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Abstract This paper examines efficiency in the provision and utilization of a congestible
public input in a symmetric tax competition framework with wage rigidities. Despite the
fact that also lump-sum taxation is available for regional governments, second-best efficiency
emerges only as a special case in the non-cooperative equilibrium. In the special case with
Cobb-Douglas production, the congestion technology can be shown to be crucial for the
analysis of efficiency in the decentralized equilibrium. Assuming decreasing marginal con-
gestion, efficiency in the non-cooperative equilibrium is determined alone by the production
and congestion elasticities. In contrast, factor prices such as the level of the wage rigidity
and corresponding employment levels are, in addition, important to determine whether both
provision and utilization levels of the public input are efficient in case of increasing marginal
congestion.
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1. Introduction

The stimulation of employment or job creation are frequently mentioned as key reasons
by policy makers for competing for mobile capital and attracting foreign direct investment
(FDI). In doing so, business incentives that predominantly focus on both tax cuts and the
provision of productivity-enhancing infrastructure are offered to the productive sector. So
far, however, a large part of the tax competition literature still focuses on tax competition
with (corporate) taxes and abstracts from governmental provision of productive public goods.
Moreover, the assumption of perfect labor markets with full employment in the competing
jurisdiction is introduced in a large part of the work, thereby neglecting jobs creation and
unemployment as key factors to engage in tax competition.

With respect to the first argument, the empirical study of Hauptmeier et al. (2012)
finds that it is indeed reasonable to assume that governments compete for foreign direct
investment using both taxes and public inputs. Perhaps the latest prominent example to
illustrate the second point are the newly introduced tax cuts in the U.S. aimed at attracting
foreign direct investment (FDI) and to create or bring (back) jobs to the U.S. With the Tax
Cuts and Jobs Act (TCJA) released in 2017, the U.S. federal corporate income tax rate has
been reduced from 35 percent to 21 percent.

As already emphasized, although unemployment is a non-negligible reason to engage in
the competition for foreign direct investment, and numerous policy measures aim at strength-
ening local labor market conditions and to stimulate employment, tax competition with labor
market distortions is only considered in a few studies, and it is well-known from this this
work that modifying the standard tax competition framework by allowing for unemployment
adds a further source of inefficiency to the analysis (cf., e.g. Ogawa et al. (2006a), Eichner
and Upmann (2012), Exbrayat et al. (2012)).

This paper aims to examine efficiency in public input provision (e.g., productive infras-
tructure)1 in the presence of congestion and employment externalities, when the labor market
is characterized by wage rigidities and involuntary unemployment. As minimum wages are
binding in the U.S. and in most of the EU member states, this institutional setting of the
labor market should be of some relevance.2 Moreover, with respect to the financing of the
public service, it will be assumed that distortionary capital taxation and lump-sum taxation
is available for regional governments.

In addition to the consideration of public input provision under the presence of un-
employment, the paper departs from the standard tax competition model also in that it
examines both efficiency in the provision and utilization of a public input that is subject to
congestion, and therefore, two dimensions of an optimal policy with productive public goods.
In the subsequent analysis also both the provision and utilization level of a congestible pub-
lic input enter the production technology, each of which exhibits a productivity-enhancing

1’Public input’ and ’productive infrastructure’ will be regarded as synonymous in the paper.
2Wage rigidities have been considered, for instance, in Ogawa et al. 2006a; 2006b and Moriconi and Sato
2009).

2



effect. However, public input utilization is also associated with a negative congestion effect
as it decreases the quality of the infrastructure for all other firms, resulting in a loss in
aggregate production.

In the public finance literature, it is well-known since at least Oakland (1972) that
many publicly-provided goods are subject to (at least some degree of) congestion. This
view is shared, for instance, by Stiglitz (1988), Barro and Sala-I-Martin (1992), Glomm and
Ravikumar (1994), and Feehan (1989). Edwards (1990) analyzes in detail five specifications
of the congestion function, including decreasing and increasing marginal congestion.3

The specification of the congestion technology is also important in the present analysis,
as it turns out that whether congestion decelerates or accelerates as infrastructure utilization
increases is also crucial for the analysis of efficiency in tax competition with public inputs
and with unemployment in the competing jurisdictions. It turns out therefore, that the
implications for the design of an optimal policy from the viewpoint of a regional policy
maker depend also on the specification of the congestion technology, and in detail on the
fact whether congestion increases or decreases at the margin.

It has been considered reasonable to allow for potential congestion effects also in some
recent work on tax competition. Prominent examples include Sinn (1997), who incorporates
congestion in a cost function and links it to the production factor capital in a framework with
full employment. Congestion is included in a cost function also in the study of Matsumoto
(2000), where crowding is caused by the number of firms in the jurisdiction. Borger et al.
(2005) focus on the special case of a parallel road network and study strategic tolling by indi-
vidual countries under various tolling schemes. Bjorvatn and Schjelderup (2002) consider a
tax competition setting with international spillovers in public goods provision and show that
spillovers may under some circumstances also eliminate tax competition. The introduction
of congestion costs in an extension of their basic model may lead to public good provision
in excess of the optimal amount. This occurs under a rather specific definition of conges-
tion, where an increase in the number of firms crowds out the amount of the public good
available for consumers. In contrast to the previously cited studies, congestion is caused by
the utilization rate of the public input in the private sector, that will also be determined
endogenously in the non-cooperative equilibrium in symmetric tax competition with unem-
ployment. Moreover the congestion effect is incorporated into the production technology, so
that congestion is also associated with a production loss in the economy.

The paper proceeds with the introduction of a model to study symmetric tax competition
under the presence of externalities arising from capital mobility, congestion, and unemploy-
ment. Before the analysis of tax competition, conditions for second-best efficiency with
respect to the provision and utilization level of a congestible public input are derived from
the viewpoint of the social planner (Section 3.1). Section 3.2 focuses on the decentralized
equilibrium with source-based capital and lump sum taxes, assuming general specifications

3A summary with important specifications of the congestion technologies is provided, for instance, in Reiter
and Weichenrieder (1999).
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of the production and congestion technologies. Tax competition with Cobb-Douglas produc-
tion and the two well-known specifications of increasing an decreasing marginal congestion
is analyzed in Section 3.3. Section 4 concludes the paper.

2. The model

Consider symmetric tax competition. Each of the i = 1....n identical regions in the economy
inhabits an identical number Z̄i of immobile individuals. The capital stock K̄ of the economy
is perfectly mobile between regions, and the amount of capital in the representative juris-
diction (K̄i) shall be distributed equally between the Z̄i individuals. The net-ot-tax price of
capital will be denoted with r̄ and is considered exogenous in each jurisdiction. Following,
for instance, Eichner and Upmann (2012) and Ogawa et al. (2006a), it is assumed that each
individual receives, in addition, an equal share of total firm profits πi specified in detail
below.

Each of the individuals aims to provide one unit of labor. However, due to the presence
of wage rigidities and the wage rate w̄i, which is determined above the market-clearing rate,
only Li < Z̄i of the individuals will be employed in the representative region. Both types
of individuals receive income from firm profits and capital. Employed individuals receive,
in addition, wage payments w̄i.4 Assuming further that head taxes ti are available for
regional governments, one has for the per-capita budget constraint of an employed (cie) and
unemployed (ciu) individual:

cie = w̄i − ti + r̄
K̄i

Z̄i
+
πi

Z̄i
; ciu = cie − w̄i. (1)

Aggregate production in the representative jurisdiction can be characterized by the following
technology:5

F i = F i(Li, Ki, N i, Qi), (2)

with
Qi = Qi(Bi, N i), Qi

B > 0, Qi
N < 0 (3)

as the quality of the infrastructure facility.6 The quality index Qi(·) is introduced to account
for the potential congestion effect associated with infrastructure utilization. Increasing the
rate of infrastructure utilization N i diminishes infrastructure quality, which will have a

4As, for instance, in Ogawa et al. (2006a), the analysis abstracts from leisure as a potential input in the
utility function of individuals, and assumes that the reservation wage rate is zero. This leaves the qualitative
results of the analysis unchanged.

5It is assumed that firm profits are not generated by the public input so that, as a consequence, the number
of firms can be normalized to unity (cf. Aronsson and Wehke (2008)).

6Partial derivatives are denoted with subscripts. It is assumed that the production function possesses
continuous first- and second order partial derivatives.
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negative effect on output assuming that F i
Q > 0. In contrast, infrastructure quality and, as a

consequence, output will increase as the quantity (i.e., the capacity) Bi of the infrastructure
facility increases (i.e. increasing public input provision has a decongesting effect).

The rate of infrastructure utilization N i enters the production function also directly,
which captures the productivity-enhancing effect of infrastructure utilization (F i

N > 0).7

Moreover, production increases as labor or capital increase (F i
L, F

i
K > 0). In addition,

negative signs for the second-order derivatives and positive signs for the cross-derivatives are
assumed with respect to the four production factors Li, Ki, N i, Qi. The production function
exhibits decreasing returns to scale with respect to the first three production factors, Li, Ki,
and N i. With this assumptions on the returns to scale in aggregate production, one derives:

F i
LLF

i
NN > (F i

LN)2, F i
LLF

i
KK > (F i

LK)2, F i
KKF

i
NN > (F i

KN)2, (4)

which will be useful for the subsequent analysis.
Identical, price-taking firms maximize profits for given factor prices of labor (wi), capital

(Ri) and fixed (private) costs of infrastructure utilization (vi). With the price of the final
good equal to one, firm profits will amount to:

πi = F [Li, Ki, N i, Qi(Bi, N i)]− v̄iN i −RiKi − w̄iLi. (5)

The profit-maximizing condition with respect to capital reads:

F i
K(·) = Ri, (6)

where the price of capital consists of the (net-of-tax) interest rate r̄ and a source-based
capital tax T i: Ri = r̄ + T i. Maximizing firm profits with respect to labor yields

F i
L(·) = w̄i, (7)

which implicitly defines Li as a function of Ki, N i, Bi, w̄i. In detail, one has from the
implicit function theorem

dLi

dKi

∣∣∣∣
(7)

= −F
i
KL

F i
LL

> 0,
dLi

dBi

∣∣∣∣
(7)

= −
F i
LQQ

i
B

F i
LL

> 0,
dLi

dN i

∣∣∣∣
(7)

= −
F i
LN + F i

LQQ
i
N

F i
LL

, (8)

where the notation |(7) indicates that the derivations are obtained from the profit max-
imization condition for the optimal employment of labor. As obvious from (8), positive

7Observe with respect to this effect, that Fernald (1999), for instance, has pointed out that in the U.S.
transport-intensive industries tend to benefit more from investments in the road network (i.e. in infras-
tructure) than industries with lower road utilization rates. Note that F iN denotes the derivation of the
production function with respect to the third production factor, i.e., F iN will be used as a short notation
for F iN

∣∣
Qi=Q̄i .
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signs for the reactions of labor demand to an increase in capital and infrastructure quantity
can be derived. This follows from our assumption of positive cross-derivatives and negative
second-order derivatives.

In contrast, the reaction of labor demand to an increase in infrastructure utilization
(last equation in (8)) remains ambiguous because of two countervailing effects. First, the
(direct) marginal product of labor increases as infrastructure utilization increases (F i

LN > 0),
which will increase labor demand. Second, infrastructure quality declines as infrastructure
utilization increases, which induces a negative effect on the marginal product of labor and
labor demand (F i

LQQ
i
N < 0).

Assuming further that firms face a fixed user cost v̄i for public input utilization N i and
that in the maximization problem the quality index (Qi) is assumed exogenous by the firms,

F i
N(·) = v̄i (9)

can be derived as the third profit maximizing condition. Therefore, from the viewpoint of
the individual firm, public input utilization will be optimal if the private marginal product
of infrastructure utilization is equal to the private user cost v̄i.

3. Tax competition

3.1. The social planner

In what follows, in order to have a benchmark for the tax competition analysis in this sec-
tion, we derive conditions for the constrained (second-best) efficient provision and utilization
levels of the congestible public input from the viewpoint of the social planner. The term
”constrained efficient” (or ”second-best efficient”) is introduced to account for the fact that
the first-best allocation with full employment is not attainable in a framework with wage
rigidities in the competing jurisdictions. The social planner maximizes output less user costs
for infrastructure utilization (v̄iN i) and the cost of infrastructure provision (Bi), accounting
for the fact that the amount of capital is fixed and mobile between regions. In addition, the
planner accounts for the labor market distortions due to the wage rigidities in the n regions.
One unit of the final good can be transformed into one unit of the private consumption good
or into one unit of the public input. With this information the conditions for the constrained
(second-best) efficient provision and utilization levels of the congestible public input from
the viewpoint of the social planner are derived as8

F i
QQ

i
B + w̄i

dLi

dBi

∣∣∣∣
(7)

= 1 (10)

8Equations (10) and (11) are derived in Appendix A. It is assumed that the second-order conditions for a
maximum are satisfied (This issue will be also discussed in section 3.3, which assumes specific functional
forms for the production and congestion technologies.).
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and

F i
N + F i

QQ
i
N + w̄i

dLi

dN i

∣∣∣∣
(7)

= v̄i, (11)

respectively. Equation (10) formalizes the modified Samuelson-condition for efficiency in
public input provision, which equates the social marginal product to the marginal cost of
public input provision, where the latter has been assumed to be equal to one. According to
equation (11) the degree of congestion and infrastructure utilization will be optimal if the
social marginal product of infrastructure utilization equals the cost of infrastructure utiliza-
tion. The social marginal product of infrastructure utilization consists of three components:
i) the private marginal product of infrastructure utilization (F i

N), ii) the loss in production
resulting from the diminished infrastructure quality (F i

QQ
i
N), and iii) the change in the wage

bill resulting from a marginal increase in infrastructure utilization (w̄i dLi/dN i|(7)).

3.2. General production and congestion technologies

Let us assume in analogy to, for instance, Zodrow and Mieszkowski (1986) that regional
policy makers have a source-based capital tax and a lump sum tax at their disposal. Revenue
from both instruments will be used to finance the public input so that one has for the
balanced-budget constraint in a representative region:

Bi = tiZ̄i + T iKi. (12)

Regional governments maximize the weighted utility of individuals. With the absence of
public consumption goods, the representative government maximizes W i = Licie+(P̄ i−Li)ciu,
which leads to:

W i = Liw̄i − tiP̄ i + r̄K̄i + πi. (13)

Assuming that the capital tax and the quantity of infrastructure are the strategic parame-
ters in the Nash game between jurisdictions, the maximization problem of a representative
government reads:

max
T i,Bi

: W i = F i{Li(T i, Bi), Ki(T i, Bi), N i(T i, Bi), Qi[N i(T i, Bi), Bi]}

− v̄iN i(T i, Bi)− r̄[Ki(T i, Bi)− K̄i]−Bi,
(14)

which is obtained after substitution of (5) and (12) into (13). Solving the maximization prob-
lem, the equilibrium capital tax rate in symmetric tax competition with head and capital-tax
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financing can be derived as:9

T i = −w̄i ∂L
i/∂T i

∂Ki/∂T i
− F i

QQ
i
N

∂N i/∂T i

∂Ki/∂T i
. (15)

For the provision rule with the public input in the decentralized equilibrium, one has:

F i
QQ

i
B = 1− w̄i ∂L

i

∂Bi
− T i∂K

i

∂Bi
− F i

QQ
i
N

∂N i

∂Bi
. (16)

As a first result, due to the multiple externalities in the decentralized framework and with the
general specifications of the production (2) and congestion (3) technologies, the sign of the
equilibrium capital tax rate (15) remains ambiguous. This is because the comparative statics
analysis with respect to the changes in the capital tax and in the public input provision level
remain inconclusive.

The first term on the RHS of (15) captures the incentives for the taxation of capital
that arise from the effect of capital taxation on the amount of capital invested and on
employment. The second term on the RHS of (15) captures the incentive to use source-
based capital taxes to reduce congestion, i.e. as a congestion tax. Observe therefore that
infrastructure utilization and, as a consequence, the production loss from congestion will
be affected by the capital tax rate. In detail, we find from the comparative statics analysis
that capital and infrastructure utilization decline as source-based capital-taxes are increased,
implying that jurisdictions would select a positive tax according to the second term in (15).

With the derivation of ∂Li/∂Bi > 0, i.e. from the fact that infrastructure provision in-
creases employment and thereby total wage payments, an incentive to increase infrastructure
provision can be derived from the second term on the RHS of (16). In addition, according
to the third term on the RHS, jurisdictions will increase public input provision to attract
capital (∂Ki/∂Bi > 0). Moreover, as congestion also increases with higher public input pro-
vision levels, an incentive arises to decrease infrastructure provision (last term on the RHS of
(16)). This follows from the fact that infrastructure provision will also induce higher public
input utilization levels (∂N i/∂Bi > 0) contributing to congestion and a loss in production.

Despite the ambiguous results presented above, the characterization of the equilibrium
conditions can be simplified further and expressed more conveniently. First, using (15) in
(16) and the results of the comparative statics analysis, the condition for optimal public-input
provision in the non-cooperative equilibrium can be stated as:

F i
QQ

i
B = 1− w̄i dLi

dB i

∣∣∣∣
(7),(9)

− F i
QQ

i
N

dN i

dB i

∣∣∣∣
(7),(9)

. (17)

9Appendix B contains a derivation. The effects of a change in policy parameters T i and Bi on the endogenous
variables Ki, N i, and Li can be derived from the three profit maximizing conditions and the balanced-
budget constraint.
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The employment effect from a marginal increase in Bi that is derived from the profit max-
imization condition for the optimal employment of labor (7) and optimal public input uti-
lization (9) decomposes into two effects:

dLi

dB i

∣∣∣∣
(7),(9)

=
dLi

dB i

∣∣∣∣
(7)

+
dLi

dN i

∣∣∣∣
(7)

dN i

dB i

∣∣∣∣
(7),(9)

. (18)

The first effect on the RHS is obtained from the labor market equation (7) and works through
an increase in the marginal product of labor. The second effect works through the change
in the public input utilization level, and the induced (direct and indirect) effects on the
marginal product of labor.

Combining (18) with equations (10), (11) and (17), the condition under which efficiency
in the non-cooperative equilibrium coincides with efficiency from the viewpoint of the social
planner can be expressed in the following convenient form:

w̄i
dLi

dN i

∣∣∣∣
(7)

= −F i
QQ

i
N . (19)

Proposition 1. Assume symmetric tax competition with general production and conges-
tion technologies as specified in (2) and (3). Efficiency in the decentralized equilibrium will
depend on the magnitude of both the shift in labor demand and the congestion external-
ity associated with a variation in infrastructure utilization. In the special case where total
wage gains from a marginal increase public input utilization are equal to the corresponding
production loss owing to congestion, the decentralized equilibrium will be second-best efficient.

Note that equation (19) constitutes a special case and situations where one effect domi-
nates the other are at least as reasonable. For instance, if the congestion effect is (close to)
zero, e.g. for pure public goods or when higher public input utilization levels cause only a
minor increase in the production loss, then the tendency to provide public inputs in excess
of the optimal amount will be relatively large, provided that w̄i · (dLi/dN i |(7)) > 0 (ceteris
paribus). This is because it is more likely in this case that the positive employment effect
dominates the negative congestion effect that arises from a marginal increase in public input
utilization, which will then cause overprovision of the public input.10

Note from (9) and (11) that the individual optimal public-input utilization rate is socially
optimal in the special case where (19) holds. In contrast, underutilization will occur if
w̄i · (dLi/dN i |(7)) > −F i

QQ
i
N and overutilization if w̄i · (dLi/dN i |(7)) < −F i

QQ
i
N holds. In

addition, public inputs will be overprovided in the former and underprovided in the latter
case.

10This can be seen after substitution of (18) into (17) and a comparison of the result with efficiency condition
(10).
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3.3. Cobb-Douglas production with two well-known specifications
of the congestion technology

Owing to the general specifications of the production and congestion technologies, clear-cut
results for the provision and utilization of infrastructure as well as the extent of capital tax-
ation in the decentralized equilibrium with source-based capital taxes and head taxes could
not be derived. For an assessment of the potential deviation (and its direction) from the
optimal policy of the social planner, it is crucial to quantify the magnitude of the congestion
externality and the shift in labor demand that is associated with a variation in infrastruc-
ture utilization. Assuming Cobb-Douglas production and two well-known specifications of
the congestion technology, one can relate the magnitude of the production and congestion
elasticities and — depending on the specification of the congestion function — also the level
of the wage rigidity (and the corresponding employment level in the competing jurisdictions)
to the provision and utilization levels of the public input in the decentralized equilibrium.

With the general production technology, the effects of an increase in the utilization
rate on the production loss due to congestion and on the overall marginal productivity of
infrastructure utilization can be derived as:

∂(−F i
QQ

i
N)

∂N i
= −Qi

N(F i
QN + F i

QQQ
i
N)− F i

QQ
i
NN and

∂
(
F i
N + F i

QQ
i
N

)
∂N i

= F i
NN +Qi

N(2F i
NQ + F i

QQQ
i
N) + F i

QQ
i
NN ,

(20)

respectively. Obviously, the loss in production due to congestion (−F i
QQ

i
N) increases and

the overall marginal productivity of infrastructure utilization (F i
N +F i

QQ
i
N) decreases as N i

increases if the congestion technology can be characterized by increasing marginal congestion
(IMC). For decreasing marginal congestion (DMC) the situation is not that obvious unless
we become more specific on both the production and congestion technology in the produc-
tive sector.11 Assume therefore the following Cobb-Douglas specification of the production
technology (2):12 13

F = LαKβN δ[Q (N,B)]τ , (21)

with 0 < α, β, δ, τ < 1 and α + β + δ < 1. The profit maximising condition with respect to

11The fact whether congestion decelerates (QiNN > 0) or accelerates (QiNN < 0) in infrastructure utilization
is therefore an important issue. These cases are also referred to as DMC and IMC in the literature (see,
for instance, Edwards 1990).

12In order to simplify the notation the superscript i will be suppressed in the following unless necessary for
clarification.

13It has been assumed for simplicity that the productivity parameter is equal to one. Accounting for the
specification of the congestion technology specified below, a special case of (21) emerges if output elasticities
of infrastructure usage (N i) and the stock of infrastructure (Bi) are identical (δ = τ). This is assumed,
for instance, by Chatterjee and Morshed (2011), who examine optimal fiscal policy with private and
government provision of infrastructure.
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labor (see equation (7)) in the Cobb-Douglas model reads αLα−1KβN δ[Q (N,B)]τ = w̄.
In what follows, I borrow the specifications of the congestion technologies of DMC and

IMC from Edwards (1990) and modify and reinterpret them to adjust to our problem. DMC
and IMC will be specified as

Q = NηB (22)

and
Q = B

(
2− eη (1−N)

)
, (23)

respectively, with −1 ≤ η ≤ 0 as the degree of congestion.14 For the production loss due to
congestion, one gets:

−FQQN = −τ LαKβN δ−1Qτ εQN (24)

where

εQN ≡
∂Q

∂N

N

Q

has been defined as the elasticity of infrastructure quality with respect to infrastructure

utilization. The elasticity is a function of η and N in case of IMC with εQN = η eη (N−1)N
2−eη (N−1) < 0

and ∂εQN/∂N < 0. In contrast, εQN = η < 0 (∂εQN/∂N = 0) is derived for DMC.
As emphasized in section 2, FN denotes the partial derivative of F (·) with respect to N

if Q is constant (i.e., FN is short for FN |Q=Q̄). Therefore, with the productivity-enhancing
(direct) effect from infrastructure utilization

FN = δ LαKβN δ−1Qτ (25)

and (24), one derives
FN + FQQN = LαKβN δ−1Qτ (δ + τεQN ) (26)

for the overall marginal product of infrastructure usage. As will be emphasized also later, the
overall marginal product of infrastructure utilization can also turn negative for high degrees
of infrastructure utilization in case of IMC.

Examining the effect of infrastructure usage on employment as derived in (8), one gets

14It is straightforward to derive QN < 0, QNN > 0 from the former and QN , QNN < 0 from the latter
specification (η 6= 0). Both have the property that the service derived from infrastructure provision is
equal to infrastructure capacity (Q = B) if N = 1. For a utilization rate (N) above (below) one, the
quality index (Q) will be below (above) the infrastructure provision level (B) if η 6= 0. In the case where
the infrastructure facility is non-congestible (η = 0), one derives Q = B. For η = −1, infrastructure is
fully congestible like a private good. In addition, it is assumed that

(
2− eη (1−N)

)
> 0 in case of IMC,

which puts an upper threshold on N and excludes the possibility that a negative service (Q) is derived
from infrastructure provision (see equation (23)).
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with Cobb-Douglas production:

dL

dN

∣∣∣∣
(7)

= −L (δ + τ εQN )

N (α− 1)
. (27)

Because ∂εQN/∂N < 0 holds for IMC, dL/dN |(7) turns negative if infrastructure utilization

is sufficiently large.15 With the labor market equation w̄ = αLα−1KβN δQτ , and equations
(26) and (27), one obtains

FN + FQQN + w̄
dL

dN

∣∣∣∣
(7)

= LαKβN δ−1Qτ (δ + τεQN )

(
1− α

α− 1

)
(28)

for the social marginal product of infrastructure utilization as derived on the LHS in (11).
In analogy, we can write the social marginal product of infrastructure provision derived on
the LHS in (10) as

FQQB + w̄
dL

dB

∣∣∣∣
(7)

= LαKβN δQτ τ

B

(
1− α

α− 1

)
, (29)

with

FQQB = LαKβN δQτ τ

B
and

dL

dB

∣∣∣∣
(7)

= − τL

B(α− 1)
(30)

as the direct and indirect effects from an increase in infrastructure provision.

3.3.1 A short graphical illustration

With the Cobb-Douglas forms of the conditions for efficiency in infrastructure provision (10)
and the labor market equation (7), one can express the social marginal product of infras-
tructure utilization (28) as a function of N and the parameters α, δ, τ, η, w̄,K.16 Assuming
specific parameter values α = 0.25, δ = 0.25, τ = 0.25, η = −0.05, w̄ = 0.5, v̄ = 0.1 (and
K = 1), which have been chosen for illustrative purposes, Figure 1 contains a plot of the
production loss and the change in the wage bill arising from a marginal increase in infras-
tructure utilization (−FQQN and w̄ dL/dN |(7), respectively) and both the individual (FN)
and the social marginal product (FN +FQQN + w̄ dL/dN |(7)) of infrastructure utilization as
a function of N , given that the Samuelson condition is fulfilled. Assuming specific parame-
ter values for α, δ, τ, η, w̄, and v̄ (the marginal cost (MC) of infrastructure utilization), one

15The overall marginal product is either positive, negative or zero for any N in case of DMC, and it will be
assumed that FN+FQQN > 0, i.e. δ+τη > 0 (In case of DMC, the second-order conditions for a maximum
with respect to N in the maximization problem of the social planner are not satisfied if δ + τη < 0).

16Due to the fact that capital is a fixed factor from the viewpoint of the social planner, it will be set equal
to one in each jurisdiction in the following. Assuming symmetric tax competition, the amount of capital
invested in the representative jurisdiction will also be equal to one in the decentralized equilibrium.
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can, moreover, solve for the optimal quantities N , B and L from the viewpoint of the social
planner (closed-form solution).17

Figure 1: Production loss, change in the wage bill arising from a marginal increase in infras-
tructure utilization, individual and social marginal product of infrastructure utilization, and
the socially optimal infrastructure utilization level for DMC (part a) and IMC (part b)

Figure 1 also depicts the socially optimal infrastructure utilization N , which depends
on the congestion technology, although, for the assumed private user cost (v̄ = 0.1) it is
almost identical for both specifications (approximately N = 1.5). Firms’ demand for infras-
tructure usage can be derived from the individual marginal product (MP) of infrastructure
utilization, which is largely unaffected by the congestion technology as the production loss
and the change in labor productivity and the corresponding effect on the wage bill arising
from individual infrastructure utilization are not taken into account into the firms’ decision
on optimal infrastructure usage. As obvious from Figure 1, the individual MP is always
below the social MP of infrastructure utilization for the selected production and congestion
elasticities in the case of DMC (part a). This is not the case for IMC (part b), where the
individual MP is below the social MP only for sufficiently low utilization levels. With this
congestion technology, heavy infrastructure utilization significantly suppresses the benefits

17The equilibrium values N , B and L are obtained by equating (28) and (29) to their marginal costs (v̄
and 1, respectively), and by using the labor market equation (7) as the third equation. Note that the
conclusions drawn in this section are independent of the parameter specifications.
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of infrastructure utilization due to its negative effect on production and a potential negative
effect on labor productivity. As a result, the social MP of infrastructure utilization turns
negative for approximately N > 8 in this example. For the assumed costs of infrastructure
utilization (v̄=0.1), the individual optimal infrastructure utilization (intersection individ-
ual MP with MC (v̄)) is below the socially optimal infrastructure utilization in both cases,
i.e. the benefits from an increase in the wage bill that stem from a marginal increase in
infrastructure utilization (still) outweigh the increase in the production loss.

In addition to user costs, optimal infrastructure utilization is also sensitive to the level
of the wage rigidity. Assuming that the fixed wage is less binding and unemployment is low
in the competing jurisdictions, optimal infrastructure utilization will be higher compared
to a framework with a higher wage rate and unemployment (for both specifications of the
congestion technology). This can be taken from Figure 2, which replicates the constrained
efficient outcome for w̄ = 0.5 (black) and depicts, in addition, constrained efficiency for
a lower wage rate of w̄ = 0.35 (grey). Observe that the rise of the negative congestion

Notes: Black graphs depict the high wage rate scenario (w=.5) and gray graphs the low wage scenario

(w=.35); the legend of Figure 1 applies.

Figure 2: Effects of a variation in the wage rate on the socially optimal infrastructure
utilization in case of DMC (part a) and IMC (part b)

externality (production loss) resulting from a lower wage rate is relative moderate compared
to the rise in both the individual MP and the change in the wage bill. As a consequence,
the social MP of infrastructure utilization (the sum of the three components) is higher and
optimal utilization rises to approximately N = 2.3 (DMC) and N = 2.0 (IMC).
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In case of IMC, the individual optimal infrastructure utilization is equal to the socially
optimal utilization at approximately N = 3.7. Note, however, that at this utilization level,
marginal costs exceed the MP of infrastructure utilization. Efficiency in the decentralized
equilibrium would require either lower costs of infrastructure utilization (roughly v̄ = 0.06
for w̄ = 0.35 or v̄ = 0.05 for w̄ = 0.5), or a wage rate that is sufficiently low (provided that
for this wage rate unemployment prevails). As can be taken from Figure 2, decreasing the
wage rate shifts the point of intersection of the individual and social MP of infrastructure
utilization vertically upward. Then, for a sufficiently low wage rate, the individual and social
MP intersect at that point that is equal to the MC of infrastructure utilization.18

3.3.2 Efficiency in the decentralized equilibrium

Using the derived expressions for the production loss, the change in the wage bill from infras-
tructure utilization, and the labor market equation, we are able to determine the conditions
for under- and overutilization of infrastructure, as well as all related results in the decen-
tralized equilibrium. Equation (19) formalizes this condition for general production and
congestion technologies.

Decreasing marginal congestion (DMC)
Using equation (19) and the derivations above, it is straightforward to show that whether
the production loss (−FQQN) exceeds the benefits from an increase infrastructure utilization
(dL/dN |(7)), or vice versa, will depend alone on the magnitude of the production elasticities
and the congestion parameter. In detail, one derives:

αδ R −ητ ⇔ w̄ dL/dN |(7) R −FQQN . (31)

Proposition 2. Assume Cobb-Douglas production and decreasing marginal congestion (DMC)
as specified in (21) and (22). Efficiency in the decentralized equilibrium with capital and
lump sum taxes will be determined solely by the magnitude of the production and conges-
tion elasticities. In the special case where αδ = −ητ holds, the non-cooperative equilibrium
is second-best efficient. In contrast, public inputs will be underutilized (overutilized) in the
private sector and overprovided (underprovided) by the public sector if α δ >(<) −η τ . Effi-
ciency in the decentralized equilibrium will be independent of the wage rate and corresponding
unemployment levels.

Observe that the term ητ expresses the percentage decline in output caused by a one percent
increase in infrastructure utilization and the corresponding decline in infrastructure quality.
In addition to the decline in output, larger parameter values of τ and η will also weaken the
potential employment gain from infrastructure utilization because congestion causes also the

18In the selected example, the decentralized equilibrium is efficient if w̄ = 0.119 (see the numerical examples
discussed below.).
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labor productivity to decline.

Increasing marginal congestion (IMC).
If congestion increases at the margin (IMC), output elasticities, the congestion parameter
and the level of infrastructure utilization N will be crucial to determine whether decentral-
ized policies are efficient from the viewpoint of the social planner. For this specification of
the congestion technology, one derives:

αδ R −τεQN (η,N) ⇔ w̄ dL/dN |(7) R −FQQN . (32)

Proposition 3. Assuming Cobb-Douglas-production (21) and increasing marginal conges-
tion (IMC) (23), efficiency in the decentralized equilibrium will be determined by the produc-
tion and congestion elasticities and the factor prices w̄ and v̄. Efficiency in the decentralized
framework is obtained in the special case where αδ = −τεQN (η,N). Underprovision and
overutilization (overprovision and underutilization) of the public input will be obtained in
case of α δ <(>)−η εQN (η,N). The tendency to overprovide public inputs will increase with
the level of the wage rigidity and the corresponding unemployment rate in the competing ju-
risdictions.

Observe that according to (32), the more intensive infrastructure utilization N (and the
larger the elasticities τ and −η), the larger will be the negative congestion effect relative
to the positive employment effect associated with infrastructure utilization, and the more
likely it is that infrastructure will be underprovided and used in excess of the optimal level
by the private firms (ceteris paribus). The elasticities α, δ, η, τ together with equilibrium
infrastructure utilization N will therefore determine whether the decentralized equilibrium
with capital and head tax financing is efficient. Because equilibrium infrastructure utiliza-
tion declines in w̄ and v̄, it follows that the tendency to overprovide infrastructure increases
as w̄ or v̄ increase.19

The underlying mechanism is that in the low wage / unemployment scenarios also opti-
mal infrastructure utilization rates will be higher due to the complementarity of production
factors (see also Figure 2 for the CE). As a consequence, also the negative production exter-
nality will be higher in case of IMC compared to the high wage scenario in case of IMC (but
not in case of DMC), and regional governments have a greater incentive to use the level of
infrastructure provision as a means to reduce the negative congestion externality in the low
wage rate scenarios as a consequence, i.e., the tendency to underprovide increases (ceteris
paribus).

19Note therefore that εQN
= εQN

(η,N) with εQN
< 0 and ∂εQN

/∂N < 0, and that equilibrium infrastructure
utilization N is a function of α, δ, η, τ , w̄ and v̄. The effect of a change in w̄ and v̄ on optimal infrastructure
utilization has been analyzed also graphically in Figure 2. More on the mechanism of a change in the level
of the wage rate rigidity will be presented in the numerical analysis below.
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3.3.3 Some numerical examples

Tables 1 to 3 in Appendix D depict some key statistics for the two congestion technologies,
and both the constrained efficient equilibrium (CE) and the decentralized equilibrium (DE).
Scenarios denoted with A and C characterize equilibria assuming DMC, with a relatively
high wage rate (and unemployment) in scenarios A and a lower wage rate in scenarios C. If
full employment is assumed at P̄ = L = 1.5, for instance, some level of unemployment will
always be present at the selected wage rates in the economy.20 In case of IMC, the analysis
distinguishes between three alternative wage regimes (scenarios B, D, and E). In addition
to the high (B) and low (D) unemployment scenarios, the third set of scenarios (E) charac-
terizes equilibria with the specific wage rate that guarantees efficiency of the decentralized
equilibrium. It is included to supplement the graphical analysis and the arguments provided
above. Columns 2A/C (DMC) and 2B/D (IMC) show statistics with w̄ = 0.5 and w̄ = 0.35
and a moderate degree of congestion (η = −0.05), such as analyzed above for the CE. In
addition to the CE, statistics of the DE are shown for each scenario in the second column.

In principle, there are two main dimensions to compare the statistics. The first is across
scenarios (for the CE or the DE) and the second is within a scenario (between the CE
and the DE). For instance, the comparison of 1A and 2A indicates changes in the statistics
triggered by a rise in the degree of congestion from η = −0.05 (2A) to η = −0.25 (1A) in
case of DMC. Within any scenario, one can analyze changes in the statistics that arise from
the fact that the optimal policies of the social planner (CE) and the decentralized policy
maker (DE) are not identical.

Scenarios 3A/B and 3C/D show results for a degree of congestion equal to zero, i.e.,
for infrastructure facilities with properties similar to a pure public good. Naturally, both
congestion technologies yield identical statistics in this case. Scenarios 4 and 5 consider
further variations in production elasticities and the congestion parameter. As I consider
IMC as the more interesting specification of congestion, scenarios 6, 7 and 8 have been
added for this specification of the congestion technology.

For the chosen specifications of the congestion and production technologies, wage rates
and the price of infrastructure utilization, I have solved for the optimal infrastructure uti-
lization / provision and employment levels (N,B,L) in both the CE and the DE. These
values can then be used in a second step to calculate the direct, indirect and social MP of
infrastructure utilization / provision and some additional statistics such as production (Y )
and welfare (We) levels or the relative shares of B,N and L of total output (B/Y , N/Y ,
L/Y ).21 With the identified externalities in the decentralized framework, welfare is generally

20Employment ratios are below L = 1.5 in all scenarios and they are particularly sensitive to changes in the
wage rate. In Table 1, wage rates are determined at w̄ = 0.5, except for scenarios with output elasticities of
labor that are more in the range of economically meaningful values (5A, 5B, 8B). In these cases employment
rates would be much higher at the wage rate w̄ = 0.5.

21Output is calculated as Y = LαKβNδQτ − vN , and welfare as specified in equation (13). As emphasized
above, all individuals are assumed to own an identical share of the economy’s capital stock and in the
symmetric equilibrium the invested amount of capital is equal to the initial capital endowment (X̄P̄−r̄K =
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lower in the DE than in the CE (scenarios A, B, C, D except 1A/C). This is not necessarily
the case for output, which may well be higher in the DE.

In the DE, also the equilibrium tax rates (T, t), and the elasticities of K, L and N with
respect to the policy instruments T and B are provided, using results of the comparative
statics analysis. Observe that the elasticities K, L and N with respect to B are identical.
This is not the case for the elasticities of the three variables with respect to T . The reason is
that L and N are affected by a change in T only indirectly through the perceived variation in
the amount of capital (K) invested. Due to its direct effect on the marginal cost of capital,
the elasticities of capital with respect to the second policy parameter, the capital tax, are
larger in all scenarios.

Focusing on the CE, it turns out that the equilibrium values L, B and N are lower
if congestion increases at the margin (ceteris paribus). This follows from the fact that in
the equilibrium the social MP of infrastructure utilization is lower for this specification of
the congestion technology. As a consequence, also L and B will be lower in case of IMC.
Comparing the CE with the DE, it becomes obvious that due to the multiple externalities
in the decentralized framework, quantities B, N and L differ more or less markedly from
those that would be chosen by the social planner. As apparent from the analysis above,
distortions in infrastructure provision and utilization may only be caused by the magnitude
of the output elasticities α, δ, τ, η in case of DMC.22 Efficiency in the DE is obtained only in
scenarios 1A and 1C because αδ = −ητ holds in this case. As emphasized above, the level
of the wage rate w̄ and infrastructure utilization costs v̄ are crucial, in addition, to analyse
efficiency of the DE in case of IMC. Underprovision with infrastructure in the DE (scenarios
1B/D, 4D, 6B/D, 7B/D, 8D) is associated with overutilization in the private sector. The
reverse is true in the scenarios with overprovision of infrastructure.

As analyzed above, the results of tax competition are also sensitive to the level of the
wage rigidity (and the level of unemployment) in case of IMC. Tax competition between
regions that can be characterized by a relatively high level of unemployment is considered
in scenarios A and B, and scenarios C and D depict the results of tax competition between
regions with a relatively low wage rate (second column in each scenario). With respect to
the policy of the central planner (CE), one finds that the optimal infrastructure provision
level B and the optimal quantities N and L are lower when the wage rate is more binding for
both congestion technologies. As derived analytically above, comparison of the social MP
of infrastructure utilization / provision between the CE and the DE indicates that a change
in the wage rate will not affect efficiency in the decentralized equilibrium with DMC but
with IMC. As emphasized earlier, with DMC the DE is either efficient (1A/C) or inefficient
(2A/C, 3A/C, 4A/C, 5A/C), independent of the level of the wage rigidity and utilization

0).
22Observe therefore that while equilibrium values of B, L, and N differ between the low and high wage

scenarios, this is not the case for the social MP of B and N (lines ”Social MP of B” and ”Social MP of
N ”). The degree of under-/overprovision and under-/overutilization of infrastructure is independent of w̄
(or v̄) in case of DMC.
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costs. For the second specification of congestion, underprovision weakens (1B/D, 6B/D,
7B/D), is reversed (4B/D, 8B/D), or overprovision becomes even more severe (2B/D, 5B/D)
in the scenarios with the higher wage rate relative to the low wage scenarios. For instance,
infrastructure is moderately underprovided and overutilized for a wage rate of w̄ = 0.5 (1B),
while, with a less binding fixed wage of w̄ = 0.2, underprovision and overutilization becomes
more severe (1D).

If infrastructure is underprovided and congestion increases at the margin, one can more-
over determine the wage rate above the current wage rate for that the decentralized equilib-
rium is efficient (given unemployment prevails at that wage rate). Decentralized equilibria
with wage rates that are determined exactly at that level where identical statistics are de-
rived for the CE and the DE (for given parameter values α, δ, τ, η, v̄) are shown in Table 3
(scenarios E). For instance, in scenario 1E, the DE is efficient for w = 0.521, while under-
provision with infrastructure occurs at w = 0.20 (scenario 1D) and, to a lesser extent, at
w = 0.50 (scenario 1B). Higher wage rates, however, will generally result in lower equilibrium
values of B,N,L and, in addition, welfare. It follows that despite the obtained results in the
DE in scenarios E, this should not be misinterpreted as a recommendation to increase the
level of the wage rigidity in the jurisdictions.

A few remarks are in order with respect to the two scenarios with a rather high degree
of congestion, close to that of private goods (scenarios 6 and 7 for IMC). In contrast to all
other cases, equilibrium capital tax rates, which are derived analytically in equation (15),
may turn positive in both scenarios (6D and 7D). This stems from a strong incentive to
use the capital tax to reduce congestion (i.e., as a congestion tax), which overcompensates
the incentive to subsidise capital to increase employment. Due to the discussed effects from
congestion, it is optimal from the viewpoint of the representative regional government to
raise the quantity of productive infrastructure as the wage rate becomes more binding in
the scenario with the highest congestion parameter (DE, examples 6B/D). In contrast, it is
always optimal to reduce the (absolute) quantity of infrastructure from the viewpoint of the
social planner (CE) if the fixed wage is increased.

4. Conclusion

The paper examines efficiency in the provision of a congestible public input in symmetric
tax competition under the presence of unemployment due to wage rigidities. Equilibrium
capital tax rates are derived and two dimensions of an efficient infrastructure policy are
examined through the analysis of both infrastructure provision and utilization in the de-
centralized equilibrium and when capital and lump-sum taxation is available for regional
governments. Assuming general production and congestion functions, infrastructure pro-
vision and utilization levels remain ambiguous due to countervailing externalities resulting
from unemployment and congestion.

Unlike in the standard tax competition models (e.g., Zodrow and Mieszkowski (1986)),
the availability of lump-sum taxation in addition to distortionary capital taxes is not suffi-
cient to guarantee second-best efficiency in the decentralized framework. If, however, unem-
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ployment (e.g. due to wage rigidities) remains the only source for potential inefficiency, tax
competition with capital and head taxes and the provision of public consumption goods still
guarantees efficiency (e.g. Ogawa 2006, Eichner 2012). With the introduction of the addi-
tional assumption that public goods are productive (i.e. public inputs), however, this result
is challenged, and a further source of inefficiency arises if the public input is also subject to
congestion.

Introducing specific production (Cobb-Douglas) and two well-known congestion tech-
nologies (decreasing and increasing marginal congestion), conditions for under-, (over-) and
efficiency in public input provision and utilization in the decentralized equilibrium have been
derived. It turned out that efficiency in the decentralized equilibrium depends alone on the
magnitude of the production and congestion externalities if congestion can be characterized
by decreasing marginal congestion. In case of the more interesting specification with increas-
ing marginal congestion the optimal policy of the regional policy maker will also depend on
the level of the wage rigidity and therefore on the fact whether tax competition in a high
or low unemployment scenario is considered. Tax competition between economies with high
wage rates and unemployment levels is less likely to result in underprovision of productive
infrastructure in the jurisdictions as public input provision also serves as a tool to increase
employment and wage payments. If congestion decreases at the margin, potential distortions
in the decentralized framework are independent of the level of the wage rigidity.

The present study has examined efficiency in the non-cooperative equilibrium in the
absence of congestion pricing, e.g. the consideration of user fees for firms also to enable a
comparison with of the results with the standard tax competition literature. However, as
the exclusion of users is feasable for a large part of publicly-provided goods, the introduction
of user charges provides an interesting extension to the present analysis.

Other areas of future reasearch involve the analysis of the sensitivity of the results under
alternative institutional settings of the labor market, or the examination of the mix of (con-
gestible) public goods, when governments provide both productive and consumptive public
goods, such as pioneered, for instance, by Keen and Marchand (1997).

Appendix A: Second-best efficiency

The central planner maximises the Lagrangian

 L(Ki, N i, Bi, Li) =
n∑
i=1

{
F i[Li, Ki, N i, Qi(Bi, N i)]− v̄iN i −Bi

}
−λ

[
q∑
i=1

Ki − K̄

]
− λi

[
w̄i − F i

L(Li, Ki, N i, Qi(Bi, N i))
] (33)

where λ and λi are the Lagrange multipliers. Maximising with respect to Ki, N i, Bi, Li

yields:
F i
K − λ+ λiF i

LK = 0, (34)
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F i
N + F i

QQ
i
N + λi(F i

LN + F i
LQQ

i
N)− v̄i = 0, (35)

F i
QQ

i
B − 1 + λiF i

LQQ
i
B = 0, (36)

and
F i
L + λiF i

LL = 0 ∀i ∈ q. (37)

Using λi from (37), and F i
L = w̄i in (34) – (36) yields:23

F i
K − w̄iF i

LK/F
i
LL = F j

K − w̄jF
j
LK/F

j
LL ∀i, j ∈ n; i 6= j, (38)

F i
N + F i

QQ
i
N − w̄i(F i

LN + F i
LQQ

i
N)/F i

LL = v̄i (39)

F i
QQ

i
B − w̄iF i

LQQ
i
B/F

i
LL = 1. (40)

Substitution of (8) into (39) and (40) yields (10) and (11).

Appendix B: Non-cooperative equilibrium

From (14) we derive with the profit maximizing conditions for firms (6), (7), and (9) the
first-order conditions for a maximum (for an interior solution):

∂W i

∂T i
= (F i

K − r̄)︸ ︷︷ ︸
=T i

∂Ki

∂T i
+ F i

L︸︷︷︸
=w̄i

∂Li

∂T i
+ F i

QQ
i
N

∂N i

∂T i
+ (F i

N − v̄i)︸ ︷︷ ︸
=0

∂N i

∂T i
= 0 (41)

and

∂W i

∂Bi
= (F i

K − r̄)︸ ︷︷ ︸
=T i

∂Ki

∂Bi
+ F i

L︸︷︷︸
=w̄i

∂Li

∂Bi
+ F i

QQ
i
B + F i

QQ
i
N

∂N i

∂Bi
+ (F i

N − v̄i)︸ ︷︷ ︸
=0

∂N i

∂Bi
− 1 = 0. (42)

Rearranging and simplifying yields the conditions (15) and (16).

In what follows, we derive the provision rule (17) in the non-cooperative equilibrium. Sub-
stitution of (15) into (16) yields:

F i
QQ

i
B = 1− w̄i (K

i
TL

i
B − LiTKi

B)

Ki
T

− F i
QQ

i
N

(Ki
TN

i
B −Ki

BN
i
T )

Ki
T

, (43)

23Equation (38) follows from F iK − w̄iF iLK/F iLL = λ ∀i ∈ q.
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where Ki
T , K

i
B, L

i
T , L

i
B, N

i
T and N i

B are derived from (6), (7), (9), and (12), using comparative
statics analysis, from which one obtains:

sgnKi
T = sgnN i

T 6= sgnKi
B = sgnN i

B = sgnLiB.

The more meaningful case is Ki
T , N

i
T < 0, and Ki

B, N
i
B, L

i
B > 0 as in the case with opposite

signs, there would be no incentives to provide infrastructure, and regional tax authorities
would always increase capital taxes (because of Ki

B < 0 and Ki
T > 0). In addition, we derive

LiT < 0 unless the change in the overall marginal product of labor to an increase in N i is
strongly negative. In detail, one obtains for Ki

T , N i
T , LiT :

Ki
T =

(F i
LLF

i
NQ − F i

LNF
i
LQ)Qi

N + F i
LLF

i
NN − F i

LN
2

D
,

N i
T =

F i
KLF

i
LN − F i

KNF
i
LL

D
,

LiT =
F i
KN (F i

LN + F i
LQQ

i
N)− F i

LK (F i
NN + F i

NQQ
i
N)

D
,

with

D =
(
F i
KKF

i
LL − F i
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2
) (
F i
NQQ

i
N + F i

NN

)
+
(
F i
KLF

i
KN − F i

LNF
i
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) (
F i
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i
N + F i
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)
+
(
F i
KLF

i
LN − F i
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i
LL

) (
F i
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i
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)
.

With the results of the comparative statics analysis, the efficiency condition with respect to
public input provision can alternatively be stated as:24

F i
QQ

i
B = 1− w̄i

(F i
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i
NQ − F i

LQF
i
NN )Qi

B

F i
LLF

i
NN − F i
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2

+ (F i
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i
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N
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i
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NQ)Qi

B

F i
LLF

i
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2

+ (F i
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i
NQ − F i
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i
LQ)Qi

N

(44)

Total differentiation of (7) and (9) yields:

F i
LKdK

i + F i
LLdL

i + F i
LQQ

i
BdB

i + (F i
LN + F i

LQQ
i
N)dN i = 0, (45)

and
F i
KNdK

i + F i
LNdL

i + F i
NQQ

i
BdB

i + (F i
NN + F i

NQQ
i
N)dN i = 0. (46)

24A detailed derivation is provided upon request.
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Next we use both equations to derive dLi

dB i

∣∣∣
(7),(9)

and dN i

dB i

∣∣∣
(7),(9)

(the notation |(7),(9) indicates

that (7) and (9) have been used for the derivation):25(
F i
LL F i

LN + F i
LQQ

i
N

F i
LN F i

NN + F i
NQQ

i
N

)(
dLi/dB i |(7),(9) dLi/dK i |(7),(9)

dN i/dB i |(7),(9) dN i/dK i |(7),(9)

)
=

(
−F i

LQQ
i
B −F i

LK

−F i
NQQ

i
B −F i

KN

)
,

(47)
which yields:

dLi

dB i

∣∣∣∣
(7),(9)

=
(F i

LNF
i
NQ − F i

LQF
i
NN )Qi

B

F i
LLF

i
NN − F i

LN
2

+ (F i
LLF

i
NQ − F i

LNF
i
LQ)Qi

N

> 0, (48)

dN i

dB i

∣∣∣∣
(7),(9)

=
(F i

LNF
i
LQ − F i

LLF
i
NQ)Qi

B

F i
LLF

i
NN − F i

LN
2

+ (F i
LLF

i
NQ − F i

LNF
i
LQ)Qi

N

> 0. (49)

Observe from (44), (48) and (49) that the condition for efficiency in public input provision
can be presented as in (17). Observe further that, as indicated in (48) and (49), the demand
for labor and public input utilization increase as public input provision increases. This
follows from the specification of the production and congestion technologies (i.e., positive
first-order and cross-derivatives, negative second-order derivatives, and because of Qi

B > 0,

Qi
N < 0, and F i

LLF
i
NN − F i

LN
2
> 0).

25In addition, dLi

dK i

∣∣∣
(7),(9)

and dN i

dK i

∣∣∣
(7),(9)

can be derived from (45) and (46).
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Appendix D: Numerical examples.
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Table 1: Numerical example with Cobb-Douglas production (high wage rate).
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Table 2: Numerical example with Cobb-Douglas production (low wage rate).
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Table 3: Numerical example with Cobb-Douglas production (wage rate that guarantees
efficiency of the DE).
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