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A B S T R A C T   

Decarbonizing transport is crucial for achieving climate targets, which is challenging because mobility is growing 
rapidly. Personal mobility is a key societal service and basic need, but currently not available to everyone with 
sufficient quality and quantity. The basis for mobility and accessibility of desired destinations is infrastructure, 
but its build-up and maintenance require a substantial fraction of global resource use. The question arises, how 
much mobility and how much infrastructure are required to deliver decent, sustainable mobility. 

We explore the relations between mobility levels, mobility infrastructure and well-being. We synthesize 
definitions of decent mobility and assess mobility measurements and provide a novel estimate of mobility 
infrastructure stocks for 172 countries in the year ~2021. We then explore the relations between infrastructure, 
travelled distances, accessibility, economic activity and several ‘beyond GDP’ well-being indicators. 

We find that travelled distances and mobility infrastructure levels are significantly correlated. Above levels of 
~92–207 t/cap of mobility infrastructure no further significant gains in well-being can be expected from a 
further increase of infrastructure. We conclude that high mobility in terms of distances travelled as well as 
building up mobility infrastructure is only beneficial for well-being up to a certain point.   

1. Introduction 

Sustainable mobility requires universal access to affordable, safe and 
reliable mobility options, while minimizing the use of resources for 
infrastructure and mobility services, as well as rapidly reducing asso-
ciated GHG emissions in absolute terms (UN, 2021; Wenz et al., 2020). 
The provision of sustainable mobility is central to achieving the 2030 
Agenda for sustainable development, as well as for fulfilling the Paris 
Agreement on Climate Change (UN, 2021). The World Bank recognizes 
the mobility sector as highly important in fighting poverty, connecting 
people to essential services and combating climate change (World Bank, 
2021). While personal transport, which we herein denote as ‘mobility’, 
is usually not per se regarded as ultimate goal, it is essential in enabling 
and providing access to participation in society. 

However, the current transport system is not delivering on these 
targets. Transport is the third-largest source of CO2 emissions globally 
(SLoCaT, 2018). Another 25–35% of global GHG-emissions are caused 
by industries processing materials, a significant share of which are used 

for the construction and maintenance of infrastructure stocks or for 
producing vehicles and other transport devices (Hertwich, 2021; Lamb 
et al., 2021). Measured as travelled distances, global mobility activity 
has expanded rapidly across the world throughout the last decades and 
is expected to grow further (International Transport Forum, 2021). Still, 
a large share of the global population is affected by ‘transport poverty’, i. 
e. the lack of sufficient and affordable mobility options (Lucas et al., 
2016). Many people even lack basic access to reliable mobility infra-
structure, for example as all-season roads (Iimi et al., 2016; Khandker 
et al., 2006). In the context of efforts to reduce climate heating in line 
with agreed-upon targets, e.g. the Paris Accord or the goal to end 
poverty, sufficiency and demand-side solutions are increasingly being 
debated. This applies especially to high-consumption settings where 
transport emissions are usually growing, despite policy statements 
calling for rapid emission reductions (Creutzig et al., 2020; Creutzig 
et al., 2018; Lamb et al., 2021). The question arises: How much mobility 
and how much (and which) infrastructure will be required for sustain-
able transport and climate-friendly development? 
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Progress towards safe, affordable, accessible, and sustainable 
mobility is indirectly called for in the Sustainable Development Goals 
(SDGs). While none of the main targets is directly concerned with suf-
ficient mobility or the related infrastructure requirements, several as-
pects of mobility and transport are explicitly mentioned. SDG sub-target 
11.2 demands safe, affordable, accessible, sustainable personal transport 
for all; however, the respective indicator measures local air pollution 
and user satisfaction. Sub-target 9.1 rates the quality of trade and 
transport-related infrastructure and its accessibility for the population, 
using a logistics performance index measure. Sub-target 3.6 is concerned 
with reducing deaths and injuries from road accidents (Sustainable 
Mobility for All, 2021; UN, 2021). So, even though adequate levels of 
transport infrastructure stocks are clearly central for enabling sustain-
able mobility, which are related to achieving a wider set of SDGs as well 
(Thacker et al., 2019), the sustainable development indicators do not 
provide concrete guidance on adequate mobility let alone the required 
infrastructure. 

In the literature review in Section 2, we identify the following 
research gaps and subsequent research questions tackled in this article: 
(1) There is a lack of cross-national to global insights on the existing 
levels of mobility, infrastructure stocks and infrastructure requirements 
for sufficient or decent mobility standards. (2) These issues are not 
straightforward to address because there are different perspectives on 
how to define and measure the desired mobility services (e.g. as dis-
tances travelled or rather through measures of accessibility or afford-
ability), and on possible thresholds required for providing decent 
mobility standards. (3) The assessment of infrastructure stocks for 
mobility and their relationship to mobility services for need satisfaction 
is still in its infancy (Carmona et al., 2017; Haberl et al., 2017; Tanikawa 
et al., 2020; Whiting et al., 2020). Due to their large resource re-
quirements and associated environmental impacts, it is crucial to un-
derstand infrastructure stock requirements that serve as a basis for 
accessibility of different services and thus enable decent mobility (see 
Section 2.2 for a discussion of this concept). Striking a balance between 
providing an adequate level of mobility, limiting resource requirements 
and environmental impacts requires understanding the connections 
between material stocks, (decent) mobility services and well-being. We 
hence pose the following research questions:  

(1) How is sufficient or decent mobility defined in the literature, and 
with what quantifiable indicators at a macro-scale?  

(2) What is the current size and mass of global mobility infrastructure 
stocks?  

(3) What are the relations between mobility, mobility infrastructure 
stocks, economic activity and well-being? In particular, (3.1) are 
high levels of travelled distances associated with high levels of 
development and well-being, measured by widely used indicators 
(SPI, HDI, SDGs or GDP)? (3.2) How does mobility infrastructure 
relate to development and well-being, as measured by these in-
dicators? (3.3) Is well-being related to accessibility, measured as 
Rural Access (RAI)? 

To tackle these questions, we conceptually and empirically explore 
the relations between different parameters of mobility and well-being in 
a global cross-country analysis. We present a literature review (Section 
2), followed by the description of methods and data (Section 3) and the 
presentation of results on infrastructure stocks and analyses of cross- 
country patterns of their relations to the mobility system, accessibility, 
and well-being (Section 4). Section 5 summarizes how travelled dis-
tances, infrastructure stock levels and accessibility of road infrastructure 
relate with well-being, and Section 6 concludes. 

2. Literature review 

2.1. Concepts relating mobility, infrastructure and well-being 

A number of concepts have been developed to investigate the rela-
tion between service provision, social well-being and environmental 
limits (Table 1). These concepts revolve around minimum and 
maximum levels of consumption and service provision for sustainability. 
However, none of them have deeply investigated decent mobility in a 
sustainability context (see also Subsection 2.2). 

Mobility infrastructure is central to understanding transport energy 
use and GHG emissions, as well as for the provision of mobility services 
in a more resource-efficient and low-carbon manner (Creutzig et al., 
2015). While there is a long-standing debate on the role of urban form 
(s), spatial planning and infrastructure configurations for sustainable 
urbanization across many cities and regions (Kenworthy, 2020; Ken-
worthy and Laube, 1999; Newman and Kenworthy, 1996), little research 
has been conducted so far on the more general relation between the 
required mobility infrastructure stocks and sufficient or decent mobility 
for all (Wenz et al., 2020). Recently, the material and energy resources 
required for delivering well-being have been analysed (Brand-Correa 
et al., 2018; Kikstra et al., 2021; Mayer et al., 2017; Millward-Hopkins, 
2020; Steinberger and Roberts, 2010), only a few of which explicitly 
include mobility. However, while the importance of infrastructures for 
mobility is generally acknowledged, so far no comprehensive global 
database exists that would quantify mobility-related material stocks at 
the national level (Lanau et al., 2019). 

Material use has been growing rapidly throughout the last decades 
and a large – and increasing – part of the materials extracted globally are 
used to build up and maintain material stocks, which are expected to 
grow further (Krausmann et al., 2020a). Various country-level studies 
have found that a substantial share of total societal material stocks is 
used to build mobility infrastructures, which require significant flows of 
material and energy for their construction and maintenance (Haberl 
et al., 2021; Schiller et al., 2017; Shi et al., 2012; Tanikawa et al., 2015; 
Wiedenhofer et al., 2015). Material stocks in infrastructures are a key 
sustainability challenge, not only due to the resources needed to build 
and maintain them, but also because their patterns create path de-
pendencies for future use (Baiocchi et al., 2015; Pauliuk and Müller, 
2014). Mobility infrastructures, their spatial patterns (density, distri-
bution), types (e.g., road vs. rail) and quality (road surface and drainage, 
accessibility of different locations by public transport) influence future 
mobility patterns and thus future resource use and environmental im-
pacts from mobility (Barrington-Leigh and Millard-Ball, 2015; Seto 
et al., 2016). Following a stock-flow-service nexus perspective (Haberl 
et al., 2017), stocks of mobility infrastructures are a core element of 
providing mobility services. This recognition calls for the exploration of 
both elements of the nexus and their connection to desired outcomes, 
such as well-being, to understand pathways towards more sustainable 
resource use. 

2.2. State of the art of mobility measures and sufficiency thresholds 

In this subsection we summarize concepts and literature discussing 
definitions of basic mobility needs, (decent) mobility services and their 
operationalization. Various approaches aim to capture the basic need of 
mobility, some of them coming from broader conceptualizations of so-
cietal services (Kalt et al., 2019), ‘universal basic services’ (Coote, 
2021), or ‘decent living standards’ (Rao and Min, 2018a) and some of 
them directly developed to describe personal transport (mobility), such 
as ‘transport poverty’ (Lucas et al., 2016), ‘sustainable transport’ (Zhao 
et al., 2020) or ‘mobility needs’ (Mattioli, 2016). Between those strands 
of literature, definitions and common terms vary, as they focus on 
different aspects of mobility. 

A part of the literature explicitly focuses on mobility and minimum 
boundaries of sufficiency and decency above poverty. The Decent Living 
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Standards (DLS) framework provides a first set of indicators and mini-
mum thresholds, enabling the estimation of materials, energy and GHG 
implications for achieving them (Rao et al., 2018; Rao and Min, 2018a; 
Rao and Pachauri, 2017). 

Recent reviews of the literature on transport poverty (Lowans et al., 
2021; Lucas et al., 2016) identified several dimensions of mobility that 
have to be fulfilled to prevent mobility deprivation (‘transport poverty’). 
One key aspect is accessibility of desired locations and basic services in a 
specific geographic context. However, it remains unclear how much 
mobility and infrastructure provision would be required to prevent 
transport poverty, and what indicators and thresholds should guide a 
transition to a mobility system for a world with high well-being. 

Building on conceptualizations of material and energy services as a 
cascade from resources to functions, services, and well-being contribu-
tions (Kalt et al., 2019; Whiting et al., 2021), it is useful to define 
mobility services in terms of the mobility’s purpose, such as having 
access to have goods or products available at a specific place, visit other 
places or participate in social life (work, family, etc.). Therefore, 
mobility services can for example be expressed as reaching places to 
fulfil other needs, such as social participation (Virág et al., 2021). In the 
logic of the ‘energy service cascade,’ popular mobility indicators such as 
distances travelled are measures of mobility ‘functions’ that satisfy 
context-specific needs for the actual underlying mobility services. Travel 
distances depend on a number of context-specific socio-economic and 
structural conditions and may therefore vary substantially for the same 
‘service’ of reaching a particular type of destination. Developing widely 
applicable definitions of these needs is itself complex, because, among 
other things, mobility needs change considerably during people’s life 
course (Rau and Sattlegger, 2018; Scheiner and Rau, 2020). Moreover, 
mobility patterns are strongly shaped by prevalent mobility practices 
(Røpke, 2009) characterized by materials and infrastructures (e.g. road 
or rail networks), meaning and skills as well as competences, all of 
which are deeply embedded in social structures and even ‘mobility 
cultures’ (Mögele and Rau, 2020). This interwoven bundles of social 
practices (Shove and Walker, 2014) may explain mobility better than 
perspectives limited to trip distances. 

Despite these challenges in defining mobility needs, some studies 
propose universal standards for mobility. For example, Coote (2021) 
proposes ‘universal basic services’ of mobility, a well-functioning, co-
ordinated and sufficiently funded scheme that encourages active 
(walking, cycling) mobility and affordable or free public transit over car 
travel. This scheme would encourage sustainable consumption by also 
reducing GHG emissions and air pollution. 

The ‘Decent Living Standards’ (DLS) Framework defines and quan-
tifies universal minimum conditions for well-being based on human 
needs (Doyal and Gough, 1984) and capabilities (Gough, 2020; Nuss-
baum, 2003). DLS provide concrete indicators and thresholds, enabling 
the estimation of materials, energy and GHG implications of achieving 
them. In the mobility dimension of DLS, about 8,500–10,000 p-km/year 
are assumed to be necessary for decent living, depending on population 
density and urbanization (Kikstra et al., 2021; Millward-Hopkins, 2020; 
Rao and Min, 2018a). While this literature provides important first in-
sights into minimum levels for decent mobility for all, these values may 
be interpreted as coarse approximations that might need to be sub-
stantially higher or lower, depending on the respective context. It also 
remains unclear how much infrastructure is required to enable these 
travelled distances for everyone, and whether the suggested threshold 
provides the guidance needed to move towards a safe, sustainability and 
just mobility system. 

Table 1 
Concepts of the relation between service provision, social well-being and envi-
ronmental limits.  

Concept Core messages Core references 

‘Doughnut’ - a safe 
and just space for 
humanity 

Raworth (2012) 
complemented the planetary 
boundaries concept of  
Rockström et al. (2009) with 
social foundations, i.e. 
minimum requirements for a 
good life. In between both 
there is a safe and just 
operating space, which has 
been subsequently 
operationalized and 
investigated globally by  
O’Neill et al. (2018). 

O’Neill et al., 2018;  
Raworth, 2012;  
Rockström et al., 2009 

Sustainable 
development 
target space’ 

A sustainable future for all is to 
be achieved by reaching a set 
of targets based on the UN 
2030 Agenda. Target values 
are not always concrete but the 
target space considers non- 
linearities and 
interdependences. 

van Vuuren et al., 2021 

Sustainable 
consumption 
corridors 

Sustainable individual 
consumption levels lie between 
minimum and maximum 
standards and allow sufficient 
access to resources for others in 
the present and in the future. 
Theories to link natural and 
social resources to human 
needs are needed for their 
definition and implementation. 

Di Giulio and Fuchs, 2014; 
Gough, 2020; Sahakian 
et al., 2021 

Universal basic 
services (UBS) 

As an alternative to the 
proposal for universal basic 
income, UBS are a contribution 
to establishing sustainable 
consumption corridors, i.e. 
ensuring a good quality of life 
for all. Public and shared 
consumption as opposed to just 
private consumption is put into 
focus. 

Coote, 2021; Gough, 2019 

‘Buen vivir’ or 
‘good life’ 

Collectively defined social 
boundaries of self-limitation 
have the potential to guide a 
just social-ecological 
transformation towards a 
sustainable future. 

Brand et al., 2021 

Provisioning 
systems 

A set of related elements such 
as households, markets, the 
commons, the states, 
techniques and material stocks, 
work together as a 
provisioning system to 
transform resources for the 
satisfaction of a human need. It 
mediates the relationship 
between biophysical resource 
use and social outcomes. 

Fanning et al., 2020;  
Gough, 2019; Lamb and 
Steinberger, 2017; Plank 
et al., 2021; Schaffartzik 
et al., 2021 

The stock-flow- 
service nexus 

The stock-flow-service nexus 
concept emphasises the pivotal 
role of societal material stocks 
of buildings, infrastructure and 
machinery, together with the 
resource flows required for 
their construction, 
maintenance and operation, in 
providing material and energy 
services essential for social 
well-being. 

Carmona et al., 2017;  
Haberl et al., 2017;  
Pauliuk et al., 2021;  
Tanikawa et al., 2020;  
Whiting et al., 2020 

Decent living 
standards (DLS) 

DLS are a comprehensive set of 
generalizable dimensions, 
building on previous work on 
‘subsistence emissions’ (Shue, 

Rao et al., 2018; Rao and 
Min, 2018a; Rao and 
Pachauri, 2017  

Table 1 (continued ) 

Concept Core messages Core references 

1993) and ‘decent living 
emissions’ (Rao and Baer, 
2012) for a decent life for all.  
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Lucas et al. (2016) provide a thorough review of different concep-
tualizations of mobility requirements. They introduce ‘transport 
poverty’ as an overarching notion to describe insufficient mobility levels 
at the individual, rather than at the household level to acknowledge 
gender differences. Their concept of ‘transport poverty’ combines the 
following parameters: transport affordability – the ability to purchase 
basic mobility within one’s limited budget (Litman, 2021), mobility 
poverty – the systemic lack of transport services or infrastructure (Moore 
et al., 2013), accessibility poverty – the ability to get to key services 
(Social Exclusion Unit, 2003) and exposure to transport externalities – 
negative effects such as casualties or chronic diseases (Barter, 1999). It 
remains unclear, if a deficiency in transport supply, a minimum level of 
mobility and/or a minimum level of accessibility of goods, services and 
activities are suited best to define ‘transport poverty’ (Lucas et al., 
2016). 

One key aspect of the definitions of transport poverty is accessibility 
of desired locations and basic services in a specific geographic context. 
In high-income nations it has been shown that socio-economic 
inequality, affordability of mobility modes and availability of alterna-
tives to the car seem to intersect in producing transport poverty (Mat-
tioli, 2016). In lower-income countries, limited connectivity and the 
lacking availability of reliable mobility infrastructure have been iden-
tified as critical constraints. Moreover, limited affordability of mobility 
can result in social exclusion (Jaramillo et al., 2012; Peng et al., 2008; 
Wenz et al., 2020). In recent studies, a minimum threshold of all-season 
road access within a 2-km-distance of each household has been pro-
posed, which leaves two thirds of the global rural population without 
sufficient access to the mobility network (Iimi et al., 2016; Khandker 
et al., 2006). 

Another term frequently used to describe decent mobility within 
environmental limits is ‘sustainable transport’, meanwhile a fast 
growing research topic (Zhao et al., 2020). An agreed-upon definition of 
sustainable transport is still lacking, despite useful efforts towards that 
end (Banister, 2008; Janic, 2006; Zhou, 2012). The Centre for Sustain-
able Transportation’s definition of ‘sustainable transport’ includes the 
fulfilment of basic and development needs of current and successive 
generations equally and safely and in a manner consistent with human 
and ecosystem health, affordability including external costs, support of a 
vibrant economy, efficiency, limiting the emissions of pollutants, GHGs 
and noise, minimizing the consumption of non-renewable resources and 
land use and involving relevant stakeholders in all parts of society 
(Bongardt et al., 2011; Gilbert et al., 2002). A high proportion of the 
literature on sustainable transport published throughout the last years 
focused on GHG emissions and environmental sustainability (Zhao et al., 
2020). While economic and environmental impacts of different trans-
port strategies are modelled rather frequently, understanding the social 
outcomes of transport remains a key issue (Lucas et al., 2007). 

Another framework on transport needs in a climate-constrained 
world by Mattioli (2016) integrates human needs theory and structur-
ation theory to break down several transport needs and their context- 
specific need satisfiers, using an industrialized setting (the UK) as an 
example. Mattioli (2016) describes mobility needs as universal, objec-
tive, satiable and universally valid, but usually vaguely defined and 
quite general. While needs are seen as invariant, their satisfiers are 
context-dependent and socio-ecologically variable (Lamb and Stein-
berger, 2017). Several hierarchical orders of satisfiers for transport 
needs can be distinguished (Mattioli, 2016): (1) the societal level of 
required systems, such as the system of employment or food production, 
(2) the existence of paid employment or shopping facilities (3) travel 
and (4) a car. The perceived necessity of different orders of satisfiers can 
change over time. For example, the percentage of the British population 
who think of a car as a necessity for their life doubled between 1983 and 
2012, which Mattioli interprets as a side-effect of increased motorization 
and growing distances between private settlements and destinations that 
need to be reached, in combination with cuts on public transport 
funding by the British government. This example illustrates how need 

satisfiers can become more travel- and carbon-intensive over time 
through structuration processes, which makes the satisfaction of basic 
needs dependent on unsustainable, carbon-intensive need satisfiers 
(Mattioli, 2016). 

Across these strands of literature, definitions and operationalizations 
of minimum levels or basic needs vary substantially, and are usually 
without explicit reference to the required infrastructure. In general, the 
authors aim at identifying the part of societal services, such as personal 
mobility, that can be assigned to the level needed to avoid serious harm 
such as disabled social participation, i.e. that can be defined as ‘needs’, 
in contrast to ‘wants’ (Doyal and Gough, 1984). There is a clear 
consensus in the literature that such minimum levels are “not only about 
food, clothing, and shelter; they are about having the opportunities and 
choices necessary to participate effectively in society” (Gough, 2020), 
which necessarily requires a certain amount of mobility enabling the 
participation in society, as all activities are organized across space and 
time (Wiedenhofer et al., 2018). It is important to recognize, however, 
that definitions of ‘decency’ and the related distinction between ‘needs’ 
and ‘wants’ require normative judgments, which raises difficult ques-
tions of who has the power to draw such lines. Recent discourses 
inspired by experiences during the Covid pandemic suggest that 
‘voluntary immobility’ could foster well-being, help reduce inequalities, 
improve people’s work-life balance and address gender imbalances. 
Such considerations hint at the need to rethink mobility at an even 
deeper level (Adey et al., 2022; Adey et al., 2021), e.g. by including 
active modes of mobility, such as walking and cycling (Spinney, 2021). 

Several approaches to measuring mobility have developed different 
indicators for assessing specific dimensions of mobility (see Table S1), 
but hardly any of them can be rolled out for a cross-national or global 
analysis. A comparison of projects for collecting data on sustainable 
transport shows that so far no scheme enables the assessment of sus-
tainable transport on a global scale, as most concepts focus on specific 
aspects (Bongardt et al., 2011). At the macro-scale, data on mobility are 
only available in terms of travelled distances, which does not represent 
the actual need or service of mobility but only ‘functions’ (Kalt et al., 
2019) or ‘satisfiers’ (Mattioli, 2016) for mobility. However, a number of 
transport models rely on travelled distances: MESSAGE-Transport 
(Agnew et al., 1979; McCollum et al., 2017), the ITF model (Interna-
tional Transport Forum, 2021) and the IEA Mobility Model (Fulton et al., 
2009). This seems practical but implicitly equates increased mobility 
activity with better fulfilment of mobility needs or a contribution to 
well-being. As discussed above, the travelled distance may not reflect 
the desired outcome of mobility (i.e. the service itself). Social partici-
pation (in family life, work life, etc.) and access to vital goods/services 
such as education, health care etc. can be possible with very little travel 
in physical space if most or all destinations are available in a person’s 
vicinity. Hence, a decent life or high well-being may also be possible 
while travelling very short distances. However, as travelled distances, 
usually measured in person-kilometres (p-km), are the most widely 
available and used measure for mobility with good data availability, we 
explore their relationship with well-being in Section 4.2. 

3. Methods and data 

For the empirical analyses, we calculate the mass of global mobility 
infrastructure stocks and draw upon a number of published databases for 
statistical analyses. 

3.1. Sources of mobility data and well-being indicators 

We compiled a broad set of socio-economic indicators on sustainable 
development for cross-sectional statistical analyses, which are available 
for a differing number of countries and years (Table 2). Data on travelled 
distances are available mostly for industrialized countries and different 
periods from (European Commission, 2020; ICCT, I.C. on C.T, 2017; ITF, 
2021; Worldbank/UIC, 2021). We used the most recent datapoint after 
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the year 2015, which results in all datapoints for annual p-km in the final 
dataset being from the years 2018 or 2019. Data preparation is 
explained in detail in the SI. 

To measure economic activity, we used GDP at market prices of 
2019, sourced from World Bank (2019), because values from 2020 are 
expected to be less representative due to the economic recession 
following the COVID pandemic. As there are strong arguments against 
equating well-being or human flourishing with economic activity 
(Cassiers and Thiry, 2014; Kubiszewski et al., 2013; Stiglitz et al., 2010), 
we included a number of ‘beyond GDP’ indicators which are not, or at 
least less directly, dependent on measures of economic activity. The 
most well-known alternative is the ‘Human Development Index’ (HDI), 
which includes a measure of economic activity (Gross National Income 
per capita and year) and additionally considers life expectancy at birth 
and expected years of schooling (to represent human capabilities) but 
omits ecological and environmental dimensions (UNDP, 2020a). 
Another prominent framework to assess progress towards eradicating 
poverty and sustainable development are the Sustainable Development 
Goals (SDGs). Within its 17 main targets, 169 sub-targets and 304 in-
dicators, three dimensions are covered: economic, social and environ-
mental progress (UN, 2015). While this framework has undoubtedly had 
an impact on the global sustainability discourse (Sachs et al., 2019), 
critics highlight that the lack of systemic conceptualization of trade-offs 
and synergies across the various SDGs and the explicit target on eco-
nomic growth (SDG 8) might undermine the SDGs targets on ecological 
integrity (Bengtsson et al., 2018; Eisenmenger et al., 2020). To represent 
social progress, we used the ‘Social Progress Index’ (SPI). It is composed 
of 51 sub-indicators reflecting the dimensions of basic human needs, the 
foundations of well-being and opportunities for people (The Social 
Progress Imperative, 2021). We compared results of all analyses using 
SPI also with results on the main three SPI-modules (basic needs, 
foundations for well-being and opportunity). Furthermore, we included 
the quantification of 11 minimum ‘social thresholds’ by O’Neill et al. 
(2018). These are based on the extension of the concept of planetary 
boundaries (Rockström et al., 2009; Steffen et al., 2015) to the concept 
of a ‘safe and just space’ that also considers social foundations (Raworth, 
2012), and quantifies both upper and lower thresholds for >150 nations 
(Fanning et al., 2021; O’Neill et al., 2018). 

To our knowledge, no macro-scale indicator of accessibility of basic 
services is available that could be applied to our cross-country analysis 
(see Table S 1). Instead, we used the Rural Access Index (RAI), i.e. the 
SDG-indicator associated with accessibility of (road) transport infra-
structure. The RAI measures the accessibility of adequate roads from 
households (Iimi et al., 2016; Roberts et al., 2006). For reasons 
explained in the SI, we used the geospatial version of the RAI (World 
Bank et al., 2016). 

3.2. Calculation of material stocks of global mobility infrastructures 

We calculated global mobility infrastructure stocks for 172 
countries/country-groups in terms of network lengths and material 

stocks. To estimate infrastructure stocks by country, we combined in-
formation on network lengths from OpenStreetMaps (OSM) with mate-
rial intensities for 17 road- and rail-based infrastructure types for 
different countries and regions, following a stock-driven modelling 
procedure established previously (Frantz et al., in prep.; Haberl et al., 
2021; Wiedenhofer et al., 2021). OSM has been shown to be the most 
complete global map of mobility infrastructure globally available (Bar-
rington-Leigh and Millard-Ball, 2017). For this estimation, OSM cate-
gories identified as most important mobility infrastructure in previous 
work (Haberl et al., 2021) were aggregated into six road and four rail- 
based infrastructure types, for which data on infrastructure network 
lengths (L) for all countries were processed from Geofabrik (2021) (see 
supplementary information for details). Based on literature on the 
composition and dimensions of mobility infrastructure types, average 
widths (W) and material intensity (MI) factors were developed for each 
stock type (see supplementary information for data and further detail). 
Eq. (1) shows a standard equation for stock-driven ‘bottom-up’ estima-
tions (Lanau et al., 2019; Virág et al., 2021; Wiedenhofer et al., 2019; 
Wiedenhofer et al., 2015) and was used to estimate material stocks per 
infrastructure type. In this equation, st denotes stock type, m represents 
the respective material, c the respective country, L the length of the stock 
type and W its width. 

Stockst,m,c = Lst,c*Wst*MIst,m (1) 

The material intensity factors used to calculate global mobility stocks 
as described in Eq. (1) are listed in Table 3. Material intensity factors 
may vary regionally due to different building standards, as well as 
locally due to specific on-site conditions and requirements. A complete 
assessment of differences in material intensities in all countries analysed 
is not possible due to studies lacking for most regions, an effort which 
was out of scope for this article. Herein, we draw on country-specific 
data from several nationally specific studies, while for the rest of the 
world a global average of material intensity factors was used. Qualita-
tive differences are accounted for, for example by separating different 
types of roads. However, qualitative differences within subtypes may 
vary in its quality from region to region and cannot be captured in detail. 

4. Results 

4.1. The mass of infrastructures and their relation to travelled distances 

Global material stocks of transport and mobility infrastructure 
amount to 312 Gt in the year 2021, of which road infrastructure makes 
up 294 Gt and rail-based infrastructure (including subways, trams and 
other light rails) 18 Gt (Fig. 1A). Paved high-class roads (e.g. motorways, 
primary, secondary, and tertiary roads) make up 49% (144 Gt) of the 
total mass of road infrastructure, even though they account for only 12% 
of the global road network in terms of length, which is due to their 
significantly higher material intensity compared to other types of 
infrastructure. Low-class roads, mostly gravel or dirt roads with minor 

Table 2 
Data on mobility and socio-economic indicators on well-being and economic activity.   

Units Years 
available 

Countries covered Sources 

Travelled distances (road and 
rail) 

Person-km per year 1970–2019 Any year: 118 countries; 
>2015: 37 countries 

European Commission, 2020; ICCT, I.C. on C.T, 2017;  
ITF, 2021; Worldbank/UIC, 2021 

Economic Activity (GDP) 2019 prices at market 
exchange rates, US$ 

2019 200 countries and territories World Bank, 2019 

Human Development Index (HDI) Index: 0–1 2020 186 countries UNDP, 2020b 
Sustainable Development Goals 

reached (SDGs) 
% of SDGs (incl. all sub- 
targets) reached 

Latest: 2021 165 countries Sachs et al., 2021 

Social Thresholds passed Count: 0–11 2011 151 countries O’Neill et al., 2018; Raworth, 2012 
Social Progress Index (SPI) Index: 0–100 2011–2021 168 countries The Social Progress Imperative, 2021 
Rural Access Index (RAI) 

geospatial 
% of households within a 
country 

2016 183 countries World Bank et al., 2016  
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asphalt sections (e.g. local and rural roads) make up 149 Gt. 
Distinct regional stock levels are observed along income differences, 

as countries with higher income levels usually have larger mobility 

infrastructure stocks (Fig. 1B). With 48% (149 Gt), the majority of 
mobility infrastructure stocks are located in high-income countries. By 
contrast, in low-income countries we find <4% (12 Gt) of total mobility 

Table 3 
Overview of total material intensity factors for individual countries and global average for roads and rails.  

Stock 
group 

Stock type Total MI of asphalt, concrete, sand and gravel, timber and steel [t/m2] 

USA CHN3 AUT DEU SVK JPN GBR/IRL Global average 

Roads 

Motorway 1.22 1.58 1.76 1.76 1.76 1.99 1.50 1.73 
Primary 1.07 1.49 1.37 1.37 1.37 1.74 1.48 1.42 
Secondary 0.97 0.79 1.27 1.27 1.27 1.36 1.60 1.30 
Tertiary 0.82 0.79 1.15 1.15 1.15 1.04 1.55 1.12 
Local1 0.43 0.36 0.61 0.61 0.61 0.22 0.84 0.50 
Rural1 0.34 0.19 0.24 0.31 0.23 0.28 0.74 0.30 
Motorway 
bridges2 1.32 1.32 1.65 1.65 1.65 1.10 1.32 1.32 
Motorway 
tunnels2 2.92 2.92 2.65 4.73 3.65 2.87 2.92 2.92 
Other road 
bridges2 1.15 1.15 1.43 1.43 1.43 1.10 1.15 1.15 
Other road 
tunnels2 2.92 2.92 2.65 4.73 3.65 2.87 2.92 2.92 

Rails 

Railway 0.85 0.48 0.33 0.35 0.33 0.55 0.41 0.41 
Railway 
bridges2 1.62 1.62 1.58 1.58 1.58 1.77 1.62 1.62 
Railway 
tunnels2 4.26 4.26 4.22 4.22 3.50 5.09 4.26 4.26 
Subway 
underground 11.19 11.19 13.83 13.83 13.83 3.27 11.19 11.19 
Subway 
elevated 4.24 4.24 5.39 5.39 5.39 0.80 4.24 4.24 
Subway 
ground-level 2.46 2.46 3.01 3.01 3.01 0.80 2.46 2.46 
Tram and 
other rails 0.47 0.47 0.61 0.61 0.61 0.03 0.47 0.47 

References 
Frantz 
et al., in 
prep. 

Bai et al., 
2019; Chen 
et al., 2017 

Haberl et al., 2021 
Journal Article;  
Tanikawa et al., 
2015 

Wiedenhofer 
et al., 2021 

AUT, DEU, SVK, JPN, GBR/IRL, and additional 
sources: ARE: (Alzard et al., 2019; Department of 
Municipal Affairs and Transport, 2016); NPL: ( 
Department of Roads, 2014); TUR: (Alzaim et al., 
2020; Özgenel, 2016), ZAF: (CSIR, 2000;  
Henderson and Van Zyl, 2017)  

1 Assumptions on the shares of paved, unpaved and compacted local earth roads considered in factors. 
2 Only bridge or tunnel structure itself is considered in this factor, excluding corresponding road surface or rail track, which are covered in the respective road/rail 

intensity. 
3 Missing country-specific data supplemented by global average. 

Fig. 1. Global material stocks in road- and rail-based infrastructure per main stock type (A), by income-group (B) and as a global distribution and population- 
weighted average (C). HCR denotes high-class roads (motorways, primary, secondary and tertiary roads). LCR denotes low-class roads (local and rural roads). In-
come level groups: HI = High income, UMI = Upper-middle income, LMI = Lower-middle income, LI = Low income. (Median = line, population-weighted average =
square). Note that the boxplot (C) excludes one outlier (ISL). Regression analysis of mobility infrastructure levels per capita and travelled distances per capita per 
year (D). 
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infrastructure stocks. Average global mobility infrastructure stocks are 
estimated at 44.3 t/cap (median) or 40.7 t/cap (population-weighted 
average), with countries between the 25th and 75th percentile ranging 
between 23.1 t/cap and 86.1 t/cap (Fig. 1C). The country with the 
highest per capita infrastructure level is Iceland (outside of scale in 
Fig. 1C) with 494 t/cap, Bangladesh has the lowest mobility infra-
structure level with 3.6 t/cap. 

Across all countries for which mobility data are available, we find 
that mobility infrastructure stocks per capita are significantly correlated 
with annual travelled distances per capita (see Fig. 1D, Table S3 in the SI 
for details). This may only reflect that higher car dependence in 
wealthier countries drives both greater investments in roads and more 
travel-intensive lifestyles. However, it is noteworthy that no country (for 
which we had data) has average travel demand of >10,000 km/capita 

with <48 tons of mobility infrastructure per capita. This may suggest 
that present structural patterns of the built environment demand this 
amount of material to support contemporary (largely Western) 
lifestyles. 

4.2. The relationship of travelled distances, economic activity and well- 
being 

We continue our empirical explorations with a cross-sectional anal-
ysis of the relationships between travelled distances per capita and well- 
being indicators (see Table 2 for an overview). We note that this cor-
relation may reflect a bidirectional relationship: better travel opportu-
nities enable more economic activity and potentially greater well-being 
as much as the latter can drive more travel-intensive lifestyles. We use a 

Fig. 2. Regressions of mobility functions (travelled distances) economic activity and well-being. A) GDP (log-log), B) Human Development Index (HDI) 2020 (UNDP, 
2020b), C) achievement of Sustainable Development Goals (SDGs) in 2021 (Sachs et al., 2021), D) social thresholds reached (O’Neill et al., 2018), E) Social Progress 
Indicator (SPI) 2021 (The Social Progress Imperative, 2021). Detailed results: see Table S 3. 
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log-log regression model to analyse the relative sensitivity of mobility to 
GDP. For the other indicators, which are range-limited, we use a satu-
ration function (Steinberger et al., 2012; Steinberger and Roberts, 
2010). Results of the regression analyses are shown in Fig. 2 (detailed 
results, also for alternative regression models can be found in Table S 3). 
The USA is a special case due to its very high mobility levels per capita. 
However, its omission only marginally changes the correlations dis-
cussed below (Table S 5), but not the overall picture. 

Notably, GDP rises faster than travel demand, in contrast to the other 
indicators, where well-being rises faster at lower levels of travelled 
distances. A 1.45% increase of GDP is associated with a 1% increased 
average travel distance per year. The correlation of travelled distances 
against GDP (R2 = 0.69) is comparable to those against HDI and SPI (R2 

= 0.64), but weaker against the SDG (R2 = 0.3) and social thresholds 
achievement indicators (R2 = 0.46). Using only the module ‘foundations 
of well-being’ of the SPI would slightly reduce explanatory power (R2 =

0.60, p = 0.000, results for the SPI modules can be found in Table S 4). 
Notably no country (for which we have data) has HDI >0.8, achieved 
>75% of SDGs, achieved >8 social thresholds and has an SPI >80 with 
average travel distances of <9600 km/cap/yr. While this by no means 
suggests that societies cannot achieve these well-being thresholds with 
less travel (indeed, one might find that subpopulations within many 
countries have passed these thresholds with less travel), it lends support 
for the idea that with current patterns of development, at a country- 
level, there may be certain minimum levels of travel associated with 
different thresholds of social progress along different dimensions. 

Fig. 3. Regression of mobility infrastructure stocks/capita, economic activity and well-being. A) GDP (log-log), B) Human Development Index (HDI) 2020 (UNDP, 
2020b), C) achievement of Sustainable Development Goals (SDGs) in 2021 (Sachs et al., 2021), D) social thresholds reached (O’Neill et al., 2018), E) Social Progress 
Indicator (SPI) 2021 (The Social Progress Imperative, 2021). Detailed results: see Table S 3, indices 5–9. 
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4.3. The relationship of mobility infrastructure stocks, economic activity 
and well-being 

We conducted a cross-sectional analysis of the relations between 
mobility infrastructures, economic activity (GDP) and well-being. The 
Stock-Flow-Service Nexus framework describes the importance of ma-
terial stocks for providing societal services (Haberl et al., 2017). As 
infrastructure stocks for mobility are a precondiction for the connec-
tivity between different locations, and thus the accessibility of services, 
their availability is a key factor for decent mobility. As above, we used a 
log-log regression model for GDP and a saturation function to analyse 
relationships with other well-being indicators. As the global dataset of 
mobility infrastructures is far more extensive than the available data for 
travelled distances, a larger number of countries could be included in the 
analysis (see Fig. 3). Iceland is a specific case due to its far higher 
mobility infrastructure level per capita than all other countries. How-
ever, regression results omitting Iceland from the dataset hardly differ 
from results using the full dataset (see Table S 6). 

Overall, the correlations between mobility infrastructure stocks and 
well-being indicators are weaker than those with travelled distances, 
with R2 in the range of 0.4–0.5 for all indicators. Growth in stocks and 
GDP are proportional at all income levels: a 1% change in stock comes 
with a 1.12% change in GDP. Regressions of mobility stock levels per 
capita against all other indicators of well-being show relatively higher 
increases in well-being at lower levels of stock, similar to travelled 
distances. For detailed results see Table S 3, indices 5–9. Again, the re-
sults for SPI (R2 = 0.47, p = 0.000) and the well-being module of SPI (R2 

= 0.47, p = 0.000) are very similar (see Table S 4). 
For comparability with results of our first analysis of the relation-

ships between travelled distances with GDP and well-being, we drew the 
same sample of countries, that is only those for which p-km data was 
available, and repeated the analysis of mobility infrastructure levels and 
GDP and well-being. The reduced sample (Fig. S 5, detailed results in 
Table S 3, indices 10–14) achieves a significantly lower goodness of fit 
for all indicators than the analysis for the full sample, which may just 
reflect data limitations. The comparison also shows that correlations 
between infrastructure stocks and well-being indicators are weaker than 
correlations between travel distances and well-being indicators. This 
may be because mobility infrastructure stocks likely influence well- 
being more through travel than other means (such as employment, 
whose impacts would be temporary). One notable insight is that for the 
non-economic well-being indicators (as reflected in the almost vertical 
shape of the envelope at low levels of mobility infrastructure stock) 
there seem to be several countries that have achieved relatively high 
levels of well-being with very low levels of infrastructure. This stands in 
contrast to their relation to travelled distances, which gives more cause 
for hypothesizing minimum thresholds. 

In order to derive first infrastructure level thresholds, we calculate 
mobility infrastructure levels associated with reaching high wellbeing 
thresholds for the different indicators by solving the regression equa-
tions displayed in Fig. 3 at different wellbeing levels (see Section 4.4 in 
the SI for details). We find that 92 t/cap of mobility infrastructure are 
associated with an HDI score of 0.8, i.e. very high development ac-
cording to the UNDP (2020a). Reaching 75% of SDGs is associated with 
126 t/cap. Surpassing 8 of the 11 proposed social thresholds is possible 
with 207 t/cap, and belonging to the two country groups with highest 
social progress (Tier 1 or 2, The Social Progress Imperative (2021), SPI 
> 80.15) requires 127 t/cap of mobility infrastructure. While these re-
sults are very sensitive to the choice of the well-being threshold, they 
point towards possible minimum levels of mobility infrastructure for 
high well-being. 

4.4. The relationship of accessibility, economic activity and well-being 

The basis for decent mobility is access to adequate mobility options, 
which have to be available within a certain distance from each person’s 

home (Rao and Min, 2018b). Accessibility contributes to fulfilling 
human needs by enabling personal autonomy, employment and leisure 
participation, thus, efforts to improve people’s access to transport sys-
tems is also a sub-target in the SDGs (Fisch-Romito, 2021; UN, 2021). 

We test these relationships of accessibility of road transport infra-
structure (measured using the Rural Access Index, RAI) and economic 
activity or well-being using all available datapoints that is, all countries 
for which RAI and the indicator investigated are known. We included 
the total amount of road infrastructure (including tunnels and bridges) 
in this analysis. It is not clear which share of low-class roads (LCR) is in 
adequate condition throughout all seasons, therefore overestimations of 
mobility infrastructure levels are possible. We use a level-log model for 
GDP relations and linear regression models for the ‘beyond GDP’ in-
dicators, as we plot indicators (0–1 or 0–100) against each other and as 
these models achieve the highest fit and acceptable heteroscedasticity 
compared to other regression model specifications (detailed results can 
be found in Table S 3, indices 15–19). 

We find that RAI levels are hardly coupled with GDP (regression 
slope 0.04), and observe a moderate explanatory power (R2 = 0.40, see 
Fig. 4A). Also for well-being indicators, a moderate explanatory power 
of RAI is observed, with R2 ranging from 0.40 (social thresholds) to 0.55 
(SPI) (Fig. 4B-E). RAI is not strongly coupled with any of the well-being 
indicators with all regression slopes being rather low (HDI 0.0, SDGs 
0.36, social thresholds 0.09 and SPI 0.52). Again, this is very similar for 
total SPI and the individual SPI modules (see Table S 4). 

5. Towards defining ‘decent mobility standards’ and their 
infrastructure requirements 

Our comparison of different strands of literature on (decent) mobility 
has shown that definitions and sufficiency thresholds for mobility are 
neither straightforward nor agreed-upon (Section 2). Following Lucas 
et al. (2016), (1) relevant basic services such as healthcare, educational 
or grocery shopping facilities, have to be accessible with reasonable time 
and effort, (2) mobility options to reach them have to be available and 
affordable, and (3) the conditions of travelling have to be safe and 
healthy. Following Kalt et al. (2019), reaching a decent level of mobility 
services means reaching ‘what is really wanted’ from mobility, for 
example access to social participation. 

We therefore concur with previous statements that a generalized 
definition of decent mobility or decent mobility infrastructure levels, 
including operational indicators, is currently out of reach. This is also 
due to its necessarily high context-dependency in terms of socially, 
temporally and geographically highly variable influences (Lucas et al., 
2016). For example, it has already been shown that settlement types and 
urban form(s) (Holden and Norland, 2005; Newman and Kenworthy, 
1996; Wiedenhofer et al., 2018; Wiedenhofer et al., 2013), as well as 
other socio-economic factors play an important role in determining in-
dividual’s demands for mobility, consumption and subsequently emis-
sions. As the spatial distribution of services varies between and within 
countries and regions, it depends on the historically contingent spatial 
patterns of desired destinations, such as shops, work places, healthcare 
and other facilities, how much mobility is required for a decent level of 
access and participation. Important intervening variables are travel-time 
budgets (Ahmed and Stopher, 2014) and speed of travel, for which no 
comprehensive data for cross-country analyses like those presented here 
exist. Thus, there is necessarily a substantial difference between decent 
mobility within current spatial patterns of societal organization and 
theoretical patterns optimized for less mobility requirements. 

Our results on global mobility infrastructures provide a first quan-
tification of the mass of road and rail infrastructure in 172 countries. 
This is a valuable basis for analysing connections between infrastructure 
requirements and mobility services. The relationship between total 
mobility infrastructure stocks and total travelled distances within a 
country shows a very strong coupling, and is still considerable when 
analysing per-capita relations (see Table S 3, indices 22–23). This 
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corroborates expectations of the development of mobility infrastructure 
and mobility activity being strongly intertwined due to widespread 
‘predict and provide’ approaches in transport planning or unintentional 
structuration (Mattioli, 2016). The mass of mobility infrastructure is 
also strongly related to environmental impacts from their build-up, 
maintenance and use, which require substantial material and energy 
use and cause GHG emissions (Krausmann et al., 2020a). 

The analyses of the relationships between travelled distances, 
mobility infrastructure stocks and accessibility yielded interesting in-
sights, despite limited data availability for mobility. We found a strong 
linear relationship between travelled distances and GDP but diminishing 
gains of well-being, such as high human development levels (HDI), high 
achievement in SDGs, a high assessment in social thresholds according 

to the Raworth’s doughnut framework or high social progress (SPI) with 
higher levels of travelled distances. The same relationships are observed 
between mobility infrastructure levels and GDP (strong, linear coupling) 
or well-being indicators (diminishing gains at high levels), whereby 
more available datapoints in the mobility infrastructure dataset 
strengthened the goodness of fit. Travelled distances seem to be the 
more informative indicator for well-being but data availability and 
quality currently is lacking. Well-being is coupled to mobility infra-
structure stocks and flows, but decouples at high levels of well-being, 
while GDP continues to grow with stocks and flows. Similar relation-
ships have been observed for energy use, emissions, economy-wide 
material stocks of concrete and steel, and need satisfaction for 
different provisioning factors (Fisch-Romito, 2021; Haberl et al., 2019; 

Fig. 4. Regression of Rural Access Index, economic activity and well-being indicators. A) GDP (log-log), B) Human Development Index (HDI) 2020 (UNDP, 2020b), 
C) achievement of Sustainable Development Goals (SDGs) in 2021 (Sachs et al., 2021), D) social thresholds reached (O’Neill et al., 2018), E) Social Progress Indicator 
(SPI) 2021 (The Social Progress Imperative, 2021). Detailed results: see Table S 3, indices 15–19. 
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Steinberger and Roberts, 2010; Vogel et al., 2021). Pursuing a strategy 
of building up more mobility infrastructure is therefore only useful for 
achieving high average well-being up to a certain extent, but would 
definitely increase environmental impacts, through material use itself 
and from the use of fossil fuels for materials processing, construction, 
and provision of mobility services. Designing future infrastructures in a 
resource-efficient and service-oriented manner could greatly help to 
foster well-being while reducing resource requirements and environ-
mental pressures (Roelich et al., 2015). 

We also find from our cross-sectional regression analyses that across 
the sample of countries, average infrastructure levels of ~92–207 t/cap 
are associated with high levels of well-being. This applies to HDI-levels 
>0.8 (very high development, reached at 92 t/cap), an achievement of 
>75% of SDGs (reached at 126 t/cap), >8 of the 11 proposed social 
thresholds (reached at 207 t/cap) or SPI-levels >80.15 (reached at 127 
t/cap). In total, 13–34% of countries in our sample reach these high 
well-being thresholds, more than half of them with lower levels of 
mobility infrastructure per capita than suggested by the regression. 
These infrastructure levels are sensitive to the well-being threshold 
chosen and, as discussed, there are many context- and region-specific 
factors to be considered when trying to define levels of decent 
mobility infrastructure, which is why the stock levels mentioned above 
can only serve as a first guidance. There are examples of countries with 
high well-being at rather low or moderate infrastructure levels, which 
would be worthwile to investigate in detail in future research. 

Interestingly, we do not find a clear relationship between road 
infrastructure stocks and RAI (see Fig. S 6 and Table S 3, indices 20–21). 
Previous research has shown that the relationship between economy- 
wide total cement and steel stocks in society, and achieved accessi-
bility (measured by RAI) is non-linear and saturating (Fisch-Romito, 
2021). From our research, we conclude that in order to reach high access 
levels globally (e.g. RAI >0.8), simply increasing average mobility 
infrastructure stocks per capita is not necessarily helpful, as a large 
variety of RAI levels are observable with road stocks of less than ~150 t/ 
cap (see Fig. S 6), rather it will depend on the spatial patterns of set-
tlements and infrastructures how large stocks are required to ensure 
good accessibility. Furthermore, our empirical results on the relation-
ship of RAI and several well-being indicators revealed a linear shape 
with moderate fit and rather low to moderate coupling. This is some-
what surprising, as the accessibility of adequate mobility infrastructure 
is assumed to enhance mobility options and thus social participation and 
well-being. 

As a caveat we note that all analyses are based on average per-capita 
values, thus omitting the question of unequal distribution of mobility 
infrastructure benefits within countries. This, however, is an important 
aspect to be considered. Previous analyses have shown that poorer 
groups of society may be affected by transport poverty even in wealthy 
countries, mostly because of lacking accessibility or affordability (Lucas 
et al., 2016). Another caveat is that because this study is focused on 
personal mobility, we could not address the possibility that some per-
sonal mobility may in the future be replaced by freight transport or 
increased telecommunication (both of which were beyond our scope). 
Examples include shopping being replaced by home delivery, working in 
offices by more hours worked at home or personal meetings replaced by 
tele-conferencing. Experiences during the current COVID Pandemic, 
which has disrupted prevalent mobility patterns and practices, could 
help to better understand these potentially important developments 
(Adey et al., 2021). We also note that walking, cycling and other modes 
of active personal transport are poorly, if at all, reported in international 
statistics, which may result in substantial underestimation of travelled 
distances in particular in poorer countries (Hillman and Whalley, 1979). 

Overall, these findings call the strategy of a necessary global 
convergence of infrastructure stocks at the levels found in wealthy, 
industrialized countries into question. The build-up of infrastructure 
stocks drives GHG emissions and environmental pressures, land take and 
environmental burdens from subsequent higher usage of mobility 

infrastructure, while seemingly only contributing little to achieving high 
levels of well-being beyond certain thresholds (Fisch-Romito, 2021; 
Haberl et al., 2019; Krausmann et al., 2020b). 

6. Conclusions 

Sustainable, decent and sufficient mobility is an important goal for 
both well-being and reaching climate targets. While several ideas to 
defining and operationalizing (decent) mobility and its various relevant 
aspects have been put forward, systematic, comparable and widely 
applicable indicators are currently not available or only cover one 
relevant aspect of mobility and are not compatible methodologically 
(Lowans et al., 2021; Lucas et al., 2016). We therefore used existing 
indicators, such as travelled distances (p-km) and rural access (RAI). We 
furthermore provided a first estimate of material stocks of global 
mobility infrastructures for 172 countries, representing the material 
basis of mobility, as well as a proxy for environmental pressures and 
impacts due to construction, maintenance and operation of these in-
frastructures. In a cross-sectional analysis we find that travelled dis-
tances and mobility infrastructure stocks are linearly coupled with GDP. 
We also find diminishing gains of well-being from both high mobility 
activity (p-km) as well as high levels of mobility infrastructure stocks. 
Connectivity of rural households to decent mobility infrastructure is 
obviously important for well-being, which is widely measured by the 
Rural Access Index. Interestingly, no strong relationship to accumulated 
road stocks could be found, as high RAI levels could be observed at a 
large variety of road stock levels. We hypothesize that spatial patterns 
and an emphasis on accessibility might matter more for a high RAI than 
the overall quantity of road stocks. In summary, these findings suggest 
that constantly expanding mobility infrastructure stocks, as well as 
steadily increasing mobility activity in terms of travelled distances 
translate into improved well-being only up to a certain point, but also 
drive resource use, environmental impact and economic growth. Pol-
icies should therefore aim to design settlement and infrastructure pat-
terns in a manner that helps reducing resource requirements while 
improving the delivery of key services for improved societal well-being, 
e.g. by favouring active mobility (walking and cycling) as well as public 
transport. Clearly, from this exploratory study we also suggest that a 
better understanding and measurement of relevant aspects of mobility 
services is necessary to provide decent mobility standards globally. 
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