THE BROADER BENEFITS OF TRANSPORTATION INFRASTUCTURE

lan Sue Wing, William P. Anderson and T.R. Lakshmanan
Boston University Center for Transportation Studies

Abstract

Assessments of the economic benefits of transportatioastnficture investments are critical to good
policy decisions. At present, most such assessments are hasedypes of studies: micro-scale studies
in the form of cost-benefit analysis (CBA) and macro-ssélelies in the form of national or regional
econometric analysis. While the former type takes agbartjuilibrium perspective and may therefore
miss broader economic benefits, the latter type is too widatysed to provide much guidance
concerning specific infrastructure projects or programs. Idiae (meso-scale) analytical frameworks,
which are both specific with respect to the infrastructuggravement in question and comprehensive in
terms of the range of economic impacts they represent, adede&his paper contributes to the
development of meso-scale analysis via the specification acafngputable general equilibrium (CGE)
model that can assess the broad economic impact of improvemetransportation infrastructure
networks. The model builds on recent CGE formulations thatteeedpture the productivity penalty on
firms and the utility penalty on households imposed by congestiogefl@nd Proost, 1997; Conrad,
1997) and others that model congestion via the device of explioehold time budgets (Parry and
Bento, 2001, 2002). The centerpiece of our approach is a represenfati@nprocess through which
markets for non-transport commodities and labor create derivedndeniar freight, shopping and
commuting trips. Congestion, which arises due to a mismatch betheeierived demand for trips and
infrastructure capacity, is modeled as increased trave &long individual network links. Increased
travel time impinges on the time budgets of households and retthgcasbility of transportation service
firms to provide trips using given levels of inputs. Thedecot$ translate into changes in productivity,
labor supply, prices and income. A complete algebraic spduificaf the model is provided, along with
details of implementation and a discussion of data resourcesdnieeaeodel calibration and application
in policy analysis.

1. INTRODUCTION

Most contemporary assessments of the economic effects of transportttistructure
investments fall into two major categories, one at the micre@seal the other at the macro-scale. Micro-
scale assessments follow the procedures of cost-benefit analysis (CRY use information on the
likely outcomes of a proposed project — its effect on travel timefictflafvs, emissions, accidents, etc. —

to estimate a pecuniary value of its lifetime benefit. That bendifih@&e is then contrasted with lifetime



project costs to determine whether it is economically productive. Sumhitexanalyses are often required
as a justification for devoting public funds to a proposed project. (Foteawrsee Mackie and Nellthorp,
2001.)

Macro-scale studies include econometric analyses that reladgghegate investment in (or stock
of) transportation infrastructure to economy-wide measures of econorfocnpence. For the most part,
they specify production or cost functions in which public infrastrudturegarded as an input to
production by private firms in a region or nation. The estimated production arfdrectfons provide
evidence of the contribution that infrastructure investment makesds augmenting the productivity of
private firms and, in some cases, make it possible to calculate a raternfon aggregate infrastructure
investment. (For a review see Lakshmanan and Anderson, 2002.)

The two approaches are complementary. Micro-scale analyses haveahtagedwf being able
to measure the impacts of adding or improving a specific infrastruslemeent, but the scope of their
economic assessment is limited to effects on users of the elemesstioguor closely related elements
and to firms and individuals in its immediate locale. The macro-seallyses capture a broader range of
economic impacts, but they treat infrastructure investment as a homogeondusngasured in dollars or
network miles.) and are therefore of little use for assessingdtth of specific investments. Further, the
macro-scale approach sheds little, if any, light on the mechanisnttitleathe observed economic
impacts.

To provide a more complete picture of the economic impacts of infragtratuintermediate
level of analysis is needed. For convenience, we refer to this eimleso-scale,” although models in
this category might be applied at a variety of geographical scaleslefitie three requisites for models
in this class.

1. Unlike macro-scale analyses they should incorporate information gpecific additions or
improvements to transportation infrastructure networks (although notsagitest the level of detail

found in micro-scale analyses.)



2. They should trace the economic processes that are triggered byricliae improvements. (As we
will explain below, these may take the form of static general equilibaffects or dynamic
developmental effects.)

3. Finally, in order to assess the relative magnitude of different econoraltamsems and to inform
policy, they should be amenable to empirical implementation using dataetetheer available or
obtainable at reasonable cost.

As a contribution toward the development of meso-scale analysedreduioe a computable
general equilibrium (CGE) model that incorporates a number of novel metisaistracing the effects
of additions to the capacity of a transport network through the broader ecdnénastructure
investments are modeled as reducing travel times over links in a nethierkey novelty is to
incorporate travel time explicitly in the utility and profit maxintia problems of households and firms.
For households, travel time for commuting and consumption activities artiere budget that also
includes time devoted to work and leisure. For firms providing transportativices, travel time affects
the number of trips that can be provided by a given stock of vehicles, which ififaats the prices of
intermediate and final goods.

The remainder of the paper is organized as follows. Sections 2 and 3 thecbssad economic
impacts of transportation infrastructure and the state of the artessasg those impacts. Section 4
reviews the relatively brief literature on assessing econongiacts of infrastructure investment with a
CGE framework. Section 5 constitutes the meat of the paper, presentingndavowd our model, a
complete algebraic specification, details of implementation and a distudslata needs. Section 6

provides a discussion and summary.

2. CONTEXT: THE BROADER ECONOMIC IMPACTS OF INFRASTRUCTURE
INVESTMENT



The role of transportation infrastructure in the economy is multédcand plays out over a long period
of time. It is unlikely that any modeling framework can capture aliptssmechanisms. For our purpose,
it is useful to make a distinction between two classes of economictsnpanich we call static general
equilibrium impacts and dynamic developmental impacts. Static generabegmilimpacts comprise a
broad range of effects coursing through the economy consequent on the time andyreanigigs
induced by the infrastructure improvements. Such temporal and monetary saeings airn, the
marginal costs of transport producers, individuals’ mobility and the demanddds and services in the
context of lowered congestion. As these changes ripple through the markenhiets, endogenous
changes occur in employment, output, and incomes. Dynamic developmental impaets@anghe
mechanisms set in motion when transport infrastructure improvemeineg@et variety of interacting
processes that yield over time many sectoral, spatial, and regfte@b which augment productivity.
They produce transformations in the structure and pattern of the economy — ehahges in the spatial
pattern of production; creation of new industries and inter-industry skadpanges in the lifestyles and
preferences of households; and the evolution of institutions and markets.tdhiit general equilibrium
impacts arise from the actions of a well-defined set of economic abemtgh the medium of markets,
dynamic developmental impacts involve complex interactions of economid, sodiaral and
institutional factors and are more idiosyncratic in nature. Weftirerattempt to capture only the former
category of impacts in the CGE model.

General equilibrium effects occur within a system of market ogishiips that is stable and
relatively well understood. Most economic activities require somg&ement of goods and people.
Production requires the movement of intermediate inputs to the production siteyvéraent of workers
back and forth between their homes and places of employment (commuting) and themaife
finished goods to market. Consumption activities also require movemenhascise of household trips
for shopping and recreation. To the extent that improvements to tranigpoinifrastructure reduce the
cost of movement of goods and people, they affect the levels of econaivity acall parts of the
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A number of general equilibrium mechanisms are described in detail belovarBiue fpurpose
of illustration, consider the effect of infrastructure on employmentt Massportation analyses start with
the explicit or implicit assumption that the number of people who commute to wark gileen network
is fixed. In an economy like the US, however, labor supply is by no means perfectyiinetgause
significant segments of the population, such as mothers with children anduadivpast the normal
retirement age, face decisions as to whether to enter or remainafbadnddrce. Labor supply is normally
associated with the wage, but since commuting represents a signifisanf tabor force participation,
infrastructure improvements could entice more people to work. Of ¢conrggeneral equilibrium
framework this would represent a shift in the labor supply function, whithmnvould affect the
equilibrium wage and employment level.

A peculiar aspect of transportation infrastructure investmentatisht& cost reductions they
generate are often realized in time savings rather than monetargsaReturning to the commuting
example, a road expansion that relieves congestion might have a minboeffecommuter’s out of
pocket cost (e.g. lower fuel costs due to efficiency improvemerttstdra from changes in the driving
cycle) but a major effect on commuting time. Time is a scarcemesdor any potential worker, so less
time spent commuting means more time is available for work, leisameumption activities, childcare,
etc. Thus, in assessing the general equilibrium impacts of transponditasiructure, the household time
budget is as important as the household expenditure budget. Depending on the maigthituialage
relative to the marginal utility of leisure, the impact of the deseén commuters’ time costs on the labor
supply may be larger than that of their pecuniary savings.

A general equilibrium perspective on transportation infrastructure memsgthat reductions in
the pecuniary and time costs of transportation can lead to increasetewvethef various economic
activities and thereby to increased derived demand for transportatitceeseimhus, induced traffic flows
are a natural outcome of market mechanisms. To many transportation arelghetows are seen as
negating benefits from transportation infrastructure. A project wbmsgestion reduction effect

disappears due to increased traffic within a few years of iteimgatation is seen as a failure. This point



of view may be appropriate from an environmental perspective, where the goalpobdject is to reduce
emissions via improved traffic flow, but there are conceptual diffesuftom a broad economic
perspective. Induced trips are derived from increases in economitiexiilabor supply, production,
consumption, recreation) that lead to increased welfare, so as longeaartheore trips there is
presumably a benefit. This has an important implication: from a broadeomic perspective, the
benefits of a transportation infrastructure project cannot beses$eolely in terms of resultant travel
time savings. This is especially true over the medium to long run, whendttiersal economic activity
made possible by the expansion of infrastructure capital stoclageg¢he derived demand for
transportation to the point where it once again approaches the ttatispanetwork’s capacity.

The fact that we do not try to capture dynamic developmental impacts itGten@del is not
meant to detract from their importance. Impacts of this type are most prodénhoe-income
countries, where infrastructure improvements often represent sagrtifind non-marginal enhancements
of infrastructure capacity, which (along with the transport seswitey make possible) can facilitate
interregional trade and integration. As infrastructure and servip®iuaments lower money and time
costs and increase accessibility to various market actors—inpuiesapplorkers and customers—
market expansion, increased interregional integration and sustaining grawth oger time. The
underlying mechanisms include gains from trade, technology shifts, and gamadglomeration
supported by transport. A well-studied example of such developmentdbtraason is the experience of
the U. S. Midwest consequent on a 400% expansion of the rail network betweemd 8860 —
essentially linking the Midwest to Northeastern U. S. and the world econdrage & considerable
evidence that the development of railroads accelerated the settl@aecultural expansion, and growth
and diversification of manufacturing, and initiated dynamic sequencestigtated the New England
and Mid-Atlantic regions with the Midwest (Fogel, 1964, Fishlow 1965, Lakshmama Anderson
2007). A more recent example of such developmental effects of major roathianés is discernable in
Sri Lanka (Gunasekara, Anderson and Lakshmanan 2007 forthcoming). The bteeaterdi on

transport and economic development suggests that transport infrastfacilitates the transformation of



low-income economies from subsistence to commercial agriculture, vbdment of basic, transport-
intensive industries and the growth of cites (Haynes and Button, 2001).

It would be a mistake to think that developmental impacts occur only atlprs@ge of
economic development. Even in a mature economy, transportation infragtriagbuovements might
promote structural changes such as increased decentralization omaggion of economic activity;
changes in the way business enterprises conduct operations such asyimmanagement, logistics and
other practices; enhanced opportunities for face-to-face inmmaemd a range of new recreational
opportunities (Anderson and Lakshmanan, 2007.) These impacts, which affeaigtterm evolution of
the economy, are difficult to measure and even more difficult to predietrtieless they are important,
and a better understanding of developmental effects should lead to batiemegeaking on

transportation infrastructure.

3. CONVENTIONAL METHODSOF IMPACT ASSESSMENT

As we have stated earlier, current methods of impact assessment thelmdiero-scale CBA
and macro-scale econometric studies. CBA is nearly universal as a rhaassssing the desirability of
specific projects. Conceptually, economic benefits are assesgedassumer surplus, defined in
relation to the demand curve for the infrastructure facility in questioa effect of the infrastructure
improvement is represented as a rightward shift in the infrasteustupply curve, which results in a fall
in the price of using the facility—usually defined in units of time as ogpbtmsmoney—for any given
level of demand. The associated economic benefit thus has two componengseazherbthe cost
savings enjoyed by the number of travelers who used the facility ptive tmprovement, and a second

representing the benefits to new travelers who now choose to use thg ffiecititise of its lower price.



Since the benefit is calculated in terms of time savings, it sssacy to apply a value of time to
recast the total benefit in monetary terms so that it can be compgiedtahe project’s cost. Benefits
may also be adjusted for the value of environmental extersaditid traffic accidents. Since benefits
accrue annually over the lifetime of the facility and most costatgred at the beginning of its
lifetime, present values of the flows of benefits and costs arelatdd to make them comparable.

In practice, the result of CBA can be highly sensitive to the assumed Vdilone and discount
rates. If these values are accurate, however, the beauty of CBA lieshedhetical argument that
consumer surplus, which is a measure of travelers willingness-i@gatyires the full range of economic
benefitsl For example, other measurable benefits, such as property appreciatitrensmroved
facility, are chiefly outcomes of reduced travel time so including tinepenefit calculation constitutes
double-counting (Forkenbrock and Foster, 1990).

Even proponents of CBA concede that there are broader economic impaats twitcaptured,
but argue that the magnitude of these impacts for any particular geopgobably small (Mackie and
Nellthorp, 2001). But such impacts summed across a number projects may betglpsthich suggests
that CBA is more appropriate for assessing individual projects thas$essing a program of
infrastructure spending. As an indication that certain broader impacexcluded from CBA results,
notice that economic benefits are measured almost exclusively in tetime afavings. As we noted
earlier, general equilibrium benefits can accrue even in the abdetitoe savings.

To the extent that an infrastructure spending program significaniiieindes relative prices, its
effects are likely to be felt in markets that are removed from toder the narrow consideration of
micro-level CBA. (e.g., consider the impacts on West-coast commodity tmaifie significant
infrastructure investment at the Port of Long Beach.) In such casegiandtich (i) ignores changes in
prices by treating the latter as strictly exogenous and (ii) considgrthoiske impacts which are spatially

or temporally proximate—or confined to transportation or related sectoas~weill fail to fully account

! The theoretical justification rests on the assimmpof perfect competition. Venables and Gasiof399) develop
a theoretical framework for assessing impacts utftdeassumption of monopolistic competition.



for the benefits of the investment in question. In traditional CBA the issisedown to the conditions
under which the value of time is a theoretically valid measure of fantimetary impacts of these myriad
inter-market adjustments, and the extent to which these conditiorilsedydd be satisfied in practice.

Macro-scale assessments of the economic impact of productivity argeysisally take the form
of production and cost functions in which transportation infrastructure is attlasian argument on the
right-hand-side. (For a review see Lakshmanan and Anderson, 2002.) Despiigah&iisrgrounding in
economic theory, there is a “black-box” quality about them because publial chggs not function like
private capital in the production technology. For example, no firm has excluse of a highway, and for
any firm one might consider, there are large segments of the highway nétamitkdoes not use at all.
Still, a firm might benefit from a highway that it does not use directlythvé indirect means of reduced
input costs. Clearly the mechanisms by which private productivity is eethdnyctransportation
infrastructure are varied and complex. Thus, a positive output @lastits us that some economic
benefit is occurring, but sheds little light on the underlying mechanisms (@ardand Lakshmanan,
2007). In particular, it is often very difficult to discern how much of the olkseimpact is due to
developmental as opposed to general equilibrium influences.

A further limitation of macro-level studies is that they treat arsition infrastructure as a
homogeneous good that can be measured in dollar terms. Such a measurement hdislispimeha
case of private capital, because it is not unreasonable to asrirtieetvalue of a capital good reflects its
competitively determined marginal revenue product. In the case of dréatsgn infrastructure, which is
allocated via mechanisms that are likely to emphasize distriblgoas or political expediency over
economic efficiency, such an assumption is questionable. It is highly lilelintrestments of some
types and in some locations are more productive than others.

In short, the results of macro-studies point to an important relationskipdaepublic capital and

private productivity, but provide little in the way of either explanation dcpguidance.



4. A REVIEW OF GENERAL EQUILIBRIUM ANALY SES OF CONGESTION

We focus our attention on two sets of simulation studies, which develop nobdedsinterplay
between infrastructure and congestion at the level of the aggregatagc The first, by Mayeres and
Proost (1997), Conrad, 1997 and Conrad and Heng (2000), define an explicit index of conggstion (
modeled a function of the level of utilization of aggregate trangpmrtafrastructure or capacity, where
the latter is expressed in terms of either aggregate transpigityaor the size of the vehicle capital stock.
Congestion incurs a productivity penalty on firms and a utility penalty on consurherformer
manifests itself through the reduced speed with which firms are affépttheir goods to market, while
the latter does do via the diminished quality of transport services ceddwrhouseholds. The second
set of studies (Parry and Bento, 2001; 2002) model congestion through the deviaxpficit
household time budget. Increases in travel times with the expansion of ttatjpitly cause a reduction
in labor supply and the consumption of both leisure and services of transuhrtens.

Mayeres and Proost (1997) construct a stylized applied general eéguiliimodel which captures
the essence of the congestion problem without simulating the process bynffiaistiucture spending
affects the value of time. They consider a simple economy made upilidyanaximizing representative

household and two representative firms, summarized algebraicadiifcasst

CT%U C.AZ¢q,) (MP1)
subject to:

C+q, +R<Z"f,(h,q.) (MP2)

o = f2(hy) (MP3)

h+h+A<H (MP4)

Z=1/1—(q, + 9. ) /(CAP + R)]"*® (MP53)
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In eq. (MP1) the household derives utility)(from consumption of a final goo&), passenger
transport ¢-) and leisure/). Eq. (MP2) says that firm 1 combines inputs of lalbgyr &nd freight
transportationdg) according to the production functiénto produce the final good, which may be
consumed directly, allocated to passenger transport services, or usedetmevetinsport infrastructure
(R). Firm 2 produces freight transportation services from laida€cording to the production functifn
in (MP3), and the household’s labor endowméttgonstrains labor-leisure choice in (MP4): Eq. (MP5)
specifies how the imbalance between aggregate transportyaatidiinfrastructure capacitCAP) gives
rise to congestion according to a capacity restraint function badedams (1992). In turrZ adversely
influences both the productivity of the final goods producer and the qualitys#ngges transport enjoyed
by the household, according to the elasticifi@nda, respectively. Infrastructure investment alleviates
congestion by expanding transit capacity, though at the cost of reduced consumption.

Conrad (1997) and Conrad and Heng (2002) apply these ideas in the context ofedkrge-
recursive-dynamic CGE model (GEM-E3). They elaborate the mechsanisderlying eq. (MP5) by
developing an explicit model of the influence of aggregate infrasteuotuthe utilization of vehicle
capital stocks. Their economy is made up of a representative utilitymizéng household anjg= {1, ...,

J, Tr} firms, where firmTr is a producer of transportation services. Firms’ capital stocksagitgned
into intersectorally mobile “jelly” capitak() and transportation capitai], which represents vehicles
and is a fixed factor. In the simplest version of their model the aggrgqgantity of transportation
infrastructure KI) is constant, and its divergence from the socially optimal &) s responsible for

congestion which reduces the productivitykbf

maxU C,,...C, Z°C, ) (CH1)

CJ

subject to
DX, +C < (XX, ih K k) (CH2)
Kty =K,z (CH3)
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kt, = kt’ exp(-a /Kl ) (CH4)

Z=exp|—> aw, [i—i] D w =1 (CH5)
j KI Kl ,-

H=Yh, (CHS6)
j

K=k . (CH7)
i

Kl fixed (CHB)

KI"~ kY m 'kt /P (CH9)

i

In (CH1) the household derives utility from consuimp of C; units of each good, with
congestion diminishing the quality of consumed spaTtation services. THE firm produces a unique
good which is both consumed and used as an intéateddput ¥ ;) to thei other firms (CH2).

Production is described by a nested CES functiowhich combines intermediate inputs with lalgy, (

jelly capital ) and effective units of transportation capitkﬂfo. The latter consists of a benchmark

guantity of fixed capital th) whose productivity is exponentially augmentedrdyastructure in (CH4)

and attenuated by congestion in (CH3). These inflas are modulated by the coefficiarand the
elasticity @, respectively, and the factor exp(Kl) < 1 can be interpreted as a capacity utilization
measure. Equilibrium between the demands for latagital and infrastructure and the endowments of
these factorsH, K andKl) is given by eqgs. (CH6)-(CH8), and eq. (CH5) defirongestion in terms of
the weighted average utilization rate of transpimmacapital relative to the optimal utilizatiorvid, with
industry weightsy. Conrad (1997) derives the condition for the optim(CH9) under the assumption
that there exists an exogenous government-cumigquaianer whose objective is to minimize the

economy’s total expenditure on transportation. fgselting supply function fdkl* is denominated over

the quantities of firms’ transportation capitalcits, their shadow priCESrrT), the marginal social cost

of infrastructure provisionX""), and the elasticity of transport capital withpest to infrastructurex.
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This approach has the advantage of being straightforward to nunyep@edimeterizé& However,
its main limitation is that it does not explicitly relate congesto investment in infrastructure and the
value of time (e.g., the Lagrange multiplier on eq. (MP4)), whose role ini€SBAIndicate when the
marginal benefits of alleviating the former exceed the marginal ob#te latter. The relevant
mechanism is captured by the second set of studies, which model the produthwrlats requiring
inputs of time, which explicitly enter into a household time budget constrai

Parry and Bento (2001) emphasize the impact of substitution among difféyemtrayested
modes of travel on time expenditures. Theirs is a stylized model of commwgoguction is modeled in
the simplest possible way and freight transport is not consideredc@®hemy is made up of a utility-
maximizing household, a final goods producer and three transport firms (@imathe subscriph),

each of which corresponds to a particular mode: congested R)agsilflic transit P) and non-congested

roads F).
max U C,A) (PB1)
C.A 0z Gp G
subject to:
C+> X, <min(H,Q) (PB2)
Q= (9. 9.0) (PB3)
min(X,_/v_,T [7_) m=P,F
O, =1 _. (PB4)
min[X /v _,D(T ,d,—d,q )/7,] m=R
H+A+> T <T (PB5)

The household derives utility from consumption of the final good and leisure,. [B®1PB2)
says that the output of the final goods firm is produced from labor and agguegeportation services

(Q) according to a fixed-coefficients technology, and can either be consumed ateallazintermediate

2 The main empirically-derived inputs employed byn€ml-Heng are benchmark estimates of the trangjmoriand
infrastructure capital stocks, the aggregate cbsbogestion, and the elasticity of congestion wébpect
infrastructure spending, which, along with assumeldistry weightsgy, permits thex parameter in the congestion
function to be calibrated.
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uses by the transport firmx,). Transport services are defined in (PB3) as a composite of th®frifihe
different modesdy,), with f used to indicate a constant elasticity of substitution (CES) adgrega
function. In turn, the production of trips in eq. (PB4) necessitates use ofé¢lmeédiate commodities and
travel time (). For public transit and uncongested roads, trip generation is modeled usiogtizi
transformation function, whose coefficienig @nd ) indicate the per-trip expenditures of money and
time. The implication is that for these modes the level of congestiexogenous, with constant marginal
time expenditureg,. By contrast, on congested roads the level of congestion is endogenous. The
modeling device used to represent this is the CES aggregator fubDctidrich defines the degree of
substitutability between travel time and “available road capacity”ndiyethe linear functiod; —d; gr
(whered; andd, are constants). Finally, the time budget constraint (PB5) requiresetmatrthof labor
supply, leisure and total commuting time exhaust the household’s time erdon).

The simple logic of the model is that production creates a derived demdrahfport. As trips
via congested modes (in this case ro&isise, so does congestion, which in turn reduces available
capacity and time spent traveling by those modes, inducing substitutigmsdbttess congested
alternatives. The critical parameters governing this procegb@ielasticities of substitution among
transit modes ifiand between travel time and unused mode capady &md the coefficients of the road
availability function.

Parry and Bento’s (2002) extension enumerates trips on congested freRR)aysd alternate
back roadsRB) as additional modes of travel, includes negative externalities swmtc@ents and air
pollution (which we indicate using the functi&) and represents congestion in terms of travel time using

a more traditional approach.

max U (C.QA)E @O0k 0.0 ) (PBY)

C. A\ Ors Op OF

subject to (PB3), (PB5) and:

C+> X,<H (PB2)
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)(m = VmQm (PB6)

Tm = m0Om (PB7)

7 =7o[1+0.15@Q, /CAP, )], m=RF, RB (PB9)

Aggregate transportation services are now included as an additignalemt in the household’s
utility function, along with non-congestion externalities (PBAs before, the sole factor of production is
labor, whose supply is traded off against leisure and travel accaodihg time budget constraint (PB5).
Here, however, (PBRassumes that each unit of labor produces one unit of the final good, which can be
consumed or used to pay for trips, whose transformation into aggregate traesgoes follows (PB3).
As in (PB4), trips incur fixed marginal pecuniary costs (PB6), but mdrgipeenditures of time (PB7)
which increase with congestion. Eq. (PB10) defines the latteramddip using the classic Bureau of
Public Roads (BPR) capacity restraint formula.

In both Parry-Bento models, the Lagrange multiplier on eq. (PB5) represefitsitfienarginal
utility of time, which takes into account the general equilibrium intemag among the labor supply, the
consumption of the final good and leisure, and the supply-demand balangesfbytdifferent modes.
Nevertheless, the value of time which emerges from this analiisitoes not completely account for the
channels through which congestion’s effects are felt. In partichiasitmple representation of production
fails to capture the way in which travel delays impact firms or thesnselves be exacerbated by the
shipment of finished goods to retail markets or households’ retail purchzeiagior.

Likewise, the specification of substitution possibilities in tpgmgation is simplistic. The Parry-
Bento models are “maquettes” which resolve only a few, very aggregatsrof travel and can afford to
rely on synthetic benchmark distributions of triga.section 5.2.5 we caution that moving to the use of

real-world data to numerically calibrate the aggregator functiorsaiosportation services may be quite

3 parry and Bento (2001) distribute trips equallyoammodes, while in Parry and Bento (2001) trigsaiiocated
33 percent to each of peak-period freeway and ptiteinsit and 17 percent each to back roads angeatk freeway
travel.
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involved. The remainder of the paper addresses these issues and exXaimaplications for

constructing large-scale transport-focused CGE models.

5.AHYBRID MESO-MACRO APPROACH

Our proposed approach is a hybrid one which seeks to capture meso-levebtletails
infrastructure, congestion and transport within the traditionaldreork of a macro-level CGE model.
We consider a static economy withrepresentative profit-maximizing firms, each of which produces a
single, distinct commodity. Firms and commodities come in two vari¢tes-transport producers and
their associated goods and services, which we index using the subsddpt.., |}, andM transport or
logistics firms and their associated services, which we index étsubscripm= {1, ...,M}. To
distinguish between firms and the goods which they produce, we introduce thépsibsfl, ...,I1} to
enumerate non-transport producers. Furthermore, we define the setgbtr@nsducers in such a way
that each firm corresponds to a single disaggregate mode of transit, leag. well as truck freight
shippers, air passenger and freight travel, own-supplied passenger readsiay private vehicles,
purchased local/interurban passenger transit by road and rail, etc. Ngpentdirms supply goods and
services to satisfy the intermediate demands of other firms aasudlé final demands of households.
Transportation firms provide freight transport services to thetramsport firms and passenger transport
services to households. Households in the economy are modeled as a repesgifitgtmaximizing
agent who owns the factors of production (hours of la#pand capitalk) and rents them out to the
firms in exchange for factor payments which finance the consumption of commoditie

The centerpiece of our approach is a representation of the process tiiciythe operation of
markets for non-transport commodities and labor creates derived dematrdadportation. In

particular, we assume that:

16



(a) Each unit of non-transport commaodity requires freight trips to be shipeditoes of intermediate
or final demand.

(b) The representative agent’s final purchases of these goods and sewiges netail shopping trips in
order for them to be converted into utility, and

(c) The agent’s rental of labor to firms requires commuting trips.

The three kinds of mobility are distinguished using the supers@ifpfBC andTH, respectively.

We assume that households face two budget constraints, a pecuniarymdhstraommodity
purchases not exceed factor income, and a temporal constraint that thenchfraavel for shopping and
commuting, hours of work and leisure not exceed an aggregate endowment of tinadtertsets up a
tension between travel time expenditures for the purposes of consumptioic@me igeneration. For
households to increase their consumption they need more income, which in thersbart only be
obtained by renting additional hours of labor to firms, with the possible &t-ef more and/or longer
journeys to work. However, their ability to earn is constrained by thetfactonsuming more non-
transport goods requires additional retail trips, and concomitant exesddf time.

Firms do not have explicit time budgets, nevertheless we assume thabtistaints influence
production in an implicit fashion. We treat non-transport firms as “mil$iose products are
manufactured using labor, capital and intermediate inputs from otherar@port firms. In order for
these products to be consumed they must be shipped to markets, which creatmsdefdetrips
supplied by the transportation firms. A key feature of the model is thhtthefirms do not produce
trips directly. Rather, their outputs take the form of generalizedportation services such as vehicles
operated on the road, trains on tracks, planes in the air, etc.—whoseyciapdetiermined by the firms’
stocks of transportation capital (i.e., vehicles). This allows us to nttoelehechanism by which
congestion imposes a productivity penalty on firgpeed, which along any given segment of the
transportation network is equivalent to the inverse of the travel tinmecessary to transform these
services into trips. Thus, given a certain capacity to produce tranepaces, increases in travel time

translate into fewer trips. Other things equal, the main consequentallién the productivity of inputs
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to transportation and in rise in the average cost of trips, a decline @nmeats of passengers and non-

transport goods, and a reduction in production and consumption.

These devices allow us to model the impacts of congestion in a novel wagsGongs the
increase in travel time arising out of the imbalance between thegaggserived demand for mobility
and the capacity of the stock of transportation infrastructure to suppatésired flux of trips. Our way
of representing travel admits three channels through which congestiogxeraya drag on activity,
corresponding to (a)-(c), above:

e Anincrease in the duration of households’ retail trips per unit of consumptiich attenuates
consumption through the time budget constraint. Depending on the relevanttigastiw time spent
on work or leisure may rise or fall as well, but the standard result idinediecutility.

* Areduction in average productivity of transport-producers. Because tiongesreases the duration
of freight trips of a given distance, it reduces the number of tripdwitaasport producers can
supply with a given fleet of vehicles. The consequent dissipation of opeiatgig-and thus
revenue—drives a wedge between the marginal cost of each tratispditm’s output and the unit
value of its trips consumed by firms and households, much like a tax.

» Dissipation of time in commuting, acting through the time budget constraietitce the economy’s
aggregate labor supply. This effect is similar to a tax on labor.

To effectively inform traditional microeconomic cost benefit arialyany attempt to capture
these influences using top-down economy-wide models must address a numbesoFissiie
considering the impacts of congestiarthe aggregate will yield limited insights, as typically only a
fraction of the links in an economy’s transport network will be congestedeTdre the ones which are
candidates for infrastructure projects. Following from this observatisec@nd consideration is that trips
should be thought of as differentiated commaodities, whose equilibrium adlo@ationg network links
will be a function of transport producers’ marginal costs, firms and holds® demands for goods and
passenger mobility, and the distribution of travel times/congestion. Inajeimérastructure investments

that are sufficiently large will give rise simultaneous non-marginal changes ahl of these variables, the
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character of which will depend on both magnitude of the investments and dagiotoon the network.
Finally, in order to properly capture the dissipative effect of congestidigtiaction needs to be made
between the production of transport services and the consumption of thehichghey make possible.
Logistics and passenger transport firms will allocate their csitpuhe network segments which yield
the highest marginal revenue, while households and non-transport firmbosdte their demand for
trips to links with the lowest marginal cost. The key challenge isfibrer to develop a computationally
tractable way of modeling the equilibrium between the supply-side traratfomof transport services to
trips and the demand-side aggregation of trips into passenger and freightentssemas to resolve the
substitution of trips from congested links to uncongested alternatives.

The simplest way of doing this is to keep the spatial details of theresivucture to a
minimum. Our strategy is to assume the existence of a generic tamspeork withl = {1, ...,L} links,
amongst which trips generated by théransport producers are allocated in a competitive fashion. This
choice allows us to specify a top-down model of intermediate complexity vehadhié to capture the
macroeconomic feedbacks which affect—and are affected by—Wardropian eguilibilie serving as a
bridge to more disaggregate network equilibrium models (e.g., Fealisl&99). We make the key
simplifying assumption that trips across different mode-link alteresiive imperfect substitutes, with
differing marginal costs to transport consumers and differing mangimahues to transport producers.
Thus, when non-transport firms ship their product to market, or households supplgriabosume a
particular commodity, each of these actors simultaneously choosdgitst@rces/routes and modes by
allocating trips ovel andm so as to minimize total transportation expenditure. Symmetrically, each
logistics or passenger transport firm simultaneously chooses tliatances/routes and payloads by
allocating the transportation services it produces to tripsabyj in the case of freight,andi in the case
of retail shopping, and jukin the case of commuting, so as to maximize revenue.

We operationalize these ideas by specifying transportation demands tastelasticity of

substitution (CES) functions of trips by mode. Thus, freight transport demathéjB\firm, QJ.TF , is
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modeled as a CES aggregate of the trdﬁfﬁm, made by transport moaeon network link to shipj’s
product to intermediate and final consumers. Similarly, we model the atgtegusehold demand for
transportation to consume thecommodity, Q™ , as a CES function of the retail tripg, ,,, across all
combinations of transit modes and links, and the aggregate demand for tatitspto supply labor,
Q™, as a CES function of the various mode-and link-specific commuting tfihsWe use the same

device on the supply side, specifying the trips undertaken by each trgmgpluter as a constant

TF
jilm?

elasticity of transformation (CET) expansion of that firm's output. Tfium m's trips g qfﬁm and

q,Tn are modeled as a CET function of the aggregate supply of transportaticesby modeY,,. Parry

and Bento (2001) note that the ability to substitute between transport maidesanithe cost of reducing
congestion. Our assumption that households and firms substitute among both traodpsrand
network segments means that the elasticities in the aforementionegah@EET functions will likely be
a key influence on the marginal benefit of investments to increasapheity of congested links.

The attractive feature of this formulation is that it autooadiyy generates different levels of
congestion for each transport mode and network link. Congestion is a fundiientofal flux of trips

generated by each mode across a given link,

z9I,m = Z (qITICm + qIT::m) + qIT:1 1 (1)

and the design capacity of the particular segn@h®, ,, such that agj | exceed<AP, ., travel time on

that link, 7 ,, increases rapidly. A convenient representation of this phenomenon isRHeraRila

(PB):

z-I,m = z-I(?m (1+ 011‘:(7'9Im /CAPIm)A) 1 (2)

in which 7’ is the mode- and link-specific free-flow travel time.
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The dependence of capacity on infrastructure investment is an exogenous thpunodel that
must be developed from the existing characteristics of the transit netiwiigks which are candidates
for improvement, and the projected changes in traffic flows resuttmg the proposed project. Egs. (1)
and (2) establish the crucial connection between household trips to consume gaoaisotecback and
forth to work, and the trips undertaken by logistics firms to deliver comrasdErowth in any one type
of transportation adds to the total flux of trips across the transport ketaising trip times, and
inducing economic actors to re-allocate trips to less congested moddtdimatives, as well as cut back
on overall travel. As mentioned above, the consequence of this is a dedloth the quantity of labor
supplied to producers and the goods and services consumed by households. In this wagtunfeast

capacity acts as a fundamental brake on the expansion of economig.activit

5.1.  Algebraic Summary of the CGE model
We begin with a description of the households in our simulated economy. Weestbe
existence of a representative agent whose utility is representbd bggted CES function shown in

Figure 1A. At the top level of the nesting hierarchy, the agent obtalitg (ltf) from non-transport

consumer commoditieﬁ) and leisure/), with elasticity of substitutiow” and technical coefficients

a andap:

Yo ) ; " (0" -1)
Uz(Zai (€)™ +a,n )j ' @)

The second level of the utility hierarchy describes how the demands for caiesodkate derived

demands for personal transportation. We specify each unit of deliverecoclitynas a CES composite of

transportation serviceQ™ (i.e., trips for the purpose of retail purchases), and the relevant commodity
((fi ) whose consumption necessitates transport expenditures, with glastaibstitutiono” < 1 and

technical coefficienty3™ and 4°:
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(o°-1)10f

)(cac—l)/cfi

+5°(C 4)

c )af (ot -1)

é = ( 5 (Q)

Each retail commaodity is itself a composite of the goods and servitedlabeing purchased by
consumers and freight transportation services, which we discuss in moréeletai Note that eq. (4)

implicitly captures Lakshmanan and Hua’s (1983) distinction between discrgtaminon-
discretionary transportation: while travel is a necessary iopedrisumption ¢ < 1) the actual quantity
of travel undertaken by households is discretionary. Consequently, our feomaksptures the ability of
consumers to substitute passenger tra@ét § for the freight transportation component(blf, e.g., by

opting to travel to retail outlets to purchase goods versus having them deliveotl¢f tb the consumer’s

place of residence. At the lowest level of the hierarchy the tramasiporservices necessary to consume
goodi are a CES composite of the shopping triqﬁn() which occur on each link of the transport

network and mode of transit:

T _1y/57C ARG
Q@ =(Txm ()T ®
| m

Here g/ is the substitution elasticity angl;’,, are technical coefficients which indicate how the retail

trips associated with each commodity are distributed across modetémadives in the benchmark data
used to calibrate the model.

Households’ rental of their factor endowments is modeled in a simghrdn. We assume that
transport services are not necessary to supply capital to firmsudowo supply units of labor the

agent must utilize transportation servid®3; (i.e., trips for the purpose of commuting). Accordingly, the

aggregate supply of laboH() is modeled as a CES composite, with elastiditand coefficientg™

andg™:

o" I(o" -1)

~ [Ca= s oM -1y /oM
A :(IBTH (QTH) +,3HH( 1)/ . (6)
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As with retail trips, we moded™ as a CES composite of the commuting trig§, by each network link

and transit mode, with elasticity" and mode-link coefficientg" :

™)™ o™ i(e™ -1)
QT”{ZZVI?n(q.TTn)(” K ] - @)
| m

The representative agent’s budget constraint mandates that the vedmsarinption at retail

goods priceslé) exhaust the income from factor rentals:

D> PC <6H +rK, (8)

wherefddenotes the marginal utility of time—i.e., the wage net of the margisalof commuting, and
is the capital rental rate. The agent’s time constraint mandatehehatal expenditure of time on trips

for retail consumption and commuting (summed over all network links and jnptleslabor and leisure

time, exhaust the agent’s endowment of time, giveit by

ZZT|,m(Zqinm+qftﬂj+H +O<T. ©)

The key variable in this expressionzjg, the average trip time on each network segment, which by (1)
and (2) reflects the tension between the total flux of trips on thatesg and its capacity.
The organization of production is shown in panels B and C Figure 1. In panel B, the output of

each of thg non-transport firmsy() is modeled using a CES production function denominated over

inputs of intermediate commoditiesi(i(i ), labor (ﬁj) and capitalK):

H.jo K

NT NT _
NT N(gNT_l)/aNT NT ~(gNT_l)/aNT NT (gNT_l)/gNT aJ I(UJ b
Y =| DX T Ao T+ kT , (10)

with substitution elasti(:it)ajNT and distribution parametes¥'. Similar to the households, the supply of

commodities creates a derived demand for transportation services. Wedhat the delivery of™

units of commodity to intermediate and final users requires a unit of freight toatetjpn services
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(Q™). As a result, the supply of non-transport commodities are a Leoatigfosite of produced

commodities and transportation:

Y =min(x"Q".Y). (11)

In turn, freight transport is a CES composite of delivery tr'qﬁn() by network link and transit mode:

o l(o] 1)

Qo =(lzzy;im(q}:m)“’f‘”’”] , 12)

with elasticity ;" and mode-link coefficienty’ .

The production function for the transportation services is illustrated in panel C, and is

essentially the same as that for non-transport commodities:

K,m ™m

ar l(an-1)
_ T 7 (on-1) /oy T [ (on-1)/oy T |, (On-1)loy
Ym _(Z 5i,mxi,m +5H ,m +5 k j ' (13)
i

with substitution elasticity’ and distribution parametesS However, to translate between transport
producers’ outputs and the trips necessary to deliver passengers ginidaliaig each link, we use the

following CET formulation with transformation elasticigy! and distribution parametexs
T T T T T T 41/:./(41/;—1)
e B S ) S ) )| e
i i i

The variablez, ., is particularly important. It is a link-specific productivity penaltiyich is a function of
each link's average travel time in (2), and is intended to captueatlezse impact of congestion on the
ability of transport firms to translate service outputs into movesnaingoods and passengers. Thus, the
more congested a given link, the more unit¥phecessary to generate an additional trip on that link,
reducing the average and marginal productivity of the inputs to (13).

The model is closed by specifying market clearance conditions foupipéysof composite non-

transport commodities:
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V=YX +C, (15)

and the representative agent’s primary factor endowments:

H=>h+>h, (16)

K=Yk +Yk,. (17)

In the next section we go on to elaborate how the foregoing elements may be uselbpoateve

operational CGE model.

5.2.  Implementational Details
Walrasian general equilibrium prevails when the price of commoditjeals their marginal cost
of production with firms earning zero profits, there is zero excess demand fimodities and factors,

and consumer’ income equals their expenditure. These conditions form thinb&&E models in a

complementarity format, which specify the economy as a vector of zeit) prafket clearance, income

balance, and auxiliary equations. Each equation is paired with an asdatiat variable with respect to

which it exhibits complementary slackness (see, e.g., Rutherford, 1995; Sue Wing, 2004):

1. Zero profit conditions for firms and households. These specify the equilibrium between commaodity
prices and firms’ unit cost functions, and between the marginal utilifcome and the aggregate
expenditure function. They complementary to the activity levelsmoifaind the utility level of the
representative agent.

2. Market clearance conditions for commodities and factors. These specify the equilibrium between the
aggregate demands for commodities and factors—which are functionsesf grid activity levels,
and their aggregate supplies—typically indicated by firms’ actieisls and households’ factor

endowments. They are complementary to commaodity and factor prices.
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3. Income balance conditions. These specify the equilibrium between the value of households’
expenditures and the value of their income, and are complementary todime ilevels of the
households.

4. Auxiliary equations. These typically represent some sort of constraint on the econoniy éha
function of both an auxiliary variable and other endogenous variables, whigresethem to be
solved for along with the remaining variables. They are complementary &uxfiiary variable..

Henceforth we use the shorthand symhdté represent these complementary relationships.

5.2.1 Zero Profit Conditions and Associated Demand Functions

As before, we begin with the households in the economy. Recasting the represagett’s
utility maximization problem as a dual expenditure minimization permits sslve for the unit

expenditure functiong, dual to (3):
R 1/(1-a" )
£=(2ai" P™ +a] 677 j : Ou (18)

WhereF? is the price of th&" consumption good-transport services aggregate@amthe value of time.

This expression can be thought of as a zero-profit condition for the “productianititity good, to
which aggregate utility is the complementary activity variableSBgpard’'s Lemma, the derivatives of
the zero-profit condition with respect to the prices of the inputs yibldsonditional input demands.

Accordingly, final demands for commodities and leisure are given by:

u

C=a’P?e’U, (19)
®=a7 07 U, (20)

Cost minimization in the aggregation of transport services and physicaligoamiq4) gives rise

to the following zero profit condition, which is the unit cost function(fpr

é — (([),iTc )Uic (PiTC )1‘¢C + (IB.C )”ic F?l—fff )1/(1_0 ) ’ O éi (21)
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where P™ and F~|> are the consumer prices of retail mobility and final commodity salesiatsd with
goodi. The conditional demands for these inputs are given by:

QiTC — (IBiTC )‘7 (F?TC) égc éi 1 (22)

C c

¢=(s) (R)" B”

([@F)

. (23)

Similarly, the unit cost function arising from cost-minimizing aggtegeof labor hours and commuting

to produce supplied labor in (6) is:

H

w=((am) () s (g e ) A (24)

where W is the wage anB™ is the marginal cost of commuting trips. Then, the conditional demands for

trips and aggregate labor are given by:
Q" =(s")" (P™)” W'H, (25)
H=(p") 67 w"A. (26)
The zero profit conditions corresponding to the cost-minimizing allocatitnpsfby mode and

link in egs. (5) and (7) are

TC
g,

m 1/(1-0'°)
P :(Z%(y{ﬁm)' (pe,)™ j , 0Q° (27)

™ 1™ 1a-o™)
PTH — (sz:(yr';)a ( pl-n;) j 1 0 QTH (28)

where pinm and p|, are the marginal costs of trips on a given mode-link alternative inichyréhe

representative agent in order to consume gaodl journey to work, respectively. The associated

conditional demands for trips by link, mode and commaodity are:

TC TC

0%, = ()" (R%) (FC)" Q. (29)
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TH TH

ahn=(rn)" ()" (P™) Q™. (30)
Turning now to the firms in the economy, cost minimization by producers of non-treaigwor

goods and services in eq. (10) results in the following zero-profit condition:

PJ, _ (Z (O_INJT )o,NT F?l—f’;m + (5'_':”] )”JNT Wl—mm + (5:(\‘TJ )UINT rl‘fﬁm j“(l“ﬂ )1 [l Y] (31)

wherepP; is the producer price of each non-transport commodity @the capital rental rate. The zero-
profit condition for logistics firms in eq. (13) takes a somewhat diffeform, owing to the CET
specification of production. In particular, transportation serviceaargaded, and so do not have an
explicit price within the model. Producers therefore equate the margiueadue from revenue-
maximizing allocation of trips in (14) to the marginal cost from costimizing transport service
production in (13):

j i

T - T P } . 1(-yy)
S S @)+ S5 ) (a2 (2rle)

1o,
AR ERER RN S
The left-hand side of the foregoing expression clearly demonstrates tiraptw of congestion is
identical to a tax on trips that is differentiated by link. This ltedsns out to be very useful, because it
enables the level of congestiah,,, to be modeled as an endogenous, nonlinear tax. We elaborate on this
point below.

The associated conditional demands for inputs of intermediate commdditi@sand capital are

found by applying Shepard’s lemma to the right-hand sides of (31) and (32):

NT NT NT

X, =()" (R)" (R)" ¥, (33)

. ! , . or1-07)
D AR G R 0 S B 0
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h=(an)” W (R)" Y, (35)

! ! . . oh %)
Ry = (&) W (Z(me)am R+ (O ) " W (8 rl‘”;j S (36)
G =(a0) () Y, @37
, , , BN )
() e (S e sy ) e @

As well, the associated conditional supplies for trips are found by inv&itiegard’s lemma on the left-

hand side of (32):

. . g o . R L \Yn/(mam)
=2 () (P ) (Z(dfm) TR ()W ()" r] Y,,.,(39)
i . P g RS
ac, =z (k)" (P) “(Z(cffm)mel‘”w(cfzm)“Vvl“’m+(5:m)“rl‘”m) Y,,.(40)

: : , , , I-)
=2 () () () () w oo ) e | v

The zero profit condition corresponding to the cost-minimizing allocatioreigtt trips by mode

and link in eq (12) is:

i (ol )
(ZZ(Vlm)aj G ] , Q" (42)

The associated conditional demands for freight trips by link, mode and commedity ar

TF TF TF

a . =) (e5.) " (FF)" Q. (43)
Finally, using eq. (11), the consumer price of non-transport commocﬁiti,e's,given by the

following zero-profit condition:

=<

P=P"/x" +P, O (44)
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whose first term indicates the transportation margin. The associated dearands
QF =Y /x", (45)
Y =Y. (46)
5.2.2 Market Clearance Conditions
Substituting egs. (35), (36) and (46) into (16) and (37), (38) and (46) into (Id§ thie supply-

demand balances for labor and capital

+Z(5£,m)”;W"’;(Z(dTm)”* R4 (8 W () jmm)Ym’ 0w (47)

+ Z(dlym)a; r—o';‘ (Z(dTm)U; F?l—g; +(5': ‘m)ﬂﬁ W1-g; + (5;,“)0; rl_g; j"m/(l—am)Ym o (48)

Substituting egs. (33), (34) and (46) into (15) yields the market alea@ndition for delivered non-

transport commodities:

+Z( i-l,—m)am (fi))_gm (Pm)al‘ Ym +(ﬁic)a (é)_g F’\?a éi ! D é (49)
while the corresponding equation for non-transport firms’ outputs is given hy (46
Y =Y. OP  (46)

We note that a similar condition for the services produced by transpofiatns (Y, does not exist, as
we assume that there are only markets for trips.
The balance between supply and demand for the final use of the commodlityenesaort

aggregate is given by (19), and is complementary to the composite final cagnpramt:

C=a’P7¢& U, OP (19)
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which enables us to specify analogous conditions for the retail, commuting igihdl rinebility

aggregates, given by (22), (25) and (45):

Q°=(s°)" (P*)" B7€, 0 R (22)
QTH - ([),TH )”H (PTH )“’H WA , 0p™ (25)
QF =Y /x. O P™ (45)

Supply-demand equilibria for trips, which are complementary to mode- and linkispeci

marginal trip costs, are found by equating (27) and (39), (28) and (40), and (43) and (41)

" : T : : " 1-aT)
22 () (9 () B, ) e o (o) e |,

= ()" (er) 7 (P (%)

Jlm

. . . nl1-a,)
zo (e ) (e, ) (Z(dfm)am B (o], )" W (o], ) e Y l Y,
( iTC)U\ QT01 0 piT,|C,m (51)
. . ynl(i-oy)
Z ()" (o)™ (Z(éim)”” R4 () () ] Y,
=(v)" (em) (P™) Q™. 0% (52)
A patrticularly attractive feature of the model is the fact thattidue of time exhibits
complementary slackness with respect to the representaiimésatyme budget constraint. The associated

market clearance condition is derived by substituting egs. (19), (293@nihto the representative

agent’s time budget constraint, (9):

S S S0 (05) () @ ) (o) () e

+(B") o W H+al 67T UST. 06 (53)
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Becausedis the Lagrange multiplier on a constraint which take into accouffiiltiieendogenous price,
supply and demand responses across the entire spectrum of markeecontiray (as opposed to just
transportation), it represents the true general equilibrium dltime.

The final market clearance condition is a placeholder equation thatisp¢led quantity of
“utility goods” as the ratio of the representative agent’'s aggeagabmeQ, to the unit expenditure
index. This expression is complementary to unit expenditure:

Uu=Q/e O  (54)
5.2.3 Income Balance Conditions and Auxiliary Variables

Income-expenditure balance is defined by the representative agent’ Ionoiget constraint,

(8), which is complementary to aggregate income:

D> PC <OH +rK. 0Q (8)

The auxiliary variables in the model are the average trip times by modmlafd }) in eq. (53) and the
congestion penalty parametér () in egs. (32) and (50)-(52). Assuming téaf, can be expressed as a
parametric function of; , (e.g., as in Mayeres and Proost, 1997), we may specify two auxiliary equations

complementary to these variables:

4
(a7, T+
Ln= Tfm 1+0.15 = p , Onm (55)
|

,m

2, (i, m)- 02, (56)
5.24 General Equilibriumin Complementarity Format
Given the above, we can now specify the general equilibrium of the economy asfollow

e 3+ 8 +M zero profit equations (18), (21), (24), (27)-(28), (31)-(32), (42) and (44) in as many

unknown activity variabled, C., H, Q°, Q™. Y, Ym Y., Q).
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« 5+83+(1+2)(LxM)income balance equations (1922), (25), (45)-(46), and (47)-(54), in as

many unknown price variable®( P, P™, P™, P, W,r, P, p . p'., p™, 6 o).

] j,l,m?
e A single income balance conditior’)& one unknown income leve®j, and
* The 2( x M) auxiliary constraints (55) and (56) in as many unknown auxiliaryasas m, Z; m).

The CGE model consists of the paired, stacked vectors of B+NG0r (3 + 2) (L x M)

variablesp = vecl, C,, H, Q°, Q™. Y, Yu Y, Q", P, P, P™, P* P, W,r, P, p" ., P/’

J

pI':n, 6&Q,0mZ x,and9+10+M + (3 + 2) (L x M) equations (18), (21), (24), (27)-(28), (31)-

(32), (42)-(44), (19, (22), (25), (48)-(46), (47)-(54), (8), (55)-(56), which we denot&(b). The latter
is the excess demand correspondence of the economy. By setting up the modela, tthie economy
can be cast as a square system of nonlinear inequalities known as a mixed cotaptgrpeoblem
(Ferris and Pang, 1997; Ferris and Kanzow, 2002):

=(b) =0, b=>0, b' =(b) =0,
which is straightforward to express and solve using computational toblastice MPSGE subsystem
(Rutherford, 1999) for GAMS (Brooke et al, 1998) in conjunction with the PATHs@Dirkse and
Ferris, 1995).
525 Dataand Calibration

Numerical solution of the model requires that values be specifieddqrarameters of the excess
demand correspondenég, This procedure, known as calibration, is likely to be especially clgitig
given that it requires the integration of economic and transportatiamwtiich are often incommensurate.

Calibrating the purely macroeconomic, non-transport related componeéhes@GE model is a

fairly simple task, involving the selection of values for the efiiists ”, o) and o, based on empirical

estimates, and the computation of values for the coefficients, o' ands' using a national- or
regional-level social accounting matrix (SAM). (For details seg, Sue Wing, 2004.) We anticipate that

it will be somewhat more difficult to find econometric estimates forabbi@te using related empirical
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studies, values for the substitution elasticits, or to infer values for the coefficieng” , ' and 8°

from data on freight transport margins. And since published estimemk#miaf(-)lasticitiescriTC : oJ.TF : O'iTC :

1, do not exist, developing the data and econometric procedures to estirsatpatmneters will likely

involve a large amount of effort. A rough-and-ready way to proceed is to $ut ntlel using the

values in the range assumed by Parry and Bento (2001, 2002), and perform semsitixsig.a
Calibrating the coefficienty, ., . Vm+ 41 m+ M\ @and 4 in the trip aggregation and

transformation functions is likely to be a significant undertaking. KByedifficulty lies in defining the
topology of the transport network and associated traffic flows at aagg scale for which there are
published inter-industry economic accounts. Although survey data on commuting ghttfedfic flows
are readily available at the level of metropolitan statisticeds (MSAS), input-output data are rarely
tabulated at such a fine spatial scale. At the opposite extreme, Whigraightforward to construct an
aggregate CGE model using a SAM constructed from the transportattiitesaccount make and use
tables (Fang et al, 2000), for modes of surface travel such as comrutietail shopping which are
important contributors to congestion, it is hot obvious how to represent magested network links at
such a highly aggregate scale.

Thus, apart from the normative question of what is the most appropriateg@ogeale at
which our model should be specified, data constraints dictate the draetieasity of structuring a
reduced-form representation of the transportation network so that it isugbitiently simple to calibrate
they andp parameters and able to be matched to a regional SAM. At the cuagmbs$this research,
the most promising source of economic data would seem to be county-level SAMpdaum}
IMPLAN which are coterminous with MSAs that straddle major trartagion corridors in the eastern

U.S.
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6. DISCUSSION AND SUMMARY

Provision of transportation infrastructure is one of the modbleisvital and costly ways in which
the public sector contributes to the private economy. Yet decisions abtexidlseand allocations of
transportation infrastructure investments must currently be madeneomplete information about their
economic impacts. Analytical tools are limited to micro-scale aealywhich may not capture the full
range of economic benefits induced by a project or program, and macressalglees, which are too
broadly defined to provide guidance on the relative benefits of speafecs and programs. The
situation calls for analytical tools defined as a “meso-level” thapcavide impacts assessments that are
both comprehensive and capable of representing specific expansions afuafiastcapacity, following
the three criteria we define in the introduction. This paper contributbs tdevelopment of such tools by
specifying a CGE model that is specifically designed to assess thikbez@mnomic impacts of
transportation infrastructure investments.

The model specified above draws on the limited CGE literature on traatsport
infrastructure — especially the household time budgets of Parry and(B6atg 2002). It goes beyond
existing models both in terms of its technical specification and italbgeope. It specifies a set of
derived demands for transportation services that arise from productimunaption and labor supply
activities. It represents transportation infrastructure asaf sepacitated mode-link combinations on
which flows are assigned and congestion is modeled as increases irirtrav8iytembedding travel time
explicitly in the determination of household utilities and the prices andtitjga of commaodities
produced in the economy, it incorporates in the model the phenomenon of congestiopatbed isn a
comprehensive, endogenous definition of the value of time.

Existing CGE models designed for the analysis of transportation infrasewan, for the most
part, be classified s maquettes — that is, simplified or scaled down modgieddas make rough
estimates of relative magnitudes or as steps toward the crebtmredcomprehensive models. By

contrast, the model specified above is intended as a practical toolity quahlysis. There are, however,
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significant hurdles to overcome before it can be made operational, incllefingng an appropriate
geographical scale for its application, an appropriate level of detald set of mode-link combinations
and appropriate data and parameters for calibration.

The question that naturally arises is whether it is worth the efforsome extent this comes
down to the empirical question of whether the broader economic benefitsethiot the CGE model are
of significant magnitude relative to the more direct effects caghiar€BA. But looking beyond the
“bottom line” of aggregate benefits, the CGE model generates a rangerofatitm that cannot be
obtained from existing models such as whether the benefits of a cap@eitys®on accrue mostly to
firms or households, whether household benefits are mostly in consumptiotiesctivicommuting and
whether some industries benefit more than others. Such information may banuasfidssing whether
specific objectives that policy makers attach to a projecikaaly ko be met. Also, the CGE specification
is especially well-suited to assessing the impact of infrastruptograms because the implementation of
two or more capacity expansions can be modeled simultaneously. ThHie wakful in identifying
complementarities among projects by seeing, for example, whether thasehpfojects A and B
implemented simultaneously exceed the sum of the benefits of A and B imptenmedgpendently.

Ultimately, the value of a model such as the one we have specified lig¢dying bare a
plausible set of economy-wide interactions that are triggered by an iempeo in transportation
infrastructure. In other words, it is an attempt to move beyond “black box” and “blrttghapproaches
to policy models to an approach that explains rather than just captures ecionpacts. Naturally,
laying the underlying mechanisms bare opens the door to criticism based dyingdesumptions —
especially as regards market imperfections. Furthermore, we reedbaizhere are a range of dynamic,
developmental impacts that the model does not include. Still, we beli¢\apéuifying and calibrating
our model is a useful step toward a better understanding of the economy-wieguentes of

transportation infrastructure in the economy.
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Figure 1. Nested CES Utility and Production Functions Used in the Model
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Notes:U = utility; A = Ieisure;éi = consumption goods-retail mobility composife;z consumption

goods-freight mobility composite™ = retail mobility; ", aic = goods-leisure and transport-goods,

substitution elasticities‘?j = delivered non-transport good$;= non-transport goods productiof;, =

transport services productiijTF = freight mobility; Xi'j : )N(iym = intermediate inputsl,:lj : ﬁm = labor

inputs;k;, ks = capital inputsg| ", o, = firm input substitution elasticities

retail and commuting tripssznT1 = elasticity of transformation of transport services into trmT y O,

TF
jlm?

O ms G = freight,

TC

o™ = freight, retail and commuting trip mode-link substitution elasticities.
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