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1. Introduction  
 
Since the early 1970s, urban economists recognized 
the importance of a general equilibrium model of the 
urban economy, but initially developed such models 
only for monocentric cities in which all jobs are as-
sumed to stay in a central business district (CBD). 
Thus, although the analytical solution of the 
monocentric city model yielded many theoretical 
insights, it remained empirically inapplicable. These 
early contributions toward the general equilibrium 
model of a monocentric city included Mills (1972), 
Dixit (1973), and O’Sullivan (1986), who developed 
the most complete models all solved numerically. 
 The general equilibrium theory of a polycen-
tric city with dispersed employment is more recent. 
Such models have been developed for linearly 
shaped cities, with jobs endogenously located any-
where in the city. The earliest version of such mod-
els was by Anas and Kim (1996), which included 

traffic congestion and agglomeration economies. 
The weaker are the agglomeration economies or the 
higher the traffic congestion, the larger is the num-
ber of places where jobs concentrate in equilibrium. 
The effects of congestion pricing on job and resi-
dence location was studied by Anas and Xu (1999), 
tolls and the urban growth boundary were compared 
in Anas and Rhee (2006, 2007). Cordon tolls have 
been studied by Fujishima (2011) who applied the 
Anas-Xu model and Anas and Hiramatsu (in press). 
The effects of the gas price on the urban economy 
using RELU-TRAN2, is studied in Anas and 
Hiramatsu (2012). 
 The purpose of this article is to report an em-
pirical application of the CGE model RELU-TRAN 
(Anas and Liu, 2007) to the analysis of road pricing 
policies in the Chicago MSA. RELU-TRAN is in the 
tradition of the Anas-Xu and Anas-Rhee type mod-
els and in Hiramatsu (2010) it was extended to cal-
culate gasoline consumption, emissions of CO2, car 



 2 

VMT and MPG. 
 Tolling the traffic congestion externality has 
two major effects on location patterns. One effect is 
that residences move closer to employment centers 
in order to reduce travel distances over which the 
toll must be paid. The other is that producers/jobs 
may decentralize and move closer to employees or 
customers in order to avoid higher wages to attract 
workers to congested job centers. Since job and 
residence locations are interdependent the net effect 
is ambiguous. One of these location choices could 
drag the other location and it is quite possible that 
both jobs and residents move to the same direction.  
 We will focus on the quasi-Pigouvian tolling 
of all local and major roads and of major roads only. 
Against these benchmarks, we will compare the ef-
fects of a tax on gasoline that is revenue neutral with 
respect to each quasi-Pigouvian tolling. These poli-
cies are introduced and discussed in more detail in 
section 3 and the results are presented in section 4. 
The case where consumers can travel only by auto as 
hypothetical simulations is examined in section 5. 
 Our results show that in the context of the 
Chicago MSA where, as in most US cities, conges-
tion is much lower than in large European cities such 
as London or Paris or third world cities such as Bei-
jing, all of the mentioned policies improve social 
welfare. Another result is that the comprehensive 
policies of quasi-Pigouvian tolling or reve-
nue-equivalent fuel taxation would increase the af-
ter-toll or after-tax monetary cost of transportation 
by as much as 115%. By doing so, these policies 
would achieve reductions in gasoline consumption 
and CO2 emissions of as much as 13%, in total 
travel times of 5%, the VMT of 10%, and the GPM 
of 3%.  
 One of our main focuses in this paper is the 
effect of road pricing policies on the location of jobs 
and residences within the Chicago. The issue is 
relevant to the inquiry about the impact of road 
pricing on central city revitalization and whether 
pricing centralizes or decentralizes land use, jobs 
and population. Almost two decades ago a special 
report of the National Research Council (1994) pro-
fessed ignorance and concluded that: 
 

“Neither theory nor research on the re-
lationship between the cost of trans-
portation and urban development pro-
vides compelling evidence to support 
whether congestion pricing would have 
a centralizing or decentralizing effect 
(Deakin, Vol. 2).” 
 

 We will show that in our Chicago simulations, 
Pigouvian tolls and fuel taxes centralize the location 
of jobs and residences, and more so in the case of 
the fuel tax. Suburbanization of these is observed 
under the quasi-Pigouvian taxation of only the major 

roads. Average rents and wages are increased under 
all of these policies because the revenue distribution 
leads the floor demand and rent increase. Firms sub-
stitute labor for floor space then the wage increases. 
Urban sprawl measured as total developed land in-
crease under all policies. A conclusion that emerges 
from these results is that the all road pricing policies, 
and especially the fuel tax, can indeed help concen-
trate jobs and population in the central city and to-
ward the downtown and thus may help central city 
revitalization and the more land use, but not the 
more applicable pricing on only major roads. 

 The summary of the article is as follows. 
Section 2 and Appendix A explain the structure of 
the CGE model with a heavier focus on the con-
sumer behavior including travel. More detailed de-
scriptions of the model and how it has been cali-
brated can be found in Anas and Liu (2007), and 
Anas and Hiramatsu (2011, 2012). Section 3 de-
scribes the road pricing policies to be tested by 
simulation and section 4 presents and discusses the 
results of the policy tests. The section 5 tests the 
hypothetical simulation where only auto is the 
available travel mode. A few results get the opposite 
directions. Conclusions are briefly recapped in the 
last section. Appendix B explains calibration. 
 
2. The RELU-TRAN CGE model 
 
RELU-TRAN is a computable general equilibrium 
(CGE) model, calibrated and tested for the Chicago 
MSA, described in Anas and Liu (2007). In 
RELU-TRAN 2, an extension of RELU-TRAN, the 
travel behavior of the consumer has been enriched 
by treating the choice of automobile type by fuel 
economy level and by adding equations that calcu-
late gasoline consumption and CO2 emissions from 
automobile travel (Hiramatsu 2010). In the model, 
the Chicago area is represented by a system of 15 
zones covering the entire area and by an aggregation 
of the major road network and of local roads. 
 
2.1 Representing the Chigcago MSA 

 
Figure 1(a) shows the Chicago MSA in the model. 
The zones can be grouped into the concentric rings. 
Ring 1 consists of zone 3 which is the major em-
ployment center in the region commonly referred to 
as the CBD or Central Business District. Ring 2 in-
cludes zones 1,2,4,5 which together with the CBD 
make up the City of Chicago. Ring 3 consists of 
zones 6-10 which include all of the inner ring sub-
urbs encircling the City. Ring 4 (zones 11-14) are 
the outer ring. 
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Figure 1(a) (left): RELU-TRAN zones of Chicago MSA 

Figure 1(b) (right): RELU-TRAN network of major roads 
 
 
 All trips that originate and terminate within 
the same zone utilize a local road that is an abstract 
aggregation of the underlying street and minor road 
system. Trips originating in one zone and terminat-
ing in another utilize a path over the inter-zonal 
road-links of Figure 1(b), a crude aggregation of 
major roads and highways, but they also use the 
intra- zonal links to access and egress from the in-
ter-zonal road network. Figure 1(b) shows the ag-
gregated inter-zonal road network consisting of 
two-way road-links connecting the zone system. In 
the model each local road and each one-way in-
ter-zonal link is represented by a capacity which is 
crucial in calculating congestion. See Appendix A 
for the model explanation and Appendix B for the 
calibration explanation. 
 
3. Road pricing policies: Major Road Con-
gestion tolls, All Roads Congestion Tolls 
and Its Revenue Neutral Fuel Taxes. 
  
 The model calculates two externalities of traf-
fic congestion. One is the delay caused by the vol-
ume of traffic, the other is the excess fuel consump-
tion induced by the traffic, that is the fact that when 
traffic moves more slowly it needs to consume more 
gasoline per mile as shown in Figure 2. These two 
externalities are calculated on each mile of road for 
both major roads and local (intra-zonal) roads, but 
the model does not distinguish between different 
times of the day, thus implying that all the travel 
occurs over a relatively wide rush hour.  
 The policies we examine in this paper directly 
or indirectly target these two congestion externalities 
caused by driving. We consider the following poli-
cies: 
(a) A quasi-Pigouvian congestion toll, that varies by 
type of road and is charged on each road link. There 
are two versions of this: QP1 under which only the 
major roads are tolled but local (intra-zonal) roads 
remain un-tolled; QP2 under which all roads (major 
and intra-zonal) are tolled. 
(b) A per gallon fuel tax under which the rate of the 
tax is calculated so that the fuel tax revenues match 
the revenues of QP1 or QP2; 

 
Quasi-Pigouvian tolls 
 
 In theory, first-best Pigouvian tolling would 
perfectly internalize both externalities over the entire 
network. The Pigouvian tolls measure the excess 
time delay plus the excess fuel consumption im-
posed by each car-trip on all other car-trips. We call 
these quasi-Pigouvian tolls because they are not 
first-best. First-best Pigouvian tolls would be very 
difficult to implement in reality. One reason is the 
fact that every mile of road is shared by travelers 
with different values of time. The first-best Pigou-
vian toll would be calculated by multiplying the 
marginal time delay experienced by each traveler on 
each road by the traveler’s marginal rate of substitu-
tion between travel time and disposable income and 
then adding up over all travelers on the road. It is 
unrealistic that road authorities could so distinguish 
each driver’s value of time. Instead, we assume that 
the road authorities know only the average value of 
time of the drivers on each road, and even that may 
not be possible. A second reason that congestion 
tolls in RELU are quasi-Pigouvian is that consumers 
can save fuel not only by switching to faster routes 
(see Figure 2) but also by switching to vehicles with 
higher fuel economy. The first-best policy would 
vary the part of the Pigouvian toll aimed to capture 
the fuel externality, not only according to route but 
also according to the car types on the road. We as-
sume that road authorities know only the average car 
on each road and set a toll that is common to all ve-
hicles. The logic of the major roads quasi-Pigouvian 
tolling is the same. However, this policy is charged 
only the major roads. Thus the intra-zonal trips 
would not be charged. 
 
 
 
 
 
 
 
 
 
 

FIGURE 2: Band of gasoline intensity GPM versus speed for 
the range of cars in RELU-TRAN2 

 
Fuel taxes 
 
 The fuel tax also acts globally over the entire 
network but it is a lower-best instrument since it 
targets only fuel consumption, thus working on the 
congestion indirectly. In fact, the fuel tax is, a priori, 
a crude instrument because it is paid for the fuel 
consumed on each mile of road regardless of the 
congestion level on the road. And while from Figure 
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2 we can see that fuel consumption indeed rises with 
congestion, the fuel tax would be paid even on a 
road with zero congestion. 
 The fuel tax is very easy to implement since 
all car traffic pays the same fuel tax per gallon of 
gasoline. Cars with lower fuel economy consume 
more gasoline and pay higher fuel taxes. Thus, on 
the one hand, the fuel tax creates an incentive for 
trips to be made with vehicles that have higher fuel 
efficiency. On the other hand, the gasoline tax may 
do a poor job of internalizing the externalities of 
congestion. It affects congestion only indirectly by 
raising the monetary cost of travel and thus reducing 
travel volume and improving speed. In contrast, our 
quasi-Pigouvian toll directly internalizes the exter-
nalities caused by congestion but does not have di-
rect incentive for changing the fuel economy.  
 
Consumer’s behavior under the policies 
  
 In our general equilibrium model, the effects 
of these policies will differ according to the way the 
market agents (consumers, firms and developers) 
will exercise tax avoidance behavior directly or be-
come influenced by changing prices, rents and 
wages indirectly. Since the model entails many mar-
gins of adjustment, the overall effects are complex 
and require netting out the various effects across all 
margins. The most immediate form of adjustment 
would be made in the transportation behavior; in the 
choice of route and mode.  
 A first margin of adjustment would be the 
route choice. As an example of this is that a 
quasi-Pigouvian congestion toll would increase the 
monetary cost of travel, inducing consumers with 
low values of time to choose longer but less con-
gested routes entailing lower tolls. Commuters with 
higher time values would pay higher taxes and travel 
on the faster routes. Note roads going through the 
CBD are congested and the toll is high, while roads 
circumvent the CBD are less congested and the toll 
is low. These adjustments would not work as well 
under fuel taxation since in that case fuel taxes 
would be more correlated with distance traveled than 
with congestion.  
 A second margin of adjustment would entail 
switching between car and transit. While higher tolls 
or taxes would induce consumers with lower values 
of time to switch to the slower but cheaper transit 
mode, as the tolls or taxes reduce congestion and 
speed up driving, consumers with high values of 
time would switch from transit to car. 
 A third margin of adjustment would entail 
adjusting by changing one’s car fuel efficiency. The 
higher monetary cost of the fuel tax, for example, 
would induce consumers to switch to more fuel effi-
cient cars. 
 A fourth margin of adjustment would be to 
change the destination, number and length of one’s 

non-work trips from the locations that involve a high 
tax or toll layout to other locations that involve less. 
All of these effects are treated in the model. 
 Consumer’s behavior is affected by the toll 
revenue distribution. Consumer would demand more 
goods and larger housing floor space. The increment 
in goods demand again effects on non-work trip be-
havior. In the longer term, the increment of housing 
space demand effects not only on the housing floor 
market but also the industrial floor space market 
since the amount of the land in each zone is limited 
and the developers demolish and construct the 
buildings according to the market demand.	 
 Changing job or residence locations require 
longer term adjustments. The quasi-Pigouvian toll is 
more expensive where are congested and less ex-
pensive where are not congested, say roads in CBD 
and in suburb, respectively. Some examples of resi-
dence location changes would be for a CBD-worker 
who commutes into the CBD to move his residence 
to the CBD to reduce the travel distance, reducing 
housing size at the same time in response to the 
higher CBD rents. Such a choice would be favored 
by those disliking transit, or those who reside in 
suburban areas that are transit inaccessible. Others 
may indeed switch to transit but to do so may have 
to move from the suburbs to the city where transit is 
more easily accessed. Still others may reject the 
above options and prefer to switch to a suburban job 
from one in the CBD. 
 Firms meanwhile would also respond to tolls 
or taxes. An example would be a firm located in the 
congested CBD and employing many employees 
who drive to the CBD but dislike switching to transit 
or moving their residences into the CBD. Such a 
firm faces the choice between paying higher wages 
to induce its employees to keep their CBD jobs, and 
relocating outside the CBD to lower the tolls and 
taxes incurred for long distance driving by its em-
ployees. But the CBD may attract more firms if 
enough consumers are willing to locate residence 
within it or switch to transit, if such shifts increased 
the supply of labor within the CBD sufficiently so as 
to lower wages. Such shifts could also induce de-
molishing commercial real estate to replace it with 
residential. This would drive up commercial rents 
per square foot inducing firms to leave the CBD. 
 Moving out of the CBD would entail higher 
costs of procuring certain intermediate inputs for 
manufacturers or business service providers, or less 
customer-accessibility for retailers. No strong con-
clusions can be made about whether the road pricing 
policies entail the revival or decline of certain real 
estate markets within the city center. This will de-
pend on whether the total demand for residential or 
commercial floor space within the CBD increases or 
decreases which is ambiguous in general but would 
be driven by whether the jobs and residences within 
the CBD increased or decreased. 
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 In realistic schemes only major roads are pro-
posed for tolling. If the quasi-Pigouvian toll is levied 
on major roads only, the differences between 
quasi-Pigouvian tolling and gasoline taxation are 
magnified, because drivers on local roads (i.e. trav-
eling intra- zonally) would not be charged under 
quasi-Pigouvian tolling but would pay the fuel tax. 
Under such quasi-Pigouvian tolling, the inter-zonal 
trips and congestion would decrease while in-
tra-zonal trips and congestion would increase. 
 The quasi-Pigouvian toll will be higher than 
the fuel tax on highly congested roads. On the other 
hand, the fuel tax would be expensive where drives 
consumed more fuel. Hence drivers would recognize 
that the expenditure on fuel is too high on long dis-
tance routes. Under the fuel tax to make dentures is 
not be very helpful for drivers to since all roads 
would be impacted. 
 
4. The impacts of the policies 
 
 The results of the road pricing policy simula-
tions are presented in Tables. Table 1 focuses on 
how consumer utility changes by income group and 
for consumers who work and who do not. Table 2 
juxtaposes the effects of the policies on the distribu-
tion of jobs and residences by geographic area 
within the MSA: the CBD, the rest of the City of 
Chicago and suburbs. Table 3shows the change in 
different types of building stocks. Table 4 shows the 
effects of the policies on driving related aggregates 
such as VMT, GPM, fuel consumption and CO2.  
 An observation from TABLE 1(a) is that the 
revenue raised by the quasi-Pigouvian tolling of all 
roads (QP2) is a more than the revenue raised by 
that of all major road (QP1). The revenue raised by 
the quasi- Pigouvian tolling of all roads (QP2) is 
more than four times the revenue raised from the 
tolling of the major roads only. The fuel tax rate that 
corresponds to QP1 is 56% and that which corre-
sponds to QP2 is 286%. 
 Consider now the numbers in Table 2(a) 
which show how the spatial distribution of jobs and 
residences changes under each policy. A positive 
number is an increase and a negative number is a 
decrease. In the model the total number of consum-
ers is fixed and they may choose whether to work or 
not. Therefore, in addition to changes in job loca-
tions, the model also tells us whether a particular 
policy increases or decreases the number of con-
sumers that are in the labor force. That is why the 
positive and negative job changes do not sum to zero. 
Note, however, that each consumer has housing 
whether in the labor force or not. Therefore, the 
residential location increases and decreases sum to 
zero (net of rounding). 
 Several results are seen from a systematic 
examination of Table 2(a). Under the tolling of the 
major roads (QP1), jobs and residences move to the 

suburbs. However, under other policies jobs and 
residences move to the cities. What explains this 
opposite movement? Since only major roads are 
taxed by QP1, two toll avoidance margins become 
dominant. The inter-zonal commuters by auto would 
switch the mode to transit. For them the city is the 
convenient location. If other inter-zonal commuters 
by auto want to keep commuting by auto, the sub-
urbs are convenient locations. The roads are not 
congested and the toll prices in suburban zones are 
not expensive. The second choice is more popular 
among them. 
 Change the viewpoint and introduce the sec-
ond criteria of location choice where the only the 
outer-suburban zones are defined as the suburb. All 
of other inner ring zones are considered as centers. 
According to this second criteria, both QP1 and QP2 
make residences and jobs centralized and its revenue 
neutral fuel taxes make them suburbanized. Again, 
QPs are expensive near the center where the roads 
are more congested and its revenue neutral fuel tax 
are more expensive in suburbs where requests more 
fuel. 
 Next consider the effects of the fuel tax that 
achieves revenue neutrality with QP1. Recall that 
the fuel tax is paid by all car travel whether on major 
roads or not. It is therefore much harder to avoid to 
make the intra-zonal trips that was important under 
QP1. Under the higher fuel price, the margin of 
switching to transit becomes much more important 
and there is a powerful relocation of residences 
away from the suburbs and to the City including the 
CBD. Recall that the City is the convenient location 
for the transit users. Of course another margin pre-
ferred by some consumers is to stay with driving but 
shorten the length of their trips, and this means that 
some of those who worked in the City but resided in 
the suburbs would move their residences to the City. 
 Now looking at QP2 and its revenue neutral 
fuel tax, we see that both jobs and residential loca-
tions are relocated from the suburbs to the City. Ac-
cess to transit is again a factor as is also the fact that 
a toll on all roads is harder to avoid than a toll on 
major roads only. We also see that the effects of the 
fuel tax in this case are closer in magnitude to the 
effects of the quasi-Pigouvian tolling of all roads, 
since both taxes fall fairly ubiquitously on all roads. 
As well, we see that the fuel tax produces a consid-
erably bigger centralizing effect than does the con-
gestion tolling, again because the fuel tax induces 
more distance-shortening and by switching to transit. 
Since the city roads are congested, the 
quasi-Pigouvian toll is expensive. However, the fuel 
tax cost for the driver would not be expensive on the 
city roads because the driving distance is short and 
not much fuel is consumed. On the other hand, on 
the suburban roads where is not congested, the 
quasi-Pigouvian toll would be cheap. However, to 
drive the long distance suburban roads requests more 
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fuel consumption and the payment on fuel tax would 
be expensive. Thus fuel tax has stronger centraliza-
tion effects than the quasi-Pigouvian toll. 
 TABLE 3(a)  shows the results of developers 
behavior. Developer would construct the high value 
buildings and demolish the low value buildings. One 
of the direct effects of the road pricing policies is the 
revenue distribution. Consumers have more budgets 
to reside in larger space housing and to purchase 
retail goods. The former effect causes the increment 
in the housing rents and values. The developer 
would construct more housing. Since the land 
amount is limited, this causes the scarce in the land 
for business and industrial buildings. Therefore, the 
rents and values increment in these  buildings, too. 
Further more, in the zones where are well developed 
and lack undeveloped land, the low density building 
would be demolished to make space for constructing 
the high density buildings. Under all the policies, the 
single-family buildings, that are low density, are 
demolished in the CBD and the City. In the subur-
ban zones, all the buildings increase and the unde-
veloped buildings are decreases. 
 Now turning to Table 1(a), the compensative 
variation per capita increases. We see that consum-
ers who work experience higher utility levels while 
those who do not work lose utility. The reason is that 
those who work are more exposed to the higher 
monetary cost of transportation after road pricing on 
the one hand, while benefitting from the faster car 
speeds on the other. Those who do not work experi-
ence these effects to a lesser degree because they 
make shopping trips but have no commutes. The 
increment in rent and price are the negative effect 
for both who work and not work and the increment 
in wage is positive effect only for who work. Note 
that, roughly speaking, lower income groups lose 

(gain) a lower utility gain than do higher income 
consumers. The higher income groups benefit more 
from reduced congestion and shorten travel time 
because their wage level and time value are higher 
than lower income groups. They make more trips for 
non-work trips and thus benefits from reduced 
congestion more often. At the same time, since they 
make more non-work trips than the lower income 
groups, they hurt more from the monetary expensive 
trips. For the employed consumers, the benefit ex-
ceeds this harm, but opposite for non-work consum-
ers. As mentioned above, wages, rents and retail 
goods prices are factors that effect on the compensa-
tive variation. We see that wages and rents increase 
under each of the policies. The reason for this is that 
the revenue distribution gives consumers the addi-
tional budget and goods and housing space demand 
increases. The goods price and the rent would in-
crease. Developers would construct more housing 
space. Some of those are construct on the vacant 
land. Some office or industrial buildings are demol-
ished to make space for the housings. This makes 
the rent increases and the producers substitute labors 
for the building spaces. Now the wage would in-
crease.  
 Table 4(a) shows the changes in the driv-
ing-related aggregates. Note that, not surprisingly, 
fuel and emissions of CO2 decrease by larger per-
centages under the revenue neutral gas tax for QP2 
than under QP2. Only the different signs show for 
the fuel economy by car type. Since fuel tax increase 
the cost of gasoline directly, consumers have incen-
tive to reduce the fuel consumption and to change 
car to smaller fuel efficient car. However, not under 
the quasi-Pigouvian toll which aims to reduce the 
congestion.  
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Table 1 (a): Percent changes in utilities, wages and rents under road pricing policies	 

 
 

   PT RN-GAS-TAX PT-IPT RN-GAS-TAX 

Gas Tax (%)     55.5 (%)   286.6 (%) 

Job CBD 747 2,385 6,215 10,987 
change City-ex-CBD -4,058 2,314 2,275 10,713 

 Inner Sub -5,027 -2,526 -12,385 -15,081 

 Outer Sub 9,475 -1,759 5,064 -5,198 

 Sum 1,137 414 1,169 1,421 

Job CBD 0.1 0.4 1.2 2.0 
% change City-ex-CBD -0.5 0.3 0.3 1.3 

 Inner Sub -0.3 -0.1 -0.7 -0.9 

 Outer Sub 1.366 -0.254 0.730 -0.749 

Residents CBD 535 781 3,237 3,755 
change City-ex-CBD -5,940 8,117 14,272 40,296 

 Inner Sub -10,768 -3,713 -27,253 -28,106 

 Outer Sub 16,174 -5,184 9,745 -15,944 

Residents CBD 1.3 2.0 8.2 9.5 
% change City-ex-CBD -0.4 0.6 1.0 2.9 

 Inner Sub -0.5 -0.2 -1.3 -1.3 

 Outer Sub 1.5 -0.5 0.9 -1.5 

 

Table 2(a): Effects of road pricing policies on job and residence 
 
 
 
 

   PT RN-GAS-TAX PT-IPT RN-GAS-TAX 

Gas Tax (%)     55.5 (%)   286.6 (%) 

Revenue (distributed)   284 284 1,306 1,306 

CVEMP ($) f=1 349 90 380 405 

 f=2 411 107 377 428 

 f=3 550 136 516 516 

 f=4 1,388 351 1,741 1,441 

CVUNEMP ($) f=1 -903 -273 -616 -900 

 f=2 -1,417 -524 -1,504 -1,914 

 f=3 -1,938 -762 -2,328 -2,874 

 f=4 -4,190 -1,802 -5,950 -7,057 

(1) CV ($)   244 14 264 97 

(2) not distributed Revenue ($)   0 0 0 0 
(3) change in value per cap (dis-
counted) ($)   1,149 485 1,701 1,967 

(1)+(2)+(3) Welfare   1,393 498 1,965 2,064 

wage (%)   8.6 3.4 11.2 13.1 

rent (%)   11.6 4.7 16.8 19.1 

goods price (%) r＝４ 10.2 4.3 14.6 16.9 

travel time (%)   TTT       -2.5 -1.3 -5.3 -5.5 

travel cot (%)   TTC       24.0 24.6 114.6 112.9 
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    PT time fuel RN-GAS-TAX 
PT-IPT time 
fuel RN-GAS-TAX 

k=0 CBD -4.5 -1.9 -7.0 -7.9 

k=1 CBD -4.6 -2.0 -7.1 -8.1 

k=2 CBD 1.3 0.9 4.0 4.4 

k=3 CBD 2.6 1.0 3.8 4.5 

k=4 CBD 3.7 1.4 4.3 4.8 

k=0 City-ex-CBD -2.7 -1.2 -4.2 -5.1 

k=1 City-ex-CBD -1.8 -0.8 -2.6 -3.1 

k=2 City-ex-CBD 4.3 2.2 7.3 8.8 

k=3 City-ex-CBD 2.4 1.1 3.5 4.2 

k=4 City-ex-CBD 3.8 1.5 5.1 6.0 

k=0 Inner Suburb -7.9 -3.4 -10.7 -12.3 

k=1 Inner Suburb 3.4 1.5 4.6 5.3 

k=2 Inner Suburb 4.0 1.8 5.5 6.4 

k=3 Inner Suburb 0.9 0.3 1.1 1.2 

k=4 Inner Suburb 2.2 0.8 2.8 3.1 

k=0 Outer Suburb -1.9 -0.7 -2.6 -2.6 

k=1 Outer Suburb 6.5 2.3 9.0 9.0 

k=2 Outer Suburb 6.7 2.3 9.2 8.9 

k=3 Outer Suburb 3.9 1.3 5.3 5.4 

k=4 Outer Suburb 4.3 1.7 6.0 6.6 

 

Table 3(a): Effects of road pricing policies on buildings and undeveloped land (Percent change) 
 

   PT RN-GAS-TAX PT-IPT RN-GAS-TAX 

Gas Tax (%)     55.5 (%)   286.6 (%) 

  Gasoline   -4.6 -2.7 -12.5 -13.3 

 VMT  -3.9 -2.1 -9.9 -11.1 

 Average GPM -0.7 -0.6 -2.7 -2.4 

 Average FE 0.1 -0.1 0.2 -0.6 

Table 4(a): Percent changes in driving related aggregates under road pricing policies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 9 

 
5. Hypothetical Simulation Results. 
  
 In this section we experiment the hypothetical 
simulation in which only auto is the available travel 
mode. This experiment has a few purposes. First, it is 
interesting to compare the simulation result with this 
assumption with the base line simulation as the sensi-
tivity analysis. Second, this simulation gives the in-
sight about the policy impact in the other city where 
the public transit is less developed. Buyukeren and 
Hiramatsu (2012) show the importance of the public 
transit availability in the location choices under the 
congestion policies. At last, this setting is more com-
patible with the literatures. For the consumers, chang-
ing in the mode choices and the location choices are 
the important responses among others. In this hypo-
thetical simulation, the mode choice is not changeable 
and the importance of location choice increases.	 
 Table 1(b) shows that the revenue neutral fuel 
tax level for QP1 and QP2 increases to 109% and 
478%. This implies that QP toll levels increase, too. 
For one reason, the congestion level is high if only 
auto is the travel mode. For the other reason, since the 
consumer cannot change the mode, the same level of 
the policies are less effective and the externalities are 
not internalized well. Since the congestion level is high, 
consumers get more disutility from the congestion, the 
roads pricing policy improves more CV per person. 
 The location choice is important response for 

the consumers. Table 2(b) shows that when travel 
modes becomes only auto, the location choices are 
suburbanized in both criterion. This is because city 
centers are the convenient locations for transit users, 
but this convenience disappears by assumption. The 
toll per unit distance is higher in the city than in suburb, 
because city is more congested. Thus who travel city 
by auto reacts more than who travel suburb. The con-
sumers who wanted to change the mode to transit and 
move to city center would move to or stay in suburbs 
where are less congestion. 
 
6. Conclusions and extensions 
 
 Returning to our answer to the basic question 
posed in the Introduction, we did show that road pric-
ing policies – and especially those applied broadly 
such as fuel taxation or the Pigouvian tolling of all 
roads – would indeed cause the centralization of jobs 
and residences to the City of Chicago from the suburbs. 
However, Pigouvian tolling of the major roads only 
could cause suburbanization. 
 The more implementable alternative road pric-
ing policy Cordon tolling is examined in detail in Anas 
and Hiramatsu (2012). In that article, we have looked 
at the location of three cordons and calculated the op-
timal cordon toll level for each cordon location. 
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Table 1(b): Percent changes in utilities, wages and rents under road pricing policies 
 

 
  NO-MODE-PT RN-GAS-TAX NO-MODE-PT-IPT RN-GAS-TAX 

Gas Tax (%)   109.4 (%)  478.1 (%) 

Job CBD -14,654 -1,078 -23,339 -3,448 
Change City-ex-CBD -16,184 297 -26,318 2,196 

 Inner Sub 5,029 237 13,205 -755 

 Outer Sub 28,699 1,863 40,197 6,388 

 Sum 2,890 1,319 3,745 4,381 

Job CBD -2.9 -0.2 -4.6 -0.7 

% change City-ex-CBD -2.1 0.0 -3.4 0.3 

 Inner Sub 0.3 0.0 0.8 0.0 

 Outer Sub 4.0 0.3 5.6 0.9 

Residents CBD -1,335 -14 -4,244 -517 
change City-ex-CBD -51,760 -3,746 -95,867 -9,302 

 Inner Sub -422 2,972 18,627 3,720 

 Outer Sub 53,517 788 81,484 6,100 

Residents CBD -5.1 -0.1 -16.1 -2.0 
% change City-ex-CBD -3.9 -0.3 -7.3 -0.7 

 Inner Sub 0.0 0.1 0.8 0.2 

 Outer Sub 4.7 0.1 7.2 0.5 
 

Table 2(b): Effects of road pricing policies on job and residence 
 
 
 
 

   NO-MODE-PT RN-GAS-TAX NO-MODE-PT-IPT RN-GAS-TAX 

Gas Tax (%)     109.4 (%)   478.1 (%) 

Revenue (distributed)   706 706 2,958 2,958 

CVEMP ($) f=1 1,210 347 1,586 1,124 

  f=2 1,558 441 1,990 1,378 

  f=3 2,050 546 2,682 1,687 

  f=4 4,339 1,120 5,952 3,570 

CVUNEMP ($) f=1 -2,499 -1,022 -3,144 -4,338 

  f=2 -3,870 -1,772 -5,795 -7,514 

  f=3 -5,249 -2,494 -8,309 -10,572 

  f=4 -11,188 -5,658 -19,395 -23,969 

(1) CV ($)   1,066 81 1,211 -235 
(2) not distributed Reve-
nue ($)   0 0 0 0 
(3) change in value per 
cap (discounted) ($)   3,859 1,865 7,023 8,205 

(1)+(2)+(3) Welfare   4,925 1,946 8,234 7,971 

wage (%)   24.9 11.9 42.3 48.8 

rent (%)   36.8 16.9 69.0 58.6 

goods price (%) r＝４ 28.3 13.8 50.5 59.7 

travel time (%)   TTT       -3.6 -1.8 -6.5 -6.6 

travel cot (%)   TTC       60.3 60.3 256.2 253.8 
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Appendix A: The RELU-TRAN2 CGE Model 
 
In RELU-TRAN2, the Chicago area is represented 
by a system of 15 zones and by an aggregation of the 
major and local road network as shown in Figure 
1(a), 1(b). All intra-zonal trips, trips that originate 
and terminate within the same zone, utilize a con-
gestible local road that is an aggregation of the un-
derlying street and minor road system. Trips choose 
a path over the road- links which are an aggregation 
of major roads and highways, shown in Figure 1(b), 
and use the intra-zonal local roads for access and 
egress. Each road link is represented by a capacity 
used to calculate equilibrium flow congestion which 
determines equilibrium monetary and time costs on 
the link. 

The economic agents are consumers, firms 
and real estate developers. RELU treats the housing 
market, the labor market, and the markets for the 
outputs of industries including the construction and 
demolition of buildings. Consumers and firms are 
competitive in all markets, taking prices as given. 
Choices of travel route and mode for each trip are 
treated in TRAN, the transportation sub-model. 
RELU and TRAN are linked sequentially, but are 
cycled to a fully simultaneous equilibrium (see Anas 
and Liu, 2007). 
 
A.I Consumers, producers, developers 
 
   Consumers: Consumers in RELU choose among 
discrete bundles (i, j, k, c); i =1,...,15 residence 
zones, j =1,...,14 job zones, k = 1,2 housing types 
(single family, multiple family structure), and c 
=1,...,5 car types (the TFI levels of Figure 2). Con-
tinuous variables, conditional on each discrete bun-
dle are the housing floor space for (i,k), labor hours 
supplied at j, shopping trips from i to all zones z= 
1,...14, and the quantity of retailed goods to buy at 
each z. Consumers regard the retailed goods in dif-
ferent zones as imperfect substitutes and all zones 
are patronized as the consumer’s utility exhibiting a 
taste for variety. Travel time is valued at the wage 
(an hour of travel foregoes the wage). But commut-
ing time creates some disutility as well, so that the 
marginal rate of substitution between disposable 
income and commuting time exceeds the wage. 
 Formally, each consumer of skill/income 
level f solves (in an inner nest) the utility maximiza-
tion problem in the retailed goods quantities Z = 
[ Z1 , Z 2 , ..., Z14 ] , and the housing floor 
space, b. The most-preferred discrete bundle (i, j,k,c) 
is chosen in an outer nest: 

  

Max
∀ ( i , j ,k ,c )

Max
∀Zz ,b

Uijkc| f =
α f

η f

ln ιz|ijf (Zz )η f

∀z
∑⎛⎝⎜

⎞
⎠⎟
+ (1−α f ) ln b− γ 1 f Gijcf + γ 2 f mc + Λ ijkc| f + uijkc| f

s.t. : ( p
ℜz + qijf gizcf )Zz + bRik + Δ jdgijcf + K (mc ) =

∀z
∑ Δ j wjf H − Δ jdGijcf − qijf ZzGizcf

∀z
∑⎛

⎝⎜
⎞
⎠⎟
+ M f

H − Δ jdGijcf − qijf ZzGizcf
∀z
∑ ≥ 0 for j > 0.

⎧

⎨

⎪
⎪
⎪⎪

⎩

⎪
⎪
⎪
⎪

⎫

⎬

⎪
⎪
⎪⎪

⎭

⎪
⎪
⎪
⎪

(A.1) 

 pℜz : mill prices of the retailed goods sold in zone z; 

 Rik : rent of residential floor space; 

 
wjf : wage rate; 

 
M f : non-wage income; 

  
Gijcf ,

 
Gizcf : mode and route composite commuting 

and shopping travel times (from TRAN); 

 
gijcf and 

gijzf : mode and route composite monetary 

costs of commuting and shopping trips (from 
TRAN); 

 
qijf : shopping trips required to buy a unit quantity; 

 mc : TFIs of the available car types c = 1, 2, …, 5  

  K(mc ) : annualized costs of type-c car ownership 
(acquisition plus maintenance); 
H: annual time endowment for work and travel; 
d: number of commute days required per year; 

  
Λ ijkc| f : constant effects of the discrete choice 

bundle   (i, j,k,c) ; 

  
uijkc| f : idiosyncratic tastes for the choice bundle 

  (i, j,k,c) ; 

  
ιz|ijf : constant effects of the retail location z for 

type-f consumers at residential and job locations i, j;  

 
η f : CES parameter controlling the elasticity of 

substitution among retail locations; 

 
α f : share of disposable income spent on retailed 

goods (  
1−α f  on renting housing); 

  
γ 1 f : marginal disutility of commuting time; 

  
γ 2 f : marginal utility of a larger, safer, and more 

fuel-intensive (higher-TFI) car. 
 
 The right side of the budget constraint in Eq. 
(A.1) is the money income of the consumer who is 
paid the wage after travel time for commuting and 
shopping. However, if the consumer chooses not to 
work (j = 0), then   

Δ j = 0.  Otherwise, for any j > 0, 

  
Δ j = 1.  The left side of the budget, is the monetary 
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expenditure on retail goods, commuting and housing 
space and annual costs of car- ownership. The prices 
of the retail goods are effective prices: the mill price 
at the retail location plus the monetary cost of the 
travel from home to the retail location. 
 In the inner stage (inside the { }in Eq. (A.1)), 
the Marshallian demands 

  
Zijkc| f

* and 
  
bijkc| f

* are deter-

mined. In the outer stage, the consumer chooses the 
most-preferred discrete bundle (i,j,k,c), given the 
indirect utility function

  
Uijkc| f

* + uijkc| f . By making 

the usual assumptions about the distribution of the 
idiosyncratic utilities   

uijkc| f , the discrete choice 

probabilities are a nested-logit, with a marginal bi-
nary probability for entering the labor market or not 
( j = 0 if not) and a conditional multinomial logit 
probability, 

  
Pi, j>0,kc| f

* for choosing among the bun-

dles (i, j > 0, k, c). 
 RELU connects with TRAN via the 
mode-and-route-composite trip times and monetary 

costs, that is the matrices
  

Gijc| f
⎡⎣ ⎤⎦ , gijc| f

⎡⎣ ⎤⎦ . How 

these composites are determined is descrived next. 
RELU-TRAN2 does not treat congestion by time of 
day, and all who use a road, experience the same 
congested time. Monetary cost depends on car TFI 
since gas consumption depends on traffic speed de-
termined by congestion, and since TFI is a discrete 
choice responsive to car acquisition and gas costs, 
and on car preferences for comfort and safety which 
increase with income in the indirect utility function. 
In TRAN consumers make choices of mode of travel 
(car, mass transit, other) for each trip and choose the 
route of travel for each car trip, based on the com-
bined monetary cost and travel time of trips (that is 
generalized cost). 
 The money cost of car travel depends on the 
gas price, the car type’s TFI, which together with the 
speed determine gas use. The U-shaped curves of 
Figure 2 were estimated by fitting a polynomial to 
the Geo Prizm, the third curve in Figure 2, one of the 
nine car brands in the study by Davis and Diegel 
(2004), and then multiplicatively shifting this poly-
nomial up and down for the other values of m. The 
Geo Prizm’s polynomial curve is   f (t)mc , where 

 mc =1 and, t=1/s, s being the congestedspeed. Thus: 

  

f (t) = 0.12262−1.172t−1 + 6.413×10−4 t−2 −1.8732×10−5t−3

+3.0×10−7 t−4 − 2.472×10−9 t−5 +8.233×10−12 t−6

 
 (A.2) 

  pf (t)mcd  is the fuel cost of driving a road distance 

d at speed, s = 1/t, by a car of TFI  mc  when the gas 
price is p . The congested time per mile, t, on a 
road-link is given by the BPR function: 

  

c0 1+ c1
Flow
CAP

⎛
⎝⎜

⎞
⎠⎟

c2⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

,  where   c1  = 0.15,   c2  = 4, 

and   c0  is the free-flow (uncongested) travel time 
per mile. Flow is the traffic on the road and CAP is 
the calibrated capacity. Disutility (or generalized 
cost) on a road-link of length d is 

  
(vot f )(td)+ pf (t)mcd , where  

vot f  is the 

on-the-road value of time that depends on the con-
sumer’s income quartile f.  
 
   Producers : The four RELU industries are: (a) ag-
riculture, (b) manufacturing, (c) business 
services, and (d) retail. Goods in the same industry 
produced in different zones are variants of the same 
good, the Armington (1969) assumption. Consumers 
buy all variants of the retail good by shopping them 
where they are produced. All non-retail outputs are 
used as intermediate inputs in producing the other 
goods. Each industry also uses primary inputs which 
are business capital, space in commercial and indus-
trial buildings and labor from each of the skills 
groups (income quartiles) of the working consumers. 
All outputs including retail can be exported to other 
regions from any of the MSA’s zones. 
 Production functions are constant returns to 
scale and all firms are perfectly competitive profit 
maximizers. Under constant returns, the number of 
firms being indeterminate, the model finds aggre-
gates specific to zone and industry. The first three 
industries supply their outputs to meet demand from 
exports and from other firms, while retail trade out-
put is shopped or exported. Formally, for industry r 
located in zone j, the cost minimization problem is:  

  
Min

[ Lf ],[ Bk ],[Y1],...,[Yℜ ]
ρK + wjf Lf + Rjk Bk +

k=0

ℵ

∑ psn +σ sgnj( )Ysn
n=0

′ℑ

∑
s=1

ℜ

∑
f =0

F

∑
 

(A.3) 
with target output 

  
Xrj = Arj K

νr κ f |rj Lf
θr

f =0

F

∑
⎛

⎝⎜
⎞

⎠⎟

δ r
θr

χ k|rj Bk
ζ r

k=0

ℵ

∑⎛⎝⎜
⎞
⎠⎟

µr
ζ r

υsn|rjYsn
εsr

n=0

′ℑ

∑⎛⎝⎜
⎞
⎠⎟

γ sr
εsr

s=1

ℜ

∏ . 

 psn is the price of the output in industry s produced 

at zone n and   
p̂snj  is the delivered price paid by 

purchasing producers located at j. ρ is the exoge-
nous price of business capital (the real interest rate), 

 
wjf are hourly wage rates and  

Rjk  are rents per unit 

of floor space. K is business capital with cost-share 

 ν r . The first group of inputs,  
Lf , with collective 

cost share  δ r  is labor. The industry hires all skills 
and the elasticity of substitution between any two 
skills is   1/ (1−θr ) >1 . f = 0 stands for labor hired 
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outside the Chicago MSA. The second group of in-
puts,  Bk , are buildings with cost share  µr  and elas-

ticity of substitution  1/ (1−ζ r ) >1 . k = 0 stands for 
floor space rented outside the region, and k = 3, 4 are 
commercial and industrial buildings. The cost-share 
of industry r for the intermediate inputs received 
from basic industry s is  γ sr  and the elasticity of 
substitution for the sth group of intermediate inputs 
is   1/ (1− ε r ) >1 . n= 0 stands for intermediate in-
puts from outside the region. Coeffi-
cients   

κ f |rj ,χ k|rj ,υsn|rj = 0 allow specifying in-

put-specific biases including the case of zero values 
to rule out specific inputs. For example, suppose that 
businesses do not use residential buildings. We 
would set 

 
χ k rj =0 when k stands for residential 

building. The scale factors,  
Arj , are constants that 

we vary by industry and location to capture 
place-specific Hicks-neutral productivity effects.  
 
   Developers: Developers in RELU are based on a 
perfect foresight model of building conversions with 
idiosyncratic cost uncertainty (Anas and Arnott, 
1993). A developer either owns land and each period 
decides whether to construct a particular floor space 
type which is one of the residential or 
non-residential buildings; or owns a building and 
each period decides whether to demolish or not the 
building. Construction each of the four buildings is 
treated as an industry and so is demolishing each 
building and these industries like all the others in the 
model, make use of primary and intermediate inputs. 
The developers’ decisions are made under perfect 
foresight about land and floor prices and idiosyn-
cratic shocks to the financial and non-financial cost 
of construction and demolition. It takes one period 
for these decisions to be taken and realized with the 
idiosyncratic shocks occurring during the period. 
Therefore, in the beginning of each period, the 
probability of constructing a particular floor space 
(building) type and the probability of demolishing an 
existing building are determined by profit maximi-
zation under idiosyncratic cost uncertainty and given 
by logit models A.4a and A.4b: 

 
(A.4a) 

    (A.4b) 

  Qi0k  is the probability that a type k building will be 
constructed on a unit amount of land in zone i , 
while   Qik 0  is the probability that a type k building 

will be demolished.   Vi0  is the market price of a unit 

amount of land and Vik , k=1,...,4 are the unit prices 

of floor space of each type.   
pℜ+k ,i is the cost of con-

struction of a unit amount of type-k floor space in 
zone i, and   

pℜ+4+k ,i  the cost of demolishing a unit 

amount of type-k floor space. Ci0k is the nonfinan-
cial cost of constructing a square foot of type-k floor 
space and   Cik 0  the non-financial cost of demolish-

ing it, with  Cikk  the non-financial cost of keeping 

type-k floor space unchanged.  mik  is the type-k 
building’s structural density in zone i, that is square 
feet of floor space per square feet of lot size. ρ  is 

the interest rate. The coefficients  Φi0 ,Φi1,...,Φi4  
are the idiosyncratic cost dispersion parameters for 
land and each building type respectively. 
 
A.II The market equilibrium conditions 
 
Rental real estate markets: The excess demand for 
floor space vanishes for each residential and each 
commercial type of building in each zone: 

  
N f Pijkc f bijkc f − Sikqcj∑

ikf∑ = 0          (A.5a) 

for k = 1,2 (residential buildings), and 

  
Bk rir∑ − Sikqik = 0                (A.5b) 

for k = 3,4 (commercial buildings).  
N f  is the num-

ber of consumers of each type,  Sik  is the stock 

building floor space of each type, 
 
Pijkc f  are the 

consumer’s choice probability functions and 
 
bijkc f  

are the Marshallian demand functions for floor space, 

 
Bk ri  is the industry’s aggregate demand for com-

mercial floor space, and qik is the probability func-
tion that a unit floor space will be rented than kept 
vacant. 
 
   Labor Markets: The annual excess demand for the 
labor hours of each skill group f, summed over the 
industries vanishes in each zone:  

  
Lf rj − N f H − dGijfc − sijf Zz ijcf GizfcZ∑( )Pijkc fikc f∑r∑ = 0     (A.6) 

 
where 

 
Lf rj are the industries’ demands functions for 

labor, 
 
Pijkc f are the consumer’s choice probability 

functions and 
 
Zz ijcf are the consumer’s Marshallian 

demand functions for the retail good while the pa-
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renthesis contains the labor hours supplied annually 
by a consumer after time allocated to shopping and 
commuting. 
 
   Output Markets: Letting  Ξri  be the exogenous 
export demands, the excess demand in each basic 
industry (agriculture, manufacturing, business serv-
ices) must vanish in each zone: 

  
Yri ns +Ξri − Xri = 0, r = 1,2,3,

ns∑             (A.7) 

where 
  
Yri ns

* are the demands functions for intermedi-

ate inputs .   Xri
*  is the output of industry r in zone i. 

For retail: 

  
N f Pnskc f Zi nscfnskc∑ +Ξ4i − X4i = 0,

f∑            (A.8) 

where the summations are the aggregate shopping 
demands of the consumers. 
 
   Construction and demolition: Construction and 
demolition of each type of floor space is treated as 
an industry. Then, the output is simply 

  
X4+k ,i

* − Si0Qik
* = 0, for r = 5,...,8,                (A.9)  

where   Si0
 is the stock of vacant developable land in 

the beginning of a period. 
 
   Zero- profit conditions of producers: By free entry, 
in each period a zero-profit equilibrium exists for 
each industry in each zone. Then, output prices are 
found from input prices: 

  

prj =
ρvr

Arjδ r
δ rµr

µr vr
vr γ r

γ r

s=1

ℜ

∏
⎛

⎝⎜
⎞

⎠⎟

κ f rj

1
1−θr wjf

θr
θr−1

f =0

F

∑
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

δr (θr−1)
θr

χk rj

1
1−ςr Rjk

ςr
ςr−1

k=0

ℵ

∑
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

µr (ςr−1)
ςr

× υsn|rj

1
1−εsr p̂sn rj

εsr
εsr−1

n=0

′ℑ

∑
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

γ sr (εsr−1)
εsr

s=1

ℜ

∏

(A.10)  
 The foregoing RELU equations which are 
solved for the output prices, wages, floor rents and 
industry outputs, that is for   

pri ,wjf , Rjk , Xri  given 

the vacant land stocks  Sio  from the previous period 
and given the composite over modes and routes 
congested travel times and monetary costs from 

TRAN (
  

Gijc| f
⎡⎣ ⎤⎦ , gijc| f

⎡⎣ ⎤⎦ ). From a RELU equilib-

rium, commuting and shopping trips are calculated 
and entered into TRAN. RELU and TRAN are thus 
linked in a loop which is cycled to a fully simulta-
neous and accurately calculated equilibrium (see 
Anas and Liu, 2007).  
 
   Zero- profit conditions of developers: Developers 
are competitive so that land and floor assets are bid 
up to a level where expected economic profits are 
zero at the beginning of each period, which is ex-

pressed by Eq. (A.11a) and (A.11b) for land and 
each floor space type respectively: 

 

  

Vi0 = Ri0

+ 1
Φi0

ln expΦi0

1
1+ ρ

Vi0 + expΦi0

1
1+ ρ

Vis − pℜ+s,i( )mis −Ci0s

⎡

⎣
⎢

⎤

⎦
⎥s=1...4∑⎧

⎨
⎩⎪

⎫
⎬
⎭⎪

 (A.11a)  

  

Vik =ω ik Rik( )
+ 1
Φik

ln expΦik

1
1+ ρ

Vik −Cikk

⎛
⎝⎜

⎞
⎠⎟
+ expΦik

1
1+ ρ

Vi0

1
mik

− pℜ+4+k ,i

⎛

⎝⎜
⎞

⎠⎟
−Cik 0

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

 (A.11b)  

  Ri0 is the rent on land and  ω ik Rik( ) is the expected 
rent on type-k floor space which reflects the prob-
ability that the floor space may remain vacant during 
the period.  
 
   Stationary-state construction-demolition cycle: 
In stationary equilibrium, for each type of building, 
the flow of demolished floor space equals that con-
structed so that the stock of each building type in 
each model zone remains stable in each year. There 
are, therefore, ℑℵ such equations in each model 
zone: 

  SikQik 0(Vik ,Vi0 ) = mikSi0Qi0k (Vi0 ,Vi1 ,...,Viℵ)    (A.12a)  
Meanwhile, in each model zone, the total amount of 
land,  Ji Ji , is given. Hence the land taken up by 
each real asset type including land that remains va-
cant, must add up to  Ji . 

  

1
mik

Siki=0,1,...,ℵ∑ = Ji . (m0 ≡ 1)        (A12.b) 

 
A.III Welfare analysis 
 
The aggregate welfare gains, W, from cordon tolling 
are measured by, 

  

W = N fe(CVfe )+ N fu (CVfj )( )
f =1,...,4
∑

+ (SikVik )POST + (SikVik )PRE( )
k=0,1,...,4
∑

∀i
∑ +TOLLS

 (A.13)  
TOLLS is the aggregate revenue from the tolls, the 
middle term of summations are the change in aggre-
gate real estate values, POST (PRE) referring to the 
values after (before) the tolls, and the first summa-
tion is the aggregate consumer welfare in the form of 
the sum of all the CVs (compensating variations), 
the subscripts e (u) referring to a consumer in (out 
of) the labor force and f to the income quartile (cum 
skill level) of the consumer. The compensated varia-
tions are calculated as the amount a consumer would 
pay for the increase (require as an offset for the de-
crease) in expected utility that the cordon toll policy 
would confer on a consumer in each group after the 
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policy goes into effect. 
 
Appendix B: Data and calibration 
 
 Deciding on the model’s parameters was a mixture 
of fixing some at reasonable values and calibrating 
others so that the elasticity relationships concerning 
location demand, housing demand and supply and 
the labor market are within ranges of estimates in the 
literature. We first discuss the data sets used to cali-
brate, then how the calibrated model fit the data, and 
lastly the model’s calibrated elasticity relationships. 
 
 Data: A variety of data sets were utilized to 
calibrate RELU- TRAN1. Travel times and work 
trips from residences (origins) to workplaces (desti-
nations) by income and by mode of travel (car, mass 
transit and non-motorized) came from the year 2000 
Census Transportation Planning Package (CTPP). 
From the CTPP jobs by zone of workplace, and es-
timates of wages by place of work were also deter-
mined. Non-work trip frequencies from residence 
location trip origins were estimated from the Home 
Interview Survey for the Chicago MSA. Residential 
housing stock is from the year 2000 Census, and 
non-residential building stock and floor space prices 
from COSTAR data. Residential housing prices and 
rents for floor space in single and multiple family 
housing were inferred by an imputation procedure 
that used the Public Use Micro Sample data. The 
land use files of the Northeastern Illinois Planning 
Commission were used for the vacant developable 
land and land use by building type in each model 
zone and from that the structural density of buildings 
by type was constructed as a zone- average floor 
area per acre. The industries and inter-industry 
trade-flow relationships were obtained by following 
the IMPLAN’s economic modeling system as were 
also expenditure shares by intermediate input cate-
gories. Car costs are from the American Automobile 
Association (AAA, 2005) and the Bureau of 
Transportation Statistics (RITA). 
 The model’s fit to the data: Since 
RELU-TRAN2 is an extension of RELU-TRAN that 
includes choice among five car-types differing by 
TFI (Figure 2) and precise calculations of gasoline 
use, VMT, MPG and speed, it required a calibration 
adjustment that draws on additional data. Data tar-
gets for RELU-TRAN2 to be matched as closely as 
possible by the calibration were constructed. The 
RTAMS (2000)3 data were used to target the number 
of jobs and residents by zone, the work-trip pattern 
by mode of com- muting and the average travel 
speed. The VMT, gas use and MPG targets are from 
the Illinois Travel Statistics (IDOT, 2000). The tar-

                                                        
3	  Regional Transportation Assets Management System (RTAMS) 
http://www. rtams.org/ui/homepage.asp contains an aggregated ver-
sion of the year 2000 CTPP data for the Chicago MSA.	  

geted car distribution by TFI was constructed from 
the NHTS (2001). Table B2 shows how well the 
calibrated model fit the targets. 
  
Elasticities: Table B1 shows the key calibrated elas-
ticities and values of time calculated from the 
model’s predicted equilibrium for the year 2000. 
Here, we discuss how these elasticities compare to 
values from the relevant literature and if they differ 
we explain why. 
 Our MRS between disposable income and 
commuting time from the choice of job-residence is 
higher than the wage rate because of our specifica-
tion of the consumer’s utility: the consumer gives up 
the wage for commuting, but there is also disutility 
from the commuting time. This specification ignores 
that a consumer’s dislike for hours spent at work 
may be higher than his dislike of commut- ing, 
which would result in a value of time lower than the 
wage. It is consistent with recent empirical evidence 
that the value of time in commuting exceeds the 
wage rate due to job market frictions (Van Ommeren 
and Fosgerau, 2009). 
 The elasticity of location demand with respect 
to commuting time was estimated in the 1970s by 
Charles River Associates, Inc. (1972), Atherton et al. 
(1975), Train (1976), and Lerman (1977). The 
in-vehicle time elasticity ranged from -0.36 to -1.40 
for transit and from !0.55 to !1.77 for the 
drive-alone mode. The out-of-vehicle time elasticity 
ranged from -0.23 to -2.7 for transit. As shown in 
Table B1, our workers’ travel time elasticity of loca-
tion demand in RELU-TRAN2 ranges from -0.54 to 
-0.62 and is in the range of these estimates. 
 Anas and Arnott (1993) found that the aver-
age rent elasticity of housing demand, the rent elas-
ticity of white households and the rent elasticity of 
non-white households in the Chicago MSA for 
1970–1980 were -0.55, -0.52 and -0.68 respectively. 
In our model, the rent elasticity of housing demand 
is more negative than -1, because of the functional 
form of the utility function, and ranges from -1.38 to 
-1.95. But our elasticity combines two margins, one 
is the demand for housing floor space and the other 
the number of consumers who demand housing. 
Thus our elasticity is higher than that in Anas and 
Arnott (1993), who estimate a model in which the 
demand for housing in the first margin is inelastic. 
 Kimmel and Kniesner (1998) studied nation-
wide US data for the period 1983–1986. Their na-
tionwide average wage elasticity of labor supply 
(hours worked) is +0.51. In our case, the model is at 
the metropolitan level and an average elasticity can 
be calculated for each zone and each income-skill 
level as the increase in labor hours per consumer 
times the number of consumers wishing to work at a 
zone. Table B2 shows the average wage elasticity of 
labor supplied to the City of Chicago versus the 
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suburbs. These wage elasticities of labor supply de-
crease with income-skill group, and are lower for 
suburban zones. 
 In Anas and Arnott (1993), the elasticity of 
housing floor space supply with respect to rent is 
+0.10 and +0.114 for single-family and multi-
ple-family housing in the Chicago MSA. It is the 
percent of stock that will be offered for rent by the 
landlords (than kept vacant). Our corresponding 
values are +0.099 and +0.23. While our sin-
gle-family housing is similarly elastic, our multi-
ple-family housing supply is more elastic than theirs. 

The methodology used in the literature to 
estimate the supply elasticity of housing is not ro-
bust. There are important data- driven or definitional 
differences between any two studies. DiPasquale and 
Wheaton (1994) report that the long run price elas-
ticity of the aggregate housing stock of +1.2 to +1.4. 
Blackley (1999) reports that the construction elastic-
ity ranges from +1.0 to +1.2, and that the long-run 
price elasticity of new housing supply (in value 
terms) for 1950–1994 ranges from +1.6 to +3.7 
Green et al. (2005) report a price elasticity of hous-
ing supply in the Chicago MSA for 1979–1996 as 
+2.48, but not significantly different from zero. 
Their supply is the number of housing units for 
which building permits were issued, multiplied by 
2.5 (aver- age household size), divided by the popu-
lation. They cover a bigger region than does our 
model. By 2000, our region was more developed 
than during their period, and the available land 
would have decreased significantly. The definition 
of our elasticity of construction is different than 
theirs and measures the percent by which the con-
struction flow would increase. In addition, there are 
two assumptions that could be affecting our elastic-
ity in real estate variables. 
 First, is the assumption that our building 
structural density (in floor space per unit of land), is 
constant by building type and zone. Our average 
structural density is not constant, however, and 
changes over time by demolishing low structural 
density and constructing higher structural density 
buildings. If the building’s floor space could be di-
rectly chosen by the developer, the stock could be 

more elastic when the building value increases. This 
would be especially true in the zones where the va-
cant land is scarce. Smith (1976) reports that the 
price elasticity of density is þ5.27, where density is 
the number of dwelling units built on a unit land 
area, from Chicago MSA cross-section data between 
1971 and 1972. The second assumption is the equi-
librium condition that the construction and demoli-
tion flow of each building stock in each zone is 
equalized in stationary equilibrium. In reality, the 
construction flow would be larger than demolition 
and stock in a growing economy. 

This suggests that it is better to evaluate the 
reasonableness of our housing supply elasticity by 
simulating the model in a comparative static exercise, 
observing how the housing stock responds. In 
Hiramatsu (2010), an urban growth scenario is 
simulated, in which the total population and the net 
exports are increased 10%. The vacant land stock 
decreases in both the city and the suburbs. The sin-
gle family housing stock decreases in the city and 
increases in the suburbs. The multiple family hous-
ing stock increases in both the city and the suburbs, 
and increases more in the suburbs than in the city. 
The single and multiple family housing stock in-
creases less than the 10% population growth and the 
average floor space per person decreases. Indus- trial 
and commercial floor space also increase in the city 
and suburbs. The increase is higher in the city, but 
not as high as that of the housing stock. In the city, 
where the available land is limited, some single fam-
ily housing is demolished and multi- family housing, 
industrial and commercial buildings are con- 
structed. In the suburbs where there is plenty of land, 
both single and multiple family housing is con-
structed. Industrial and com- mercial buildings are 
also constructed in the suburbs. Thus the building 
stocks respond reasonably with respect to the in-
crease of population and net exports. In the city the 
rent of single family housing increases by more than 
10% as the supply decreases. The other building 
rents also increase since demand increases by more 
than supply does. We conclude that the building 
markets, including stocks, rents and values, respond 
reasonably under the calibrated elasticities.
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Consumers Income quartiles     
  1 2 3 4 
MRS (disposable income, commute 
time) ($/h/day) 12.257 20.934 35.91 92.625 
Elasticity of location demand with 
respect to commuting time !-0.618 -0.606 -0.612 -0.546 
Elasticity of housing demand with 
respect to rent !-1.949 -1.756 -1.568 -1.378 
Elasticity of labor supply in city with 
respect to city wage 2.818 2.168 1.694 1.199 

Elasticity of labor supply to suburbs 
with respect to wage in suburbs 1.602 1.352 0.973 0.626 
Developers Building type       
  1 Single family 2 Multi family 3 Commercial 4 Industrial 
Elasticity of Elasticity of floor space 
supply with respect to rent 
(short-run) 0.099 0.23 0.268 0.138 

Elasticity of Elasticity of construc-
tion flow with respect to asset value     
 Overall 0.052 0.421 0.42 0.074 
 City 0.033 0.056 0.261 0.04 
 Suburbs 0.053 0.681 0.452 0.079 

Elasticity of Elasticity of demolition 
flow with respect to asset value     
 Overall -1.612 -0.982 -0.176 -0.523 
 City -0.055 -0.528 -0.346 -0.667 
 Suburbs -1.719 -1.375 -0.073 -0.465 

Elasticity of Elasticity of floor space 
stock with respect to asset value     
 Overall 0.0535 0.0147 0.0054 0.0087 
 City 0.001 0.0068 0.0064 0.0079 
 Suburbs 0.0672 0.0218 0.0048 0.0092 

TABLE B1: Calibrated Elasticities in RELU-TRAN2 (Chicago, MSA) 
 
Data items Source Percent (%) over- under-prediction Calibration 
    (average absolute value % error) Target 
Region wide car-VMT (mill.mi/day) IDOT (2000) -3.9 137.9 
Interstate car-VMT (mill.mi/day)  -16.1 39 
Other car-VMT(mill.mi/day)  0.9 98.9 
Fuel use by cars (mill.gall./day)  -5.2 6.51 
MPG by cars (mi./gall.)  1.3 21.2 
Employed residents by zone  6.10%  
Jobs by zone  4.90%  
Work trips by origin-to-destination RTAMS (2000) 5.90%  
Work trips by car origin-destination 6.10%  
Distribution of car TFI levels NHTS (2001) 5.30%   

 
Table B2   Fit of the calibrated RELU-TRAN2 to targets constructed from data. 
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