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Accessibility is an essential concept widely used to evaluate the impact of transport and land-use strat-
egies in urban planning and policy making. Accessibility is typically evaluated by using separately a
transport model or a land-use model. This paper embeds two accessibility indicators (i.e., potential
and adaptive accessibility) in a land use and transport interaction (LUTI) model in order to assess trans-
port policies implementation. The first aim is to define the adaptive accessibility, considering the compe-
tition factor at territorial level (e.g. workplaces and workers). The second aim is to identify the optimal
implementation scenario of policy measures using potential and adaptive accessibility indicators. The
analysis of the results in terms of social welfare and accessibility changes closes the paper.

Two transport policy measures are applied in Madrid region: a cordon toll and increase bus frequency.
They have been simulated through the MARS model (Metropolitan Activity Relocation Simulator, i.e. LUTI
model). An optimisation procedure is performed by MARS for maximizing the value of the objective func-
tion in order to find the optimal policy implementation (first best). Both policy measures are evaluated in
terms of accessibility.

Results show that the introduction of the accessibility indicators (potential and adaptive) influence the
optimal value of the toll price and bus frequency level, generating different results in terms of social wel-
fare. Mapping the difference between potential and adaptive accessibility indicator shows that the main
changes occur in areas where there is a strong competition among different land-use opportunities.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of accessibility is widely used to evaluate the
impact of land-use and transport strategies, and is becoming
increasingly popular with the transition from ‘catering for mobil-
ity’ towards ‘catering for accessibility’ in urban planning and policy
making (Bertolini et al., 2005; Condeço et al., 2011; Omer, 2006).
Typically, accessibility is assessed by using transport or land-use
models independently or successively without a feedback loop,
thus overlooking the interaction effects between both systems
(Geurs & Van Wee, 2004; Geurs, Zondag, De Jong, & De Bok,
2010). This is more than a mere methodological curiosity, as failure
to account for land-use/transport interactions leads to a substan-
tial underestimation in policy effects. For example, converting a
city centre into a pedestrian-friendly zone affects the accessibility
and modal choice of road users (transport impacts), but may also
have an effect on the attractiveness of the zone for new residents,
workplaces and retail opportunities (land-use impact), which in
turn increases transport demand in the area (i.e. a feedback loop).

The recent development of land-use and transport interaction
(LUTI) models has led to a growing interest in their use for ade-
quately evaluating accessibility (Badoe & Miller, 2000; Geurs &
Van Wee, 2004; Geurs et al., 2010; Langford, Higgs, Radcliffe, &
White, 2008; Thill & Kim, 2005). For example, Geurs et al. (2010)
have estimated accessibility using a disaggregate log-sum method
for trips at the individual level and calculated it in the utility func-
tion with a national LUTI model.

This paper follows this line of research in that it assesses acces-
sibility using the LUTI model, but focuses on the aggregate level of
accessibility changes by incorporating the competition effects of
jobs due to the implementation of the transport policy. There are
two aims associated with this objective. The first is to compute
the Potential Accessibility (PA) by incorporating the effects of com-
petition (Adapted Potential Accessibility, AA) using a LUTI model in
order to estimate job opportunities – not only from the number of
jobs within reach, but also from the competition for these jobs
l – The
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(Geurs & Van Wee, 2004; Knox, 1978; Van Wee, Hagoort, &
Annema, 2001; Weibull, 1976). LUTI models are particularly suit-
able for assessing AA because the competition factor is a function
of the number of jobs, which is related to land-use attractiveness
and number of employees – among other factors–, and to transport
demand (Van Wee et al., 2001). The second aim is to identify the
optimal policy implementation value on the basis of the PA and
the AA, and analyse the results in terms of social welfare. To the
best of our knowledge, this paper is the first attempt to incorporate
this effect of competition on accessibility in the objective function
in order to find the maximum social welfare. The Madrid Region is
used as a case study to present the new approach and to highlight
the policy recommendations for urban planners and policy makers.

The LUTI model used in this study is the MARS (Metropolitan
Activity Relocation Simulator) developed by Pfaffenbichler,
Emberger, and Shepherd (2010). The MARS model represents the
cause and effect relations between transport and land-use systems
and integrates an optimisation algorithm for long-term policy
making. The competition factor is embedded in the accessibility
equation through the calculation of the AA. The optimisation pro-
cedure involves maximising the value of the objective function
defined on the basis of cost benefit analysis (CBA), and includes
not only the costs/benefits to road users, transport operators and
government authorities, but also transport externalities of the
whole society such as safety, environmental quality and land
depletion.

Two policy measures – cordon toll and increased bus frequency
– are optimised and evaluated by the MARS model. Cordon toll is a
restrictive policy aimed at reducing car use in the congested
metropolitan centre, while the increase in bus frequency as a sub-
stitute transport mode for the car would provide travellers with a
better public transport (PT) option for travel around the whole of
the Madrid metropolitan area.

The paper is organised as follows. Section 2 describes the meth-
odology of the paper, including the features of the MARS model,
the definition of the accessibility indicators with competition, the
objective function and the optimisation procedures. Section 3 pre-
sents the current situation in Madrid and defines the scenarios.
Section 4 compares the accessibility changes using the PA and
the AA, and analyses the results in terms of optimisation, derived
social welfare, transport and land use impacts. The final section
contains the conclusions.
2. Methodology

The proposed methodology consists of linking land-use and
transport submodels by means of accessibility indicators. Fig. 1
shows the relations between the land-use/transport submodels
and the accessibility indicators that are influenced by transport
policies, and the optimisation procedure. The core of the relation
between land-use and transport systems is the accessibility indica-
tor, which is integrated in the model through the two submodels in
the objective function affecting the optimisation procedure. The
LUTI model estimates the accessibility changes to the scenarios
conditioned by exogenous variables and policy measures; while
the optimisation procedure –based on the CBA – maximises the
objective function representing policy-makers’ objectives.
2.1. The MARS model

The core concept of the MARS model is the adoption of the
principles of System Dynamic (Sterman, 2000) and Synergetic
(Haken, 1983). It is run in a SD (system dynamic) programming
environment (VENSIM) based on causal loop diagrams (CLD), and
represents the relation of cause and effect between the variables
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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in the model (Shepherd et al., 2006). The MARS model was chosen
for this study due to its ability to analyse the policy measures at
the regional level, and because its structural flexibility allows the
objective function to be modified.

MARS contains the transport submodel and the land-use
submodel (Fig. 1). The transport submodel includes the first three
stages of the common transport model (i.e. trip generation, trip
distribution and modal split) and simplifies the road network into
aggregate links for each origin-destination (OD) pair. It involves
three travel modes: car, public transport (bus, metro, urban train)
and walking. The congestion effect is recreated through speed-flow
curves (Singh, 1999), in such a way that a higher number of trips
results in a lower travel speed and vice versa (Pfaffenbichler
et al., 2010).

The land-use submodel comprises a residential location
submodel and a workplace location submodel. These two location
submodels have a similar basic structure consisting of four further
submodels: a development model, a willingness to move in model,
a willingness to move out model and a supply/demand redistribu-
tion model. The willingness to move in/out submodels is influ-
enced by the rent price, share of green land and accessibility
level. Based on these two submodels (move in and move out), we
can obtain the ratio of demanded/supplied housing utility for each
zone. The demand would therefore be re-distributed if it is higher
than the supply (Pfaffenbichler et al., 2010).

All the variables in MARS are interrelated through CLD relations.
The exogenous variables such as demography (population, resi-
dents), economics (household income, household size) and land
use (area, land-use type) etc., must be entered according to the
case study. The interaction process is modelled using time-lagged
feedback loops between the transport and land-use submodels
over a long period (30 years for example) in one-year intervals.
For this case study, the MARS model that comprise 90 zones based
on administrative municipal has been calibrated by Guzmán
(2011) using two household mobility surveys for the Madrid
Region in 1996 and 2004 (CTRM, 1998, 2006).

2.2. Accessibility indicators with competition

Two accessibility indicators are applied in the MARS model: the
traditional PA and the proposed AA that accounts for competition
for jobs on the employment market. There are two reasons for
incorporating competition effects with job accessibility: first, the
policy measures considered here are aimed at encouraging modal
shift during morning peak hours, when 65% of the trips are
work-related. Secondly, work-related trips involve routine daily
travel which is important when considering long-term regional
economic growth, and therefore form the backbone of transport
and land-use models. In this study, accessibility is defined only
in terms of work trips.

The PA is widely used to measure the aggregate level of job
accessibility, (Handy, 1994; Gutierrez, Monzón & Piñero, 1998),
and is estimated on a rigorous methodological basis (Koenig,
1980). PA combines the effect of transport/land use and incorpo-
rates assumptions regarding personal perceptions of transport by
using a function that decreases with distance or time (Geurs &
Van Wee, 2004). Eq. (1) shows the typical form of PA (Hansen,
1959), which assumes a negative exponential cost function. The
variable t represents the period of time. The i and j are origin and
destination zones respectively and m represents the type of travel
mode.

Potential accessibility : PAiðtÞ ¼
X

jm

WjmðtÞ � Fðtijm; cijmÞ ð1Þ

where PAi is the potential accessibility of opportunities between i
and j by mode m in year t, Wjm(t) is the opportunity to reach
act of transport policy by a land-use and transport interaction model – The
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Fig. 1. Basic structure of the evaluation and optimisation model.

Y. Wang et al. / Computers, Environment and Urban Systems xxx (2014) xxx–xxx 3
destinations in j by mode m in year t, F(tijm,cijm) is a function of the
average generalised travel cost associated with travel time and
costs between i and j by mode m. For this study, the F(tijm,cijm) is
defined in Eq. (2) (Guzmán, Di Ciommo, & De la Hoz, 2013):

Fðtijm;cijm
Þ ¼ 0:16 � Exp½�0:0163 � ðcijmðtÞ þ tijmðtÞÞ � VOT� ð2Þ

where tijm(t) is the total travel time between i and j by mode m in
year t; cijm(t) is the total travel cost between i and j by mode m in
year t; VOT is the value of time (€10.45/h during peak hours and
€5.7/h during non-peak hours). The parameters in Eq. (2) were cal-
ibrated by Guzmán (2011) on the basis of two household mobility
surveys in Madrid (CTRM, 1998,2006).

However, the PA has a theoretical shortcoming in that it
excludes competition effects (Geurs & Van Wee, 2004). When there
is high competition for jobs in the area, the chance of obtaining the
job is lower than in a situation with no or less competition. We
therefore suggest an accessibility indicator based on the PA but
modified by means of the competition effect on the employment
market.

There are several ways to incorporate the competition effects
(Geurs & Van Wee, 2004) in the PA (Joseph & Bantock, 1982; Van
Wee et al., 2001; Weibull, 1976; Geurs and Ritsema van Eck,
2003). In this study, the competition factor for jobs in destination
j (represented by Gj

t) is expressed by the ratio between the number
of jobs (job supply) Wj(t)) at destination j in year t and the number
of employees Ej(t) who reside in the same zone j in year t (job
demand) (Van Wee et al., 2001); see Eq. (3).

Competition factor : GjðtÞ ¼
WjðtÞ
EjðtÞ

¼Wjðt � 1Þ þmjðtÞ
Ejðt � 1Þ þ njðtÞ

ð3Þ

where mj(t) is the change in the number of jobs in zone j in year t,
which is the number of jobs generated in year t subtracting the
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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number of jobs that ceased to exist in year t, and nj(t)is the change
in the number of employees residing in zone j in year t and is
decided by the number of employees who entered the labour
market minus the number who left the labour market in year t. Both
Wj(t) and Ej(t) are defined in the land-use submodel of MARS. The
change in the competition factor is induced by the implementation
of transport policy measures. By including this competition factor,
the definition of the AA is given in Eq. (4).

Adapted potential accessibility : AAiðtÞ

¼
X

jm

GjðtÞ �WjmðtÞ � Fðtijm; cijmÞ ð4Þ

where Wjm(t) and F(tijm, cijm) are defined as in the PA indicator, and
Gj(t) represents the competition factor in zone j.
2.3. The role of accessibility in the MARS model

Fig. 2 shows the simplified CLD of the PA and AA in MARS, as
defined in this study. The change in jobs is determined by the
input/output flow of jobs in zone j (i.e. the difference between
the jobs attracted to zone j and the jobs that migrate from zone j
to other zones). There is a mutual influence between job supply
and AA, as the job supply in each zone is also influenced by its
accessibility, in addition to the variables in land-use submodels
(such as land price, land-use development opportunities, and
employment sector growth rate). As with the job supply, there is
a mutual influence between job demand (number of employees)
(i.e., the input/output flow of employees) and AA, because
accessibility is one of the main determinants of job demand and
residential growth.
act of transport policy by a land-use and transport interaction model – The
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Fig. 2. Simplified CLD of accessibility indicators in the MARS model.
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The two accessibility indicators (PA and AA) are implemented in
the MARS model using the interaction between transport and the
different land-use submodels. The AA including the competition
factor integrates more mutual influences from the land-use
submodels. Therefore, AA would be a more accurate indicator than
PA for representing differences in competition for jobs among
zones after the implementation of transport policy measures.

2.4. Optimisation

The objective function for social welfare embedded in the opti-
misation procedure is based on a dynamic CBA. For each proposed
policy measure, it defines the variable denoted ‘policy profile’ with
different characteristics. The policy profile variable is based on the
value of Ps (policy start value, when the policy is introduced) to Pe
(policy end value, when it finishes) as the levels of policy attributes
respectively in the initial year Ts when the policy is introduced
(i.e., 2012) and in the long-run year Te at the end of the evaluation
(i.e. 2034), as show in Eq. (5).

Policy ðt; zÞ ¼
Pe�Ps
t�Ts

; t > Ts and t < Te; z < Z0

0; t < Ts or z > Z0

 !
ð5Þ

ehere t is current run year and z is zone number in MARS. When the
current run year t is greater than the initial year Ts, and the zone
number z is less than the zones Z0 defined for policy implementa-
tion, the policy instrument is implemented. As seen in Eq. (5), the
policy will stop when the current year t is after the defined end year
Te. And during the optimisation process, the variables of policy start
value Ps and end value Pe change to get the maximum welfare.

Considering the large number of parameters to be calibrated
and the nonlinear interactions, the optimisation method must be
efficient in terms of its calculation time. Direct methods of linear
optimisation cannot be used due to the complexity of the mathe-
matical models for dynamic systems (Yücel & Barlas, 2007).
Dynamic systems require optimisation methods that are not based
on a precise calculation of the derivatives (Janamanchi & Burns,
2007; Lewis, Torczon, & Trosset, 2000). The Powell algorithm
(Powell, 1964) overcomes these shortcomings and can thus be
applied in the MARS model to maximise the objective welfare
function within specified boundary values without the need to
calculate partial derivatives. A detailed description of the algo-
rithm is provided by Brent (1973) and Press, Teukolsky,
Vetterling, and Flannery (1992).
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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2.5. Objective function of social welfare

The objective function (OF) based on the CBA calculates the
social welfare differences between the base scenario and the policy
scenario for the two travel modes (car and PT). The change in social
welfare includes the sum of all social benefits optimised through-
out the entire time period for all zones, and has the following four
components: consumer surplus, operator and government surplus
(costs and benefits), and externalities. Eq. (6) shows the definition
of the OF (Guzmán et al., 2013).

DWðUÞ ¼
Z n

0

X
ijm

1
ð1þ rÞt

½DCSijmðtÞ þ DOijmðtÞ þ DGOijmðtÞ

þ DEijmðtÞ�dt ð6Þ

The analysis of the OF is expressed by the net present value
(NPV) over the entire evaluation period, using a social discount rate
of r = 4.8% (Souto Nieves, 2003). As above, variable t represents the
period of time. The i and j subscripts are the origin and destination
zones respectively, and m represents the travel mode.

The disaggregated welfare function for transport users (con-
sumer surplus, CS) is given by Eq. (7):

DCSðtÞ ¼ 1
2

X
t

X
ijm

½T0
ijmðtÞ þ T1

ijmðtÞ� � ðc1
ijmðtÞ þ tt

ijm � VOTi

� c0
ijmðtÞ � t0

ijm � VOTiÞ ð7Þ

where Tijm
k (t) is the demand for trips between i and j by mode m, in

the k scenario; Cijm
k (t) is total travel cost including road charging and

operation cost; tijm
k (t) is the travel time; and VOT is the value of time.

The superscript k is used to denote either the base scenario (k = 0)
or the policy scenario defined (k = 1).

The operators’ cost is calculated by Eq. (8) and shows the value
of net benefits to operators, including public transportation (PT)
fares and toll and parking revenues (17).

DOðtÞ ¼
X

t

X
ijm

T1
ijmðtÞ � ½b

1
ijmðtÞ þ a1

ijmðtÞ� � T0
ijmðtÞ � ½b

0
ijm þ a0

ijmðtÞ�

ð8Þ

where bijm
k (t) is the revenue of private vehicles in the case of an

urban toll or parking charge fee and the revenue collected from
PT services, e.g. trip tickets, while aijm

k (t) represents the cost of
administration, operation and maintenance.
act of transport policy by a land-use and transport interaction model – The
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Eq. (9) represents the benefits or costs to government resulting
from changes in fuel tax revenue (DFij) and the variation in road
maintenance cost (DMij).

DGðtÞ ¼
X

t

X
ijm

½T1
ijmðtÞ � T0

ijmðtÞ� � ½Fijm þMijm� ð9Þ

Finally, Eq. (10) represents the value of external costs, associ-
ated to green-house gas emissions (DGHEij), air pollution (DPij),
road safety (DSij) and land-use costs (DLij).

DEðtÞ ¼
X

t

X
ijm

½T1
ijm � T0

ijm� � ½GHEijmðtÞ þ PijmðtÞ þ SijmðtÞ

þ Lt
ijm� ð10Þ

Fig. 1 shows that although the accessibility indicator is not
directly included in the OF, it is influenced reciprocally by the
transport submodel (i.e., generalised travel costs) and the land-
use submodel (e.g., number of jobs, house prices, etc.). The number
of trips interacts with all four components of the OF by influencing,
among other factors, the number of jobs and employees, and house
prices. Compared to PA, AA has a higher sensitivity to zone attrac-
tiveness, leading to different NPVs. The two accessibility indicators
thus influence the OF towards achieving the optimal level for each
policy measure.
3. The case study of Madrid

3.1. Transport and population in Madrid

The Madrid Region had a population of 6.5 million inhabitants
in 2011, and covers an area of 8030 km2. As depicted in Fig. 3,
the Madrid Region as a whole consists of three distinct areas: the
city of Madrid, the metropolitan ring and the outermost ring,
known as the regional ring. The population distribution in the
Fig. 3. Population distribution in the M
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region varies between extremely low density in the outer ring to
extremely high density in the metropolitan ring (INE, 2011).

Current demographic trends show a population decline in the
metropolitan ring and a population growth in the suburbs of
Madrid city and the regional ring, leading to a steady decline in
the weight of the metropolitan core area from 65% to 52% between
1985 and 2006, respectively (Di Ciommo et al., 2011). Land-use
development policies have induced low densities and urban
sprawl, thus encouraging a car-oriented urban lifestyle.

Household mobility surveys (CTRM, 1998, 2006) show that
from 1996 to 2004 the number of motorised trips increased by
52%, whereas the population increased by only 14% (Monzón &
De la Hoz, 2009). Indeed, the motorisation rate in Madrid is the
highest in Spain, with 529 per ,000 inhabitants and a yearly growth
rate of 7%. Some 45% of the daily 14.51 million trips and 35% of the
work trips are done by car, whereas 32% of the work trips use PT.
Even though the PT system in Madrid is one of the most efficient
in Europe, the sprawling tendency makes it difficult to offer good
public services outside the city of Madrid and increases the need
for car use (Di Ciommo et al., 2011).

3.2. Scenario definition

Two policy scenarios are designed to reduce car use: a cordon
toll scenario and a combination of cordon toll and higher bus fre-
quency, and these two scenarios are investigated in comparison
with the base scenario. Both policy scenarios are implemented
from 2012 to 2034. The planning horizon ends in 2034 because
the MARS model was calibrated for Madrid using the mobility data
obtained in 2004, and the planning horizon was set at between
2004 and 2034.

The base scenario of do-nothing (S0) includes all infrastructures
that were already built by 2012 and no later interventions are con-
sidered during the evaluation period. All the exogenous variables
(i.e., demography, economics, land use, etc.) are contained in the
adrid Region. (Source: INE, 2011).

act of transport policy by a land-use and transport interaction model – The
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Table 1
Scenario descriptions.

Scenarios Scenario description Policy measure Initial year Final year Lower bound Upper bound

S0 Do-nothing No policy implementation 2012 2034 0 0
S1 Single policy scenario Cordon toll: Access to M-40 2012 2034 0 €/veh 10 €/veh
S2 Combined policy scenario Cordon toll: Access to M-40 2012 2034 0 €/veh 10 €/veh

Increased bus frequency: Whole metropolitan area 0% 100%

Table 2
Accessibility results in the three areas.

Three areas Average
competition
factor

Accessibility in
base scenario
(PA/AA)

Accessibility
changes
using PA

Accessibility
changes
using AA

S1/S0 S2/S0 S1/S0 S2/S0

Cordon charging area 1.02 �3% �12% �4% �12% �5%
Increased bus

frequency area
0.62 31% 1% 5% 2% 8%

Regional periphery 0.53 37% 1% 4% 1% 5%
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policy scenarios (Guzmán, 2011). Under scenario S0, the net social
welfare is set to zero.

A single cordon toll scenario (S1) is the application of a cordon
toll to commute trips during peak hours on one of Madrid’s orbital
highways (M-40). The toll scheme is implemented only for private
cars entering the cordon area (single entry charging).

A combined policy scenario (S2) integrates a cordon toll and
increased bus frequency. The cordon toll is implemented on the
access to the M-40 as in S1, and the increased bus frequency is
applied inside the metropolitan area during peak hours.

For each scenario, the calculations are made with the two acces-
sibility indicators (PA and AA). The optimisation process is thus
applied to six scenarios: S0 with PA and AA, S1 with PA and AA,
and S2 with PA and AA. The toll price and bus frequency levels vary
throughout the time period, with intermediate values determined
by interpolation between the start year and the end year levels.
The cordon toll rate and level of bus frequency increase are both
obtained by maximising the NPV of the proposed OF compared
to S0. The MARS model requires the definition of upper and lower
bounds in order to find the optimal solution within the range of
feasible values. In this study, the lower/upper bound of the cordon
toll is defined considering the existing toll fee in London (£10 per
vehicle) between €0 per vehicle and €10 per vehicle. The range
for the increase in bus frequency is established considering operat-
ing cost restrictions (Guzman et al., 2013). The description of the
three scenarios is given in Table 1.
4. Analysis of results

4.1. Accessibility as a quality indicator

The first group of results is related to the accessibility levels for
both car and PT trips when applying the different policy measures.
Table 2 shows the results for three areas of Madrid, namely the cor-
don charging area, the increased bus frequency area (also the
metropolitan area of Madrid) and the regional periphery. All these
results correspond to the final year 2034. The results include:

� the average competition factor (CF),
� the difference in the base scenario for the run with PA and AA,
� the changes in accessibility in the two policy scenarios (S1 and

S2) in comparison with the base scenario (S0) using PA or AA
respectively.

As expected, the average CF is higher when it approaches the
cordon toll area (i.e. the CBD area) as seen in Fig. 4 which shows
the CF distribution in the region of Madrid for the planning horizon
(2034). This reveals that Madrid’s metropolitan ring is a relatively
high competitive area for jobs in comparison with the periphery of
the region. The most competitive zones are located mainly in the
CBD area, which is highly attractive to employers. Some of the
municipalities in the metropolitan area also have high competition
due to their industrial agglomeration, which produces more jobs.
The rest of the Madrid region has lower competition owing to its
lower population density (i.e. job demand), as shown in Fig. 3.
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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The difference between the base scenario and the run with the
PA and the AA indicates that total accessibility is higher using PA in
the metropolitan area (31% more) and in the regional periphery
(37% more), which leads to higher travel demand and house prices.

Total changes in accessibility after the application of the policy
measures reveal that accessibility inside the cordon area is reduced
owing to higher travel costs, and increased in the bus frequency
area and the regional periphery using both PA and AA. However,
there was a greater increase in accessibility when using AA than
PA in the case of S2, where the toll was combined with higher
bus frequency.

Fig. 5 shows the differences in total accessibility changes (i.e.,
S1–S0 and S2–S0) in the whole Madrid region using PA and AA
respectively, and highlights the effect of the competition factor in
the long term. The figure shows that while there is a small differ-
ence in the S1 (Fig. 5, upper part), the difference is greater in terms
of geographical scope in the S2 (Fig. 5, lower part).

Comparing the S1 with S0, the accessibility decreases in the
tolled area as a result of higher travel costs, and slightly increases
in the spillover areas of the cordon toll. A comparison of the acces-
sibility calculated by PA and AA reveals a similar downward trend
in accessibility in the cordon toll area. However, the AA indicator
shows higher accessibility values in areas with a higher competi-
tion factor such as the southern part of the metropolitan area or
in the northwest, where a greater number of workplaces are
located.

The difference between S2 and S0 shows that accessibility
decreases in the cordon toll area and increases where bus fre-
quency rises. The major changes between PA and AA are detected
in the higher competitive zones, not only in the CBD but also in the
northern and southern areas of Madrid. Consequently, the zones
that have less competition in terms of activity (mainly in the areas
that are far from the city centre) produce similar results between
AA and PA, while significant differences can be seen in the more
competitive zones.
4.2. Optimisation results

The optimisation process generated the optimal values for the
intensity of the implementation of the measures for the start-
year/end-year by using PA and AA respectively (Table 3).

There is a minor difference in S1 in the optimal results between
PA and AA, but for S2 the difference in the end value is significant
(€4.02/veh versus €5.45/veh).
act of transport policy by a land-use and transport interaction model – The
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Fig. 4. Competition factor among the three areas.

Fig. 5. Accessibility changes between S1/S2 and S0 by AA-PA.
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Table 3
Results of optimisation according to scenario by the two accessibility indicators.

Scenario Policy measure Using potential accessibility Using adapted potential accessibility

Start value End value Start value End value

S0 Do nothing 0 0 0 0
S1 Cordon toll €4.98/veh €5.00/veh 4€.91/veh €4.97/veh
S2 Cordon toll €5.33/veh €4.02/veh €5.04/veh €5.45/veh

Increased bus frequency 25.2% 18.0% 23.4% 22.0%

Table 5
Surplus of each scenario with the two accessibility indicators (€ millions).

Scenario Using PA Using AA

S1–S0 S2–S0 S1–S0 S2–S0

Indicator
NPV Social welfare 582.28 948.29 665.89 1045.31
NPV consumer surplus �1419.23 �132.03 �1315.21 �35.93
Car users �1586.13 �862.24 �1507.35 �842.69

Toll and parking costs �2093.74 �2368.5 �2278.06 �2517.27
Operation cost savings 37.98 110.88 57.73 123.51
Travel time savings 469.76 1,395.40 713.32 1563.16

Public transport users 166.68 730.18 192.12 806.76
Travel time savings 166.68 730.18 192.12 806.76

NPV Operator surplus 1862.12 1032.30 2033.02 1222.34
Toll revenues 1798.21 1716.24 1937.02 1929.30
Bus ticket revenues 64.11 242.19 95.52 287.66
PT operation costs 0 �926.64 0 �994.86

NPV Government surplus �39.16 �98.31 �70.42 �134.22
Fuel tax revenues �38.31 �104.01 �76.24 �146.92
Road maintenance costs �0.85 5.70 5.82 12.70

NPV external surplus 179.10 146.63 18.53 �6.48
Accident cost �105.89 �166.03 �86.86 �154.61
Environment benefits 9.80 6.13 18.68 14.54
Land use benefits 275.19 306.53 86.71 133.59

Table 4
Transport and land-use impacts in the three areas.

Variable Accessibility indicator Cordon charging area Increased bus frequency area Regional periphery

S1/S0 S2/S0 S1/S0 S2/S0 S1/S0 S2/S0

Car trip reduction (103) PA �3.5/�0.8% �24.0/�5.3% �29.3/�4.0% �49.8/�6.8% �2.6/�1.3% �9.2/�4.7%
AA �3.3/�0.7% �18.8/�4.1% �25.7/�3.5% �36.3/�4.9% �2.2/�1.2% �6.6/�3.4%

Car speed increase (km/h) PA 52.8/1.2% 54.0/3.5% 54.1/1.7% 55.2/3.8% 53.9/1.3% 55.0/3.4%
AA 53.1/1.4% 54.7/4.6% 54.3/1.9% 56.1/5.0% 54.2/1.5% 55.7/4.4%

Bus speed increase (km/h) PA 42.8/1.0% 43.0/1.4% 43.9/1.4% 44.1/1.9% 44.1/1.1% 44.2/1.5%
AA 43.0/1.1% 44.0/3.7% 44.1/1.5% 45.2/4.1% 44.3/1.2% 45.3/3.7%

Increase in jobs (103) PA 0/0% 0/0% 10.2/0.7% 14.6/1.0% 0.8/1.0% 0.4/1.4%
AA 0/0% 0/0% 13.2/0.6% 18.3/0.3% 0.9/0.5% 0.6/0.5%
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The reason for this result is that the AA indicator detects higher
accessibility in more competitive areas (inside the M-40 for exam-
ple), and lower accessibility in less competitive areas. Since high
accessibility increases the attractiveness of trips, it expands the
difference between number of trips in high and low competitive
areas. With the increased bus frequency in S2, a number of travel-
lers shift from private vehicles to PT (see Table 4). The figure for car
users is lower with the PA than with the AA in the more competi-
tive areas where a cordon toll is implemented. A higher end value
of cordon toll is needed in order to maintain the surplus in car
users even when the AA indicator is used.

Moreover, the optimal start/end values of bus frequency
decrease with AA throughout the evaluation period (from 23.4%
to 22%) in S2. The results of the calculation are mainly determined
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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by the trade-off between operator and consumer surplus. Since
consumer surplus increases with the rise in bus frequency, opera-
tor surplus decreases due to higher operating costs. The weight of
the bus operator surplus in the long term is higher, and conse-
quently the level of bus frequency is reduced in the end year of
the simulation (Guzman et al., 2013).

4.3. Impacts on transport and land use

The impact on transport due to the implementation of policies is
shown by the reduction in car trips and the increase in average vehi-
cle speed (for both car and bus). The greater number of jobs produces
an impact on the land-use system. Table 4 shows these results for the
end year 2034 for the three areas (Fig. 4) differentiated by PA and AA.
act of transport policy by a land-use and transport interaction model – The
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The results present the increase/decrease variable and the percent-
age of change.

S2 is more efficient than S1 in reducing car trips, increasing
vehicle speed and generating new jobs for both PA and AA. Consid-
ering the different impacts on transport and land use with PA and
AA, we find that:

(1) reduction in car trips is greater with PA than with AA;
(2) the average speed (car and bus) representing the level of

congestion mitigation is lower with PA than AA, especially
in S2;

(3) the results produced by AA generate more jobs from the
policy measure than PA, particularly in the area with
increased bus frequency, i.e. more than ten thousand jobs
are generated as results of overall increased productivity in
the area between the M-40 and the metropolitan ring.

This result is related to the fact that the AA indicator reveals the
changes in both job supply and demand at the Madrid region level,
and is thus more sensitive to transport and land-use changes after
the application of a policy measure.
4.4. CBA results

Using the optimisation results as an input in MARS, we simu-
lated each scenario progressively beginning with the start value
and concluding with the end year value. The results of the CBA
are shown in Table 5. The NPV are the sum of all social benefits
optimised across all zones and for the whole time period between
2012 and 2034. The results represent the difference between each
policy scenario and the base scenario using AA and PA respectively.

The NPV social welfare is higher in S2 than in S1 regardless of
whether PA or AA is used, which implies that the combined policy
achieves a better result in both cases. The CBA results with PA and
AA reveal that the choice of accessibility calculated in the model
induces a significant difference in two main elements of the OF:
consumer surplus and land use benefits.

This difference in consumer surplus is because the PA tends to
produce a higher accessibility level in less competitive zones, and
thus the number of trips is also higher when using the PA in
comparison with the AA (see Table 4). Therefore the decline in
consumer surplus is greater when using the PA. Meanwhile, the
land use benefits calculated from housing prices, number of house-
holds and the proportion of green area are higher with the PA than
with the AA in less competitive areas. This is because the PA leads
to higher housing prices in these areas and thus produces much
higher land use benefits.

When the two policy measures are applied in the more compet-
itive areas, a greater number of trips are generated by all travel
modes with AA than with PA. Consumer surplus and operator sur-
plus are thus higher with AA, while government costs and exter-
nalities are lower.
5. Conclusions

This study focuses on the assessment of accessibility impacts
using a LUTI model with two main innovations. The first is the
use of the AA indicator to adjust the PA by incorporating the effect
of competition among jobs. The second is the selection of the opti-
mal value of the different policy measures that maximise the
objective function based on PA and AA, analysing the results in
terms of the CBA.

Two different policy measures (cordon toll and increased bus
frequency) were optimised and evaluated by the LUTI model using
PA and AA respectively. The results show that both policy
Please cite this article in press as: Wang, Y., et al. Assessing the accessibility imp
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measures reduce congestion and enhance the accessibility level
in Madrid. However, social welfare is higher when applying a com-
bination of measures than with the single policy, regardless of the
accessibility indicators considered, thereby indicating that the
combined policy is more effective in both cases.

In S2, the choice of the accessibility indicator in the optimisa-
tion process leads to a significant difference in two main ele-
ments of the objective function: consumer surplus and land-use
costs. In fact, accessibility is an input/output for the land-use
submodel and has an indirect effect on the welfare objective
function. Particularly, the PA tends to produce a higher accessibil-
ity level in less competitive zones and thus an increase in car
trips with PA as opposed to AA. The trips generated using the
PA indicator produce a higher loss of consumer surplus.
The land-use costs are also higher when using the PA; in fact,
the PA indicator leads to higher house prices in less competitive
areas. Therefore the proposed improvement in the accessibility
indicator (AA) by introducing a territorial characteristic such as
the competition factor represents a more realistic way of measur-
ing the impacts on mobility patterns in areas with higher levels of
jobs and workers. The inclusion of the AA indicator in the policy
scenario analysis provides policy makers with a new tool for
assessing the effects of transport policies.
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