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Abstract

Transportation infrastructure is more and morerofteomoted through public-private
partnerships such as build-operate-transfer scheivas main parties are involved in
such ventures, government and concessionaires vfilnent perspectives. The former
aims to maximize social welfare benefits, while ldiger aim to maximize profits. Such
distinct goals may be hard to reconcile into anaati¥geous solution for both parties.
This article presents an optimization model foralimmy motorway interchanges that
takes into account both perspectives. The modelimiags social welfare benefits
(using a consumers’ surplus measure) such thatem devel of profit is ensured. The
usefulness of the model is demonstratedfor a s study.
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Introduction

Transportation networks are essential to promotiesaipport economic progress, and to
satisfy the increasing demand for travel of a gngyopulation.Before the 1980s,the
provision of transportation infrastructure was nhaimade by governments, under the
argument that most of the benefits of infrastruetysrovision have a public
nature.Thistendency for central planning and cédndfotransportation infrastructure
prevented the private sector from participatingsuth developments (Kumaraswamy
and Zhang, 2001). Since then,the governments ofymeountries have been
encouraging the private sector to invest in trartgtion infrastructure, both in the
construction of new infrastructure and in the mamaince and rehabilitation of existing
infrastructure  (Vickerman, 2007). Several factoravéh contributed to this
change,including the trend towards the deregulatibpublic monopolies, the belief
that the private sector is more efficient than plublic sector, the demand for better
service, and the shortage of public funds to fieatransportation infrastructure, the
latter being probably the major contributing fac(@hen and Subprasom, 2007; Yang
and Meng, 2000; and Gomez-lbanez et al. 1991).nEinharrangements that involve
private investmentin the funding of public infragtture are generally designated as
Public-Private-Partnerships (PPP). A discussiothef concept of PPP is available in
Tang et al. (2010), together with a review of retastudies.

A well-known form of PPP arrangement is the Builgetate-Transfer (BOT) scheme.
According to such scheme, the government granteaheession of the transportation
infrastructure to a private investor, who gets tight to build and operate the
infrastructure at his own expense, receiving inumrettoll feesduring the concession
period. When the concession period ends, the tnfietsire is transferred to the
government without remuneration. In the last fewatkes this scheme has been widely
applied worldwide, both in developed and develomingntries. Lists of BOT projects
can be found in Walker and Smith (1995), Lam (1988 Subprasom (2004). Among

the existing BOT projects there are numerous exasnpi motorway concessions.

BOT projects generally involve two parties: a pal#ntity(government) and a private

investor (concessionaire). The former intends toximae public benefits (social



welfare), while the latter wants to maximize theoffir generated from their
investments.Such distinct perspectives generadlgl te conflicts. Governments may be
tempted to encourage BOT projects as a way to duzbsihe development of
transportation infrastructure using private fundsorder to increase social welfare.
However, given the risk involved in such investnserthe private sector will only
finance a project venture if it is attractive,i.®.it secures adequate profits. Moreover,
as pointed out in Pahlman (1996), if something geesg in a BOT project it is the
government, and not the concessionaire, who uléiyatopes with the costs of
failure.For these reasons, when transportatiorastifuctureis planned, allperspectives
should be taken into account in order to achiewenawin solution (see Kumaraswamy
and Zhang, 2001) for both the public and the peiyarties.

The costs involved in motorway projects depend rdmastructurecharacteristics, and
particularly on the number of interchanges (theszlifies are quite expensive), while
revenues depend on toll fees and on the numbesestuwhich in turn depend on toll
fees and route lengths, thus on the location efraitanges. Hence, interchange location

plays an essential role to determine costs, demamhues, and social welfare.

Thegoal of this article is to introduce an optiniza model for helping to define the
bestlocation of motorway interchanges in a PPPg&bntaking into accountboth the
publicand the privateinterest. The newmodel isteelawith work presented in two
previous articles: Repolho et al. (2010, 2011)tHe former article, the motorway is
assumed to be toll-free, and the optimization isied out from the users’ standpoint
with the objective of minimizing total travel costa the latter article, the motorway is
assumedto beoperated by a concessionaire whoseuesvare obtained from toll fees
with the objective of maximizing profit. In the nanodel, the perspectives of users and
concessionaires are dealt with simultaneouslyetémines the number and location of
motorway interchanges, as well as estimates tHigctflow using the motorwaygiven
the location of interchanges, so that social welfarmaximized while ensuring a given
level of profit for the concessionaire. As its predssors, the new model can be
classified as a non-strict multiple hub-allocatiandel (Aykin, 1995; Ebery et al. 2000;
O’Kelly, 1996).

The outline of thisarticle is as follows. In thexheection,we discuss the valuation of



social welfare gainsin transportation projects #mel use of the consumers’ surplus
conceptto measure them. Afterward, the optimizatioodel is introduced and
subsequently appliedto a case study (the sameindedpolho et al., 2011). The case
study and the respective data set are briefly cheniaed, and the results obtained
through the model are compared with the ones odxdaim previous studies for the same
data. Concluding remarks are presented in thesédion.

Welfare gains

The valuation of social welfare in transportatiomshbeen a recurring subject in the
literature (e.g., Williams, 1976; Jara-Diaz, 198&ra-Diaz and Farah, 1988). Its
complexity arises from the fact that transportaiga peculiar economic activity which
influences the entire economic system producing wtipticity of effects. Further
information on the subject can be obtained inViokan (1991), Rietveld and Nijkamp
(1993), Rietveld (1994), and Lakshmanan et al. {200n the latter article, the
assessment of benefits (and costs) in transpariatidassified as a ‘slippery ice’

notion/area.

In a strict sense, the benefits of transportatidrastructure are related with usage, and
without users there would be no benefits. Thuss lbgical toassume that the benefits
provided by the infrastructure are given by the diiés brought to users over the
lifetime of the infrastructure. Most BOT projectseuthe concept of consumers’ surplus
to assess the users’ benefits (social welfare bshekrived from the improvement of
transportation infrastructure (see e.g.Yang and gyié?000; Chen and Subprasom,
2007). Consumers’ surplus was defined in MarsH#RQ) as the “excess of the price
which the consumer is willing to pay for somethiragher than go without, over that
which he actually does pay”, i.e., the differenedween total willingness to pay and

actual payment.

The concept can be better understood through arasfregepresenting the inverse
(aggregate)travel demand function for a given O&D i, Di,-'l (Figure 1) where travel
costs are a function of traffic flows (lower codead to higher flows). In the

diagramgpjmndenotesthe traffic flow between trip generation teeni and j via



motorway segmenimn when the travel costs are equal to the ones betloee
construction of the motorwagy;j; gjmndenotes the traffic flows between centeasd]
via motorway segmennn for the travel costs after the construction of thetorway,
Cimn. According to the definition given above, the aemers’ surplus before the
construction of the motorway is given by the stiggea. After the construction of the
motorway the consumers’ surplus increases andviengby the striped area plus the
grey area. Thus, the consumers’ surplus gains ateet construction of the motorway

are given by the grey area.
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Figure 1 —Consumers’ surplus gains for one O/D pailf

It is pertinent at this point to question whethlee tonsumers’ surplus reflects social
welfare accuratelyor whether should additional mdkebenefits be added? If this was
the case, then social welfare benefits would bgelathan the willingness to pay of the
immediate user. However, as pointed out in MishE®i76), the addition of external
benefits may produce double counting. Jara-Dia8&)LShows that, at the market level,
the net sum of gains and losses are fully refleddgdconsumers’ surplus in a
competitive environment, and are approximatelyect#id in a monopolistic one.
Rothengatter (1994) suggests that the externalfitenié they exist at all, would be
small. Lakshmananet, al. (2001) analyzed a ligxtérnal effects and concluded that no

clear and significant case of a positive extemalftinfrastructure usage was identified.



Given thesebases, we have chosen to use the carsssmplus concept to measure the
increase in social welfare derived from transpaiatinfrastructure investment. No
external benefits are considered.The consumerplugigains4imn) associated with the
trips made through the new motorway between a gpanof centersi andj, can be

expressed as follows:

Gijmn

Ao = | DOV G (G = G, )+ 9, %( 6 = ) (1)
-

The travel demand model we will consider for thenpatation of consumers’ surplus(in
theoptimization model presented later in this ppapethe same as the one used in
Repolho et al. (2011). In this model, drivers majy between traveling through the
existing road network only and traveling througtoate that combines segments of the
existing road network with segments of the new mw&y. The model further assumes
that the introduction of cheaper routes (due toné® motorway) generates additional
traffic and that the new motorway is only used isiless costly. In fact, it is assumed
that, because of habit, a fraction of the drivees/oontinue to choose traveling through
the existing road network even if it is more cogtign the cheapest alternative route
using a new motorway segment.According to the motiel a given pair of trip
generation centersandj, the traffic flow via motorway segmentn, gjmn, iS given by:

&
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where qgjj is the traffic flow between centersandj before the construction of the
motorway, ang’ is a calibration parameter (further details onttagel demand model

are available in Repolho et al. 2011).

The previous expression was established considarpgwer-form impedance function
f(cj)=ci’, which fits real-world interurban traffic bettehan the exponential-form
impedance function (Fotheringham and O'Kelly 1988;Vries et al. (2009).

The value ofgy; can be calculated through an unconstrained gravitgle! (Ortdzar and
Willumsen, 2001). Representing witim and my the “masses” of the origin and



destination centers and j(measured e.g. with the respective populations)and
considering the same power-form impedance functios given by:

m
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Optimization model

The optimization model described below is prindpdlased on the Deterministic
Motorway Interchange Location Model (DMILM) presedt in Repolho et al.
(2011).ltincludesall the constraints used in the IDM model plus a new set of
constraints to account for the objectives of cosicgmires, but involves a different
objective function.All assumptions underlying thé1M model remain valid. The
model optimizes the location of the motorway inbtemcges such that consumers’
surplus gains are maximized while guaranteeing \e&emgilevel of profit for the
concessionaire. By varying the level of profit paedrically, the model can be seen as

the constraint form of a multi-objective optimizatiapproach (Cohon, 2004).

As its predecessors, the new model applies to iarreghere a new motorway will be
built over an existing road transportation netwofke set of trip generation centers
located in the region and the set of candidatechenge locations are known. Drivers
are assumed to choose the least cost route acgotdithe travel demand model
presented in the previous section.The key decidioiie made through the application
of the model are the interchange locations andrtféc assigned to motorway routes.
These decisions can be made such that the conswsughis is maximized regardless
of the corresponding concessionaire’s profit orirngkinto account that a certain
percentage of the maximum possible profit must meueed. The maximum possible
profit can be obtained through the DMILM model meted in Repolho et al. (2011).
Thus, for a given solution, the percentage of tlaimum possible profit is the quotient
between the profit corresponding to that solutio #he profit corresponding to the
solution obtainedthrough the DMILM model.

For formulating the optimization model, considez tbllowing (additional) notation:



Rijmn:
{ V,blcijuv>cijmn}

Set of trip generation centers.

Set of candidate interchange locations.

Set of potential routes ¢ u-v-j) between centenisandj that use a
motorway segmenuv and that cost more than the route using

motorway segmemn (i -~ m-n-j).

Decision Variables

Ym

Xijmn
Parameters
Cim

C’'mn
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Binary variable that takes the value of 1 if a nmety interchange is
located at the candidate site and zero otherwise.
Fraction of the traffic flow between centersandj via motorway

segmentmn

Travel cost between centeaind interchangen through the existing
road network.

Travel cost between interchangeandn through the new motorway.
Travel cost between centarandj through a route that includes two
segments of the existing transportation netwank,and nj, and a
segment of the new motorwayn

Distance between interchangeandn through the new motorway.
Upper limit on the traffic flow that may use intkemgem as a
motorway access.

Upper limit on the traffic flow that may use intengen as a
motorway exit.

Toll fee per kilometer.

Fixed daily cost for installing and operating atenchange.

Fixed daily cost for building and maintaining thetorway.

Minimum percentage of the maximum profit guarantded the
concessionaire.

Maximum profit that can be achieved by the concessie.



Since the assignment decision variablggn] have four indexes, their number can
easily become quite large when dealing with realldvproblems. In order to mitigate

this, the model requires a pre-processing stageendtdy relevant assignment variables
(the ones corresponding to routes that potentialjyrove the transportation system) are

defined. Specifically, a variablgm, is only defined in the following circumstances:

- i<} (we assume that both the O/D and the travel cadtices are symmetric,

and only consider their upper triangles).
— Qjmr> O (the traffic flow on routé— m- n-j is positive).

- Coj -Gjmn> O (the travel costs through the motorway routem-n-j are
smaller than the travel costs between cenie@nd j using the existing

transportation network only).

Given the notation introduced above (and earlifg, model can be formulated as

follows:

Max =233 > > A Ximn (4)

i0J j0J moM M
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ym =1 (9D0)

Xjmn 20 i, jO ImnOM (10)
ym 0{02} OmOM (11)

The objective function (4) maximizes the consumstsplus gainsgmade possible by
the addition of a new motorway to a road networkl @ given by the sum of the
consumers’ surplus gains achieved for all trips enddough the motorway between
each pair of centers,andj(it is multiplied by two to consider both traffigrdctions).
Constraints (5), the assignment constraints, gteeahat trips between eaghpair are
assigned to at most one route including a motorsegynenmn If this is the case, then
Ximn=1 (though, since this is a multiple-allocation Habation model, if there is more
than one motorway route with exactly the same lovwresel cost,traffic flows may be
distributed among them). If trips are made onlytiyh the existing road network, then
Xjmn=0. Constraints (6) ensure that trips are onlygsmesi to a motorway segment if
there are interchanges at its extremities. Comsgdv), together with expressions (11),
ensure that trips are assigned to the least-cogirmay route available. They prevent
trips from being assigned to routes with longer onealy segments, thus leading to
higher profit for the concessionaire, but which Vdooe more disadvantageous for users
than other available routes. The concern with cssiogaire’s profit is expressed
through constraint (8). Itensures that the solutielected guarantees at leagtercent
of the maximum profit that the concessionaire comake,z. Profit is given as the
difference between total toll fee revenues (mukiplby two to account both traffic
directions) and infrastructure costs. These castssabdivided into costs for installing
and operating the interchanges and costs for Imgildnd maintaining the motorway. If
U is set equal to one the model becomes equivaleghetDMILM presented in Repolho
et al. (2011). Essentially, with equal to 1, the model will find the solution which
optimizes consumers’ surplus subject to achievimregrhaximum possible profit. {f is
set equal to zero, then we are focusing on the mmaation of consumers’ surplus gains
(the model becomes equivalent — though with a diffe measure for social welfare
benefits — to the models presented in Repolho .e28ML0).Constraints (9a) and (9b)
ensure that there will be interchanges locateti@endpoints of the motorway. Finally,



expressions (10) and (11) define the domain ofitsion variables.

Case study

The model proposedin the previous section was egpb the same data set as the one
used in Repolho et al. (2011). This data refera t@ortuguese motorway,A25,which
plays an important role with respect to both natland international road traffic, and
involves 55 trip generation centers and 33 candidaterchange locations (all the
currently existing interchanges). The motorwaywpsrated from 2006 till the end of
2011 by ASCENDI - the private company that wasrasfibe for converting the
former “fast” two-way road IP5 into the A25 motoryva as a toll-free road (“virtual”
tolls were then paid by the government to the caomgpas an incentive to regional
development). Since December 2011, the governniepped paying the virtual tolls
and granted ASCENDI permission to operate the magras a toll road, charging
0.090€/km on average. The purpose of thestudyfiadowvhether there were alternative
solutions(number and location of the interchangba}] would have ensured similar
levels of social welfare and, simultaneously, higlvenues for the concessionaire.
Figure 2 represents the A25 motorway and the ihgerge locations, as well as the trip

generation centers and the existing road network.

The case study is presented in three parts. Rieshriefly describe the data set we have
used as input to the optimization model.Next, wecdy the objective function
corresponding to the demand model adopted. Finakypresent and analyze the results
obtained from the application of the optimizatiorodel. The benefitsof using the
proposed model are illustrated through the compardf the results obtained for this
case study with the ones obtained in Repolho €R@ll1) using the DMILM (with the

objective of maximizing concessionaire’s profit).
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Figure 2 — A25 motorway

Model data

The data needed to run the modelmay be grouped twdeategories: data about costs
and data about travel demand.There are two typessifdata involved in the model:
travel costs and infrastructure costs. The firsta$ the routes chosen by drivers and

the consumers’ surplus gains, while the seconataffarofit.
The computation of costs was made as follows:

1. Travel costs were calculated using the approackepted in Santos (2007),
which considers four cost components: vehicle dpegacosts, accident costs,
time costs, and tolling costs. The vehicle opegatiosts were estimated at
16.811 €/100 km per vehicleusing the HDM-4 appro@s&torld Bank, 2010)

11



and include fuel consumption, tire usage, vehiclaintenance, and vehicle
depreciation. Fuel cost was assumed to be equll9®5 and 1.219 €/liter
respectively for diesel and gasoline (the sameoaghe scenario SCN3 defined
in Repolho et al.2011). The accident costs wereraed to be equal to 0.01
€/km per vehicle (the same value was used in Saa@f)¥). The user time costs
were estimated at 7.3306 €/hour based on the HDApgroach and the
formulation adopted by the Portuguese Road Adnmatisn (GEPA, 1995),
which takes into account the Portuguese nationdlest (information available
in IMTT 2006a and 2006b). Finally, the tolling cestere considered according
to the real toll fees currently being applied.

2. Infrastructure costs consist of interchange costsraadway costs. The cost of
an interchange was estimated at 2.00 million €]enthie cost of each kilometer
of roadway was estimated at 2.85 million €. Consndea lifespan of 30 years
and a real discount rate of 4 percent, the da¥gdicharges for installing and
operating the interchanges and for building andnia@ing the roadway are,
respectivelyf = 305 € andv = 82,495 € (the motorway has 190 kilometers).

The computation of travel demand was made througpressions(2) and (3),
considering themasses of the trip generation cerfarand m) to be given by the
respective populations. Calibration parametessd f were estimated at 1.4 and 1.0,
respectively, using O/D traffic information availalfor the North Region of Portugal

and regression analysis.

Objective function

The objective function considered in the model egpes the consumers’ surplus
gainsmade possible by the construction of the netorway, and was obtained through
the combination of expressions (1) and (2). Theelralemand functiorDj (Cijmn),
represented in expression (2), specifiesthe trdfbws between centersand j via
motorway segmenhn gjmn, as a function of the route’s travel costg.

For =1, the demand function becomes:

12



Dij (ijmn) = qjmn :% Cbijmn (12)
jmn

The inverse demand function for an O/D p@irDij'l, is then given by:

Dij_l(qjmn) = Qjmn = 00”_ %qi (13)
ijmn

With this expression dei,-'l, the objective function (4) becomes:

i0J j0J mIM M

Vaxp=2 ¥ Y z{%&(mqm_ ng, )
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Model results

The results obtained with the modelwere calculattsidering three levels of toll fees
— 0.040, 0.050 and 0.060€/km. Below or above thvedges, both social welfare gains
and profit are clearly worse. This includes thd teé of 0.090€/km currently being
applied (as shown later in this section).The caltoihs were made using an Intel Core
2 Quad Processor Q9550 2.84 GHz computer with 406BRAM and employing the
FICO Xpress 7.0 optimizer (FICO Optimization, 200%his is the same computing
system as that used in Repolho et al. (2011) ferpitofit maximization model. The
CPU time needed to handle the model was less thaednds for all instances solved.

In Table 1, we summarize the results obtained wirdy the government objective is
considered|{=0) and when only the concessionaire’s objectiveoissidered(=1). It
can be seen there that when the concessionairespgumtive is discarded from the
analysis the solutions found are associated with levels of profit. The average
percentage of maximum profit of the toll fee instas tested is only 40.9%. On the
contrary, if the concessionaire’s profit is maxiedz{u=1) the average percentage of

maximum consumers’ surplus gains is 78.7 % (Wn040 €/km it even ascends to
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92.5%). The solutions obtained wheirl are the same as the ones given by the

DMILM model in Repolho et al. (2011).

Table 1 — Percentage of maximum profit and consumet surplus gains achieved

for u=0 andp=1

¢ p=0 p=1
Max. ¢ % of % of Max. ¢ m
0.040 137986 71.1 92.5 22844
0.050 115525 41.3 69.7 41611
0.060 97413 10.2 73.7 20844

Between the two extreme conditions;0 andpu=1, there may be some intermediate

solutions capable of ensuring win-win solution fasth the public and the private

parties, i.e., solutions with high level of consugisurplus gains and expected profit at

the same time.
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Figure 3 — Relationship between p and consumers’ gulus gains and profit

In order to look for these solutions,we have caltad the optimal solution for each toll

fee instance considering all valuespobetween 0 and 1 with increments of 0.01. The

results obtained for each toll fee instance widpest to consumers’ surplus gains and
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profit are displayed in Figure 3. As expected, comsrs’ surplus gains increase
inversely as the toll fee values decrease. AsHerconcessionaires’ profit, the highest
value is obtained for the intermediate toll feetanse 0.050 €/Km. As concluded in
Repolho et al. (2011), lower toll fees attract mdrieers but paying less, while higher
toll fees attract fewer drivers but paying moreeThghest profit is obtained from the
trade-off between the amount of users and the totblfees collected. The results
obtained in this paper strengthen this conclusipshiowing that even when a second
objective is considered and the percentage of mimnprofit imposed is lower, the

highest values are still obtained for the interratltoll fees. Whep is set equal to a

value higher than 0.5 the solutions with highesifiprare obtained for the toll fee

instance 0.050 (the one that provides the highesit pvhenpu=1).
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Figure 4 — Percentage of the maximum consumers’ spius gains and profit

according top

The search for a good compromise solution regarthiagobjectives of the government
and the concessionaire (maximizing consumers’ gaarphd maximizing profit) can be

facilitated if based on a graphic relating the patage of maximum consumers’ surplus
gains and maximum profit (rather than absolute es)wbtained for each valuepof
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Figure 4 illustrates the tradeoff between the paBmes of consumers’ surplus gains
and profit achieved for all integer percentageg between 0 and 100%.

The results show that it is possible to guaraneg kiigh levels of profitand consumers’
surplus gains simultaneously. For the three tadl ifestances tested there are indeed
solutions that ensure a percentage of consumerglusugains and profit higher than
80% of the maximum that could be attained for ealgjective alone (for the toll fee
instances 0.040 and 0.050€/km it is even highen t9@%). For instance, when a
minimum of 96% of the maximum profit is imposed=0.96), the percentage of
maximum consumers’ surplus gains achieved is 97334,% and 80.9% respectively
for the toll fee instances 0.040, 0.050 and 0.080n€ Additionally, Figure 4 also
indicates that when imposing low valuespothe gains in consumers’ surplus are quite
small when measured against the considerably reldigsels of profit that would be
obtained by the concessionaire. Thus, the appramsed can indeed help to find
solutions that provide highly satisfactory levels apnsumers’ surplus gains and

concessionaire’s profit simultaneously.

The consumers’ surplus gains and concessionairefg pbtained for each solution rely
on the decisions made with respect to the numb@idaration of interchanges. Thus, it
is important to evaluate theimpact of varying tladue ofu on these decisions.In this
sense, we have analyzed the solutions obtainethdaoll fee instance 0.050 €/km (this
is the one for which most results are presenteddpolho et al., 2011). The optimum
number and location of interchanges, the consunserglus gains, the concessionaire’s
profit, and respective percentages forpthalues for which the solutions change are
summarized in Table 2.There, it can be seen thajeneral, as we relax the minimum
percentage of concessionaire’s profit that musedsured, the number of interchanges
located increases. When is set equal to zero, 28 interchanges are localee.
remaining 5 candidate locations (2, 12, 18, 30, 38§ are never selected as they
apparently do not contribute at all to increasimmpsumers’ surplus gains (we say
apparently because, as mentioned in Repolho e2@l0, in reality they serve minor
population settlements which were not retained s generation centers). The
interchanges are located close to large trip géioeraenters or at the intersection of the

new motorway with other major roads, but also iacek less obvious and therefore
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harder to identify. Moreover, the model identifthe best options when there is more
than one candidate interchangeclose to an attra@int (trip generation centers or
major roads). Most candidate locations that fignréable 2 (except the five mentioned
before) have close alternatives, which helps tcetstdnd why their addition or removal
from the optimal solution produces little impact tihre consumers’ surplus gains but

may have a large effect on profit.

Table 2 — Model results fort=0.050€/km

. Number of
H (%) (€/§;y) (€/day) @ (%) T (%) interchanges Potential interchange locations not selected
located

100 80505 41611 69.7 100.0 20 5, 8, 12, 16, 19, 20, 21, 23, 25, 27, 30,
99 101851 41240 88.2 99.1 21 2, 5, 8, 12, 16, 18, 21, 23, 26, 29, 30, 32
98 107966 40918 93.5 98.3 23 2, 12, 16, 18, 21, 23, 26, 29, 30, 32
97 108154 40630 93.6 97.6 24 2, 12, 16, 18, 21, 23, 29, 30, 32
96 108259 40041 93.7 96.2 25 2, 12, 16, 18, 23, 29, 30, 32
95 108277 39748 93.7 95.5 26 2, 12, 16, 18, 29, 30, 32
85 110445 35423 95.6 85.1 23 2, 8, 12, 16, 18, 21, 23, 26, 30, 32
84 111134 35005 96.2 84.1 25 2, 12, 16, 18, 21, 23, 30, 32
83 111196 34633 96.3 83.2 25 2, 12, 16, 18, 22, 23, 30, 32
82 111257 34123 96.3 82.0 27 2, 12, 16, 18, 30, 32
57 112231 23989 97.1 57.7 24 2, 12, 18, 21, 23, 26, 29, 30, 32
56 112482 23323 97.4 56.1 25 2, 12, 18, 22, 23, 29, 30, 32
55 112524 23109 97.4 55.5 26 2, 12, 18, 23, 29, 30, 32
54 112543 22815 97.4 54.8 27 2, 12, 18, 29, 30, 32
44 115203 18392 99.7 44.2 25 2, 12, 18, 21, 23, 26, 30, 32
43 115402 18065 99.9 43.4 26 2, 12, 18, 21, 23, 30, 32
42 115464 17690 99.9 42.5 26 2, 12, 18, 22, 23, 30, 32
41 115525 17179 #### 41.3 28 2, 12, 18, 30, 32
0 115525 17179 #### 41.3 28 2, 12, 18, 30, 32

A possible way of selecting the solution to impletné through the use of Goal
Programming. This method was introduced in Chasteal. (1955) and developed in
Charnes and Cooper (1961). It applies when a gotdrget value can be assigned to
each one of several conflicting objectives. Theppse is to determine the compromise
solution whose value is the closest to the targdues (different weights can be
attributed to each objective). Given the objectieésnaximizing consumers’ surplus
gains and maximizing profit, we may define as gaalsieving the maximal percentage
of consumers’ surplus gains and profit (100 pencelmt that case, assuming equal

weights for the two objectives, the compromise soiuis the one that minimizes

o=\1- 9 + - pY (16)
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For the toll fee instance 0.050 €/km the minimuwhs obtained for the solution

corresponding tu=0.98. This solution locates 23 interchanges arkeaes 93.5% of

the maximum consumers’ surplus gains and 98.3%hef mhaximum profit. When

compared to the solution that maximizes profit1.00 — equivalent to the solution
obtained with the DMILM model in Repolho et al.,12) this compromise solution
locates three additional interchanges — interchange8 and 20 — and replaces
interchanges 19, 25 and 27 by nearby locations, inéerchanges 18, 26 and 29
respectively.

A final comment should be made on the solution entty adopted by the road
administration for the A25 motorway, which involveithe location of the 33
interchanges and,since December 2011,chargingl éetolof 0.090 €/km.Despite the
consumers’ surplus gains of 62740 €/day (still theg 42 percentless than the
compromise solution found f=0.98 with a toll fee of 0.050 €/km) the soluti@not
profitable. Indeed, the difference between theftmdl revenues and the fixed costs of the

motorway is negative, representing a daily los$54f93 €.

Conclusion

In this paper we have presented an optimization einddr locating motorway
interchanges applicable to Build-Operate-Transtdiemes. The objectives of the two
parties involved, public entity (government) andvate investor (concessionaire), are
taken into account. The first aims to maximize pubknefit (social welfare), while the
second aims to maximize profit. The two objecticessidered in the model are then
consumers’ surplus gains (the measure for socidlawee benefits) and profit. The
model maximizes consumers’ surplus gains such #ajiven level of profit is
guaranteed, combining and extending the work desdrin REPOLHO et al. (2010,
2011), where a problem of the same kind was appezhaespectively, from the users’

perspective and the concessionaire’s perspective.

With respect to Repolho et al. (2010), we have usedew objective function to
measure the public benefits (maximizing total ttagest savings was replaced by

maximizing consumers’ surplus gains) and employbd travel behavior model
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introduced in Repolho et al. (2011). Also a majopiovement in this work involves

the fact that the number of interchanges to betéoca no longer used as a proxy for
the available budget. In the new model, the cobtde project are actually calculated
and the number of interchanges located is detedn@émelogenously from the tradeoff

between consumers’ surplus gains and concessits airafit.

The application of the model to the A25 case stlgiyonstrated that the use of a model
that considers simultaneously the interests otwleemain stakeholders involved in the
interchange location problem (government and caicraire) can help identify highly
satisfactory solutions for both parties. Thussithe authors’ belief that this model can

be of great utility for both road administratiomsdanotorway concessionaires.
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