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Abstract

Purpose In the last decade or so several studies have looked

into the impacts of transport infrastructure improvements on

decreasing territorial disparities. In those studies population

levels are usually assumed static, although future population

levels likely change in response to changing accessibility

levels as well as to other factors. To test how much accessi-

bility impacts may be affected by changes in population

levels, this study explores the effects of foreseeable population

changes on the accessibility improvements offered by large

scale transport infrastructure investments.

Methods In this study we compare accessibility measures

from four cases, namely the current situation; one case in

which only transport investments are taken into account; and

two cases that include transport investments and two scenarios

with differing future population distributions that in turn are

simulated by the LUISA land-use model. The modelled trans-

port investments are assumed to improve travel times. The

study concentrates on accessibility effects in Austria,

Czech Republic, Germany and Poland. To provide a reference

to the found results, the same computations are repeated with

historical population and road network changes.

Results The results indicate that differences in local popula-

tion levels have a limited effect on average accessibility levels,

but may have a large impact on territorial inequalities related

to accessibility.

Conclusions The findings in this study underpin the impor-

tance of incorporating future local population levels when

assessing the impacts of infrastructure investments on territo-

rial disparities.

Keywords Accessibility . Cohesion . Land-usemodelling .

Land-use/transport interaction

1 Introduction

Accessibility deals with the level of service provided by trans-

port networks, given the spatial distribution of activities [1].

Improving accessibility is an important means to increase so-

cial and economic opportunities [1, 2] and accessibility con-

siderations are deemed an important component of sustainable

development [3]. In Europe, a substantial amount of public

funding is dedicated to increase accessibility in peripheral

and/or landlocked regions; in particular through the

European Union’s (EU) cohesion policy instruments [4].

The territorial cohesion aim of those policies is usually

interpreted as the aim to decrease disparities between

European regions [5]. To do so, the EU’s cohesion policies

provide funding for regionally tied projects in a wide range of

sectors with the aim to Bkick-start growth, employment, com-

petitiveness, and development on a sustainable basis^ [6, p.

13]. The regional investment program includes a considerable

amount of funding available for transport infrastructure im-

provements; but funding is also available for other aims such

as environmental protection, promoting tourism, and urban

and rural regeneration.

To assess whether transport infrastructure improvements

have the intended effect of decreasing disparities in
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accessibility among European regions, recent studies have

employed sophisticated accessibility measures and inequality

indicators [5, 7, 8]. The cohesion effects that those measures

yield are varied, depending in particular on the analysed trans-

port mode. In general, road link upgrades seem to increase

territorial cohesion [8, 9], while in contrast high speed railway

links accentuate differences in accessibility between regions

[5, 7]. Most accessibility measures are based on two dimen-

sions: on the one hand the traveltime or generalized travel-cost

needed to overcome geographic distance making use of avail-

able transport options; and on the other hand the spatial dis-

tribution of activities (commonly using GDP or population

counts as a proxy). As is the case in all previously mentioned

case studies, the effects of transport infrastructure improve-

ments on accessibility are usually taken into account by

known reductions in traveltime or generalized cost, while spa-

tial activity distributions are often presumed static. However,

the spatial distribution of activities is surely not static, and in

fact adjusts to changing accessibility levels over time [10–12].

Thus, if spatial activity distributions adjust to changing acces-

sibility levels, ex-ante evaluations of infrastructure studies

may benefit from taking reciprocities with spatial activity dis-

tributions into account – for example to assess the robustness

of found accessibility benefits with differing population

growth scenarios, or to compose complementary spatial plan-

ning strategies that optimize the effectiveness of transport in-

frastructure investments.

Accessibility has received considerable attention in the lit-

erature. For example, the effect that accessibility improve-

ments may have on activity distributions has been studied

repeatedly [10–15]. Other studies have researched spill-over

effects of transport infrastructure improvements [8, 16]. The

effect that spatial activity distributions may have on accessi-

bility, as studied in this paper, has received less attention.

Geurs and Van Wee [17] compared the land resource, acces-

sibility and transport consumption impacts of the relatively

compact post-war urban development in the Netherlands with

the outcomes of alternate land-use planning policies. Their

study shows slightly better aggregate accessibility levels as a

result of compact development, mainly due to lower conges-

tion levels. Wang et al. [18] compare accessibility levels and

associated social welfare effects in Madrid with different

transport policy measures, while explicitly modelling changes

in transport behaviour and land-use patterns. Other studies in

the Netherlands have also explored land-use impacts on ac-

cessibility [19, 20], which in general confirm that land-use

policies may increase aggregate accessibility levels and that

tailored spatial planning can increase the benefits of transport

infrastructure investments.

All of the abovementioned studies focus on total or average

accessibility changes, and it is still unclear to what degree the

spatial redistribution of activities may affect disparities in ac-

cessibility, in particular in regions where general activity

levels are decreasing. This article will add to the available

literature by looking into how local population changes may

affect found levels of territorial disparities in accessibility.

Because of computational limitations the study at hand had

to be limited to four countries. Austria, Czech Republic,

Germany and Poland have been selected, because they make

a spatially adjacent but mixed set of new and old member

states that differ substantially in current levels of infrastructure

endowment (with much larger endowments in Austria and

Germany) and in levels of transport infrastructure investment

funded by EU cohesion policies (with much more investment

in Czech Republic and Poland). Results from four cases will

be compared: a reference case that comprises the current road

network and population distribution in Europe in 2006 (case

I); a case in which population distributions are from 2006, but

road network improvements are imposed that are assumed to

gradually decrease travel times between 2006 and 2030 (case

II); and two cases that consider the same road network im-

provements, as well as modelled future population distribu-

tions (Compact scenario: case III and Business As Usual or

BAU scenario: case IV). The latter two cases assume identical

regional population projections, but differ in assumed local

spatial planning policies, and therefore have different intra-

regional population patterns. The modelled future road net-

works and population distributions are mostly based on

well-documented and empirically tested relations, but to some

extent rely on expert judgement, which in turn may raise

doubts concerning their validity; a common problem for sce-

nario approaches [21]. To provide some reference, this paper

will compare the outcomes of relevant indicators with the

same indicators computed for changes in observed population

levels and accessibility levels between 1971 and 2011. We

must nevertheless stress that past changes are not necessarily

indicative of future changes. Furthermore, the uncertainties

surrounding future projections are not problematic as long as

the simulation outcomes are used for what they are: maps

showing potential future developments, given many

scenario-related assumptions.

2 Methods

The here presented results were produced in a land-usemodel-

ling exercise that aimed to look into how EU cohesion policies

and other EU policies with spatial relevance may affect land-

use, accessibility and a range of environmental indicators. The

mentioned study is comprehensively documented in Batista e

Silva et al. [22]. The study assumes a number of road network

improvements funded by the EU’s regional cohesion policy

program for the years 2014 to 2020. A part of those improve-

ments is known in advance, and a part consists of modelled

upgrades given available funding at regional level. Population

redistr ibutions are modelled using the European
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Commission’s platform for Land-Use-based Integrated

Sustainability Assessment (LUISA) [23]. In this section we

will describe the used land-use modelling platform, the way

by which cohesion policy impacts are modelled with it, and

the applied methods to evaluate cohesion impacts of the

modelled outcomes.

2.1 The LUISA platform

LUISA is a dynamic spatial modelling platform that simulates

future land-use changes based on biophysical and socio-

economic drivers and is specifically designed to assess land-

use impacts of EU policies. Its core was initially based on the

Land Use Scanner [24, 25], CLUE and Dyna-CLUE land-use

models [26–28], but its current form is the result of a contin-

uous development effort by the Joint Research Centre [23]

that owes much to the highly flexible GeoDMS [29] model-

ling software in which LUISA is implemented. LUISA down-

scales regional projected future land use demands to a fine

spatial resolution and thus models changes in population and

land use with reference to CORINE land-use/land-cover maps

[30] and a fine resolution population distribution map [31]. It

allocates land uses and population per year on a 100 m spatial

grid. It discerns a number of land-use types, which can rough-

ly be separated in urban, industrial, agricultural and natural

land uses. The timeframe for which LUISA simulates land-

use changes varies per study; for this study the model ran for

the period from 2006 to 2030.

As can be seen in Fig. 1, LUISA is structured in a demand

module, a land-use allocation module and an indicator mod-

ule. At the core of LUISA is a discrete allocation method that

is doubly constrained by on the one hand projected regional

land demands and on the other hand regional land supply. For

an elaborate description of the land allocation method we refer

to Hilferink and Rietveld [24] and Koomen et al. [25]. The

regional land demands are provided in the demand module by

sector-specific economic models, such as the CAPRI model

for agricultural land demands [32] and the GEM-E3 model for

industrial land demands [33]. Within its constraints, the model

attempts to achieve an optimal land-use distribution based on

spatially varying local suitabilities for competing land uses.

Those suitability values for given land uses, in turn, are de-

rived from fitting biophysical, socio-economic and

neighbourhood factors on spatial land-use patterns with a mul-

tinomial discrete choice method. LUISA is run for each coun-

try independently. Its outcomes are population distributions,

spatial land-use patterns and accessibility values for each of

the model’s time steps. Those outcomes are used to inform

local suitability values in the next time step and to compute

policy-relevant indicators of the impacts of land-use change in

the indicator module. A broad range of indicators is computed

within LUISA, of which cohesion effects of policy scenarios

are particularly relevant for this paper.

Two recent additions to LUISA set it apart from similar

land-use models. The first addition considers the parallel en-

dogenous allocation of number of people to the model’s 100m

grid, which is described here briefly; for a detailed overview

see Batista e Silva et al. [22]. In LUISA’s people allocation

method, in each time step a region’s population is distributed

over space. The distributed population and threshold rules are

subsequently used to simulate the conversion to urban

and abandoned urban land uses before all other simulat-

ed land-use types are allocated in the discrete land-use

allocation method. Following observed land-use and

population distributions, pixels become urban if their

modelled population exceeds 6 inhabitants; conversely,

urban pixels become ‘abandoned’ when their modelled

population declines below 2 inhabitants. The distribution

of population is foremost based on a `population poten-

tial’ function that describes likely population counts per

grid unit. This is a linear function incorporating

neighbourhood interdependencies, the log-linear distance

to the closest road, current potential accessibility, slope

and current land uses; it is fitted on the observed 2006

population distribution by means of spatial econometric

methods. For an overview of spatial econometric

methods see Anselin [34]. Population allocation in

LUISA is subsequently restricted by three factors.

Regional urban land demands are accounted for, imply-

ing that minimum and maximum limits are imposed on

the number of pixels that reach the urbanization thresh-

old. Regional urban land demands are based on: 1) re-

cent Europop 2010 population projections [35]; 2) an

assumed Europe-wide convergence of average household

sizes on the very long run (i.e., to 1.8 in all regions by

2100, so that in most regions a limited decrease in

household size is modelled by 2030); and 3) extrapolat-

ed historical trends of regional urban land consumption

per household. In each time step the population distri-

bution method allocates the net regional population

growth in a region, as projected by Eurostat, as well

as 10 % of the pre-existing population in order to take

internal movements into account. The 10 % internally

moving population is a coarse estimate of internal

movements that is used because projected internal mi-

gration numbers are unavailable. Lastly, the method is

restricted by per-pixel housing supply, which is approx-

imated in terms of inhabitant capacity in the model and

is instrumental in imposing a larger degree of inertia on

the model results. Approximated housing supply in-

creases potential population if current population under-

shoots population capacity, and it penalizes population

potential if population counts are higher than housing

supply. Every five time steps it assumes the values from

current modelled population counts to proxy structural

changes in housing supply.
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A second recent addition to LUISA is the inclusion of en-

dogenous potential accessibility as a suitability factor for its

land-use allocation and population distribution method. Here

the model computes the following equation for each time step:

Ai ¼

X n

i¼1

P j

f cij þ c j
� �;

in which accessibility levels A for each origin point i are com-

puted using current population counts P in destination zones j,

the results of a function of traveltime c between i and j, and a

zone-specific internal traveltime cj. The origin points are equal-

ly distributed throughout Europe with roughly 15 km intervals.

Within the model, the destination zones are hybrid sets that

differ per modelled country and consist of municipalities with-

in, and NUTS2 regions outside of the modelled countries.

Although national borders impose substantial barriers on levels

of spatial interaction and urban development near national bor-

ders [36–38], no penalties on potential cross-border interactions

are currently imposed on accessibility values. Population

counts are aggregated from the model’s previous time step’s

population distribution outcomes in the modelled country.

Regional Europop2010 population projections are used for

the remaining regions. Traveltimes are obtained from the

TRANS-TOOLS road network [39] using a shortest path algo-

rithm assuming free-flow traveltimes. For the purpose of this

study, current and future traveltimes are distinguished (see the

following section). To account for the unknown distribution of
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destinations within zones an additional traveltime is added that

essentially depends on a destination zone’s geographical area. It

uses the Frost and Spence [40] approach to approximate inter-

nal Euclidean distances; thus, internal distance dj is assumed to

be d j ¼ 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AREA j=π
p

. Subsequently, internal travel times cj

are computed from dj by means of a function in which effective

travel speeds in km/h are obtained with the fitted function

10.66+13.04 ln (dj), with a minimum of 5 km/h imposed on

very small zones (for details on the fitted function see [38]).

Lastly the distance decay function f(cij) in the model is of the

form cij
1.5. The form of the distance decay function was chosen

among many tested in the population potential fitting exercise

because, in terms of explained variance, it fitted best on ob-

served population distributions.

The feedbacks between land-use and transport that are

modelled in LUISA are characteristic of land-use/transport

interaction models (LUTI). In LUISA, just as in most other

LUTI [41], accessibility is used as an important factor in the

location decisions that cause land-use change, and as an indi-

cator of socio-economic welfare. For an overview of LUTI

models we refer to Wegener [42]. Compared to other recently

applied LUTI, for example MARS [18, 43] or TIGRIS XL

[44], LUISA has a larger geographic extent (all of the

European Union), operates at a finer resolution (the 100 m

pixel level), takes into account a broader set of land uses

(including agricultural and forest land uses), and reports on a

much more diverse set of environmental and economic indi-

cators (including for example accessibility and land-use effi-

ciency, but also ecosystem services, freshwater consumption

and energy provision). However, currently LUISA does not

take into account some of the characteristic strongpoints of

other LUTI such as the modelling of network use and conges-

tion, the inclusion of multiple transport modes, and the incor-

poration of other human activities besides residence, such as

employment. Future development plans for LUISA do include

the estimation of transport network use and a further break-

down of human activity, if sufficiently detailed data becomes

available on a Europe-wide scale. For the article at hand the

model’s shortcomings imply limitations to the breadth of the

applied methods and drawn conclusions. Thus, for example

the effects of transport investments that aim to alleviate con-

gestion cannot be explored, and impacts related to job-market

dynamics and job-market access cannot be presented.

2.2 Modelling cohesion policy impacts

LUISA allows multi-policy scenarios to be accommodated, so

that several interacting and complementary dimensions of

spatially relevant policies are represented. Often LUISA in-

herits policy provisions from other sector models. For exam-

ple, the CAPRI model from which agricultural land demands

are obtained takes the EU’s Common Agricultural Policy on

board, and the macro-economic models that project future

industrial land demand pass through energy and economic

policies [45, 46]. Other policies such as nature protection

schemes and transport infrastructure improvements are

modelled in LUISA through assumed impacts on local suit-

ability factors.

To assess the territorial consequences of EU cohesion pol-

icies, a number of impacts are inherited from upstream

models; the most important example here is that the impacts

of cohesion policy on industrial land demand were obtained

Land use and popula�on maps and 
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Regionally funded network 

improvements (t=0)

•Known improvements

•Unknown improvements

Poten�al accessibility (t=0)

•Exis�ng network with 
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•Current popula�on distribu�on

Reallocate popula�on and discrete 
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Fig. 2 Endogenous accessibility

and population computations in

LUISA
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using forecasts of economic growth from the Rhomolo model

[6]. Regional population projections were assumed not to

change as a result of the cohesion policies. At the local level

suitability factors were adapted in order to assess the impacts

of cohesion policies on the spatial distribution of people and

land uses. Only aspects of the cohesion policy with a clear

impact on land-use patterns were taken into account: invest-

ments in transport networks, investments in urban regenera-

tion, investment in research and technological development

infrastructure, investment in social infrastructure and invest-

ments in improving existing ports and airports. In this article

we elaborate on how road network improvements were

modelled; for an overview of the other modelled cohesion

policy impacts we refer to Batista e Silva et al. [22]. We will

furthermore elaborate on the two contrasting urban develop-

ment scenarios that were taken into account in the cohesion

policy assessments.

2.2.1 Taking into account road network funding

The effects of future funding for motorways and local, region-

al and national roads have been modelled explicitly by taking

into account future changes in traveltimes and their subse-

quent effects on potential accessibility. The way that road

upgrades were incorporated in LUISA is shown schematically

in Fig. 2. Because the true distribution of funding in the cohe-

sion policy was not yet known at the time the research was

conducted, the funds were assumed to be the same as in

the 2007 to 2013 programme. Those funds are destined

to three distinct road types, namely motorways, national

roads and local roads. All modelled road network im-

provements were assumed to lead to traveltime improve-

ments, either by new links identified in the used

TRANS-TOOLS data, or by upgrades to the existing

road network. The costs of upgrading one kilometre of

lane were averaged from a European database of road

construction projects that have successfully been imple-

mented with cohesion policy funding; see EC [47]. For

the purpose of this paper the total EU investments cited

for those projects are divided by the length of the built

road and the number of constructed lanes. Subsequently

total road construction costs were estimated for the three

road types based on an assumed amount of lanes per type. All

cost assumptions are given in Table 1. We must acknowledge

that the costs quoted here are very rough estimates that do not

take into account terrain conditions, nationally varying pricing

structures or complex civil engineering works. These esti-

mates have nonetheless been used because more accurate in-

formation on road construction costs was unavailable. Finally,

please note that the recorded projects are only co-funded by

the EU so that only a part of the entire project costs are taken

into account. The accounted partial costs are consistent with

the modelling approach in which the effects of future EU

subsidies on road network development are modelled.

Table 2 Accessibility measures used in this study and their definition

Indicator Definition Remarks

Location access

Li ¼ ∑
n

j¼1

cijP jS j= ∑
n

j¼1

P jS j S j ¼
1 if j is inacapitalor largecity

0 if not

�

For this study only national capitals, Düsseldorf, Hamburg and

Munich are selected through S.

Network efficiency

Ei ¼ ∑
n

j¼1

cij

ćij
= ∑

n

j¼1

P j

Ideal traveltimes cij are based on Euclidean distances between i and j

and the fastest maximum speed (130 km/h) recorded in the road network data

Potential accessibility

Poti ¼ ∑
n

j¼1

P j f cij
� �

f(cij) = cij
-1.5

Daily accessibility

Di ¼ ∑
n

j¼1

P jc
∧
ij cij ¼

1 if cij≤240min:
0 if cij > 240min:

�

Table 1 Characteristics of road types as used in the upgrade funding allocation method and assumed amount of available funding

Type of road Assumed max. Speed Number of lanes Estimated cost per kilometre Cohesion policy investment categories

(assumed EU-wide funding)

Local road 80 km/h 2 3 M Euro Regional and local roads (9.8 Bn)

National road 100 km/h 2 4.2 M Euro National roads (7.7 Bn)

Motorway 130 km/h 4 10 M Euro Motorways (5.2 Bn) TEN motorways (17.5 Bn)
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Table note: these are the costs for road projects incurred by

the European Commission in projects that are only co-funded

by the European Commission. Total construction costs may be

much higher.

Given the costs of constructing a kilometre of a certain road

type, the costs of road network improvements that are known

a-priori were computed first. In many regions a substantial

amount of funding was not depleted by those already known

infrastructure developments. In such regions the remainder

funding was allocated to road segments that, according to

some simple rules, are likely candidates for upgrades. In that

way all regional funding was allocated to road network

improvements. The selected road segments had to meet the

following criteria: they 1) were not known to be upgraded; 2)

had slower recorded maximum speeds than typical for the

destination road type; and 3) had the highest transport demand

according to a simple transport modelling exercise. That trans-

port modelling exercise is based on a straightforward spatial

interaction model of the form Tij=PiPjcij
-2, with demand for

flows T between municipalities i and j, population counts P

and traveltimes c. The demands T were allocated to the

shortest path between i and j, yielding estimated flows per

road segment.With the set criteria, first upgrades to motorway

level were allocated, and subsequently upgrades to regional

Fig. 3 Above: modelled flows using 2006 population and road network data. Below: the road upgrades that are assumed to be in place in 2030 that are

based on the modelled flows

Eur. Transp. Res. Rev. (2016) 8: 9 Page 7 of 16 9



and local roads. This was done until no more road segments

could be upgraded because funds were depleted or because no

more segments that meet the criteria were available in a re-

gion. This method assumes that network investment decisions

follow an ad-hoc rationale of catering for transport demand

where this is needed themost. We believe this is a fair assump-

tion as long as strategic network investment plans are un-

known for the regions that receive funding.Wemust acknowl-

edge that the used transport demand figures are obtained from

a rather coarse method that for example does not take into

account spatially varying car ownership or the lessening ef-

fects that national borders have on transport flows [48]. We

expect that this method is nonetheless useful here to demon-

strate the effects that potential infrastructure investments may

have on accessibility levels. Finally, the network improve-

ments were assumed to be completed by 2030, with linearly

improving traveltimes between 2006 and 2030 that fed into

the LUISA accessibility computations.

2.2.2 Two contrasting scenarios of urban development

Unfortunately, local urban planning policies and regulations

are not included in LUISA, even though their effect on future

local land-use patterns is presumably profound. Such local

policies are excluded because consistent Europe-wide data

related to urban plans are yet unavailable. To sketch the po-

tential impacts of cohesion policies with different local plan-

ning policies, those impacts have been computed with two

contrasting, stylised spatial planning regimes. The choice of

planning regimes reflects the contradiction between sprawled

and compact urban development that is often addressed in

spatial planning evaluation [17, 49]. In the Compact scenario

(case III), urban development is restricted to the immediate

surroundings of existing urban areas, thus leading to densifi-

cation and expansion of existing urban perimeters, while lim-

iting scattered and uncontrolled development. Because of the

restricted availability of land near urban areas, this scenario

additionally yields a more evenly spread urban development

within regions. In the BAU scenario of urban development

(case IV), urban areas are allowed to develop freely, are

attracted to the areas with the highest gravitational attraction,

and there form relatively scattered patterns that generally fol-

low the main transport axes.

2.3 Measuring cohesion effects on accessibility

To study the effects of transport network improvements on

accessibility a number of accessibility measures need to be

selected from the many accessibility measures that are available

in the existing literature; see for example Geurs and Van Wee

[1]. We used the same set of accessibility measures as López

et al. [5]. These measures are location accessibility, relative

network efficiency, potential accessibility and daily accessibil-

ity, which can be loosely linked to specific policy objectives:

location accessibility measures the degree in which locations

are linked [9]; network efficiency measures the effectiveness of

transport networks [5]; potential accessibility measures eco-

nomic opportunity [5, 8]; and daily accessibility can perhaps

indicate aspects of quality of life objectives, as it measures the

opportunities that people may enjoy on a daily basis.

All accessibility indicators use shortest traveltimes (cij) be-

tween i and j and population at the destination (Pj). The list of

used indicators is shown in Table 2. In all cases, the regularly

distributed points described in Section 2.1 were used as ori-

gins, and municipalities were used as destinations. The road

network data used to obtain traveltimes describes the current

(2006) road network in case I, and describes the expected

future (2030) network in cases II to IV. The latter takes into

account the expected network improvements enabled by co-

hesion policy funding. For municipal populations the current

Table 4 Population projections used in the population modelling

exercise aggregated per country

Country Population 2006 Population 2030 % dif

Austria 8,254,298 8,849,533 7 %

Czech Republic 10,251,079 10,839,979 6 %

Germany 82,437,995 77,871,677 −6 %

Poland 38,157,055 37,564,976 −2 %

Total 139,100,427 135,126,165 −3 %

Source: Europop2010 [35].

Table 3 Inequality indicators of

average road speeds in the

historical network and in the

network used for modelling

Regional speeds distribution Network 1971 (r) Network 2012 Network 2006 (I) Network 2030

(II – IV)

% dif % dif

Coeff. of variation 0.106 0.080 −24.43 0.233 0.193 −17.32

Gini index 0.057 0.042 −27.26 0.124 0.105 −15.29

Theil (0) 0.006 0.003 −42.75 0.031 0.020 −36.02

Atkinson (0.5) 0.003 0.002 −42.70 0.017 0.011 −39.01

Note: case numbers (I to IV) are given between parentheses. Case r serves as a reference for the relative differ-

ences in the historical trends; case I serves as a reference for the relative differences in the modelling results
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(2006) population levels were used in cases I and II, while in

cases III and IV future (2030) population levels modelled by

LUISAwere applied. All accessibility measures were comput-

ed for the roughly 22,000 municipalities in the study area. We

Fig. 4 Above: projected population changes per NUTS2 region from 2006 to 2030 [35] as modelled in cases III (Compact scenario) and IV (BAU

scenario). Below: the differences in modelled municipal population between those two cases
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must acknowledge that the selected accessibility indicators do

not provide a comprehensive overview of socially relevant

accessibility effects. As Geurs [50] andWang et al. [18] show,

accessibility indicators that include competition effects at the

destination may add relevant information considering access

to resources with limited capacity, such as jobs or public fa-

cilities. Because such resources are not yet modelled in

LUISA, competition effects cannot be taken into account in

this exercise.

Subsequently, a number of indicators were computed that

measure the territorial cohesion of the various accessibility

indicators. The diversity indicators that have been proposed

for measuring cohesion effects by López et al. [5] were used

here. These indicators are the coefficient of variation and the

Gini, Atkinson and Theil indices. All indicators capture the

degree to which endowments are inequally distributed over

areal units, but differ in the emphasis put on the distribution

of high and low values. In all cases, lower values of the indi-

cator signify greater equality of endowments and thus in-

creased territorial cohesion.

2.4 Historical data for reference

To provide some reference to the modelling results, the same

set of variables and indicators will be computed using histor-

ical data that has very recently become available. One used

data-source describes municipal population counts in 1971

and 2011 in all municipalities in the selected countries [51].

The other used data describe the European road network in

1970 and 2012 [52] in a level of detail that is roughly compa-

rable with the TRANS-TOOLS data used in the LUISA

modelling effort. Thus, for the sake of comparison, historical

trends regarding the cohesion effects of population and net-

work changes are computed in the four selected countries.

3 Results

In this section, first the results of allocating available funding

to currently unknown future network improvements will be

demonstrated along with the modelled population changes.

Subsequently potential impacts of the cohesion policy on pop-

ulation distribution and accessibility levels will be discussed.

Results from 2006 will be compared with results from 2030.

Results from 1971 to 2011 are used to provide an historical

reference. Please note that, because of the assumed linearly

changing traveltime improvements, the impacts of intermedi-

ate years will fall roughly between the 2006 and 2030 results.

3.1 Allocated infrastructure improvements

and population changes

According to the available data, roughly 16.000 km of road

are known to be upgraded or constructed as motorways with

cohesion policy funding. Not all funding is depleted with

those upgrades. The previously outlined upgrade allocation

method yields that an additional 700 km of road in Europe

are upgraded to motorways. This method furthermore yields

that 3600 km of road are upgraded to national roads and

6500 km of local roads are upgraded to the maximum speeds

of the local/regional road level. The transport modelling re-

sults and the distribution of new links is shown in Fig. 3. From

the assumed funding distribution follows that new EU mem-

ber states such as Poland and Czech Republic will receive the

most substantial funding for upgrades to the road network.

This result is not surprising, given the speed at which road

networks are expanding in the EU’s new member states [8].

To understand how the modelling network compares with

historical road data, road speeds for 1971 and 2012 (historical

network) as well as for 2006 and 2030 (modelling network)

have been averaged for all European regions. Those averages

are weighted by segment length so that longer links have a

greater weight in the network average. When comparing av-

erage regional speeds, the historical network and the model-

ling network are considerably different. In the modelling net-

work, regional inequalities are much more profound even

when compared to the 1971 network; see Table 3. Thus the

modelling network potentially overestimates disparities in ac-

cessibility. By 2030, speeds on Europe’s road networks are

expected to be more equally distributed. However, the

modelled pace of inequality reduction does not keep up with

historical trends. This is no doubt because only EU-funded

Table 5 Inequality indicators of

observed population distributions

in 1971 and 2011, and in 2006

and 2030 according to the

LUISA’s Compact and BAU

scenarios

Population

distribution

Population

1971 (r)

Population

2011

Population

2006

Compact

scenario (III)

BAU scenario

(IV)

% dif (I and II) % dif % dif

Variation coeff. 6.695 6.482 −3.17 6.355 8.334 31.13 9.462 48.89

Gini index 0.778 0.783 0.54 0.782 0.858 9.72 0.883 12.83

Atkinson (0.5) 0.536 0.541 0.89 0.541 0.668 23.51 0.711 31.59

Theil (0) 1.775 1.743 −1.81 1.733 2.354 35.83 2.658 53.35

Note: case numbers (I to IV) are given between parentheses. Case r serves as a reference for the relative differ-

ences in the historical trends; case I serves as a reference for the relative differences in the modelling results
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network upgrades are foreseen in this analysis, so that many

future network upgrades are likely not accounted for. To tackle

that potential hiatus in knowledge, an effort to comprehen-

sively project road network improvements in the EU is neces-

sary, but such an exercise is outside the scope of this paper.

Next to infrastructure improvements, population changes

affect the analysed accessibility levels. In this modelling ex-

ercise, all future population levels are based on the

`Europop2010’ regional population projections for 2030.

Those projections assume a general 7 % population growth

Fig. 5 Left: spatial distribution of accessibility levels with 2006 data

(case I). Right: improvements in accessibility levels when taking only

network changes into account (case II). The class breaks represent a

Jenk’s natural break distribution. Cases III and IV are deliberately

excluded here to save space; when mapped the changes brought forth

by those cases appear very similar to the results of case II
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in all of Europe between 2006 and 2030, but a 3 % population

decrease in the study area (see Table 4).

In Fig. 4 the projected regional population changes are

shown as well as the differences in the municipal population

distribution as modelled by LUISA in the Compact and BAU

scenarios. In both scenarios, regional migration flows

modelled in the Europop2010 population projections cause

that population levels will have increasingly inequal distribu-

tions in the study area. In fact, a quick check shows that the

Europop2010 projections cause a 3 % to 5 % increase in

population concentration. At the local level the modelled level

of population concentration is evenmore pronounced, with up

to 53 % increases in population inequality indicators.

When comparing the results frommodelled population dis-

tributions with historical trends, it is immediately clear that the

concentration tendencies in the modelling results are more

conspicuous than in the historical trends. This can to some

degree be explained by the increased concentration according

to the used Europop2010 projections. Nevertheless, although

wemust repeat here that past trends are not indicative of future

changes, the contradictory results may still signal a bias in the

modelling results towards more concentrated population dis-

tributions. To verify the validity of modelling results, the team

involved in developing the LUISA model is therefore using

historical population data to explore whether variables that are

relevant for population distributions are missing in the current

approach. Notwithstanding whether the future will resemble

the modelled trends, useful information can be extracted from

a comparison of the modelled scenarios of land-use develop-

ments. Table 5 shows that in case III the regional inequality of

population levels is much less compared with case IV. As

Fig. 4 shows, in case III urban development is less substantial

in the environs of the largest urban areas; this is due to the

more restricted supply of land there in that scenario. Instead,

in that case urban development is more evenly distributed near

the edges of the various smaller and larger urban areas within

the modelled regions. Thus, within the frame of overall pop-

ulation trends, the level of land-use development can have a

substantial impact on population distribution outcomes.

3.2 Territorial cohesion impacts of accessibility

We proceed to discuss the territorial cohesion effects of the

modelled accessibility changes. Here we take into account

accessibility levels with the reference 2006 population and

network (case I); with the 2006 populations but with network

improvements in place (case II), so that the separate effects of

infrastructure improvements and population changes can be

observed; and lastly with 2030 population levels according to

the Compact and BAU scenarios of local urban development

(respectively cases III and IV). Reference accessibility levels

and the relative effect of the assumed road network

Table 6 Averaged accessibility

levels per country given current

and expected future road

networks and the Compact and

BAU scenarios of population

change

Network 2006 2030

Population 2006 (I) 2006 (II) Compact scenario (III) BAU scenario (IV)

Austria % dif % dif % dif

Location 352 345 −1.99 352 −0.11 354 0.35

Network efficiency 1.50 1.47 −1.94 1.47 −2.14 1.47 −2.20

Potential 59,199 60,431 2.08 63,187 6.74 63,184 6.73

Daily 43.79 45.64 4.23 47.78 9.11 47.76 9.07

Czech Rep.

Location 295 285 −3.41 298 0.95 303 2.63

Network efficiency 1.56 1.51 −3.27 1.50 −3.73 1.50 −3.80

Potential 57,380 60,674 5.74 62,571 9.05 62,573 9.05

Daily 43.50 48.42 11.30 48.32 11.07 48.44 11.35

Germany

Location 273 269 −1.62 268 −1.80 272 −0.52

Network efficiency 1.47 1.44 −1.81 1.44 −2.03 1.43 −2.10

Potential 81,560 82,702 1.40 84,733 3.89 85,316 4.60

Daily 71.99 73.21 1.70 72.68 0.97 73.12 1.58

Poland

Location 404 384 −4.98 396 −1.85 399 −1.29

Network efficiency 1.60 1.52 −4.55 1.52 −4.96 1.52 −5.02

Potential 42,215 45,736 8.34 46,853 10.99 47,265 11.96

Daily 25.75 29.74 15.47 29.56 14.77 29.81 15.77

Note: all relative differences are computed with case I as reference. Case numbers (I to IV) are given between

parentheses
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improvements on accessibility measures are plotted in Fig. 5.

For all scenarios the averaged accessibility changes per coun-

try are furthermore given in Table 6. In both the mentioned

figure and table, population levels are held static. The results

show that, in relative terms, the assumed road network im-

provements have a profound effect on accessibility levels in

particular in the easternmost regions of Poland and

Czech Republic. In contrast, western Germany is hardly af-

fected by the EU funded infrastructure improvements. These

results confirm that EU road investments are the largest in

more peripheral regions [8, 9]. Nevertheless, the infrastructure

improvements do not affect the ranking of countries in terms

of accessibility levels, and in absolute terms, the changes are

modest. That the absolute accessibility effects of the infra-

structure investments are so modest is without doubt caused

by the fact that accessibility levels in the studied countries

were already reasonably high in 2006.

The redistribution of population as modelled in LUISA

substantially impacts accessibility levels. In general, the

change in the location indicator is much smaller with future

population levels, network efficiency is slightly increased and

potential accessibility is much larger; while the effects on

daily accessibility are mixed. The significant increase in

potential accessibility in Germany, despite the overall popula-

tion decline, is surprising. The observed increase of potential

accessibility occurs in both cases III and IVand must therefore

be due to regional population trends. This shows that such

regional population distributions can have a substantial impact

on potential accessibility levels. While cases III and IV yield

consistently better average accessibility levels than the scenar-

ios that ignore population changes (I and II), the results of

cases III and IV do not differ much between themselves.

This shows that, when considering average accessibility

levels, regional population projections surely matter, but the

aggregate effect of differing local urbanization patterns is rath-

er limited.

In contrast to average accessibility levels, territorial cohe-

sion indicators can change considerably with different local

urbanization patterns. Table 7 shows cohesion effects of the

outcomes of accessibility indicators in cases I to IV.

Comparing cohesion indicators when only the network im-

provements are in place yields that the infrastructure improve-

ments considerably increase cohesion: here, in all cases the

inequality indices are lower when the 2030 network is taken

into account. This is consistent with the findings of López

et al. [5]. However, when projected population changes are

Table 7 Inequality indicators of accessibility levels given current and expected future road networks and the Compact and BAU scenarios of

population change

Data source Observed Modelled

Network 1970 2012 2006 2030

Population 1971 (r) 1971 2011 2006 (I) 2006 (II) Compact scenario (III) BAU scenario (IV)

Coefficient of variation % dif % dif % dif % dif % dif

Location 0.074 0.046 −37.6 0.041 −44.0 0.191 0.182 −4.5 0.184 −3.5 0.179 −6.2

Network efficiency 0.143 0.051 −64.2 0.052 −63.4 0.041 0.033 −18.7 0.033 −20.7 0.033 −20.7

Potential 0.432 0.332 −23.2 0.336 −22.3 0.285 0.266 −6.7 0.269 −5.8 0.273 −4.3

Daily 0.596 0.423 −29.0 0.426 −28.5 0.430 0.391 −9.1 0.393 −8.7 0.394 −8.4

Gini index

Location 0.042 0.026 −38.2 0.023 −44.5 0.099 0.097 −2.4 0.097 −2.1 0.094 −4.8

Network efficiency 0.066 0.025 −62.2 0.025 −61.7 0.023 0.019 −19.3 0.018 −21.4 0.018 −21.4

Potential 0.235 0.181 −22.9 0.183 −22.1 0.158 0.147 −7.0 0.148 −6.7 0.149 −5.5

Daily 0.325 0.237 −27.0 0.236 −27.4 0.240 0.219 −9.0 0.219 −8.9 0.220 −8.6

Theil (0)

Location 0.003 0.001 −62.0 0.001 −69.3 0.017 0.016 −7.4 0.016 −6.1 0.015 −11.3

Network efficiency 0.009 0.001 −86.2 0.001 −85.6 0.001 0.001 −33.9 0.001 −37.1 0.001 −37.2

Potential 0.091 0.055 −39.9 0.055 −39.1 0.040 0.035 −13.1 0.035 −11.8 0.036 −9.5

Daily 0.168 0.089 −46.8 0.089 −47.1 0.092 0.076 −17.0 0.076 −16.6 0.077 −16.2

Atkinson (0.5)

Location 0.001 0.001 −62.4 0.000 −69.7 0.008 0.008 −6.8 0.008 −5.9 0.007 −11.0

Network efficiency 0.004 0.001 −85.7 0.001 −85.2 0.000 0.000 −33.9 0.000 −37.1 0.000 −37.1

Potential 0.046 0.028 −40.1 0.028 −39.5 0.020 0.017 −13.2 0.017 −12.1 0.018 −9.9

Daily 0.084 0.046 −45.8 0.045 −46.8 0.046 0.039 −17.0 0.039 −16.7 0.039 −16.4

Note: all relative differences in the observed data are computed with case r as reference; all relative differences in the modelled data are computed with

case I as reference. Case numbers (I to IV) are given between parentheses
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taken into account, the cohesion impacts of infrastructure im-

provements are much smaller. With most inequality indica-

tors, potential and daily accessibility have a smaller but still

positive impact on cohesion. Only the cohesion effects of

network efficiency seem to consistently improve with the

modelled population changes, while in particular the cohesion

effects of potential accessibility levels suffer from the

modelled population changes. Differences in local urban de-

velopment patterns have a substantial impact on the used co-

hesion indicators, with differences in cohesion indicator

values of over 20 % in the case of potential accessibility.

Comparing the results between cases III and IV, we find that

more compact urban development decreases disparities in po-

tential and daily accessibility, but increases disparities in loca-

tion accessibility. Location accessibility, in fact, seems to prof-

it considerably from the urban patterns modelled in the BAU

scenario (case III).

All in all, cohesion indicators of accessibility are very sensi-

tive for local population levels. This is again emphasized when

looking at the results from historical data. Those data show

much more profound impacts on cohesion indicators, which

is no doubt caused by the substantial network improvements

observed between 1970 and 2012 and the relatively small

changes in inequality of population distributions. All in all,

the historical data show a remarkable decline in accessibility

disparities that are inmany cases even augmented by changes in

population distributions over time. Thus, from the historical

trends and the modelled results we extract that investments in

the road network may have a considerable impact on disparities

in accessibility levels, and that land-use development policies

may be used to restrict the potentially unwanted effects of pop-

ulation distributions on those disparities.

4 Conclusions

This article explores the cohesion effects of accessibility

changes induced by road infrastructure upgrades, given ongo-

ing population changes. Accessibility levels have been obtain-

ed using partially provisional road network improvements and

future population distributions that are modelled on a fine

spatial resolution. The aforementioned population distribu-

tions have been modelled to readjust to intermediately chang-

ing accessibility levels, regional demographic trends and var-

ious other factors. Two scenarios of urban development have

been assessed here: a Business-As-Usual scenario with unre-

stricted urbanization patterns and, as a consequence, consid-

erable relocation to each region’s prime centres of attraction;

and a Compact scenario with more restricted urbanization

patterns, and ultimately more evenly spread population

growth in a region. The used methods to model future popu-

lation projections and their accessibility impacts provide a

useful first insight into potential future outcomes. It is

however important to note that the presented framework only

supports the evaluation of general accessibility impacts and

may be unable to evaluate specific aims of network invest-

ments. For example, accessibility impacts may differ across

population groups with diverging activity patterns and trans-

port mode availability [53], and network investments may be

necessary to improve access to specific activity places (such as

hospitals or schools) or to support large recurrent trans-

port flows (for example for tourism or international

commuting). A comparison with results from observed

historical changes in population levels and the road net-

work show that the LUISA model seems to overestimate

the level of concentration in future population levels.

This emphasizes the importance of empirical model val-

idation exercises that are currently underway.

Some more general findings can be extracted from the

found results by comparing accessibility results with different

population distribution assumptions. Average accessibility

levels are improved substantially by population changes in

both cases that take future population projections into account.

This shows that average accessibility levels depend substan-

tially on future regional population levels. The effect of local

population distributions on average national accessibility

levels is fairly limited. However, variance in local urbaniza-

tion patterns can have a drastic effect on the impact that infra-

structural investments have on territorial cohesion; in some

cases migration to main urban areas can substantially alter

the decrease in disparities that infrastructure investments aim

at. The results further show that the cohesion effects of trans-

port network investments, such as for example reported by

López et al. [5] and Stępniak and Rosik [8], can differ sub-

stantially when population changes are taken into account. All

in all, if policy makers aim at reducing disparities between

regions by means of infrastructure investments, they will do

well to take future urbanization patterns and spatial planning

policies into account when evaluating their plans. This may be

necessary to ensure that network investments are effective and

robust to possible population changes.

We cannot easily discern a good and a bad scenario of

urban growth here, even when the only goal would be to

preserve or increase territorial cohesion. Some accessibility

measures yield better territorial cohesion in one scenario of

urban growth, while other measures score better cohesion

marks in the other scenario. The essential question here is

which sort of accessibility needs to be optimized? If the em-

phasis is on more evenly spread economic opportunity, cohe-

sion results of potential accessibility indicate that policies that

incite more evenly spread urban development over different

cities in a region have better cohesion effects. However, the

effectiveness of such policies and the net welfare effects of

inciting such urban development is unclear; furthermore, in-

frastructure developments may aim at optimizing very differ-

ent accessibility measures.
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