Ὕȟ
                σω 

Where ὈὭίὸȟ considers the distance by mode ά between OD pair origin Ὥ destination Ὦ 

in km.  

This approach ensures that frequently traveled OD pairs have a proportionally higher 

inþuence on the resulting averages, thereby providing a more realistic representation of 

the travel time and distance burden in each zone. The outputs for each mode consist of a 

table containing the study zone code and its corresponding average travel time and 

distance. 

Other parameters 

In addition to travel times and distances, it is necessary to compute the average number 

of trips per person per month for each zone, denoted as ὔ
Ⱦ  

. This was 

obtained using Equation ʳʯ: 

ὔ
Ⱦ  В Ὕ

ὖέὴόὰὥὸὭέὲ
ὒὥὦέόὶὈὥώί     τπ 

Where:  

¶ ᾀέὲὩί account the number of zones in RTD level (ʳʴ).  

¶ Ὕ is the total number of trips between OD pair ὭȟὮ. 

¶ ὖέὴόὰὥὸὭέὲ is the resident population of zone Ὥ. 

¶ ὒὥὦέόὶὈὥώί are considered equal to ʱh days 

The results for each RTD zone, which were further used to compute transportation cost, 

are available in Table ʳ r(Annex B.)̫. 

 

ʴ.ʲ.ʵ Other cost parameters estimation 

Finally, it is necessary to determine the additional parameters required for 

transportation cost estimation. These depend on the transportation mode and were 

obtained either directly from processing the EMEF survey, and later expanded to the 

RTD system, indirectly derived from EMEF sub-parameters, or collected from oʢcial 

data sources. Other transportation mode dependent data needs: 
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¶ Private vehicle: estimation includes ownership costs (depreciation, insurance, 

taxes, and periodic maintenance) and variable costs (maintenance per km, fuel 

costs per type and distance, and average parking costs per zone). 

¶ Public transportation: estimation requires the tariʡs available in the AMB 

and the percentage of users applying each tariʡ in every RTD study zone. 

¶ Walking: no additional parameters are required. 

¶ Bike: estimation includes average maintenance and depreciation costs. 

i) Private vehicle 

As indicated in the methodology, the ýrst step is to determine the percentage distribution 

of private vehicle types in each zone (ὡȟ  . This estimation was based on EMEF 

survey results. Vehicle types ὸώὴὩ were deýned as combinations of vehicle category and 

power type, as shown in Table ʰ.̡  

 

Table ʰ:̡ Vehicle type based on power type and vehicle category 

For this analysis, trucks and vans were excluded. The EMEF does not provide reliable 

results for these categories, and they are typically associated with work-related business 

trips rather than daily personal mobility. 

Compared with the general methodology, the application to the AMB is limited in 

resolution: it is not possible to distinguish between vehicle sizes (small, medium, large 

cars). Instead, the survey data classify private vehicles into three categories: cars, 

motorbikes, and small motorbikes. 

The percentage of each vehicleïpower type combination was computed using SPSS. The 

analysis was weighted with PESAIX and ýltered for private vehicle trips using variable 

VʯʲG_Rʱ = ʲ, which identiýes private vehicle mode. Once ýltered, descriptive statistics 

were obtained with Crosstabs, considering trip origin by ñcomarcaò (COM_O)ɦ and 

district Vʯʲ_Bʱ, and introducing as layers the variables VʯʲM (vehicle power type) and 

MITJA_PRIVAT_ʰ (vehicle category: car, motorbike, or small motorbike). 

Because smaller-scale results, district level, may produce unrealistic values, the analysis 

was performed at the comarca level. All districts of Barcelona were aggregated into a 

 Diesel EV Gasoline GLP GNC Hybrid  

Car             

Motorbike              

Small Motorbike (49 cc)             

Truck             

Van             
 



Miquel Roger De La Torre 
Social and spatial disparities on combined housing and transport aʡordability 

 

ʶ  ɻ

 

single unit representing the city. Consequently,  ɹzones were obtained: the  rAMB 

ñcomarcasò and Barcelona city. The results at this resolution were subsequently 

extrapolated to the associated RTD zones, as described later in this section. 

The detailed results of vehicle-type shares for each EMEF division are provided in Table 

ʳ hand ʳʱ (Annex B.ʷ).  

Auto ownership costs 

For this study case, the unitary costs associated with vehicle ownership do not include 

periodic maintenance, as maintenance expenses are considered only in relation to 

vehicle use. This decision was taken due to the lack of reliable data for ýxed maintenance 

costs. 

Insurance ‎ὭȟὸώὴὩ , taxation †
ὭȟὸώὴὩ 

 considered as IVTM, and depreciation 

 ὭȟὸώὴὩ  costs were therefore the three components of ownership costs considered. None‏

of these sources provide data with a ýner resolution by vehicle power type. Accordingly, 

unitary costs were diʡerentiated only by vehicle category (car, motorbike, and small 

motorbike), but not by power type. The resulting costs are shown in Table ʰ.r  

 

Insurance 
(ú/year) 

IVTM 
(ú/year) 

Total 
(ú/year) 

Car ʸʵʴ ʶʰ.ʸʳ ʰʯʲʵ.ʸʳ 

Motorbike  ʲʵʵ ʰʴ.ʰʳ ʲʷʰ.ʰʳ 
Motorbike 

small ʲʵʵ ʳ.ʳʱ ʲʶʯ.ʳʱ 
Table ʰ:r Auto ownership cost for each variable, uniform for all AMB 

Insurance costs for cars were obtained from Kelisto Seguros, based on the average 

premium in Spain for ʱʯʱʴ. Motorbike insurance data were sourced from La 

Vanguardia. IVTM values were extracted from Barcelona City Council; these taxes 

depend on vehicle horsepower, but since such distribution is unavailable, the average tax 

for each vehicle category was applied. 

For the depreciation cost the Equation ʰ ʁfrom the methodology is used.   

The average lifespan ὒὭὪὩ ίὴὥὲ by vehicle category was derived from EMEF data on the 

mean age of circulating vehicles, aggregated at the comarca level and for the city of 

Barcelona. The EMEF variable containing this information is Vʯʲ_Lʰ. These values were 

then extrapolated to the RTD level, with municipalities assigned to their corresponding 

comarca and districts grouped under Barcelona results. Again, no distinction by power 

type was made. Just vehicle category.  
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Initial purchase costs ὍὲὭὸὭὥὰ ὧέίὸί were obtained from online sources. For cars, data 

came from coches.com, representing the average price of a new car in Spain in ʱʯʱʳ. 

Motorbike costs were drawn from coches.net for the same year. For small motorbikes (ʳʸ 

cc), no oʢcial source was available; an approximate value of úʱ,ʴʯʯ was assumed. The 

ýnal estimates are presented in Table ʰ ɹ

 Vehicle Purchase Cost 

Car ʲʴ,ʷʱʯ ú 

Motorbike  ʵ,ʷʲʱ ú 

Motorbike small  ʱ,ʴʯʯ ú 
Table ʰ:ɹ Initial costs per vehicle category. 

Residual values were computed using oʢcial depreciation criteria published by 

Hacienda, shown in Table ʰ.ɻ Consider that this percentages are equal -h

Ϸ έὪ ὨὩὴὩὶὩὧὭὥὸὭέὲ ὥὸ ώὩὥὶ Ὕ, so it is directly multiplied to ὭὲὭὸὭὥὰ ὧέίὸί in Equation ʰʷ.  

Year 
Percentage from 
initial cost (%) 

0 100% 

1 84% 

2 67% 

3 56% 

4 47% 

5 39% 

6 34% 

7 28% 

8 24% 

9 19% 

10 17% 

11 13% 

12 10% 
Table ʰ:ɻ Depreciation criteria per year since purchase. Source: Hacienda 

Auto ownership cost is summarized in Table ʳʲ (Annex B.ʷ) 

Variable costs associated to car use 

Fuel costs per vehicleïpower type ὅ ȟ   was obtained from oʢcial sources. For 

cars, data for all power types except hybrids were collected from Gobierno de Espa¶a, 

while hybrid costs were obtained from El Pa²s. For motorbikes and small motorbikes, 

costs were derived by combining average consumption values per vehicle type with unit 

fuel prices from various oʢcial sources. The results are presented in Table ʰ.ʁ 
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Table ʰ:ʁ Fuel price (ú/km) per vehicle type 

Car maintenance costs per kilometer ὅ ȟ   were estimated from SEAT data. 

Given the lower repair costs for smaller vehicles, the value was adjusted to half for 

motorbikes and two-thirds for small motorbikes. No distinction by power type was 

possible due to data availability. The adopted costs are shown in Table ʰ.̫ 

 Maintenance cost (ú/km) 

Car ʯ,ʵ 

Motorbike  0,3 

Motorbike small  0,2 
Table ʰ:̫ Maintenance cost (ú/km) per vehicle type. Source: SEAT 

Parking costs ὖὥὶὯὭὲὫȟ  were estimated indirectly by combining EMEF survey data 

with unitary costs for each parking typology in the metropolitan area of Barcelona. 

SPSS was used to compute the distribution of parking types by vehicle category (car, 

motorbike) and by trip direction (from home or back home) in each ñcomarcaò of the 

AMB. The ýltering procedure relied on the following variables: Vʯ̡A_R hto classify trip 

direction (ʱ and ʲ = from home; ʰ = back home),  MITJA_PRIVAT_ʰ to classify vehicle 

category (ʰ = car, ʱï̡  = motorbike), and COM_Oʱ containing ñcomarcasò as trip origin. 

This analysis provided the share of parking types used in each ñcomarcaò, for both trip 

directions (from home or back home) and by vehicle type (Car, Motorbike). The result is 

shown in Table ʰʷ:   

  

Fuel price 
(ú/km) 

Car Diesel 0.0689 

Car EV 0.0248 

Car Gasoline 0.0917 

Car GLP 0.0797 

Car GNC 0.0473 

Car Hybrid  0.065 

Motorbike  EV 0.02674 

Motorbike  Gasoline 0.065516 
Motorbike 

small EV 0.01337 
Motorbike 

small Gasoline 0.04467 
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Table ʰ:y Type of parking percentage per trip direction and vehicle type. 

From Table ʰ,y some patterns can be identiýed regarding trip direction. Most trips 

starting from home do not involve paid parking at the destination, which may partly 

explain the choice of private vehicle for these journeys. In contrast, trips returning home 

are more frequently associated with either parking rental payments or private parking 

ownership. 

The percentages obtained, in Table ʰ,y were then multiplied by the unit cost of each 

parking typology, which was assumed to be constant across zones as provided in Table 

ʱʯ, adding per each zone and vehicle type, both trip directions.  

 

Table ʱʯ: Unit costs per parking typology in the AMB 

For on street paid parking, it was assumed that all spaces are residential areas, with an 

estimated cost of úʰ per week, equivalent to úʳ per month. The cost of parking ownership 

was obtained from Fotocasa, with an average value of approximately úʸʯ per month, and 

for motorbikes this value was reduced by half to reþect lower ownership costs. Finally, 

for paid parking reserved at the destination, the tariʡ applied corresponds to an average 

of ʰʱ hours per day, which amounts to approximately úʵʴ per month according to BSM 

data. 

The general methodology was adapted to the available data. In this case Parking cost are 

not computed as ú/trip, due to data availability. Instead, there were computed directly 

as monthly costs.  So, they should be taken out of the summatory or divided by number 

of trips a month (ὔ
Ⱦ  

. Considering Equation ʰʸ. 

Due to data limitations, results are computed at the comarca level and later extrapolated 

to the municipalities and districts (RTD level) belonging to each ñcomarcaò. The average 

monthly parking costs obtained are shown in Table ʱ hin ñcomarcaò level. 

 

On the street: paying 

(blue zone, green, 

other colour)

On the street: unpaid or 

free (indicated space, 

pavement, etc.)

Paid interchange 

parking (train or bus 

station)

Free interchange 

parking (train or bus 

station)

Paid parking 

reserved at the 

street/undergrou

nd destination

Free parking 

reserved at the 

street/underground 

destination

Parking in 

ownership, 

rent or 

concession

Paid parking 

(by the hour or 

minute) off the 

road

Doesn't park, 

he just stops 

for a moment

Baix Llobregat 2% 33% 0% 0% 0% 0% 64% 0% 0%

Barcelonès 4% 27% 0% 0% 0% 1% 67% 1% 0%

Maresme 2% 38% 0% 0% 0% 4% 55% 0% 1%

Vallès Occidental 1% 37% 0% 0% 0% 0% 60% 0% 0%

Baix Llobregat 4% 40% 0% 1% 2% 35% 4% 3% 11%

Barcelonès 6% 29% 0% 1% 5% 36% 6% 6% 11%

Maresme 4% 41% 0% 1% 3% 33% 2% 4% 12%

Vallès Occidental 3% 42% 0% 1% 2% 34% 4% 5% 9%

Baix Llobregat 0% 43% 0% 0% 0% 4% 53% 0% 0%

Barcelonès 0% 43% 0% 0% 0% 1% 55% 1% 0%

Maresme 0% 43% 0% 0% 0% 0% 57% 0% 0%

Vallès Occidental 0% 27% 0% 0% 0% 2% 71% 0% 0%

Baix Llobregat 0% 73% 0% 0% 0% 22% 0% 0% 4%

Barcelonès 0% 83% 0% 0% 0% 13% 1% 0% 3%

Maresme 0% 52% 0% 3% 0% 44% 0% 1% 0%

Vallès Occidental 0% 67% 0% 2% 0% 21% 4% 0% 6%

Car back home

Car from home

Motorbike back 

home

Motorbike from 

home

On the street: 

paying (blue zone, 

green, other colour)

On the street: 

unpaid or free 

(indicated space, 

pavement, etc.)

Paid interchange 

parking (train or 

bus station)

Free interchange 

parking (train or 

bus station)

Paid parking 

reserved at the 

street/underground 

destination

Free parking reserved at 

the street/underground 

destination

Parking in 

ownership, rent or 

concession

Paid parking (by the 

hour or minute) off 

the road
Doesn't park, he just 

stops for a moment

Car ʳ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʵʴ.ʯʯ ú ʯ.ʯʯ ú ʸʯ.ʯʯ ú ʰʱʵ.ʯʯ ú ʯ.ʯʯ ú

Motorbike ʯ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʯ.ʯʯ ú ʳʴ.ʯʯ ú ʲʲ.ʯʯ ú ʯ.ʯʯ ú
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  Parking cost (ú/month) 

Car 

Baix Llobregat 67.06 

Barcelonès 78.05 

Maresme 59.09 

Vallès Occidental 65.56 

Motorbike  

Baix Llobregat 23.95 

Barcelonès 25.50 

Maresme 26.00 

Vallès Occidental 33.65 

Motorbike small  

Baix Llobregat 23.95 

Barcelonès 25.50 

Maresme 26.00 

Vallès Occidental 33.65 
Table ʱ:h Average parking cost a month per ñcomarcaò and vehicle category. 

ii)Public transportation costs 

As previously discussed, the AMB applies a uniýed integrated fare system that covers the 

entire metropolitan area without distinguishing between modes such as bus, train, 

metro, or tram. Consequently, for the purposes of this study it is only necessary to 

determine the percentage of users for each fare type and the associated cost (ὡȟ ȟ , 

according to Equation ʱʳ from the methodology, where ὲ is now directly public transport 

in general.  

ὡȟ ȟ  was obtained at the EMEF resolution and subsequently harmonized 

considering RTD level. It is important to note that these data come from the opinion 

section of the EMEF survey and are not linked to speciýc originïdestination pairs, but 

only to the comarca of residence of the respondent. For this reason, the highest available 

resolution is at the comarca level. 

The analysis was carried out in SPSS. First, weights were applied to each response using 

the variable PESAIX. Then, the dataset was filtered using variable V08_8 , which records 

the frequency of public transport use. Only respondents who reported using public 

transport several times a week (V08_8 = 6) were retained. This step excluded occasional 

users, who primarily rely on more expensive single tickets such as bitllet senzill  or T-

Casual tickets, which would otherwise distort the distribution of regular far e use. 

Once the data were filtered, a crosstab was constructed with COMARCA_2 (comarca of 

residence) as the rows and V20 (fare type used) as the columns. The resulting table 

provided the percentage distribution of fare types for each ñcomarcaò. These percentages, 

shown in Table 22, were then applied to its corresponding RTD zones.  
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Table ʱ:ɦ Percentage distribution of fare type for each ñcomarcaò 

The data show a clear preference for the T-usual monthly pass, which emerges as the 

primary public transport fare across the analyzed comarcas. The second most frequently 

used option is the T-jove, a three-month pass available at a reduced cost for users under 

ʲʯ years old. An exception is observed in Maresme, where usage patterns diʡer due to 

the predominance of trips on the RENFE train network, which is currently free of charge. 

According to T-Mobilitat, the corresponding fares (ὡȟ ȟ  are presented in Table ʱ.ɦ 

As all trips analyzed take place within the AMB, they are subject to the same integrated 

fare system. No dependence on origin Ὥ. 

 

Table ʱ:̡ Public transport Fares in AMB. Source: Own with data from T-Mobilitat, ʱʯʱʴ 

For other operators fares diʡerent from T-Mobilitat, the data is not available and has 

been considered a fare of ʲʯú/month.   

iii)Bike  

For bike costs, as it has already been mentioned, it was considered the depreciation cost 

following the same equation used for cars. In this case the initial cost for a bike is ʰ,ʰʱʰ 

ú according to AMBE (Associacion de Marcas y Bicletas en Espa¶a), and it was assumed 

a life span of ʰʯ years and the same depreciation percentage used for private vehicle, 

according to Table ʰʵ.  

Due to the data available, the depreciation cost is the same for every RTD zone, as it was 

not possible to determine the average price of a bike and its lifespan in each of the zones. 

Baix Llobregat Barcelonès Maresme Vallès Occidental

T-casual 18.41% 12.85% 11.91% 9.75%

T-usual 35.89% 48.07% 14.67% 32.50%

T-jove; Subscriptions for 

large/single-parent families
26.15% 18.32% 28.89% 29.15%

T-rosa, T-4, subscriptions 

for pensioners or people 

with disabilities

7.79% 14.78% 2.84% 2.57%

T-verda 0.72% 0.64% 1.27% 1.10%

RENFE-specific tickets 

(free)
7.15% 1.69% 35.87% 11.67%

Other operators' own fares 0.33% 0.40% 2.60% 8.74%

T-familiar 0.50% 0.69% 1.41% 0.83%

T-16 2.14% 1.76% 0.55% 2.34%

Bitllet senzill 0.00% 0.25% 0.00% 0.52%

T-usual unemployed 0.51% 0.14% 0.00% 0.00%

Does not pay: you have a 

card as a worker or former 

employee of the company

0.41% 0.42% 0.00% 0.82%

T-casual T-usual

T-jove; Abonaments per 

família 

nombrosa/monoparental

T-rosa, T-4, abonaments per 

pensionistes o persones amb 

disminució

T-verda
Títols propis 

Renfe (gratuïts)

Títols propis 

altres 

operadores

T-familiar T-16 Bitllet senzill T-usual aturats

Fare (ú/ticket)12.55 22 44 4.5 0 0 30 11.05 0 2.65 5.5
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The depreciation is then ʶ.ʶʴú/month. Finally, it has been considered an annual ýx cost  

ὅȟ  
 

 of ʰʱʯú/year which represents ʰʯ ú/month.  

 

ʴ.ʲ.ʶ VoT estimation per study area zones 

As established in the general methodology, there is no standardized way to estimate the 

VoT. Approaches that rely on a ýxed parameter fail to adequately represent reality and 

overlook equity considerations across zones. Moreover, the reference values commonly 

used in European studies are derived from UK data and are only available for private 

vehicle trips, which limits their applicability in diverse contexts. 

For this reason, an income-based VoT methodology was applied in this study. The 

following data was used: 

¶ Average net income per person per RTD zone, obtained from INE.  

¶ Average annual working hours per person, estimated in ʰ,y ʸʱ hours.  

Using Equation ʰʳ from the general methodology, VoT values were calculated for each 

zone. The parameters ‌ and ‍ were set to ʰ and ʯ.ʴ, respectively, following the 

recommendations of the VTPI in Table .ɦ  

Commuting -
Business (‌ 

Personal ‍ 

1 0.5 
Table ʱ:r Parameters alpha and beta, assigning the proportion of income to commuting and personal 

trips 

The share of commuting versus personal trips by transport mode was derived from the 

EMEF survey. This was computed at the EMEF level, using COMARCA_Oʱ (ñcomarcaò) 

and Vʯʲ_Bʱ (Barcelona districts) as origin variables, VʯA̡_R ɦ(trip motivation) as the 

row ýlter, and VʯʲG_Rʱ (transportation mode) as the column variable. The results are 

presented in Table ʱ ɹin EMEF level.  

 

Table ʱ:ɹ Share of commuting trips and personal trips, by each transportation mode 

Commuting Personal Commuting Personal Commuting Personal

Baix Llobregat 55% 45% 42% 58% 9% 91%

Barcelonès 50% 50% 46% 54% 12% 88%

Ciutat Vella 47% 53% 42% 58% 21% 79%

Eixample 49% 51% 44% 56% 16% 84%

Gràcia 49% 51% 48% 52% 13% 87%

Horta 40% 60% 48% 52% 6% 94%

Les Corts 59% 41% 42% 58% 12% 88%

Maresme 59% 41% 37% 63% 15% 85%

Nou Barris 47% 53% 51% 49% 10% 90%

Sant Andreu 49% 51% 44% 56% 10% 90%

Sant Martí 54% 46% 49% 51% 12% 88%

Sants-Montjuïc 55% 45% 55% 45% 15% 85%

Sarrià-Sant Gervasi 58% 42% 43% 57% 14% 86%

Vallès Occidental 56% 44% 40% 60% 11% 89%

Public transportation Private vehicle Active mobility
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The results reveal that active mobility trips are primarily motivated by personal reasons, 

with commuting representing only ʸïɦ ʰ%. The higher values could indicate zones with 

greater accessibility to workplaces by walking. For both public transport and private 

vehicles, commuting and personal trips are more evenly balanced: commuting is slightly 

higher in public transport, while personal trips are somewhat more frequent in private 

vehicle use. These distributions directly inþuence the estimated VoT, as a higher 

proportion of commuting trips translates into higher VoT, considering Table ʱ r

parameters. 

The mode-speciýc shares obtained at the EMEF level were extrapolated to the RTD 

zoning system by assigning each ñcomarcaôsò values to its corresponding zones. The 

complete set of VoT results per zone and mode is presented in Table ʳʯ (Annex B.)ʁ. 

Table ʱɻ below provides a summary of the distribution of values across all zones.  

 

Table ʱ:ɻ VoT AMB summary results per transportation mode 

As shown in Table ʱ,ɻ public transport has the highest average VoT (ʵ.ʲ ʁú/h), reþecting 

its higher share of commuting trips. Private vehicles present a slightly lower average VoT 

(ʴ.ʸ hú/h), consistent with their slightly higher share of personal trips. Active mobility 

exhibits the lowest VoT (ʳ.ʴ ʁú/h), as commuting represents only a small proportion of 

trips by this mode. 

Beyond modal diʡerences, spatial disparities are also observed, considering results in 

Table ʳʯ (Annex B.ʶ). These diʡerences reþect the socio-economic structure of each 

area: wealthier zones exhibit higher VoT due to higher average incomes and stronger 

opportunity costs of time. This heterogeneity highlights the relevance of equity 

considerations when using VoT in appraisal and planning, as the perception of time 

savings is not homogeneous across the territory.  

 

ʴ.ʲ. ̫Average cost computation per zone and mode 

In this section it will be detailed how every transportation mode cost has been estimated 

from the general methodology, adapted to the AMB case study and its available data, 

while considering the previous steps that have already been mentioned.  

Mean Median Max Min

VoT Public transportation 6.37 6.40 11.71 4.47

VoT Private vehicle 5.91 5.97 10.60 4.25

VoT Active mobility 4.57 4.56 8.45 3.35

VoT Summary (ú/h)
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i)Private vehicle cost estimation  

Recalling Equation ʰ ɹ from the general methodology, variables:  

ὅȟ  ȟὅȟ
  ὥὲὨ  ὅȟ

  were computed. 

Due to data availability, ὅȟ  are diʡerentiated only by vehicle category (car, 

motorbike, and small motorbike), without considering combinations by power type. The 

available information does not provide suʢcient resolution, as already discussed in 

Section ʴ.ʲ.ʵ. 

The original Equation ʰ ɻhas been modiýed to exclude certain components. Speciýcally, 

loan payment per type of vehicle (ú/year) ”ȟ   and periodic maintenance (ú/year)  

„ȟ  , were not considered. Loan payment data is unavailable and could introduce 

distortions, while periodic maintenance was instead integrated into ὅȟ
 , expressed as a 

maintenance cost per kilometer travelled, again due to data limitations. 

The remaining parameters of Equation ʰ ɻwere retained:  ὡȟ  ȟ ‏ȟ  ȟ‎ȟ  ȟ †ȟ   

These values were already computed and presented in Section ʴ.ʲ.ʵ.  

For ὅȟ
 , those are computed according to Equation ʰ yfrom the methodology, with 

some variations based on data availability.   

In this methodological adaptation, toll costs Ὕέὰὰȟ  are not included, as no reliable 

information is available, and the study area contains very few tolled roads. All other 

parameters have already been estimated in Section ʴ.ʲ.ʵ. ὅ ȟ  are classiýed by both 

vehicle category and power type, whereas ὅ ȟ  depend only on vehicle category, as 

previously explained. ὖὥὶὯὭὲὫȟ  are also diʡerentiated solely by vehicle type, with no 

distinction by power and it has been explained they are computed as monthly costs, then 

must be divided by the number of trips.  

The results obtained are represented in Table ʳ ɹ(Annex B.)y.  

 

ii)Public transportation cost estimation 

Recalling from Equation ʱ ɦof the general methodology, public transportation costs are 

determined. 

Parameter  ὲ , which in the general formulation refers to diʡerent public transportation 

modes such as train, bus, metro, and tram, does not appear in this equation. This is 

because the AMB operates under a uniýed integrated fare system.  
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As previously noted, taxi trip costs are not considered in the study area of Barcelona due 

to insuʢcient resolution in the EMEF data. 

The results obtained are available in Table ʳ ɻ(Annex B.)y.  

iii)Bicycle cost estimation 

In this case, due to the absence of detailed information on the public bicycle-sharing 

system, only the costs of private bicycles are considered for the AMB case study. These 

are estimated following Equation ʱɹ from the general methodology, with the 

corresponding adaptations made to account for data availability. Considering a 

generalized maintenance cost that does not depend on the travel distance Ὠȟ , again 

due to data availability. Then maintenance cost are incurred in ὅȟ  
  

 and Ὠȟ  is 

eliminated from the equation as well as ὅȟ   

The results obtained and the variables used are available in Table ʳ ʁ(Annex B.)y. 

iv)Walking cost estimation 

Finally, walking costs are estimated as in the general methodology, according to Equation 

ʱ.ʁ Considering only the average walking travel time associated with each zone ὸȟ , 

the corresponding ὠέὝ, and the monthly number of trips per person ὔ
Ⱦ  

. This 

is expressed in Equation ʲʯ of the methodology.  

The results obtained and the variables used are available in Table ʳ ̫(Annex B.)y. 

 

ʴ.ʲ.ʸ. Average transportation cost estimation per RTD zone. 

Once the cost for each mode has been computed, the modal share of each zone is applied 

to obtain the total average transportation cost per zone, as expressed in Equation ʰʯ of 

the methodology. 

The monthly average transportation costs per person per RTD zone ὅ, are presented 

in Table ʳ yand Table ʴʯ (Annex B.)y. In this table it is also shown the contribution in ú 

of every transport mode and per RTD zone when multiplied by its modal share.  

To incorporate transportation costs into the CHTAI, those must be expressed at the 

household level rather than per person. This requires information on the average 

household size in each zone. Data from IDESCAT provide this variable for all 

municipalities within the AMB. The average household size (ὌὛ for the metropolitan 

area is ʱ.ʵʸ residents per household, while the speciýc values for each municipality are 
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presented in Table ʴʰ (Annex B.)y, together with Average monthly transportation cost 

per household. 

 

ʴ.ʳ Combined Housing and Transportation Aʡordability Index 

Once the average transportation costs have been estimated for household unit and per 

each of the ʳʴ RTD zones, the CHTAI is implemented.  As it was presented, the income 

and rent data have already been harmonized in the geospatial RTD framework.  

First, for further analysis the transportation aʡordability index (TAI) is computed 

according to the following Equation ʳ,h considering monthly transportation costs and 

income per household.  

ὝὃὍ
Ὕ

Ὅ
       τρ        

Then the CHTAI is computed using Equation ʱ ̫from the general methodology.  

Results are available in Table ʴʱ and ʴʲ (Annex B.ʰʯ). In this case those have also been 

estimated excluding the VoT.  
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ʵ.Results and discussion. Analysis of social and spatial disparities 

The results presented in this section provide an assessment of the CHTAI applicated to 

the study case of the AMB. The aim of this result presentation and discussion is, ýrst, to 

understand the mobility patterns of the area and how they aʡect the transportation costs; 

second, to evaluate the real ýnancial burden on households, moving beyond the 

traditional focus on housing costs alone. 

By integrating spatial, socio-economic, and mobility-related data, the analysis aims to 

uncover the patterns that link housing location with connectivity, commuting behavior, 

and modal choices. 

The ýndings not only reveal the social and spatial disparities in transport aʡordability 

but also demonstrate how urban form, land-use mix, public transport provision, and 

prevailing mobility patterns shape overall household expenditure. 

 

ʵ.h. Mobility patterns 

The analysis of mobility patterns within the AMB constitutes the baseline for 

understanding household transportation costs, as travel behavior is directly determined 

by accessibility conditions and modal choices. Three dimensions are examined:  

¶ Modal shares, motorization and public transport (PT) connectivity 

¶ Travel times and metropolitan core inþuence 

¶ Other spatial mobility patterns 

Together, these results clarify the mechanisms through which location and infrastructure 

shape mobility and therefore CHTAI outcomes.  

 

ʵ.ʰ.ʰ Modal shares, motorization and public transport connectivity 

Modal split is strongly conditioned by the density of PT infrastructure and private vehicle 

availability. Figure ʱʯ shows that PT stop density is strongly and positively correlated 

with the PT share (RĮ = ʯ.ʵʰy, Figure ʱʯa) and negatively with private vehicle (PV) share 

(RĮ = ʯ.ʶʱh, Figure ɦ ʯb). Areas with denser, and better distributed PT stops register 

higher PT reliance and lower private vehicle dependence. Improved PT network 

connectivity reduces the relative attractiveness of private vehicle travel. 

Figure ʱ hindicates that higher motorization rate, are associated with lower PT share (RĮ 

= ʯ.ʳʵr, Figure ʱah) and higher PV share (RĮ = ʯ.ʴ̡r, Figure ɦ bh). This indicated that 
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higher vehicle ownership rates, reþects and reinforces private vehicle trip dependence 

where PT density is weaker (Figure ʱ)ɦ.  

 

Figure ʱʯ: Density of public transport stops vs public transport share (a) and vs private vehicle share (b) 

 

Figure ʱ:h Motorization index vs public transport share (a) and vs private vehicle share (b) 

These results conýrm the structural inþuence of infrastructure availability on mobility 

patterns. As zones with dense and well distributed public transport stops show lower 

dependence on private vehicles, while areas with reduced coverage show the car as the 

primary mode.  

A complementary analysis directly relates the two structural factors. A negative 

correlation is observed between motorization rate and PT stop density (RĮ = ʯ.ʳʲʵ, 

Figure ʱ)ɦ, indicating that areas with fewer PT stops per kmĮ systematically register 

higher levels of vehicle ownership. This result reinforces the interpretation that limited 

PT provision structurally fosters private vehicle dependence. 

 

Figure ʱ:ɦ Motorization index vs Density of public transport stops 
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The results obtained are both consistent and coherent, validating the methodologies 

applied for matrix construction from multiple datasets as well as in the estimation of 

modal shares. This strengthens conýdence in the robustness of the approach and 

provides a solid basis for the subsequent estimation of total transportation costs and, 

ultimately, the calculation of the CHTAI. 

 

ʵ.ʰ.ʱ Travel times and metropolitan core inþuence 

To further validate these trends, it is essential to relate the mobility indicators to spatial 

connectivity with the metropolitan core, the city of Barcelona. That operates as the 

principal economic and administrative hub of the region. The public transport network 

has historically been structured to ensure access to this central node, and this orientation 

continues to exert a decisive inþuence on the connectivity patterns observed across the 

AMB.  

Two complementary results stand out, both in Figure ʱ.̡ On the one hand, motorization 

is positively correlated with PT travel time to Barcelona (RĮ = ʯ.ʴʶʵ, Figure ɦ a̡), 

signaling that weak PT connectivity forces private vehicle reliance, corresponding to 

those zones further from the city center. On the other hand, PT stop density is negatively 

correlated with PT travel time (RĮ = ʯ.ʵʱʵ, Figure ɦ b̡), conýrming faster access in 

denser PT networks, better connected. This is particularly evident in peripheral zones 

where PT connectivity is weaker, and where private vehicle ownership becomes a 

functional necessity.  

 

Figure ʱ:̡ Travel time by public transportation to the city of Barcelona vs Motorization index (a) and vs 
Density of public transport stops (b) 

The patterns observed in Figure ʱ,̡ identiýes the forced ýnancial burden towards the 

outskirt zones. Peripheral areas, often combine low stop density with longer access and 

transfer times, resulting in signiýcantly reduced PT competitiveness.  

Connectivity to the central city is therefore a critical determinant of both travel behavior 

and household transportation costs. Analyzing the relationship between the distance of 
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each zone to Barcelona and the corresponding travel times provides key insights into the 

distribution of mobility opportunities across the metropolitan territory.  

Moreover, correlations in Figure ʱ,r conýrm a strong positive relationship between the 

average travel time of trips originating in each RTD zone, and the speciýc travel time to 

the city of Barcelona, both for PT and PV trips. The average RTD travel times just 

consider PT and PV trips.  

For PT (RĮ = ʯ.ʵʱ,r Figure ʱar) zones with longer average trip durations also present 

longer travel times to the city center of Barcelona. This trend indicates that access to 

Barcelona via PT is a signiýcant component of total travel time in most zones. For PV  ( 

RĮ = ʯ.ʳʶʲ, Figure ʱbr) the relationship is weaker but still signiýcant, reþecting the 

relative advantage of car travel but also the persistent inþuence of distance from the core. 

 

Figure ʱ:r Average travel time to Barcelona by PT vs Average PT travel time per zone (a) and Average 
travel time to Barcelona by PV vs Average PV travel time per zone. 

OD analysis corroborates Barcelonaôs gravitational inþuence. Excluding trips within the 

city itself, ʰʱ.ʵ%ïr ʷ.ʳ% of trips from surrounding RTD zones (by PT and PV) are 

directed to Barcelona, with the share decreasing with distance. This pattern is observed 

in Figure ʱɹ .  
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Figure ʱ:ɹ Percentage of trips to Barcelona from each RTD zone (just considering PT and PV trips) 

On the one hand, the share of trips to Barcelona correlates positively with PT share (RĮ 

= ʯ.ʶʳʯ, Figure ʱbɻ). This pattern reþects that zones with stronger PT connectivity to the 

metropolitan core not only generate a larger proportion of trips to Barcelona but also rely 

more heavily on PT for those trips. 

On the other hand, the share of trips to Barcelona shows a positive correlation with the 

weighted average travel time of each zone (RĮ = ʯ.ʰʶʱ,ʁ Figure ʱaɻ). This pattern 

suggests that zones with a higher proportion of Barcelona-bound trips tend to register 

slightly longer average travel times.  Although the relationship is modest and inþuenced 

by other factors such as local trip structures and proximity to alternative poles of 

attraction. 

 

Figure ʱ:ɻ Share of trips to Barcelona vs Weighted average travel time (a) and public transportation 
share (b) 
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ʵ.ʰ. ̡Other spatial mobility patterns 

To complement the statistical correlations presented in previous sections, a series of 

spatial representations illustrate the territorial distribution of mobility outcomes across 

the AMB, considering RTD geospatial level. These maps provide a visual conýrmation of 

the previously discussed gradients and disparities. 

Figures ʱaʁ and ʱbʁ show the spatial distribution of PV and PT shares at RTD level. 

 

Figure ʱ:ʁ PV share in AMB in RTD level (a) and PT share in AMB in RTD level (b). 

Both maps reveal a clear centerïperiphery gradient. Central Barcelona exhibits the 

highest PT shares and lowest PV dependence, while peripheral zones are characterized 

by stronger car reliance due to weaker PT provision. The negative correlation between 

PV and PT shares (RĮ = ʯ.ʶʯʷ, Figure ʱ)̫ validates this spatial trend. 

 

Figure ʱ:̫ Private vehicle shares vs public transport share 

Considering active mobility, Figure ʱ yillustrates the shares of bicycle and walking trips. 

On the one hand, bike share shows a strong inþuence in central Barcelona districts, 

ranging between ʱ.ʲ% and ʵ.ʴ%. This pattern corresponds with areas of higher cycling 

infrastructure, as characterized in section ʴ, and þatter topography. In contrast, the 

northern districts of Barcelona register considerably reduced bike shares that could be 

attributed to less favorable cycling conditions, such as stepper zones.  
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On the other hand, walking share does not exhibit a clear spatial pattern. Variations 

appear more dispersed. This could suggest that walking is inþuenced less by regional 

structural factors, and more by local accessibility such as land use conýguration and trip 

purposes.  

 

Figure ʱ:y Bike share (a) and Walking share (b) in RTD zones. 

Moreover, Figures ʲʯ to ̡ɦ, present the distribution of average travel times by mode. 

Those provide a clear illustration of the spatial disparities among RTD zones in terms of 

travel times, and consequently, of the time burden faced by households. 

The ýrst spatial distribution of average travel times, shown in Figure ʲʯ, corresponds to 

public transport. A clear centerïperiphery gradient is evident. Districts of Barcelona and 

RTD zones closest to the city register the shortest travel times (ʯ.ʳʱïʯ.ʴʸ h), while 

peripheral municipalities, particularly in the western areas, show signiýcantly longer 

durations (up to ʯ.ʸʰ h). These higher values are directly linked to lower PT stop 

densities, as already identiýed in the characterization of the study area and conýrmed in 

the mobility pattern analysis. Such disparities demonstrate how location and 

infrastructure provision critically shape mobility equity within the AMB. 

Figure ʲ hpresented the spatial distribution of average private vehicle travel times across 

the AMB. As expected, travel by private vehicle, is considerably faster than by public 

transport, with most zones registering averages between ʯ.ʱʰ and ʯ.ʲʲ hours. The 

pattern again mostly shows lower travel times in the zones of Barcelona, while peripheral 

areas present longer average duration up to ʯ.ʳʰ h.  
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Figure ʲʯ: Public transport average travel time per RTD zone (h) 

 

Figure ʲ:h Private vehicle average travel time per RTD zone (h) 
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Finally, active mobility is represented in Figure ʲ.ɦ From bike average travel time no 

clear patterns is observed. Walking average travel times distribution, indicate higher 

walking distances in Barcelona.  

 

Figure ʲ:ɦ Bike (a) and walk (b) average travel time per RTD zone (h) 

Finally, a composite indicator was constructed by weighting modal average times 

according to each zone modal split. This indicator provides a measure of the eʡective 

temporal burden faced by households. Central zones closer to Barcelona, with higher PT 

shares, register higher travel times despite better PT provision, whereas some peripheral 

zones present lower averages, even higher private vehicle dependence.  

This outcome must therefore be interpreted with caution. Higher travel time values in 

central areas do not necessarily indicate worse accessibility, but rather greater 

dependence on PT, considering that public transport generally entails longer in-vehicle 

and access times than private vehicle same trips. Moreover, as it has been previously 

identiýed, the western areas show weaker gravitational pull towards Barcelona, which 

likely indicated, more local movement, thus shorter trips, and consequently lower 

average travel times. 

From the results, it is also detected that in Barcelona some disparities are presents within 

the city, as districts further from the center experience higher travel times.  

The results from this weighted total average travel time per zone is represented in Figure 

ʲ.̡  
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Figure ʲ:̡ Weighted total average travel time per RTD zone. 

 

ʵ.ʱ. Transportation costs  

Following the mobility patterns identiýed in Section ʵ.ʰ, this section quantiýes how 

modal choices and connectivity conditions translate into transportation costs across the 

AMB diʡerent RTD zones. The analysis distinguishes between private vehicle, public 

transport, and active modes, before assessing average transportation costs at zonal level. 

Costs are expressed in ú/(personĿmonth), both excluding and including the VoT, to 

capture the monetary burden and the equity dimension associated with income-related 

time valuation. 

 

ʵ.ʱ.ʰ Private vehicle transportation costs  

Private vehicle use represents a signiýcant component of household transportation 

expenditure within the AMB. The magnitude of these costs varies substantially across 

zones, reþecting diʡerences in vehicle ownership rates, travel distances, and the relative 

availability of alternative transport modes.  Costs include recurrent expenses such as 

depreciation, fuel, maintenance, taxes, insurance, and parking. As expected, their spatial 

distribution mirrors the mobility patterns discussed earlier. 
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Without considering VoT (Figure ̡ )r, central districts of Barcelona show the lowest 

private vehicle costs, while peripheral municipalities present substantially higher values. 

This gradient reþects both longer travel distances and higher motorization levels at the 

edge of the AMB. Moreover, In Barcelona itself, private vehicle use is more strongly 

associated with motorcycles which represents lower costs than cars (Table ʳ ɦ(Annex 

B.ʷ)). 

 

Figure ʲ:r Avg. PV cost a month and per person, excluding VoT, per each RTD zone.  

Including VoT (Figure ʲɹ) the patterns is slightly modiýed, according to average travel 

times and VoT income related. As it has already been exposed in the methodology.  
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Figure ʲ:ɹ Avg. PV cost a month and per person, including VoT, per each RTD zone.  

 

Peripheral dependence on private vehicle results in high monetary and temporal costs, 

while central zones beneýt from shorter trips and a greater share of alternative modes. 

The VoT dimension highlights that aʡordability pressures are not only spatial but also 

socio-economic, as wealthier municipalities bear higher time costs.  

 

ʵ.ʱ.ʱ Public transportation costs 

Public transport costs are driven by two components: fare-related expenditure 

(homogenized at comarca level) and time costs. As fares are relatively uniform due to 

this analysis in ʳ geospatial division, disparities are mainly explained by travel times and 

connectivity. The cost are then represented, just including the VoT in Figure ʲʵ.  
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Figure ʲ:ɻ Avg. PV cost a month and per person, including VoT, per each RTD zone. 

 

ʵ.ʱ.ʲ Active mobility costs  

Finally active mobility has been represented, in Figure ʲʶ, including VoT, as monetary 

burdens are low for bikes and zero for walking.  

 

Figure ʲ:ʁ Avg. Walk (a) and Bike (b)s costs a month and per person, including VoT, per each RTD zone. 

 

ʵ.ʱ. rAverage transportation cost per person  

Average transportation costs per person were calculated by weighting the modal costs by 

the corresponding modal shares of each RTD zone. Costs are expressed in 

ú/(personĿmonth), both without and with the inclusion of the VoT.  
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ʵ.ʱ.ʳ.ʰ Excluding VoT 

Figure ʲ ̫shows that the spatial distribution of average transportation costs per person 

in the AMB closely follows the connectivity patterns and the availability of public 

transport infrastructure described in Section ʵ.ʰ. Districts of Barcelona present the 

lowest costs, while values increase progressively in municipalities located further from 

the city center, where PT infrastructure is weaker. 

In central districts, the high density of PT stops and lower dependence on private vehicles 

result in lower transportation costs. As the greater PT share provides a more aʡordable 

alternative to car use. The lowest values are observed in Ciutat Vella (úʳʸ), located at the 

very core of Barcelona. Within the city, the highest costs are found in Les Corts (úʷʷ) and 

Sant Gervasi (úʷ)̫, districts situated further from the center and with higher private 

vehicle dependency. 

In peripheral RTD zones, average transportation costs per person rise considerably, 

reaching nearly ýve times the central minimum in some cases. The maximum is recorded 

in Castellbisbal (úʱʲʵ), on the metropolitan boundary and among the most distant 

municipalities from Barcelona, characterized by low PT stop density and the highest 

private vehicle shares.  

 

Figure ʲ:̫ Transportation cost, excluding VoT, in the AMB, RTD level. 
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The correlation analysis conýrms the spatial trends observed in transportation costs. A 

strong and statistically signiýcant relationship emerges between average transportation 

cost per person and the dominant modal share in each RTD zone. As shown in Figure 

ʲy a, transportation costs are negatively correlated with PT share (RĮ = ʯ.ʶʵɦ), indicating 

that zones with greater reliance on PT systematically present lower monthly costs. In 

contrast, Figure ʲyb shows an almost perfect positive correlation with private vehicle 

share (RĮ = ʯ.ʸʷ)̡, demonstrating that private vehicle dependency is directly associated 

with higher overall transportation expenditures. These results reþect the lower monetary 

cost per trip of public transport compared to the expenses linked to owning and operating 

private vehicles. 

 

Figure ʲ:y Transportation cost (no VoT) vs public transportation share (a) and vs private vehicle share 
(b) 

After conýrming the dependence of transportation costs on modal shares, it is also 

relevant to analyze their relationship with accessibility to Barcelona. Results show that 

for both PT and PV, average transportation cost per person per month (excluding VoT) 

is positively correlated with travel time to the metropolitan core. 

For PT (Figure ʳʯa), the positive correlation is moderately strong (RĮ = ʯ.ʵʵ)h. Zones 

with longer PT travel times to Barcelona, further from the city center, also incur higher 

transportation costs, reinforcing the observation that PT competitiveness decreases with 

distance and creates a cumulative disadvantage for peripheral households. For PV 

(Figure ʳʯb), the correlation is slightly stronger (RĮ = ʯ.ʵʷ)ɹ, reþecting that longer travel 

times correspond to greater distances travelled and therefore higher variable costs such 

as fuel and maintenance, added to the stronger private vehicle dependency observed in 

RTD zones further from the core.  
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Figure ʳʯ: Transportation cost (no VoT) vs average travel time to Barcelona by PT (a) and vs average 
travel time to Barcelona by PV (b) 

These results conýrm the gravitational role of Barcelona: the farther a municipality is 

from the city, the higher the transport cost burden for its residents. The eʡect is 

particularly critical in areas with low PT supply and high car dependency.   

In summary, three main factors explain rising transportation costs in peripheral zones:   

¶ Higher car dependence driven by reduced PT coverage and longer accesses times.  

¶ Greater distances, which directly increase variable operating costs for private 

vehicle.  

¶ Lower PT competitiveness, where sparse stop density and fewer direct 

connections to the city discourage PT use and compel households to maintain one 

or more vehicles. 

 

ʵ.ʱ.ʳ.ʱ Including VoT 

This trend remains visible when incorporating the VoT into transportation costs. As 

shown in Figure ʳ,h average costs are still lower in areas closer to Barcelona, although 

the correlation is less evident. This occurs because the expected gradient, where longer 

distances from Barcelona imply higher travel times, is not always fulýlled. In peripheral 

RTD zones, the percentage of trips directed to Barcelona decreases, and travel times are 

partly reduced by the greater reliance on private vehicles, which are faster than PT for 

most journeys.  As it has been calculated from the data, considering all average travel 

times in RTD zones, private vehicles are ʱ.ʲ times, in average, faster than public 

transportation.  
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Figure ʳ:h Transportation cost, inlcuing VoT, in the AMB, RTD level. 

As expected, the correlations obtained when including the VoT show lower R ɦvalues 

compared to those excluding it. This reduction is explained both by lower travel times in 

average  in peripheral zones and by the equity dimension introduced through VoT, since 

it is directly income related. In higher-income areas, the higher VoT inþates the 

calculated transportation costs, distorting the spatial pattern of purely monetary 

expenditures. But better reþecting the actual burden in terms of equity. As illustrated in 

Figures ʳ ɦand ʳ,̡ the overall trend remains visible, although the strength and clarity of 

the relationships are considerably reduced once VoT is incorporated. 

 

Figure ʳ:ɦ Transportation cost ( VoT) vs public transportation share (a) and vs private vehicle share (b) 
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Figure ʳ:̡ Transportation cost ( VoT) vs average travel time to Barcelona by PT (a) and vs average 
travel time to Barcelona by PV (b) 

 

ʵ.̡. Aʡordability indices results 

This section integrates housing and transportation costs into aʡordability indices to 

examine the spatial distribution of burdens across the AMB. The analysis is structured 

in three steps: ýrst, the HAI which considers only housing expenditure; second, the TAI 

isolates the transport dimension; ýnally, the CHTAI which evaluates the joint eʡect of 

both. Together, these indices provide a comprehensive picture of aʡordability and allow 

to identify territorial tradeoʡs and cumulative disadvantages. 

 

ʵ.ʲ.ʰ HAI 

The HAI has been spatially represented within the RTD zoning system in Figure ʳ.r A 

clear spatial gradient emerges as the central areas of Barcelona present the lowest 

aʡordability which reþects in the highest HAI values. Ciutat Vella is the least aʡordable 

zone in terms of housing (ʯ.ʳʰʶ), combining high housing costs with relatively low 

household incomes. Surrounding districts such as Eixample, Sant Mart², and Santsï

Montjuµc also present high HAI values, while in contrast northern districts like Sant 

Andreu, Nou Barris, and Horta show lower housing burdens.  

Sarri¨ïSant Gervasi stands out as an exception, which despite being the area with the 

highest housing costs in the city, its elevated income levels translate into comparatively 

lower HAI values, indicating better aʡordability in relative terms. 

In contrast, most peripheral RTD zones display signiýcantly more favorable housing 

aʡordability conditions.  HAI values decrease as distance from Barcelona increases. The 

most aʡordable zone is Badia del Vall¯s (ʯ.ʰʶʸ), followed by other municipalities located 

at the metropolitan edge such as Castellbisbal and Begues. However, some exceptions to 

this trend are observed, such as Castelldefels and Gav¨, where higher housing demand 
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linked to coastal amenities could increase costs despite their further location from 

Barcelona.  

Overall, the spatial heterogeneity of the HAI, highlights the structural tension between 

central and peripheral areas. While central districts are penalized by high housing costs, 

the periphery oʡers more aʡordable options.  

 

Figure ʳ:r HAI spatial distribution across RTD zones in the AMB. 

 

 

ʵ.ʲ.ʱ TAI and CHTAI including VoT 

Once the HAI has been presented and spatially analyzed, the next step is to incorporate 

transportation costs into the aʡordability assessment. As postulated in the methodology, 

transportation costs are represented in terms of ú/(monthĿhousehold) including VoT to 

capture both the direct monetary burden and the time-related dimension of mobility.  

Figure ʳɹ displays the spatial distribution of the TAI across the RTD zones. The results 

show clear territorial disparities, with central and well-connected areas presenting the 

lowest aʡordability ratios, while peripheral and less PT connected municipalities register 

the highest values. It is important to note, that this index reþects not only direct 

monetary costs but also the implicit cost of time. As previously discussed, the index is 

highly sensitive to average travel times and modal composition of each zone. In 
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particular, the higher prevalence of private vehicle uses in peripheral zones, despite being 

faster than public transport, contributes signiýcantly to their elevated TAI values.  

The lowest TAIs are observed in Barcelona, in central districts. Gracia has the lowest 

index of ʯ.ʰʲ.h Following the observed pattern, higher TAIs are observed in the outskirt 

zones, especially the ones in the AMB boundary. Castellbisbal is the least aʡordable in 

terms of transportation with ʯ.ʱʵʳ.  

 

Figure ʳ:ɹ TAI spatial distribution across RTD zones in the AMB. 

When compared with HAI, an important contrast emerges. The HAI shows that 

affordability pressures are most pronounced in central areas closer to Barcelona, where 

housing is significantly less affordable. In contrast, the TAI reveals that the greatest 

transportation burdens fall on the RTD zones located further from the city .  

In other words, central households face a higher challenge in terms of housing costs, 

whereas peripheral households face a higher challenge in terms of mobility costs. This 

contrast highlights a structural trade -off within the AMB: choosing to live in more  

affordable housing locations often entails higher transportation costs.  

This relationship is further examined by correlating the two affordability indices , as seen 

in Figure 46. The negative correlation observed, of R2=0.244 is modest, but reflects 

several dynamics. In some peripheral zones, travel times are relatively lower because 
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trips are less oriented toward Barcelona and are more local in nature. Combined with a 

higher reliance on private vehicles, which tend to be, in average, than public transport , 

this reduces the measured temporal costs despite greater distances from the core, and 

can therefore translate into lower VoT burdens. Nevertheless, the overall tendency 

reflects a negative association: zones with more affordable housing tend to exhibit higher 

transport affordability costs, while central areas with expensive housing enjoy l ower 

transport burdens.  

 

Figure ʳ:ɻ TAI vs HAI in AMB 

Overall, the TAI results highlight the importance of adopting a combined perspective 

when assessing aʡordability, as housing and transportation costs impact households 

diʡerently across the metropolitan territory. For this reason, both expenditures are 

integrated into the CHTAI, as illustrated in Figure ʳʶ.  

The results reveal that the clear spatial pattern observed in the HAI shifts towards a more 

homogeneous distribution when transportation costs are incorporated. Several 

peripheral zones that appeared aʡordable under the HAI framework become 

signiýcantly less aʡordable, approaching the levels observed in Barcelona.  
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Figure ʳ:ʁ CHTAI spatial distribution across RTD zones in the AMB. 

 

ʵ.ʲ.ʲ TAI and CHTAI excluding VoT 

As previously discussed, including the VoT into transportation costs may obscure the 

actual direct monetary burden on households, since VoT does not represent an explicit 

expenditure deducted from income. That is why, TAI and CHTAI will be also analyzed, 

excluding this term from the transportation costs. In this way household income share 

devoted to real monetary expenses will be captured more accurately.  

In the following Figure ʳ,̫ the results for TAI not considering the VoT have been spatially 

represented within the AMB, in RTD level. In this case the spatial distribution pattern is 

clearer, as TAI in Barcelona is the lowest, around ʯ.ʯʲ and ʯ.ʯʵʰ. As further as it gets 

from the city the costs are higher reaching ʯ.ʰʷ in Castellbisbal.  
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Figure ʳ:̫ TAI (Excluding VoT) spatial distribution across RTD zones in the AMB. 

Finally, analyzing CHTAI, it is again seen that the spatial distribution of aʡordability has 

become more homogeneous, due to the trade-oʡ in some zones where lower housing cost 

imply higher transportation costs, due to private vehicle dependency and lower public 

transportation connectivity.  

 

Figure ʳ:y CHTAI (Excluding VoT) spatial distribution across RTD zones in the AMB. 
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Correlating TAI and HAI, the same pattern is observed but, in this case, it shows more 

robustness with R=ɦʯ.rr ʱ has it is appreciated in the following Figure ʳ.ɹ  

 

Figure ʴʯ: Correlating TAI and HAI (Excluding VoT) 

 

ʵ.ʳ. Social and spatial patterns  

Finally, in addition to the previous discussion and spatial trade-oʡ observed, some more 

analyses on disparities have been performed. First, the classiýcation of RTD zones 

depending on a combination of their HAI and TAI based on means classiýcation 

(Sanchez, ʱʯʯʵ). Second, the assessment of a possible relation with income groups and 

aʡordability indices.  

 

ʵ.ʳ.ʰ HAI and TAI group combination  

To further analyze the spatial and social patterns between housing and transportation. 

RTD zones were classiýed depending on if their HAI and TAI lied above or below the 

metropolitan means, which were:  

¶ Average HAI: ʱʴ.ʷʶ% 

¶ Average TAI (VoT excluded): ʰʯ.ʵ%ɻ 

¶ Average TAI (VoT included): ʰʷ.ʷ%ɦ 

Crossing both dimensions yields four aʡordability groups that were located in the map 

in Figure ʴ,h across the AMB for each RTD. Moreover, as described in the graph in Figure 

ʴ,ɦ each group is characterized in terms of income, public transport supply, 

motorization, and public transport and private vehicle shares. When analyzing both 

ýgures together, a spatial logic is revealed. Proximity to dense, high-quality public 

transport depresses transport burden but is capitalized into housing prices, while 
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distance from the core has the opposite eʡect, creating more private vehicle dependence. 

This analysis is ýrst reported with TAI excluding VoT, as it best captures the direct 

monetary burden. The patterns remain when VoT is included, but the correlation, as seen 

in previous section ʵ.ʲ, is lower. Nevertheless, analysis with VoT will be also carried out.  

 

Figure ʴ:h Spatial distribution of ʳ groups considering HAI and TAI above and below average 
combination (VoT Excluded) 

 

Figure ʴ:ɦ Group quadrants graphically distribution of ʳ groups considering HAI and TAI above and 
below average combination (VoT Excluded) 
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Represents 35.55% of RTD zones

Constituted by RTD zones far from 
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Avg. Net Income of ʰʴ,ʶʷʸ ú
11 stops/km2 ; 591 veh /1,000 hab
PT (7.9%) ; PV (37.6%)
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Represents 13.33% of RTD zones
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index. 
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PT (23.7%) ; PV (20.7%)
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Considering both ýgures, the social and spatial pattern is clearly revealed. The vast 

majority of RTD zones, are classiýed in the two mix quadrants, either in group A or D, 

considering one of the aʡordability indices above the average, while the other is below. 

This shows a clear trade oʡ followed in ʷʱ% of the AMB region. Most households face 

either expensive housing with aʡordable transport cost, located in central or near-central 

zones (Group D), or aʡordable housing with costly transport, located generally in outer 

zones from the metropolitan core (Group A). On the one hand Where HAI is above 

average, PT connectivity is typically strong and motorization is low, pushing TAI below 

the mean.  On the other hand, zones where HAI is below average, PT is weaker and car 

dependence higher, raising TAI. This is the coreïperiphery structure already evidenced 

in previous sections. 

Income also diʡerentiates the two trade-oʡ groups. As Group D, in Barcelona and near-

core RTDs exhibits slightly higher average incomes than Group A. This income premium 

eʡectively helps to access to the central, already tensioned housing markets, enabling 

households to bear higher housing costs in exchange for low transport burdens. By 

contrast, households in Group A are priced out of these locations, they obtain cheaper 

housing but incur systematically higher transport costs due to weaker and less reliable 

PT supply and greater private-vehicle dependence. 

The remain two groups, B and C, act as outliers that validate the mechanism. A limited 

number of semi-peripheral zones simultaneously achieve HAI and TAI below the mean 

(Group C) thanks to acceptable PT connectivity and characterized with the highest 

average incomes, which can make that even housing cost are higher than in other zones, 

the higher income compensates those cost, making it aʡordable for this group of income, 

which would not be for other social groups. In contrast, small share of RTD zones present 

both indices above the mean (Group B) where connectivity gaps or interchange penalties 

prevent accessibility from compensating housing pressure. Those also present the 

second lowest average income. Then neither housing costs and transport costs are 

aʡordable, relative to low income, high house costs and low public transport 

connectivity.  

Finally, Table ʱʶ consolidates these ýndings by comparing average CHTAI and the 

average HAI within each group: 

 Average CHTAI Average HAI 

HAI above average (D) 36.75% 30.40% 

TAI above average (A) 37.21% 23.04% 

HAI and TAI above average (B) 39.90% 28.60% 

HAI and TAI below average (C) 33.30% 23.11% 
Table ʱ:ʁ Average CHTAI and HAI per each average TAI and HAI combination group (VoT excluded) 
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Table ʱʶ makes the trade-oʡ tangible. When aʡordability is read only through HAI, 

many outer/intermediate zones look favorable because housing is cheaper. But once we 

account for the transport ýnancial burden with CHTAI, several of those more aʡordable 

places move up the burden scale. This is specially observed between group A and D. 

Group A records an average CHTAI of ʲʶ.ʱʰ%, close to the central regime, because weak 

PT supply and higher car dependence add recurring costs that erase the apparent 

housing advantage. The mirror image also appears in the core. Group D shows CHTAI of 

ʲʵ.ʶʰ% excellent accessibility keeps transport costs low, but high rents still push the 

combined burden to a mediumïhigh level.  

In conclusion, assessing aʡordability only through housing misclassiýes reality.  

Outer/intermediate zones that seem accessible on rent alone become less aʡordable once 

everyday mobility is priced in, and central zones with strong PT remain costly overall 

because housing dominates the budget. Therefore, combined assessment is essential to 

capture the true household burden and to guide policy: reduce structural transport costs 

in A-type areas and expand/protect aʡordable housing in D-type areas, instead of 

shifting the burden from one side of the ledger to the other. 

 

Including VoT in the analysis 

Again, the same exercise was performed for aʡordability, including VoT. As it has been 

detailed in previous discussions, correlation is less strong due to income related VoT and 

higher dependence on private vehicle in the outskirts. Considering that private vehicle 

trips are in average shorter, the cost of VoT is reduced in these zones. In contrast it 

increments in more public transport dependent zones, such as the central areas, close to 

Barcelona.  

The groups were made, considering the same criteria, above and below the mean. The 

results have been plotted in Figure ʴʲ and Figure ʴʳ.  
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Figure ʴ:̡ Spatial distribution of ʳ groups considering HAI and TAI above and below average 
combination (VoT included) 

 

Figure ʴ:r Group quadrants graphically distribution of ʳ groups considering HAI and TAI above and 
below average combination (VoT Included) 

 

As it is observed, there is a slightly modiýcation in some areas, when incorporating the 

VoT. In this case the trade-oʡ pattern has been reduced from ʷʱ% of the RTD zones to 


















































































