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Abstract: In this paper, we analyze the second-best investment policy for urban and
rural highways, when only uniform highway fees are feasible. We demonstrate that the
second-best distortion is smaller and the first-best investment criterion, which implies
that the timesaving benefits equal the additional highway investment costs, is more
valid when urban and rural highways are closer to being complements. If the second-
best distortion is small because of a complementary relationship between urban and
rural highways, it is likely that revenues are less than the construction cost regarding
urban highways but revenues exceed the construction cost regarding rural highways.
That is, the financing of urban highways using excess revenues from rural highways
could be justified. Theoretical results are derived and illustrated by simulations based

on Japanese highway data.
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1 Introduction

Building rural highways is unpopular among urban residents, especially when the
‘revenue-pooling system’, which is typical in Japan, is adopted. Under the revenue-
pooling system, revenues from all highways are pooled for the construction of new
highways. This means that revenues from urban highways are invested in rural
highways if rural highways are less developed than urban highways. Is a policy that
favors the construction of rural highways economically justified? Until now, such a
policy has been justified as a second-best policy. In practice, user fees for urban and
rural highways rarely differ. For instance, in Japan, highway tolls per kilometer hardly
vary and there is only one fuel tax for the whole country. In the U.S. freeway system,
highway tolls are zero on all highways except toll roads, and the fuel tax is uniform
across the state. Thus, second-best outcomes are typical under uniform fees. Since
congestion is insignificant in rural areas, uniform user fees probably exceed congestion
externalities in many rural areas. Reducing the distortion due to higher user fees for
rural highways requires overinvestment in rural highways. This is the implication of the
second-best investment policy, as has been shown by Henderson (1985).

To what extent is a second-best policy valid in relation to investments in urban and
rural highways? This paper attempts to answer this question. Focusing on the fact that
urban and rural highways are complements rather than substitutes, we point out that the
second-best distortion, due to uniform fees, is probably small. Consequently, one could
rely on the first-best analysis being a reasonable approximation.

The main results of the paper are as follows. In the second-best situation, in which

only uniform fees are feasible, the optimal user fees for highways are a weighted sum of



the congestion externalities in urban and rural highways. Consider a situation in which
congestion is severer in urban highways than in rural highways. In such a situation,
second-best user fees are lower than the congestion externality in urban areas and higher
than the congestion externality in rural highways. Given second-best user fees, the
optimal investment policy is to overinvest in rural highways and underinvest in urban
highways to reduce the second-best distortion. However, urban and rural highways are
complements because they are connected and jointly used in many cases. Hence, the
second-best distortion is probably small. We demonstrate that the second-best
distortion is smaller and the first-best analysis is more valid as the extent to which urban
and rural highways are complements becomes greater. This result has an important
implication for financing the construction costs of urban and rural highways. If the
second-best distortion is large, it is possible that, for urban highways, revenues exceed
costs of construction, whereas, for rural highways, construction costs might exceed
revenues. Hence, building rural highways using excess revenues from urban highways
could be justified. However, if the second-best distortion is small, building urban
highways using excess revenues from rural highways could be justified.

Next, we briefly relate our study to the existing literature. First, Wheaton (1978),
Wilson (1983), and D’Ouville and McDonald (1990) analyzed second-best capacity for
a single highway. Henderson (1985), Arnott and Yan (2000), and Kraus (2003) focused
on the existence of another highway or railway, but their analysis is conducted within
the context of the ‘two-mode problem’, in which the two transport routes are substitutes.
This paper differs from the existing literature by considering the second-best optimal
highway capacity for urban and rural highways and by allowing the highways to be

complements. Second, the analysis of financing highway investment originated with



Mohring and Harwitz (1962) and Strotz (1965), who showed that the revenues from the
first-best congestion tax exactly cover the construction costs of highways if the
production technology of highway services exhibit constant returns to scale. Arnott et
al. (1993) and Arnott and Kraus (1995) extended the analysis by investigating
bottleneck congestion, and Bichsel (2001) extended the analysis by considering two
groups of road users, such as commuters and shoppers, using the same road at different
time periods. However, since these analyses consider single roads, they shed no light
on the problem of financing two different types of highway. In this paper, we explicitly
focus on the problem of financing urban and rural highways.

The structure of this paper is as follows. In Section 2, we set up the model. In
Section 3, we derive the first-best results for reference. In Section 4, we derive results
for the second-best case, in which only uniform user fees are feasible. In Section 5,
using data on Japanese highways, we perform simulations to test our theoretical

predictions. Section 6 concludes our analysis.

2 Model

Consider an urban highway (A) and a rural highway (B), which are connected. The

representative consumer demands the composite consumer good, z, the price of which

is normalized at unity, urban highway travel, x*, and rural highway travel, x”. We
assume that the utility function of the representative consumer has the following quasi-

linear form:

U=z+u(x",x"). (1)

The above quasi-linear utility function implies that we neglect income effects.



The budget constraint of the representative consumer is:
y=z+p'x'+ p°x?, (2)

. . A B . . .
where y is the consumer’s income and p” and p” are the generalized prices, which

include time costs, of urban and rural highway travel, respectively.

Solving the utility-maximization problem of the representative consumer, we obtain:

pl=u_ (x",x"), 3)

P’ =u,(x",x"). (4)

Hereafter, subscripts denote partial derivatives. Given (3) and (4), the demand

functions for x* and x* are:

xt=x'(p",p"), (5)
" =x"(p", p"), (6)
where
d)CA dXB —U 45
B 4 — 2 (7)
dp dp uxAxAuxBxB - (uxAxB)

Since the utility function, (1), is concave, we obtain:

2
uxAxAuxBXB - (uxAxB) > O s (8)



which implies that x? and x® are substitutes if Ui <0 and are complements if
Uy > 0.

In this paper, we assume that both urban and rural highways are potentially

congestion prone. The degree of congestion on an urban highway depends on the
highway’s travel demand, x*, and its (nominal) highway capacity, K*. Similarly, the
degree of congestion on a rural highway depends on its travel demand, x”, and

(nominal) highway capacity, K”. The following generalized prices of urban and rural

highway travel are assumed:

pA:rA+c_A+cA(xA,KA), 9)

PP =8 1P+ PP KD, (10)

In this context, 7* and z” are user fees for travel on urban and rural highways,
respectively, and ¢ and c¢” are the monetary costs of urban and rural highway travel.

Since the levels of ¢* and ¢” are irrelevant to our analysis, we set ¢* and ¢” at zero.

The functions ¢*(x*,K") and ¢”(x®,K"”) represent monetized time costs for urban and
rural highway travel, respectively; ¢! and ¢® are nondecreasing in x” and x” and
decreasing in K* and K*, respectively; i.e., ¢’ 20, ¢5,20, ¢, <0, and ¢, <0.
We assume that ¢*(x*,K*) and ¢”(x®,K”) are homogeneous of degree zero. Using

(9) and (10), we rewrite the demand functions for x* and x”, (5) and (6), as follows:

x*=x"(c", 7%, K" K"?), (11)



x? =x"(c", 7%, K*,K"). (12)

The profits relating to urban and rural highway travel, respectively, are:

- prA _CA(XA’KA)XA P Gy < (13)

ﬂ'B:prB—cB(xB,KB)xB—CBKKB:TBXB—CBKKB, (14)

where ¢*® and ¢” are unit capacity costs for urban and rural highways, respectively.

Given (1), (2), (13), and (14), total social welfare, SW , is:

SW=U+x"+n"
=y—p'x' = p’x® +u(x’, x*)+t'x* = * K+ Px® - K ? (15)

A_A B __B A B AK 74 BK 1B
=y—-c'x"—c’x" +u(x",x")-c" K" =" K".

3 First Best

For reference, we obtain the first-best results. Maximizing total social welfare, (15),

with respect to 77, 7%, K, and K* yields:

A= C:AXA’ (16)
f = chxB , (17)
e (18)
—chxB = (19)



The derivation of (16) to (19) is in the Appendix. Equations (16) and (17) represent

the optimal conditions for highway user fees, which are that highway user fees equal

congestion externalities in urban and rural highways. In (18) and (19), —c:,‘AxA and

—ch x” represent the (monetized) timesaving benefits generated by investments in

highway capacity, or the marginal benefits of highway capacity. Equations (18) and
(19) imply that the marginal benefits of highway capacity equal their marginal costs in

urban and rural highways.

Since ¢’(x*,K") and ¢”(x®,K”) are assumed to be homogeneous of degree zero,
the total social costs of urban highway travel, ¢*(x*,K*)x*+c** K", and rural

highway travel, ¢”(x”,K”)x” +c”K” , are both homogeneous of degree one.

Consequently, the so-called ‘self-financing property’ of highways, originally derived by

Mohring and Harwitz (1962) and Strotz (1965), applies. That is:

tix? =K, (20)

’x? =" K", (21)

(The derivation of (20) and (21) are in the Appendix.) Equations (20) and (21) imply
that the revenues from first-best user fees cover construction costs in urban and rural

highways.

4 Second Best

In section 3, we considered the first-best case, in which user fees in urban and rural can

differ. However, the first-best outcome is unlikely to arise in practice. Hence, we



extend our analysis to consider the second-best case, in which only uniform user fees
are feasible.

Consider uniform user fees, 7 :

z’zz'A:TB. (22)

Given (11), (12), and (22), the demand functions for x* and x” in the second-best

case are:
x*'=x"(r,K",K?), (23)
x? =x%(r, K", K?). (24)

The solutions in the second-best case are obtained by maximizing total social welfare,

15), with respect to 7, K*, and K*.
P

4.1 Second-best user fees

We begin by examining second-best user fees. The uniform user fees are:

GAxA(cAAxA) +0%x*? (cBBxB)
T= > = , (25)
Q'x* +6°x®

where the elasticity of travel demand with respect to user fees is given by §' = ————

(i = A,B). Throughout the paper, we assume that & >0. The derivation of (25) is in

the Appendix. Equation (25) shows that, in the second-best case, the optimal user fees



are a weighted average of the congestion externalities in urban and rural highways.'
The weights are related to travel demand and the elasticities of travel demand with
respect to user fees in urban and rural highways. The larger the travel demand or the
larger the elasticity for urban highways, the larger is the weight for urban highways.
Consequently, for urban highways, the second-best optimal user fees approach the first-
best user fees.

First, suppose that travel demand is high on an urban highway but low on a rural
highway. In this case, it is better in terms of total social welfare to reduce the second-
best distortion on the highway with higher travel demand; i.e., the urban highway. To
reduce the distortion on the urban highway, greater weight must be given to the first-
best user fees on the urban highway.

Second, suppose that the elasticity of travel demand with respect to user fees is large
for the urban highway but small for the rural highway. In this case, it is desirable in
terms of total social welfare to reduce the second-best distortion on the highway for
which demand is more elastic; i.e., the urban highway. This is because, when demand
is more elastic, there is a greater change in travel demand, which yields a larger
distortion. Thus, greater weight must be assigned to first-best user fees on an urban

highway for which demand is more elastic.

! Verhoef et al. (1995) point out that the second-best user fees are a weighted average of congestion
externalities. In (25), we rearrange their result by using the elasticity of travel demand with respect to
user fees.
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4.2 Second-best investment criteria

We consider the second-best investment criteria in this subsection. Without loss of

generality, we focus on the case in which ¢”,x* > ¢%,x” ; i.e., congestion is severer on an

urban highway than on a rural highway. Second-best highway capacity satisfies:

(r— chxB)c;A

A A AK AK
—cx"=c" + 7 >c™, (26)
u.XBXE - CXB - uXAXB
B B B
T—co,x")c
B _B BK ( B B BK
—C,x =c " - <, (27)
u‘CBXB - CXE u.XAXE

The derivation of (26) and (27) is in the Appendix. We denote the second-best

B _B A
(r ChX )CKA
B
Uz 5 _CXB —U 4

XX X X

and

distortion in urban and rural highways by SBDWL'=

K?_  respectively. Equations (26) and (27) show that optimal

highway capacity in the second-best case differs from that in the first-best case by the
amount SBDWL" for an urban highway and by SBDWL” for a rural highway.

When cfoA > chxB, (25) implies that 7 > chxB. Given that 7 > cf,,xB , ¢, <0,and
cfﬁ <0, the numerators of SBDWL" and SBDWL’ are negative. Their denominators

are negative if &' >0, as shown in the Appendix. Since both the numerators and
denominators are negative, SBDWL" and SBDWL" are positive. For an urban highway,
the difference, SBDWL", makes the marginal benefit of highway capacity exceed its

marginal cost. For a rural highway, the difference, SBDWL® , makes the marginal

11



benefit of highway capacity fall below its marginal cost. This implies that, relative to
the first-best case, there is underinvestment in urban highways and overinvestment in

rural highways in the second-best case.
The important issue is whether SBDWL' and SBDWL”® are large or small. Suppose

that x* and x” are substitutes and, consequently, that u_, <0 from (7). In this case,
Uy s —ch <0 and —U 45 > 0 offset each other and, consequently, the absolute values

of the denominators of SBDWL"* and SBDWIL® Uy s —cfg —U s

, are likely to be

small, ceteris paribus. Thus, SBDWL" and SBDWL® are large. By contrast, if x* and
x” are complements, the absolute values of the denominators of SBDWL' and

SBDWI® Uy —ch —u_ .|, are likely to be large, ceteris paribus, given that

U,y —cfb, <0 and —u_,, <0. In this case, SBDWL" and SBDWL® are small and,

consequently, highway capacity in the second-best case approaches highway capacity in
the first-best case.

Since urban and rural highway travel are jointly consumed in many cases, urban and
rural travel demand are complements to some extent. Thus, the distortion due to
second-best uniform user fees is probably small. This suggests that the first-best
investment criterion, which is based on a comparison of marginal benefits and costs of

highway capacity, is practically useful in the second-best case.

4.3 The modified self-financing property in the second-best case

In this subsection, we focus on how the self-financing property in the first-best case,

(20) and (21) is modified. In the second-best case, with ¢/, x" > ¢%,x” , we obtain:

12



x* < (c™ + SBDWL)K", (28)

rx® > (™ - SBDWIP)K” . (29)

The derivation of (28) and (29) is in the Appendix. Recall that SBDWL"' and
SBDWIL’ are positive. If SBDWL' and SBDWL’ are large, it is possible that

x* > c™K* and rx” <c®K” ; ie., for urban highways, revenues from user fees
exceed construction costs, whereas, for rural highways, costs exceed revenues. Since
profits are positive for urban highways and negative for rural highways, subsidizing the
latter by using excess profits from the former could be justified. That is, there is an
economic justification for the revenue-pooling system, under which urban highway
users bear the cost of building rural highways. However, if urban and rural highways

are complements, at least to some extent, SBDWL' and SBDWI”® are likely to be

sufficiently small to imply zx* <c¢*™K* and 7x® >c¢” K® . If so, the results are
reversed. Since the urban highway makes a loss and the rural highway is profitable,
subsidizing urban highways by imposing financial burdens on rural highway users could

be justified on the grounds of economic efficiency.

5 Numerical simulations

In this section, we test the theoretical predictions using numerical simulations based on
Japanese highway data. The urban highway (A) that we chose is the Tomei highway
connecting Tokyo and Nagoya, which is one of the most congested highways in Japan.
The rural highway (B) chosen is the Joban highway, which stretches from Tokyo to the

Tohoku area (in the northern part of mainland Japan).
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For convenience, a representative consumer is assumed to consume 100 kilometers

(km) of highway services, x” and x®. When there is no congestion, the consumer can
drive at 100 km per hour on either highway. The time costs for both highways are

assumed to be the same and are given by:

B
o(x,K) = w(l 4 a(%} J (30)

where w is the value of time. We set &« =0.48 and £ =2.82, as proposed by the Japan

Society of Civil Engineers (2003) for Japanese highways. According to the Japan
Institute for Labor Policy and Training (2003), the average hourly wage was 2240 (yen)
in 2003. Following Small (1992), we set the value of time as half the hourly wage; i.e.,

w=1120 (yen). Following the Japan Society of Traffic Engineers (1999), we set the
congestion rate, % in (30), at 0.9 for A and 0.47 for B. The actual highway toll for a

100 km highway drive is 2610 (yen) for both A and B. Thus, the actual generalized

prices of A and B, respectively, are:

P :2610+1120(1+0.48(0.9)2'82)=4130, (31)

P’ =2610+1120(1+0.48(0.47)"" ) = 3800 (32)

We assume the following quadratic utility function:

U=z-k'(x"V -k () +Ex"'x" + k' x" + kx°, (33)
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where k', k*, k*, k*, and k° are parameters. Given (33), the linear inverse demand

functions are:

=2k X+ kY (34)

p’ =20 + Ikx + K (35)

Given (7), the sign of k° determines whether x* and x” are substitutes or
complements. We use k° =—100,-50,0,50,100, with larger k° values implying greater
complementarity between x” and x”. The price elasticity of travel demand is assumed

to be 0.4 when k> =0. (We change the price elasticity of travel demand to 0.2 and 0.6

in subsection 5.3.) Actual 12-hour travel demand is 45700 (vehicles) for A and 24700

A A B B
(vehicles) for B. Thus, given 2= 2 = % P__ g4 1245700, x* =24700,

op” x op” x
(31), and (32), we obtain k' =113, k* =192, k* =14500, and k* =13300.

We compute the unit capacity costs of A and B, ¢** and ¢ | from total
construction costs divided by total highway capacity. Since we have no reliable data on
the historical construction costs of the highways already built, we use current cost
estimates of comparable highways that are currently being built. Specifically, we use
the projected construction cost of the second Tomei highway as a substitute for the cost
of the current Tomei highway (A). For the Joban highway (B), we use the construction
cost of the section of the Joban highway currently being built. From information
provided by the Ministry of Land, Infrastructure, and Transport (2003a), we estimate

the construction cost of the Tomei highway (A) to be 18800 (million yen/km) and that
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of the Joban highway (B) to be 3520 (million yen/km). The capacity of the highways
per lane is assumed to be 2200 (vehicles per hour), on the basis of information from the
Japan Road Association (1984). Assuming four lanes each for A and B implies a total
highway daily capacity of 2200 x 4 x 24 = 211000 (vehicles). Since we assume that a
representative consumer consumes 100 km of highway services, the unit capacity costs
of A and B are:

A 100 x 18800

=8.91 (million yen per vehicle), 36
211000 ( yenp ) (36)

s 100x3520 o .
=—=1.67 11 hicle). 37
c 511000 (million yen per vehicle) (37)

The project period and the interest rate are assumed to be 40 (years) and 4%, based
on information from the Ministry of Land, Infrastructure, and Transport (2003b). We

assume that all values apply for 40 years.

5.1 Main results
The simulation results obtained using these parameters are presented in Table 1, with
distortions in K and SW being defined as percentage deviations from first-best values.
In the first-best case (FB), the highway toll for A is 1300 (yen), while that for B is
378 (yen). Thus, the optimal highway toll for A is 344% of that for B. In the second-
best case (SB1), the highway toll is 928—1010 (yen), which is 71.3-77.6% of the first-
best highway toll for A and 245-267% of that for B.
The investment criteria derived in (26) and (27) imply underinvestment in the urban

highway (A) and overinvestment in the rural highway (B) in the second-best case. Note
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that these criteria do not imply that the actual amounts of investment in the second-best
case are larger or smaller than those in the first-best case. For all values of k°, the
levels of K* and K” in SB1 are higher and lower, respectively, than those in FB.
However, in practice, one could disregard the second-best distortion in capacity when
urban and rural highways are complements, as suggested by the theoretical result in
subsection 4.2. The results in Table 1 show that the second-best distortions in K* and
K” are smaller the more complementary are A and B. Specifically, in SB1, K* is
3.73% larger and K” is 8.52% smaller than in FB when k&’ =-100. However, when

k*> =100, the corresponding differences are 1.14% larger and 1.69% smaller. Thus, if
the second-best highway toll is charged when an urban and a rural highway are
complements rather than substitutes, in practice, one could rely on the first-best optimal
capacity to be a reasonable approximation because the second-best distortion in capacity
is small enough to be ignored.

Regarding financing properties, in SB1, for all values of k°, revenues are below
capacity costs in A, whereas revenues exceed capacity costs in B. This result suggests
that, in SB1, SBDWL" and SBDWL" in (28) and (29) are so small that financing an
urban highway using extra revenues from a rural highway is justified.

In practice, second-best highway tolls are rarely applied. Hence, we consider two
additional cases. In SB2, highway tolls are zero in both A and B, as in the U.S. freeway
system. In SB3, the current Japanese highway toll of 2610 (yen per 100 km) is charged.
In SB2, in which highway tolls are zero, travel demand for both A and B are higher, and

optimal capacity is also higher so that the highways can cope with higher travel demand.

Consequently, the levels of distortion in K and K” shift upwards to be 5.67-6.06%
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higher than those in SB1 and 5.77-6.54% higher than those in SB1, respectively. By
contrast, in SB3, highway tolls are higher than the first-best tolls. Relative to SB1,
higher tolls reduce travel demand in both A and B and subsequently reduce their
capacities. Consequently, the levels of distortion in K* and K” shift downwards to be
9.87-10.6% lower than those in SBI1 and 10.7-10.8% lower than those in SBI,
respectively. That is, as shown in Figure 1, the line that represents the distortions in K
and K” in SB2 is above that representing those in SB1 (in the direction of the solid
arrows), whereas the line representing the distortions in SB3 is below that representing
those in SB1 (in the direction of the broken arrows). By contrast, in SB3, highway tolls
are higher than the first-best tolls. Relative to FB, higher tolls reduce travel demand in
both A and B and subsequently reduce their capacities. Consequently, the distortions in
K* and K” increase to be 9.87-10.6% lower than in FB and 10.7-10.8% lower than in
FB, respectively. That is, as shown in Figure 1, relative to SB1, the distortions in K*
and K” in SB2 shift upwards (in the direction of the solid arrows), whereas those in
SB3 shift downwards (in the direction of the broken arrows). Because of the effects of
these distortions in highway tolls, we cannot say that the distortions in K* and K” are
smaller as A and B become the more complementary when second-best optimal tolls are
not charged.

Finally in this subsection, for all values of k’, the ranking of total social welfare is
such that FB>SB1>SB2>SB3. Provided that the optimal highway tolls in FB are 1300
(yen) for A and 378 (yen) for B, total social welfare is higher in SB2 than in SB3
because the highway tolls of 2610 (yen) in SB3 are more distortionary than are the zero

tolls in SB2.
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5.2 Varying B’s travel demand
Hereafter, we refer to the case analyzed in subsection 5.1 as the base case. In the base

case, the parameters are set under the condition that the actual travel demand of B is 100

X (24700/54700), which is 54.1% of that of A. In this subsection, we check the effects
of differences in travel demand between A and B on the results, by setting k> =130,

k* =519, or k* =1040, which implies that B’s actual travel demand is 80%, 20%, or
10% of A’s. The results are presented in Tables 2a, 2b, and 2c. Essentially, the results
in the base case apply whether the difference in travel demand between A and B is large
or small.

Further explanation is warranted on two points.

First, if B’s travel demand is high, it is important to deal with the distortion in B in
SB1. As Figure 2 shows, while the distortion in K” is smaller, that in K is larger,
compared with the base case. By contrast, if B’s travel demand is lower, while dealing
with the distortion in B is less important, it is important to take into account the
distortion in A in SB1. This is why the distortion in K is smaller while that in K* is
larger, compared with the base case, in Tables 2b and 2c.

Second, if B’s travel demand is higher, the difference in the distortion in total social
welfare between SB2 and SB3 is greater. Specifically, if B’s travel demand is 10% of
A’s travel demand, the distortion in total social welfare hardly differs between SB2 and
SB3: —1.05% to —1.18% in SB2 and —1.41 to —1.52% in SB3. However, if B’s travel
demand is 80% of A’s travel demand, the distortion in total social welfare depends
significantly on whether SB2 or SB3 is chosen: —0.602% to —0.928% in SB2 and —
2.28% to —2.51% in SB3. The reason for these relationships is as follows. When B’s

travel demand is high, it is important to consider B’s condition; congestion is less severe
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and, consequently, the optimal highway toll on B is low. A high toll generates
significant distortion, whereas little distortion is generated by a zero toll. That is, the
distortion from SB2 is smaller, the distortion in SB3 is larger and, hence, the difference

in total social welfare between SB2 and SB3 is greater the higher B’s travel demand.

5.3 Varying the price elasticity of travel demand

In the base case, we set the price elasticity of travel demand at 0.4 when &k =0. Hence,

we check the effects on the results of different values of the price elasticity, namely 0.2
and 0.6. When the price elasticity of travel demand is 0.2, k' =226, k* =384,
k*=24800, and k° =22800 . When the price elasticity of travel demand is 0.6,

k'=75.3, k=128, k*=11000, and &’ =10100. As Tables 3a and 3b show, the
qualitative results are similar when the price elasticity changes. However, a higher
price elasticity leads to a larger change in the distortion in K. This is because travel
demand and highway capacity are likely to change to a greater extent when the price
elasticity is larger. Thus, whether urban and rural highways are substitutes or
complements is more important the larger the price elasticity of travel demand. Figure
3 displays the results for SB1, which confirm that the change in the distortion in K is
larger the greater the price elasticity. (Since the figures for SB2 and SB3 show the same
trends, they are omitted due to limitations on space.) A higher price elasticity also leads
to a greater distortion in total social welfare. Thus, in SB1, SB2, and SB3, the distortion

in SW is greater the larger the price elasticity of travel demand.

5.4 Varying B’s construction cost
Finally, in this section, we check the effects of differences in construction costs between

A and B on the results. In the base case, B’s construction costs are 100 x (1.67/8.91) =
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18.7% of A’s. In this section, we consider B’s construction costs being 80%, 50%, and
10% of A’s. The results are presented in Tables 4a, 4b, and 4c. Although the results in
the base case apply whether differences in construction costs between A and B are large
or small, two trends are worth explaining.

First, we check the results for SB1, which are illustrated in Figure 4. The larger the
difference in construction costs between A and B, the larger the difference in congestion
rates. This is because investment in B’s capacity increases while investment in A’s
capacity decreases because of the difference in construction costs. The difference in
congestion increases the second-best distortion caused by uniform highway tolls and,
consequently, makes the distortions in K larger in SB1. By contrast, the smaller the
difference in construction costs between A and B, the smaller the difference in
congestion rates. Hence, the second-best distortion caused by uniform highway tolls is
smaller. Thus, the distortions in K are reduced in SB1. In addition, the larger the
second-best distortion, the greater the distortion in total social welfare. Thus, the
distortion in SW is larger the greater the difference in construction costs between A
and B.

Second, in relation to SB2 and SB3, the larger the difference in construction costs
between A and B, the greater the difference in the distortion in total social welfare
between SB2 and SB3. The explanation is similar to that used to explain the effects of
B’s travel demand in subsection 5.2. Specifically, the greater the difference in
construction costs between A and B, the less severe is congestion in B. Consequently,
the lower the optimal highway toll in B. This is because investment in B’s capacity is
higher. In this case, a high toll generates a large distortion, whereas little distortion is

induced by a zero toll. That is, the greater the difference in construction costs between
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A and B, the larger the distortion in SB2 and the smaller the distortion in SB3 and,

hence, the greater the difference in total social welfare between SB2 and SB3.

6 Conclusion

In this paper, we analyzed the second-best investment policy for an urban and a rural
highway when only uniform highway fees are feasible. The main points are
summarized as follows. First, if urban and rural highways are complements rather than
substitutes, the second-best distortion in highway capacity is lower. In such a case, the
first-best investment criterion, which implies that the timesaving benefits equal the
additional highway capacity costs, is approximately valid. Second, if the second-best
distortion in highway capacity is small, for urban highways, revenues from highway
fees are less than highway construction costs, whereas, for rural highways, revenues
from highway fees exceed highway construction costs. This result suggests that using
excess revenues from rural highways to finance the construction of urban highways is
justified. These two predictions are supported by simulations based on Japanese
highway data.

The results in this paper are applicable when we examine actual highway investment
policies. For example, in Japan, there has been much debate on investment in rural
highways that have traffic demands that are lower than those of urban highways. Note
that, in all SB3 results, second-best distortions in capacity are negative; that is, second-
best optimal capacity is below first-best optimal capacity. This suggests that the first-
best optimal capacity provides an upper limit for investments in rural highways in Japan.
That is, second-best arguments are unlikely to justify overinvestment in rural highways

on which traffic demand is low and, hence, expected timesaving benefits are small.
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In concluding the paper, we comment on one issue. The analysis in this paper
focused on economic efficiency under the assumption that all consumers are
homogeneous and have the same utility function. Thus, we ignored equity issues.
However, in practice, highway investments are at least partly determined on the basis of
equity because of political pressures. Taking account of equity issues in a model that
incorporates heterogeneous consumers would complicate the analysis, but warrants

further research.
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Tables and Figures

Table 1. Base case

FB SB1 SB2 (t=0) SB3 (1=2610)
K’ A B A B A B A B
p -100 [ 2880 | 1630 | 2610 | 2250 | 1630 | 1250 | 4160 | 3840
(yen) -50 || 2880 | 1630 | 2570 | 2220 | 1620 | 1260 | 4160 | 3840
0 2880 | 1630 | 2550 | 2200 f| 1620 | 1260 | 4150 | 3840
50 || 2880 | 1630 | 2530 | 2190 | 1620 | 1260 § 4150 | 3850
100 |[ 2880 | 1630 | 2510 | 2180 | 1610 | 1260 | 4150 | 3850
T -100 [ 1300 378 1010 0 2610
(yen) -50 | 1300 378 977 0 2610
0 1300 378 955 0 2610
50 || 1300 378 940 0 2610
100 |[ 1300 378 928 0 2610
X -100f 42.9 19.2 45.1 17.0 48.7 18.7 394 14.4
(1000 vehicles)| -50 |[ 46.0 24.4 47.8 22.6 51.5 24.7 41.5 19.2
0 514 30.4 52.9 28.9 57.0 314 45.8 24.6
50 59.8 38.2 61.1 36.9 65.8 39.9 52.8 31.5
100 |[ 73.3 49.5 74.4 48.3 80.1 52.2 64.1 41.3
K -100|f 45.3 314 47.0 28.8 49.7 30.8 42.5 254
(1000 vehicles)| -50 || 48.6 39.9 49.9 37.8 52.8 40.2 45.0 33.5
0 54.3 49.7 55.4 47.9 58.6 50.9 49.8 42.6
50 63.2 62.5 64.2 60.9 67.8 64.6 57.6 54.2
100 || 77.4 80.9 78.2 79.6 82.6 84.2 70.1 70.8
Congestion | -100|[ 94.7 61.1 96.0 59.2 97.9 60.7 92.6 56.7
Rate (%) -50 || 94.7 61.1 95.7 59.9 97.6 61.3 92.2 57.4
0 94.7 61.1 95.5 60.3 97.3 61.6 91.9 57.8
50 94.7 61.1 95.3 60.6 97.1 61.8 91.7 58.1
100 || 94.7 61.1 95.1 60.8 97.0 62.0 91.5 58.3
Distortion -100 / / 3.73 -852 1 9.78 | -198 | -6.14 | -19.2
inK -50 / / 2.83 -5.41 872 | 0.796 | -7.31 | -16.1
(%) 0 / / 2.13 -3.64 | 7.93 236 | -820 | -144
50 / / 1.58 | -2.50 | 7.30 337 | -889 | -13.3
100 / / 1.14 | -1.69 | 6.80 4.08 | -944 | -12.5
Profits -100 0 0 -89.5 | 76.2 -443 | -51.5 364 229
(billion yen) | -50 0 0 -108 96.7 -470 | -67.2 382 307
0 0 0 -129 119 -522 | -85.0 419 393
50 0 0 -157 149 -604 -108 482 503
100 0 0 -198 191 -736 -141 584 660
Distortion -100 / -0.279 -1.02 -2.13
inSW -50 / -0.200 -0.891 -2.13
(%) 0 / -0.145 -0.805 -2.12
50 / -0.104 -0.743 -2.12
100 / -0.0731 -0.696 -2.12
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Table 2a. When B’s travel demand is 80% of A’s travel demand

FB SB1 SB2 (-=0) | SB3 (1=2610)
K A B A B A B A B
D -100] 2880 | 1630 [ 2490 | 2130 | 1630 | 1250 | 4170 | 3840
(yen) 50 || 2880 | 1630 | 2470 | 2120 | 1620 | 1260 | 4160 | 3840
0 || 2880 | 1630 | 2460 | 2120 | 1620 | 1260 | 4150 | 3840
50 || 2880 | 1630 | 2450 | 2120 | 1610 | 1260 | 4150 | 3850
100 || 2880 | 1630 | 2450 | 2110 | 1610 | 1260 | 4150 | 3850
T -100] 1300 | 378 885 0 2610
(yen) 50 || 1300 | 378 874 0 2610
0 || 1300 | 378 868 0 2610
50 || 1300 | 378 864 0 2610
100 | 1300 | 378 861 0 2610
x 100 38.0 | 303 [ 41.1 | 272 | 439 | 295 | 35.7 | 227
(1000 vehicles)| -50 || 43.3 | 36.5 | 45.6 | 342 | 488 | 369 | 394 | 238
0 || 514 | 449 | 533 | 43.0 | 57.0 | 463 | 458 | 364
50 || 64.1 | 572 | 656 | 556 | 703 | 598 | 562 | 472
100 | 85.9 | 779 | 872 | 76.6 | 934 | 822 | 74.6 | 65.0
K 100 40.1 | 495 | 425 | 45.7 | 446 | 485 | 383 | 40.0
(1000 vehicles)| -50 || 45.7 | 59.8 | 47.5 | 57.0 | 499 | 603 | 42.6 | 50.2
0 || 543 | 734 | 557 | 712 | 58.6 | 752 | 498 | 62.9
50 || 676 | 93.6 | 638 | 917 | 724 | 96.7 | 614 | 812
100 | 90.6 | 127 | 91.7 | 126 | 965 | 133 | 81.7 | 112
Congestion | -100| 947 | 61.1 | 96.7 | 59.4 | 98.4 | 60.7 | 932 | 56.7
Rate (%) 50 || 947 | 61.1 | 960 | 60.1 | 978 | 613 | 924 | 574
0 || 947 | 61.1 | 956 | 604 | 973 | 61.6 | 919 | 57.8
50 || 947 | 61.1 | 953 | 60.7 | 97.1 | 61.8 | 91.6 | 58.1
100 | 947 | 61.1 | 95.1 | 60.8 | 969 | 62.0 | 913 | 583
Distortion | -100] / / 594 | -7.67 | 112 | -1.95 | -4.58 | -19.2
in K 50 ||/ / 394 | 475 ] 9.19 | 0.800 | -6.79 | -16.1
(%) 0 / / 267 | -3.09 | 793 | 2.36 | 820 | -14.4
50 / / 179 | 2.02 | 7.05 | 337 | -9.17 | -13.3
100/ / 115 | -1.27 | 641 | 408 | -9.88 | -12.5
Profits -100] 0 0 | -116 | 973 | -398 | -81.1 | 332 | 36l
(billionyen) | -50 | 0 0 | -135 | 121 | -445 | -101 | 363 | 459
0 0 0 162 | 151 | 522 | -126 | 419 | 581
50 | 0 0 204 | 194 | 645 | -162 | 513 | 754
100 0 0 274 | 266 | 859 | 222 | 679 | 1040
Distortion | -100 / -0.360 -0.928 251
in SW -50 / -0.231 -0.785 241
(%) 0 / -0.154 -0.700 235
50 / -0.102 -0.642 231
100 / -0.0647 -0.602 228
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Table 2b. When B’s travel demand is 20% of A’s travel demand

FB SB1 SB2 (-=0) | SB3 (1=2610)
i A B A B A B A B
D -100] 2880 | 1630 [ 2780 | 2430 | 1621 | 1250 | 4160 | 3840
(yen) 50 || 2880 | 1630 | 2750 | 2400 | 1620 | 1260 | 4160 | 3840
0 || 2880 | 1630 | 2720 | 2380 | 1620 | 1260 | 4150 | 3840
50 || 2880 | 1630 | 2700 | 2360 | 1620 | 1260 | 4150 | 3850
100 || 2880 | 1630 | 2680 | 2340 | 1620 | 1260 | 4150 | 3850
T -100] 1300 | 378 1190 0 2610
(yen) 50 || 1300 | 378 1160 0 2610
0 || 1300 | 378 1130 0 2610
50 || 1300 | 378 1110 0 2610
100 | 1300 | 378 1090 0 2610
x 100 485 | 657 | 493 | 572 | 542 | 639 | 43.6 | 4.92
(1000 vehicles)| -50 || 49.4 | 8.86 | 50.2 | 8.08 | 550 | 8.95 | 442 | 6.8
0 || 514 | 112 | 521 | 105 | 57.0 | 11.6 | 458 | 9.11
50 || 545 | 139 | 551 | 132 | 602 | 145 | 483 | 114
100 | 589 | 169 | 595 | 163 | 649 | 179 [ 52.0 | 14.1
K 100 512 | 107 [ 518 | 9.70 | 555 | 105 | 47.3 | 8.68
(1000 vehicles)| -50 || 52.2 | 145 | 52.8 | 13.5 | 565 | 146 | 481 | 122
0 || 543 | 184 | 548 | 175 | 586 | 188 | 498 | 157
50 || 575 | 22.7 | 58.0 | 219 | 619 | 234 | 526 | 197
100 | 622 | 277 | 62.6 | 269 | 668 | 288 | 56.7 | 242
Congestion | -100| 947 | 61.1 | 952 | 589 | 97.5 | 60.7 | 92.1 | 56.7
Rate (%) 50 || 947 | 61.1 | 951 | 597 | 974 | 613 | 92.0 | 574
0 || 947 | 61.1 | 951 | 60.1 | 973 | 61.6 | 919 | 57.8
50 || 947 | 61.1 | 950 | 603 | 973 | 61.8 | 91.8 | 58.1
100 | 947 | 61.1 | 95.0 | 605 | 972 | 62.0 | 91.7 | 583
Distortion | -100] / / 129 | -9.73 | 849 | -2.01 | -7.57 | -19.3
in K 50 ||/ / 1.16 | 659 | 820 | 0.792 | -7.90 | -16.1
(%) 0 / / 1.03 | 478 | 793 | 2.36 | -8.20 | -14.4
50 / /10907 | 359 | 7.68 | 3.37 | -847 | -13.3
100 [/ /10783 275 | 745 | 407 | 873 | -125
Profits -100] 0 0 | -382 | 329 | -495 | -17.6 | 400 | 78.2
(billionyen) | -50 || 0 0 | 499 | 450 | -503 | 244 | 406 | 111
0 0 0 | 614 | 569 | 522 | -31.4 | 419 | 145
50 | 0 0 | 737 | 695 | 552 | -392 | 442 | 183
100 0 0 | 87.7 | 83.8 | -595 | -48.1 | 476 | 226
Distortion | -100 / -0.123 -1.14 -1.58
in SW -50 / -0.106 ~1.08 1.62
(%) 0 / -0.0915 -1.02 -1.66
50 / -0.0779 -0.972 ~1.69
100 / -0.0656 -0.931 1.72
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Table 2c. When B’s travel demand is 10% of A’s travel demand

FB SB1 SB2 (-=0) | SB3 (1=2610)
K A B A B A B A B
D -100 ] 2880 | 1630 [ 2830 | 2490 | 1620 | 1250 | 4160 | 3840
(yen) 50 || 2880 | 1630 | 2810 | 2470 | 1620 | 1260 | 4150 | 3840
0 || 2880 | 1630 | 2790 | 2460 | 1620 | 1260 | 4150 | 3840
50 || 2880 | 1630 | 2780 | 2440 | 1620 | 1260 | 4150 | 3850
100 || 2880 | 1630 | 2760 | 2430 | 1620 | 1260 | 4150 | 3850
T -100] 1300 | 378 1240 0 2610
(yen) 50 || 1300 | 378 1230 0 2610
0 || 1300 | 378 1210 0 2610
50 || 1300 | 378 1190 0 2610
100 || 1300 | 378 1180 0 2610
x 100 50.0 | 3.21 [ 50.4 | 2.78 | 556 | 3.12 | 44.7 | 2.40
(1000 vehicles)| -50 || 50.4 | 4.40 | 50.8 | 3.98 | 56.0 | 444 | 450 | 3.46
0 || 514 | 561 | 518 | 521 | 57.0 | 579 | 458 | 4.55
50 || 529 | 6.88 | 533 | 650 | 58.6 | 7.20 | 47.0 | 5.68
100 | 55.1 | 826 | 554 | 7.89 | 609 | 8.71 | 488 | 6.89
K 100 52.8 | 525 | 53.1 | 472 | 57.1 | 5.14 | 486 | 4.23
(1000 vehicles)] -50 || 53.2 | 7.19 | 535 | 6.69 | 57.5 | 725 | 489 | 6.03
0 || 543 | 9.18 | 546 | 8.69 | 586 | 939 | 498 | 7.86
50 || 559 | 113 | 562 | 108 | 602 | 116 | 512 | 9.77
100 | 58.1 | 135 | 584 | 13.1 | 626 | 141 | 532 | 118
Congestion | -100| 947 | 61.1 | 95.0 | 589 | 97.4 | 60.7 | 92.0 | 56.7
Rate (%) 50 || 947 | 61.1 | 949 | 596 | 974 | 613 | 92.0 | 574
0 || 947 | 61.1 | 949 | 60.0 | 973 | 61.6 | 919 | 57.8
50 || 947 | 61.1 | 949 | 602 | 973 | 61.8 | 91.9 | 58.1
100 | 947 | 61.1 | 949 | 604 | 973 | 62.0 | 91.8 | 583
Distortion | -100] / /10635 ] -10.1 | 8.19 | -2.02 [ -7.90 | -19.3
in K 50 ||/ /[ 0.604 | -7.03 | 8.06 | 0.790 | -8.05 | -16.1
(%) 0 / /0568 | 527 | 7.93 | 2.36 | -8.20 | -144
50 / /10530 | 411 | 7.80 | 3.37 | -8.34 | -13.3
100 [/ /[ 0490 | 329 | 7.68 | 4.07 | -847 | -125
Profits -100] 0 0 | -197 ] 17.1 | -509 | -8.58 | 410 | 38.2
(billionyen) | -50 || 0 0 | 267 | 241 | 512 | -12.1 | 413 | 553
0 0 0 | 335 | 31.0 | 522 | -157 | 419 | 726
50 | 0 0 | 404 | 381 | 537 | -194 | 431 | 90.7
100 0 0 | 478 | 455 | -558 | 235 | 447 | 110
Distortion | -100 / -0.0643 -1.18 -1.41
in SW -50 / -0.0599 1.14 “1.44
(%) 0 / -0.0552 111 147
50 / -0.0506 ~1.08 ~1.49
100 / -0.0459 -1.05 1.52
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Table 3a. When the price elasticity of travel demand is 0.6

FB SB1 SB2 (-=0) | SB3 (1=2610)
e A B A B A B A B
D -100] 2880 | 1630 [ 2670 | 2290 | 1660 | 1240 | 4160 | 3820
(yen) 50 || 2880 | 1630 | 2590 | 2230 | 1640 | 1250 | 4150 | 3830
0 || 2880 | 1630 | 2550 | 2200 | 1630 | 1260 | 4140 | 3840
50 || 2880 | 1630 | 2520 | 2180 | 1630 | 1260 | 4130 | 3840
100 || 2880 | 1630 | 2500 | 2170 | 1620 | 1260 | 4130 | 3840
T -100] 1300 | 378 1060 0 2610
(yen) 50 || 1300 | 378 989 0 2610
0 || 1300 | 378 954 0 2610
50 || 1300 | 378 932 0 2610
100 | 1300 | 378 918 0 2610
x 100 43.1 | 162 [ 473 | 12.0 | 527 | 140 [ 393 | 9.18
(1000 vehicles)| -50 || 45.9 | 24.1 | 488 | 212 | 542 | 240 | 400 | 167
0 || 539 | 33.1 | 56.1 | 309 | 622 | 345 | 456 | 245
50 || 69.4 | 466 | 712 | 448 | 788 | 499 | 574 | 357
100 | 102 | 73.1 | 104 | 716 | 115 | 795 [ 83.5 | 57.1
K 100 455 | 26.6 | 48.7 | 21.3 | 52.8 | 238 | 425 | 174
(1000 vehicles)| -50 || 484 | 39.5 | 50.7 | 359 | 547 | 393 | 43.7 | 30.0
0 || 569 | 541 | 586 | 514 | 632 | 559 | 50.2 | 433
50 || 732 | 763 | 746 | 741 | 804 | 802 | 63.7 | 626
100 | 108 | 120 | 109 | 118 | 118 | 127 [ 93.0 | 99.6
Congestion | -100| 947 | 61.1 | 97.1 | 565 | 99.9 | 58.8 | 92.5 | 52.7
Rate (%) 50| 947 | 61.1 | 963 | 59.1 | 99.0 | 61.0 | 914 | 555
0 || 947 | 61.1 | 957 | 60.0 | 984 | 61.8 | 90.7 | 56.5
50 || 947 | 61.1 | 954 | 605 | 98.0 | 622 | 902 | 57.0
100 | 947 | 61.1 | 95.1 | 60.8 | 97.7 | 625 | 89.8 | 57.3
Distortion | -100] / / 706 | -19.8 | 160 | -10.3 | -6.56 | -34.4
in K 50 ||/ / 462 | 9.04 | 13.0 | -0419] -9.70 | -23.8
(%) 0 / / 3.02 | -5.00 | 11.1 | 324 | -11.7 | -20.0
50 / / 191 | 2.86 | 986 | 5.16 | -13.0 | -17.9
100 [/ / 1.09 | -1.53 | 893 | 635 | -14.0 | -16.7
Profits -100] 0 0 | -72.1 | 56.6 | -470 | -39.8 | 362 | 144
(billionyen) | -50 | 0 0 | -103 | 91.6 | 488 | -65.6 | 364 | 264
0 0 0 136 | 127 | 563 | 933 | 411 | 389
50 | 0 0 185 | 178 | -717 | -134 | 516 | 568
100 0 0 284 | 278 | -1050 | 212 | 747 | 910
Distortion | -100 / -0.792 .41 -4.24
in SW -50 / -0.465 ~1.87 422
(%) 0 / -0.286 ~1.59 419
50 / -0.173 141 417
100 / -0.0962 “1.30 416
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Table 3b. When the price elasticity of travel demand is 0.2

FB SB1 SB2 (-=0) | SB3 (1=2610)
e A B A B A B A B
D -100] 2880 | 1630 [ 2570 | 2230 | 1600 | 1250 | 4170 | 3850
(yen) 50 || 2880 | 1630 | 2560 | 2220 | 1600 | 1260 | 4170 | 3850
0 || 2880 | 1630 | 2540 | 2210 | 1600 | 1260 | 4170 | 3850
50 || 2880 | 1630 | 2530 | 2200 [ 1600 | 1260 | 4170 | 3850
100 || 2880 | 1630 | 2530 | 2190 | 1600 | 1260 | 4170 | 3850
T -100] 1300 | 378 930 0 2610
(yen) 50 || 1300 | 378 968 0 2610
0 || 1300 | 378 957 0 2610
50 || 1300 | 378 949 0 2610
100 || 1300 | 378 941 0 2610
x 100 43.6 | 219 | 445 | 21.0 | 465 | 220 | 414 | 193
(1000 vehicles)| -50 || 45.8 | 24.6 | 46.6 | 23.8 | 48.6 | 249 | 432 | 219
0 || 485 | 276 | 492 | 268 | 513 | 28.1 | 456 | 247
50 || 519 | 309 | 52.6 | 302 | 548 | 31.6 | 48.7 | 27.8
100 || 56.2 | 349 [ 569 | 342 | 592 | 358 [ 52.6 | 315
K 100 46.1 | 358 | 468 | 347 | 482 | 359 | 443 | 32.6
(1000 vehicles)| -50 || 48.3 | 402 | 489 | 392 | 505 | 40.6 | 463 | 36.9
0 || 512 | 451 | 518 | 442 | 534 | 457 | 489 | 41.6
50 || 548 | 506 | 553 | 498 | 57.0 | 514 | 523 | 468
100 | 593 | 57.1 | 59.8 | 563 | 61.7 | 58.1 | 56.5 | 53.0
Congestion | -100| 947 | 61.1 | 952 | 605 | 963 | 61.2 | 93.4 | 59.1
Rate (%) 50| 947 | 61.1 | 952 | 606 | 962 | 613 | 933 | 593
0 || 947 | 61.1 | 951 | 60.7 | 962 | 614 | 933 | 59.4
50 || 947 | 61.1 | 951 | 608 | 96.1 | 615 | 932 | 59.5
100 | 947 | 61.1 | 950 | 60.8 | 961 | 615 [ 93.1 | 595
Distortion | -100] / / 1.51 | -3.04 | 470 | 0.427 | -3.89 | -8.89
in K 50 ||/ / 131 | 246 | 448 | 0925 | -4.15 | 831
(%) 0 / / 114 | 2.02 | 429 | 131 | 437 | -7.86
50 / /0986 | -1.66 | 411 | 1.62 | -458 | -7.50
100 [/ /0848 [ -1.37 | 3.96 | 1.87 | -4.76 | -7.21
Profits -100] 0 0 | -101 | 90.6 | -430 | -60.0 | 385 | 309
(billionyen) | -50 | 0 0 | -110 | 101 | -450 | -67.8 | 402 | 351
0 0 0 121 | 112 | 476 | -763 | 424 | 396
50 | 0 0 133 | 124 | -508 | -85.9 | 453 | 447
100 0 0 147 | 139 | 550 | 97.1 | 489 | 506
Distortion | -100 / -0.0582 -0.261 -0.618
in SW -50 / -0.0495 -0.247 -0.618
(%) 0 / -0.0421 -0.236 -0.618
50 / -0.0358 -0.226 -0.619
100 / -0.0303 -0.218 -0.619
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Table 4a. When B’s construction cost is 80% of A’s construction cost

FB SB1 SB2 (-=0) | SB3 (1=2610)
i A B A B A B A B
D -100] 2880 | 1630 [ 2830 | 2740 | 1620 | 1540 | 4160 | 4070
(yen) 50 || 2880 | 1630 | 2820 | 2740 | 1620 | 1540 | 4160 | 4080
0 || 2880 | 1630 | 2810 | 2740 | 1620 | 1540 | 4150 | 4080
50 || 2880 | 1630 | 2810 | 2730 | 1620 | 1540 | 4150 | 4080
100 || 2880 | 1630 | 2800 | 2730 | 1620 | 1540 | 4150 | 4080
T -100] 1300 | 378 1240 0 2610
(yen) 50 || 1300 | 378 1230 0 2610
0 || 1300 | 378 1230 0 2610
50 || 1300 | 378 1220 0 2610
100 || 1300 | 378 1220 0 2610
x 100 442 | 163 | 446 | 159 | 49.1 | 17.8 | 39.7 | 13.7
(1000 vehicles)| -50 || 46.6 | 21.8 | 47.0 | 214 | 517 | 239 | 41.7 | 186
0 || 514 | 278 | 517 | 275 | 57.0 | 306 | 458 | 24.0
50 || 593 | 355 | 595 | 353 | 65.7 | 392 | 52.6 | 309
100 | 72.0 | 466 | 723 | 463 | 79.7 | 514 | 63.8 | 40.6
K 100 46.6 | 183 [ 47.0 | 17.9 | 504 | 195 | 43.1 | 16.0
(1000 vehicles)| -50 || 49.2 | 243 | 495 | 24.0 | 53.1 | 26.1 | 453 | 217
0 || 543 | 31.1 | 545 | 309 | 58.6 | 334 | 498 | 27.9
50 || 62.6 | 39.8 | 62.8 | 395 | 675 | 427 | 573 | 358
100 | 76.0 | 52.1 | 762 | 51.9 | 81.9 | 56.0 | 69.5 | 47.1
Congestion | -100] 94.7 | 89.4 | 95.0 | 88.7 | 97.4 | 915 | 92.1 | 85.4
Rate (%) 50 | 947 | 894 | 949 | 89.0 | 974 | 916 | 92.0 | 8538
0 || 947 | 894 | 949 | 89.1 | 973 | 91.6 | 919 | 86.0
50 || 947 | 894 | 949 | 892 | 973 | 91.7 | 91.8 | 86.1
100 | 947 | 89.4 | 948 | 892 | 973 | 91.7 | 91.8 | 862
Distortion | -100] / /10757 | 2.06 | 8.10 | 6.81 | -7.57 | -12.2
in K 50 ||/ /1059 | -1.27 | 8.00 | 7.15 | -7.92 | -11.0
(%) 0 / /| 0452 [ -0.838 ] 7.93 | 7.33 | -8.20 | -10.3
50 / /| 0340 | -0.568 | 7.86 | 7.45 | -8.42 | 9.92
100/ /[ 0247 [-0382] 7.81 | 7.52 | -8.60 | -9.64
Profits -100] 0 0 | -184 | 148 | -449 | -139 | 365 | 144
(billionyen) | -50 | 0 0 | 222 | 192 | 473 | -186 | 382 | 196
0 0 0 | 266 | 241 | 522 | 238 | 419 | 254
50 | 0 0 | 324 | 302 | -601 | -305 | 482 | 326
100 0 0 | 41.0 | 39.0 | -730 | -399 | 583 | 430
Distortion | -100 / -0.0131 -1.18 -1.43
in SW -50 / -0.00952 1.17 145
(%) 0 / -0.00697 1.16 “1.46
50 / -0.00506 1.16 147
100 / -0.00357 1.15 148
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Table 4b. When B’s construction cost is 50% of A’s construction cost

FB SB1 SB2 (-=0) | SB3 (1=2610)
e A B A B A B A B
D -100] 2880 | 1630 [ 2730 | 2520 | 1620 | 1400 | 4160 | 3960
(yen) 50 || 2880 | 1630 | 2710 | 2510 | 1620 | 1410 | 4160 | 3970
0 || 2880 | 1630 | 2690 | 2500 | 1620 | 1410 | 4150 | 3970
50 || 2880 | 1630 | 2680 | 2490 | 1620 | 1410 | 4150 | 3980
100 || 2880 | 1630 | 2680 | 2490 | 1620 | 1410 | 4150 | 3980
T -100] 1300 | 378 1140 0 2610
(yen) 50 || 1300 | 378 1120 0 2610
0 || 1300 | 378 1110 0 2610
50 || 1300 | 378 1100 0 2610
100 | 1300 | 378 1090 0 2610
x 100 43.6 | 17.6 | 448 | 164 | 489 | 182 | 39.6 | 14.0
(1000 vehicles)| -50 || 46.3 | 229 | 473 | 219 | 51.6 | 242 | 41.6 | 189
0 || 514 | 290 | 522 | 281 | 57.0 | 31.0 | 458 | 243
50 || 595 | 36.7 | 602 | 360 | 657 | 395 | 527 | 31.1
100 | 72.6 | 479 | 732 | 472 | 799 | 518 | 63.9 | 409
K 100 46.0 | 223 [ 47.0 | 21.1 | 50.1 | 229 [ 428 | 18.8
(1000 vehicles)| -50 || 48.9 | 29.0 | 49.7 | 28.1 | 53.0 | 302 | 452 | 25.
0 || 543 | 36.7 | 549 | 359 | 58.6 | 385 | 498 | 322
50 || 628 | 465 | 634 | 458 | 676 | 491 | 574 | 411
100 || 76.6 | 60.6 | 77.1 | 60.0 | 823 | 642 | 69.7 | 54.0
Congestion | -100] 94.7 | 79.0 | 954 | 77.6 | 97.6 | 79.8 | 92.4 | 744
Rate (%) 50 | 947 | 790 | 953 | 78.1 | 975 | 802 | 92.1 | 75.1
0 || 947 | 790 | 951 | 784 | 973 | 804 | 919 | 755
50 || 947 | 790 | 950 | 786 | 972 | 80.6 | 918 | 75.7
100 | 947 | 790 [ 95.0 | 78.7 | 972 | 80.7 [ 91.6 | 758
Distortion | -100] / / 2.05 | -5.14 | 8.83 | 2.65 | -6.95 | -15.5
in K 50 ||/ / 157 | 321 | 832 | 419 | -7.66 | -13.4
(%) 0 / / 120 | 214 | 793 | 5.04 | 820 | -12.2
50 / /0895 | -1.46 | 7.61 | 5.58 | -8.63 | -11.5
100 [/ /[ 0.647 [-0984[ 736 | 5.95 | -8.98 | -10.9
Profits -100] 0 0 | -495 | 40.8 | -446 | -102 | 364 | 180
(billionyen) | -50 | 0 0 | 596 | 524 | 472 | -135 | 382 | 244
0 0 0 | 713 | 652 | 522 | -172 | 419 | 315
50 | 0 0 | 868 | 81.6 | 602 | -219 | 482 | 404
100 0 0 110 | 105 | -733 | 286 | 584 | 531
Distortion | -100 / -0.0901 -1.05 -1.69
in SW -50 / -0.0651 ~1.00 171
(%) 0 / -0.0474 -0.963 1.73
50 / -0.0343 -0.936 1.74
100 / -0.0241 -0.916 175
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Table 4c. When B’s construction cost is 10% of A’s construction cost

FB SB1 SB2 (-=0) | SB3 (1=2610)
e A B A B A B A B
D -100] 2880 | 1630 [ 2570 | 2160 | 1630 | 1200 | 4160 | 3300
(yen) 50 || 2880 | 1630 | 2520 | 2130 | 1620 | 1200 | 4160 | 3800
0 || 2880 | 1630 | 2490 | 2100 | 1620 | 1210 | 4150 | 3800
50 || 2880 | 1630 | 2470 | 2090 | 1610 | 1210 | 4150 | 3800
100 || 2880 | 1630 | 2460 | 2070 | 1610 | 1210 | 4150 | 3800
T -100] 1300 | 378 964 0 2610
(yen) 50 || 1300 | 378 927 0 2610
0 || 1300 | 378 902 0 2610
50 || 1300 | 378 834 0 2610
100 | 1300 | 378 871 0 2610
x 100 427 | 198 [ 452 | 172 | 48.6 | 188 | 39.3 | 145
(1000 vehicles)| -50 || 45.9 | 249 | 479 | 229 | 515 | 248 | 415 | 193
0 || 51.4 | 309 | 53.1 | 292 | 57.0 | 315 | 458 | 247
50 || 60.0 | 38.7 | 614 | 372 | 659 | 401 | 528 | 316
100 | 73.5 | 50.0 | 748 | 487 | 802 | 524 | 64.1 | 414
K 100 45.0 | 38.1 | 47.0 | 345 | 496 | 368 | 424 | 303
(1000 vehicles)| -50 || 48.4 | 48.0 | 50.0 | 45.1 | 52.7 | 479 | 450 | 398
0 || 543 | 59.6 | 556 | 57.1 | 58.6 | 604 | 498 | 50.6
50 || 633 | 746 | 644 | 725 | 678 | 766 | 57.6 | 64.3
100 | 77.6 | 965 | 78.6 | 946 | 828 | 99.8 | 702 | 83.9
Congestion | -100| 94.7 | 519 | 96.2 | 50.0 [ 98.1 | 51.2 | 92.7 | 478
Rate (%) 50| 947 | 519 [ 958 | 507 | 976 | 51.8 | 923 | 485
0 || 947 | 519 | 956 | 51.1 | 973 | 521 | 919 | 489
50 || 947 | 519 | 953 | 513 | 97.1 | 523 | 91.6 | 492
100 | 947 | 519 | 952 | 515 | 969 | 525 | 914 | 494
Distortion | -100] / / 433 | 9.60 | 10.1 | -3.47 | -5.84 | -20.4
in K 50 ||/ / 327 | -6.14 | 8.87 | -0323| -7.19 | -17.0
(%) 0 / / 246 | 414 | 793 | 147 | 820 | -15.1
50 / / 182 | 285 | 7.19 | 2.63 | -898 | -13.9
100/ / 131 | -1.93 | 6.61 | 3.44 | -9.60 | -13.0
Profits -100] 0 0 | -104 | 89.4 | -442 | -32.8 | 364 | 247
(billionyen) | -50 | 0 0 | -125 | 113 | 470 | 427 | 382 | 329
0 0 0 149 | 139 | 522 | -53.8 | 419 | 421
50 | 0 0 182 | 173 | -604 | -682 | 482 | 539
100 0 0 230 | 222 | -737 | -88.9 [ 584 | 706
Distortion | -100 / -0.368 -1.03 231
in SW -50 / -0.263 -0.878 2.29
(%) 0 / -0.190 -0.772 228
50 / -0.137 -0.696 226
100 / ~0.0958 -0.638 226
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Figure 1: Comparison among SB1, SB2, and SB3
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Figure 2. Varying B’s Travel Demand in SB1: Distortion in K
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Figure 3. Varying the Price Elasticity of Travel Demand in SB1: Distortion in K
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Appendix

Derivation of (16) to (21)

Totally differentiating (3), (4), (9), and (10) yields:

—c1 4 4 4 4
uxAxA CXA uXAXB dx _ dr’ + CKA dK ‘ (A 1 )
U 45 uxBxB - CfB de dTB + CﬁBdKB

4 B A B A4 A B
dx _ u,CBXB CXE <0 dx _ (uxBxB CXE )CKA >0 dx _ dx _ _uxAxB
dc* D T dK' “de® de' D
B A A

dXA _ _uxAxBCKB dXB _ _uxAxBCKA dXB _ uxAxA CYA <0
dK” " dK* " dt” ’

A B
dXB (U A_A C 4 )C B
= >0, (A2)

where

DE(” A_A _CAA)(u B_B _CBB)_(u A 5)2
XX X XX X X X (A3)

2 B A A B
= - - - >
uxAxA uxBxE (uxAxB ) ch uxAxA ch uxBxB + CxA CxB 0

from (8), U< 0, Uy oy < 0, cfA >0, and ch >0.

Using (11) and (12), we can rewrite (15) as:
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SW=y-c'(x"(«*, 7%, K" ,K*),K"x" (", 7%, K" K*)
_CB(XB(TA,TB,KA,KB),KB)XB(TA,TB,KA,KB) (A4)
+u(x* (e, 7% K1 KP),x" (r*, 7 , K", K®)) — c* K" — ¥ K",

Maximizing (A4) with respectto 7%, 7%, K*, and K” yields:

oSw

W = (—cA - cfoA +tu, )xTAA + (—CB - CfBXB TU, )fo =0, (AS)
W et (e = )0, (40
ZZ =(=c" —clxvu )xg, + (=" =elx" vuy)xg —clx' = =0, (A7)
aﬁf{VZ =(=c" —clxtu xgs +(=c” —clx" tu )xg, e’ =™ =0, (A8)

From (3), (4), (A5), and (A6):
(' - cfoA )(x; xfB — xfgxﬁ) =0. (A9)
Rearranging (A9) using (A2) and (A3) yields:

=0. (A10)

Since D >0 from (A3), we obtain:

T (A11)
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which is (16). Substituting (A11) into (AS) yields:
5= chxB ’ (A12)
which is (17). Substituting (A11) and (A12) into (A7) and (AS8) yields:

—cix'=c", (A13)

B _B _ BK
el xt = ™ (A14)

which are (18) and (19), respectively.

The assumption that ¢*(x*,K*) and ¢”(x”,K”) are homogeneous of degree zero

implies:
A A A pd_
cx"+c ., K7=0, (A15)
B B B B
c,Xx +c¢,K"=0. (A16)

Rearranging (A11), (A13), and (A15), we obtain:

ti'x? =K, (A17)

which is (20). Rearranging (A12), (A14), and (A16) yields:

°x? =P K?, (A18)

which is (21).
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Derivation of the results in subsection 4.1

Substituting dv* = dr” =dr into (A1), we obtain the following properties:

dXA U p s _CBE —U 4 dXA (u B_B _CBB)C;jA dxA —u , Ecis
— _x'x X x“x , A= x’x X >O, B= x’x ,
dr D dK D dK D
5 u44_CA4_u4B B _uABcA4 5 u44_CA4 cBB
d‘x — XX x° xx , dxA — x“x” K° , d‘xB :( xx’ x‘) K >0. (A19)
dr D dK D dK D

In the second-best case, (A4) is:
SW=y-c'(x"(r, K", K*),K)x"(z, K, K*) - " (x" (r, K", K”),K*)x" (r, K", K")
+u(xA(r,KA,KB),xB(z',KA,KB)) —c KA —PEKE,
(A20)

Maximizing (A20) with respectto 7, K*, and K” yields:

osw

5 =(—c"=c'x +u )x! +(=c® =P x" +u )Xl =0, (A21)
,Z- X X X X
a;{”: = (—c' —chx u xl, + (=cf = fxf ru)xl, -l xt =™ =0, (A22)
gg =(=c" =clx" vu g, + (=" = chx" tu)x, —enx" —c™ =0, (A23)
Rearranging (A21) using &' = —aiil (i = A, B) yields:
x

0'x" (chxA) +0°x” (chxB)

A24
6'x* + 0°x® ( )

2
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which is (25).

Derivation of the results in subsection 4.2

Rearranging (A22) using (3), (4), (A19), and (A21) yields:

W CAK_(r—chxB)(xAxB —xZx?)

A A
et xt = Tk Tk
K A
xT
A
B _B €
(T —C X )
x D
AK
=k _ = (A25)
uXBXB B C.XB B uXAXB
D
B _B A
(t—c5x")c,
AK X K
=Cc  + 3 .
uXB.XB - CXB - uXAXB

When cXAAxA ZchxB and @' >0, we obtain r>chxB from (A24). Since 6’ >0

. . dXA BB_CBB_MAI:‘ . B
implies =X - <0, it follows that u , , — ¢, —u , , <0 from (A3).
dr D v x o

. B _B A B
Given t>c,x",c¢’,<0,and u , ,—c, —u , , <0, we have:
X K x°x X x“x

B _B A
(r—cxb,x )Co S ik

A A AK
—cx"=c" + - s (A26)
u.XBXE - CXB - uXAXB

which is (26). Similarly, rearranging (A23) using (3), (4), (A19), and (A21) yields:
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(r— chxB)(xAxB —xZx!

B B
—c?x" =™ —£ K
xT
B
5 5| Ex
(7—c,x")
: D
BK
. _ (A27)
uxBxB _CXB _uXAXB
D
B _B\ B

3 .
u —C,;—U
BB B A_B

XX

Given 7 > chxB, ¢’y <0, and Uy, = ch —u_, , <0, we have:

B _B\ B
(T—CsX )C -
—Cc,x" =c - = <c™, (A28)
uxBxB _CJCB _MXAXB

which is (27).

Derivation of the results in subsection 4.3

X

When ¢, x* > ¢’ x" and €' >0, (A24) implies:
cfExB <7< C;AXA . (A29)
(A15), (A26), and (A29) imply:

(c™ + SBOWLHK*

T< cfoA = —C:AKA = = , (A30)
(r— cBBxB)cfA
where SBDWL' = — > 0. Rearranging (A30) yields:
u B B _CXB _uxAxE
x* < (c™ + SBDWLHK", (A31)
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which is (28). Similarly, from (A16), (A28), and (A29), we derive:

_ (™ —SBDWL" )K"

KB B b

x> ("™ - SBDWL" )K",

which is (29).
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K” > (. Rearranging (A32) yields:

(A32)

(A33)
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