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Abstract

This paper investigates the fiscal multiplier of infrastructure investment
using an estimated heterogeneous-firm general equilibrium model. We theo-
retically and quantitatively show that the firm-level non-rivalry in infrastruc-
ture usage drives a significant discrepancy in the estimated input elasticities
between the firm and state levels. Moreover, it microfounds the increasing
returns to scale assumption in a representative-agent framework (Baxter and
King, 1993). The quantitative findings indicate a fiscal multiplier of approx-
imately 1.09 over a 2-year horizon, suggesting a moderate but significantly
greater net economic benefit than the representative-agent model prediction.
This is due to the low sensitivity of the firm-level investment to the general
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1 Introduction

Infrastructure spending and its effect on output and welfare have become one of

the central issues in recent policy discussions. Particularly noteworthy is the In-

frastructure Investment and Jobs Act, which allocates over $1.2 trillion for trans-

portation and various physical infrastructure projects over a decade. Fiscal mul-

tipliers serve as fundamental tools to gauge the economic advantages of govern-

ment expenditure. Our research delves into the fiscal multiplier associated with

infrastructure investments, incorporating an innovative analysis of investment de-

cisions made by individual firms — a dimension unexplored in the existing litera-

ture.

Our analysis of the infrastructure fiscal multiplier through the lens of a hetero-

geneous firm model makes three contributions to the literature. Firstly, we theo-

retically and quantitatively demonstrate that the non-rivalry of public capital us-

age leads to a dramatic gap between the firm-level and the state-level estimates of

the elasticities of substitution between the private and public capital given a CES

production function.1 Specifically, the firm-level gross substitutability implies the

gross complementarity at the aggregate level under the non-rivalry. In addition,

we show that the inclusion of non-rivalry within the firm-level CES production

function, encompassing substitutable inputs, implies increasing returns to scale for

the aggregate Cobb-Douglas production function. To the best of our knowledge,

our paper is the first one to bridge the firm-level and state-level input elasticities

and micro-found the increasing returns to scale in the aggregate production func-

tion of Baxter and King (1993).

The theoretical result bridging the micro and the macro production function un-

der the non-rivalry is based on a simple economic intuition. A marginal increase

1We aggregate the firm-level equilibrium allocations up to the state level and compare the elas-
ticities. However, the theoretical implications of this aggregation are not limited to a particular
level of aggregation.

2



in the public capital stock brings about an economic benefit through all firms’ in-

crease in the marginal product of capital (MPK) due to the non-rivalry. The sum

of such increases in the MPK naturally outweighs that of a single firm. Therefore,

to capture this amplified benefit of marginal public capital stock within an aggre-

gate production function framework, an additional component is necessary that

leads to greater efficiency in the utilization of public capital stock than a firm-level

production. We show that the complementarity in the CES production function or

the increasing returns to scale in the Cobb-Douglas production function are such

ingredients.

Secondly, we show that the heterogeneous firm model yields a higher output

multiplier in response to an infrastructure spending shock compared to the repre-

sentative firm counterpart. This discrepancy arises from the convex nature of the

capital adjustment cost at the firm level, which is an essential component to disci-

pline the firm-level investment responses to the interest rate change at the empir-

ically supported range (Winberry, 2021; Koby and Wolf, 2020). Due to the convex

adjustment cost, the average adjustment burden for heterogeneous firms exceeds

that of the representative firm, leading to a lower responsiveness at the firm level.

Consequently, the negative investment responses induced by the crowding out is

significantly mitigated, thereby increasing the overall output multiplier.

Thirdly, we estimate the heterogeneous-firm model in general equilibrium, which

is known to be computationally challenging. For this, we introduce a novel esti-

mation procedure that searches for the market clearing prices simultaneously with

the model parameters, which significantly reduces the computation cost. The fis-

cal multiplier in our heterogeneous firm model is significantly more sensitive to

the elasticity of substitution than in its representative firm counterpart due to the

amplifying effect of non-rivalry in public capital usage. This excess sensitivity sub-

stantiates the importance of precisely estimating the elasticity parameter within a

heterogeneous firm model, a contribution our paper seeks to make.
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The key ingredient of our baseline model is the firm-level CES production func-

tion that utilizes private capital, public capital, and labor input factors. Public

capital enters firms’ production function in a non-rivalrous manner as in Glomm

and Ravikumar (1994).2 Subject to idiosyncratic productivity shocks, firms make

lumpy investment decisions with both fixed and convex adjustment costs (Cooper

and Haltiwanger, 2006; Winberry, 2021). Using revenue financed from household

income tax and corporate tax, the government spends through infrastructure in-

vestment, lump-sum subsidy, and public employment. The infrastructure evolves

with an exogenous law of motion subject to convex adjustment costs similar to

private investment.

To connect with the available state-level micro data, our model incorporates

two regions distinguished by their infrastructure levels: one with poor infrastruc-

ture and another with good infrastructure.3 Motivated by the cross-state varia-

tions in the infrastructure spending data that have stayed almost invariant over

the sample period, we assume the allocation of expenditures between these re-

gions is fixed.4 In our model, the elasticity of substitution between private and

public capital in the firm’s production function is a critical parameter for the fiscal

multiplier. This parameter is identified by the relative size of the private capital

stock across the states with different infrastructure stocks. For example, if private

and public capital exhibit a stronger degree of complementarity, it is anticipated

that the region with high infrastructure states will possess a greater proportion of

private capital stock.

We estimate the model by extending the existing estimation method to match

the model-simulated moments to the data moments. To handle the general equi-

2In contrast to Glomm and Ravikumar (1994), we incorporate firm-level heterogeneity in the
model.

3In the model, these two states are also assumed to feature different state-specific TFP levels.
These heterogeneous TFP levels are also estimated.

4This is a similar assumption to the one in the identification based on the Bartik instrument
(Nakamura and Steinsson, 2014; Pennings, 2021). In this identification, the cross-state spending
sensitivity parameter is assumed to be fixed.

4



librium, we extend this method by including market clearing conditions as addi-

tional moments. In this paper, we employ the multi-block Metropolis-Hastings

algorithm, which involves dividing the parameter space into two blocks: one for

the price block and another for the model parameters. From running this algo-

rithm, we generate draws that bring the market clearing conditions closer to zero

while ensuring a closer fit to the empirical moments. Our approach is much faster

than the estimation procedures that entail solving market clearing prices for every

potential value of the model parameters.

Our estimates indicate that the elasticity of substitution is around 1.19, suggest-

ing gross substitutability between private and public capital inputs. To validate

our model, we compute the elasticity at the state level from our model and com-

pare it to the empirical elasticity derived from U.S. state-level data. In the model,

the state-level elasticity is computed by aggregating firms’ behaviors in two re-

gions and estimating the state-level production functions. Our estimation yields

a state-level elasticity of 0.48. In comparison, by estimating the state-level pro-

duction function following An et al. (2019), we obtain an empirical counterpart

of 0.45. Our findings suggest that public and private capital inputs exhibit gross

complementarity at the state level, while demonstrating substitutability at the firm

level. This observation aligns with our theoretical result, where we establish that

the nature of substitution can change as the micro-level (firm-level) input elasticity

is aggregated to the state-level counterpart.

Given our estimated model, we conduct the quantitative analysis to compute

fiscal multipliers with one-time unexpected infrastructure spending shock whose

magnitude is 1% of steady-state GDP value. We assume that the fiscal policy shock

is financed by a lump-sum tax on impact. The main focus is on the national-level

fiscal output multiplier that is obtained after aggregating the micro-level alloca-

tions. An increase in the public capital leads to a boost in output. However, the

fiscal policy shock causes an increase in the interest rate due to lump-sum financ-
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ing which initially reduces consumption. Consequently, these general equilibrium

effects result in crowding out of private investment on impact. Accounting for

these opposing forces, the short-run aggregate fiscal multiplier over a two-year

period is estimated to be 1.09, while the short-run multiplier in the partial equilib-

rium is estimated to be 1.86. This discrepancy is mainly due to the crowding out of

the private investments induced by the general equilibrium effect. Our fiscal mul-

tiplier is significantly greater than the levels proposed in the literature (Ramey,

2019, 2020), which abstracts from non-rivalry and firm-heterogeneity.5 Once the

heterogeneous-firm model implied parameter levels, which already incorporate

the non-rivalry, are used in the representative-agent model, the fiscal multiplier is

0.99, which lies between our baseline result and the levels proposed in the litera-

ture.

We also find that the fiscal spending shock leads to a substantially heteroge-

neous effect across the states. According to our baseline model, per $1 spending

shock, the Poor states receives only $0.02 output gains, while the Good states re-

ceive $1.07 out of total $1.09 gains. Then, we consider a counterfactual scenario

where the $1 spending shock is equally spent on the Poor and Good states. In this

scenario, the inequality is mitigated substantially ($0.06 vs. $0.81) at the cost of

total output multiplier (1.09→ 0.87). The more money is spent on the Poor state,

the less efficiently the resources are utilized in the economy leading to a lowered

output multiplier. This result sharply shows the trade off between the efficiency

and the equality the government faces in their spending.

Furthermore, our analysis reveals that varying micro-level elasticities of sub-

stitution yields significantly different fiscal multipliers. A lower elasticity corre-

sponds to a larger fiscal multiplier, as the private investment is crowded out less.

This emphasizes the importance of sharply estimating the input elasticity to quan-

tify fiscal multipliers while considering firms’ investment. In the Appendix, we

5The levels proposed in the literature based on the representative-firm framework without the
non-rivalry mostly range from 0.3 to 0.8.
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also report that the fiscal multipliers vary with the inclusion of time-to-build as-

sumption. Consistent with Ramey (2020), we find that the aggregate fiscal mul-

tiplier decreases when compared to scenarios without the extended time-to-build

assumption.6

Related literature Three strands of literature are closely related to our paper.

First, it is closely connected to the literature that structurally analyze the govern-

ment spending multipliers (Baxter and King, 1993; Leeper et al., 2010; Nakamura

and Steinsson, 2014; Sims and Wolff, 2018; Hagedorn et al., 2019; Ramey, 2020;

Hasna, 2021). Our focus is specifically on quantifying the multipliers associated

with infrastructure spending, which represents a distinct category of public invest-

ment. Ramey (2020) analyzes the impacts of government investment using a styl-

ized neoclassical and New Keynesian models. Our contribution lies in quantify-

ing the infrastructure spending multipliers based on a heterogeneous firm model,

incorporating firm-level investment, which has not been addressed in the afore-

mentioned papers.7 Also, our theoretical result bridging the firm-level and the

macro-level production function provides a micro-foundation for the widely used

macro-level production function in this literature (Baxter and King, 1993).

Second, we contribute to the literature that bridges the gap between aggregate

and micro-level estimates using a structural model. Our approach is closely re-

lated to Oberfield and Raval (2021), which estimates the elasticity of substitution

between the labor and capital at the plant level and the macro level based on a

structural framework. Similar to this paper, we estimate both the firm-level and

the aggregate-level elasticities of substitution between the private and public cap-

6The time-to-build assumption impacts fiscal multipliers through two key channels. First, there
is a news effect where individuals adjust their behaviors as they expect a future increase in the
infrastructure. Second, there is a general equilibrium effect endogenously stemming from the news
effect. More details are available in Appendix H.

7In empirical research, there have been attempts to estimate the output elasticity of the public
investment (An et al., 2019; Auerbach et al., 2020; Espinoza et al., 2020; Ramey, 2020, An et al.,
2022).
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ital. However, the public capital stock is exogenous to a firm, which makes the

nature of the identification problem relatively simpler than the one in their paper.

Specifically, as surveyed in Nakamura and Steinsson (2018), we follow the recently

rising literature on structural identification based on the cross-sectional variation

under a set of parsimonious assumptions. According to our estimation, the firm-

level elasticity of substitution is 1.19, while the aggregate-level elasticity is 0.48.

Our results suggest that private capital and public capital are gross substitutes at

the firm level while they act as gross complements at the state level. We provide

theoretical support for this relationship by demonstrating the non-rivalry effect of

infrastructure in the firm-level production function.

Lastly, our paper is related to the literature that studies firm-level investments.

This literature has empirically and theoretically investigated the firm-level lumpy

investment patterns and their macroeconomic implications (Caballero and Engel,

1999; Cooper and Haltiwanger, 2006; Abel and Eberly, 2002; Khan and Thomas,

2008; Winberry, 2021). Based on the literature, we incorporate the convex and

fixed adjustment cost for the firm-level capital adjustment and estimate the cost

parameters to capture the observed investment dynamics at the firm level. Our

goal is to establish a micro-level foundation for analyzing the fiscal multiplier of

infrastructure spending, specifically taking into account firm-level investment and

incorporating the non-rivalrous nature of the public capital stock. According to

the estimated model, the firm-level heterogeneity under the capital adjustment

friction leads to a significantly different fiscal multiplier from the representative-

firm model.

The rest of this paper proceeds as follows. Section 2 presents a theory showing

that, with non-rivalrous public capital, the nature of substitution between private

and public capital flips with the aggregation of inputs from firm-level to state-

level. Section 3 presents the model. Section 4 presents the estimation results and

validates the model using the state-level data. Section 5 presents a comprehensive
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quantitative analysis on the infrastructure spending multipliers and compare them

with the results in the existing literature. Section 6 concludes.

2 A simple theory on micro and macro production func-

tions

In this section, we theoretically demonstrate that non-rivalry in public capital us-

age (such as infrastructure) at the firm level leads to a noteworthy disparity be-

tween the estimated input elasticities with micro and macro production functions.

Specifically, we will use the terms “micro” to denote firm-level and “macro (or ag-

gregate)” to refer to state-level unless otherwise indicated. It is essential to note

that the theoretical implications presented in this section extend beyond a specific

level of aggregation, transcending the state-level focus addressed in this paper.

Consider a CES production function F(K, N, L; λ, z) with constant returns to

scale (CRS):

F(K, N, L; λ, z) = z(θK
λ−1

λ + (1− θ)N
λ−1

λ )
λ

λ−1 αL1−α

where λ is the elasticity of substitution between private and public capital; K is

the private capital input; N is the public capital input, L is the labor input; z is

the productivity level. θ ∈ (0, 1) is the weight parameter between the private and

public capital. Then, we consider a static labor demand problem:

max
L

F(K, N, L; λ, z)− wL

Using the solution of this problem L∗ = z
1
α

(
1−α

w

) 1
α
(θK

λ−1
λ + (1− θ)N

λ−1
λ )

λ
λ−1 , we
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can rewrite the production function with the implicit labor demand:

F(K, N, L∗; λ, z) = f (K, N; λ, z) := z
1
α

(
1− α

w

) 1−α
α

(θK
λ−1

λ + (1− θ)N
λ−1

λ )
λ

λ−1 (1)

Then, we consider estimation of the elasticity of substitution at the firm level and

at the state level using the CES production function as in equation (1). Suppose

we use a dataset that contains firm-level observations (k1, k2, y1, y2, N), where the

subscript i ∈ {1, 2} represents two different firms in the same state.8 It is important

to note that the state-level capital stock N is shared among all firms in the same

state. In the firm-level estimation, we estimate the firm-level elasticity and the

productivity (z, λ) that satisfy

f (k1, N; λ, z) = y1

f (k2, N; λ, 1) = y2

where the second firm’s productivity is normalized to be unity.

In the state-level estimation, we estimate the state-level elasticity ξ that satisfies

f (k1 + k2, N; ξ, 1) = y1 + y2.

where the state-level productivity is normalized to be unity.

We show that, due to the non-rivalrous nature of public capital, firm-level es-

timate λ and state-level estimate ξ can be starkly different. Under a set of mild

conditions, to be formally outlined later, private and public capital are gross sub-

stitutes at the firm level, despite their gross complementary nature at the state

level.

Intuitively, when a public capital stock increases, all the firms’ marginal prod-

8Propositions in this section can be generalized to a continuum of firms indexed by i ∈ [0, 1].
These results are available in Appendix L.

10



ucts of capital increase due to the non-rivalry, of which the sum outweighs a single

firm’s increase. To capture this amplified gain, an aggregate production function

framework needs an extra component that leads to more efficient utilization of

the public capital stock than a firm-level production. Therefore, in our paper’s

context, the state-level estimate supports a substantially stronger complementar-

ity between private and public capital stocks than the firm-level estimate. The

following proposition formally states and proves this discrepancy in the firm-level

and state-level estimates.9

Proposition 1. Suppose we are given the micro-level data set (k1, k2, y1, y2, N) s.t.

∃i ∈ {1, 2} s.t. ki < N, N ≤ k1 + k2,
y1

k1
=

y2

k2
.

Suppose the micro-level estimates (z, λ) and the aggregate-level estimate ξ are exactly

identified by fitting the data with the production functions as follows:

f (k1, N; λ, z) = y1

f (k2, N; λ, 1) = y2.

f (k1 + k2, N; ξ, 1) = y1 + y2

Then, if the micro-level input elasticity satisfies λ ≥ 1, the aggregate-level input elasticity

satisfies ξ < 1.

Proof. See Appendix J. �
9The productivity set at 1 under the aggregate production function (which does not lie between

the micro-level productivity 1 and z) is not crucial for our theoretical prediction. A slight change
in the assumption allows the proposition to hold. Specifically, the necessary modification is ∀i ∈
1, 2 such that ki < N. A detailed proof is available upon request.
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2.1 Link to the production function of Baxter and King (1993)

In this section, we connect the CES production function in equation (1) with the

widely employed production function proposed by Baxter and King (1993). To

examine the macroeconomic implications of changes in public capital, Baxter and

King (1993) employs the following formulation of a production function:

H(K, N, L; ζ, z) = zKαL1−αNζ

where α is the capital share between the private input factors; ζ is the scale pa-

rameter for the public capital stock. By rewriting the production function with the

implicit labor demand, we obtain

h(K, N; ζ, z) = z
1
α

(
1− α

w

) 1−α
α

KN
ζ
α

In Proposition 2, we show that the non-rivalry between the private and public

capital stocks in the firm-level production function of (1) and these inputs being

gross substitutes lead to the estimate of ζ > 0 in the aggregate Cobb-Douglas

production function under mild assumptions.

Proposition 2. Suppose we are given the micro-level data set (k1, k2, y1, y2, N) s.t.

∃i ∈ {1, 2} s.t. ki < N, 1 < N ≤ k1 + k2,
y1

k1
=

y2

k2
.

Suppose the micro-level estimates (z, λ) and the aggregate-level estimate ζ are exactly

identified by fitting the data with the production functions as follows:

f (k1, N; λ, z) = y1

f (k2, N; λ, 1) = y2.

h(k1 + k2, N; ζ, 1) = y1 + y2
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Then, if the micro-level input elasticity satisfies λ ≥ 1, the public capital scale parameter

satisfies ζ > 0.

Proof. See Appendix K. �

Proposition 1 and Proposition 2 provide a theoretical connection between the

firm-level and the aggregate-level production functions. In particular, the latter

shows that the non-rivalrous characteristic of public capital, acting as a gross sub-

stitute for private capital within the firm-level CES production function, can po-

tentially lead to the emergence of increasing returns to scale (IRS) Cobb-Douglas

production functions, aligning with the framework of Baxter and King (1993). The

following corollary summarizes the propositions’ economic implications.

Corollary 1. If the assumptions of Proposition 2 are satisfied, the separately identified

(ξ,ζ) imply that

(i) private and public capital are gross complement in aggregate CRS-CES production

function, and

(ii) under the Cobb-Douglas production function, the aggregate production function is

IRS as in Baxter and King (1993).

Proof. The proof of this corollary is immediate from the prior propositions. �

In our subsequent analysis, we employ the firm-level production function de-

scribed in equation (1). To calculate infrastructure spending multipliers while ac-

counting for endogenous firm decisions, a reliable estimate of the elasticity of sub-

stitution between private and public capital is essential. However, directly obtain-

ing this elasticity from data presents challenges due to the limited availability of

firm-level data concerning public infrastructure usage. While it may be possible to

estimate the production function using state-level data on relevant inputs, Propo-

sition 1 emphasizes that directly applying state-level input elasticity estimates as
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firm-level elasticities is inappropriate. Consequently, in Section 3, we introduce a

structural model as a framework for estimating firm-level input elasticity.

3 Model

3.1 Household

Time is discrete and lasts forever. We consider the standard representative house-

hold with temporal utility ut, of which the arguments are consumption ct and labor

supply Lt:

u(ct, Lt) = log(ct)−
η

1 + 1
χ

L
1+ 1

χ

t

where χ is the Frisch labor supply elasticity parameter, and η is the labor disutility

parameter. The temporal utility in the future periods is discounted by the discount

factor β. The household is subject to the following budget constraint:

ct +
at+1

1 + rt
+

Bt+1

1 + rB
t
= wt(Et + Lt)(1− τh) + Dt(1− τh) + (at − Dt) + Tt + Bt

where at+1 and at are the wealth based on equity holding. Dt is the dividend

from the equity holding. rt is the market interest rate to be determined in the

competitive market, and rB
t is the interest rate of the government bond. Lt is la-

bor supply, Et is exogenously determined public employment, Bt is savings in

government bonds, and Tt is the lump-sum subsidy.10 τh is the income tax rate

that symmetrically applies to both labor and capital income. The household maxi-

mizes the sum of the discounted expected temporal utilities through the choice of

{ct, Lt, at+1, Bt+1}∞
t=0 based on the rational expectation.

10We assume the public sector’s wage follows the competitive level at the private market.
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3.2 Production technology

A measure one of ex-ante homogenous firms are considered. Each firm owns capi-

tal. It produces a unit of goods from the inputs of labor and capital. The production

technology of a firm i located at a region j follows a CES form as specified below:11

zi,txj,t f (ki,t, li,t,Nj,t) = zi,txj,t

(
θ(ki,t)

λ−1
λ + (1− θ)N

λ−1
λ

j,t

) λ
λ−1 α

lγ
i,t

where ki,t is capital input, li,t is labor input, and Nj,t is a region-specific infrastruc-

ture stock. zi,t is idiosyncratic productivity and xj,t is a region-specific productiv-

ity. We do not separately consider the congestion effects as in Alder et al. (2023).

However, the estimated region-specific productivity heterogeneity implicitly re-

flects the heterogeneous congestion effects. λ > 0 is the elasticity of substitution

between private capital and the infrastructure. θ ∈ (0, 1) is the weight parameter

between the private and public capital. α is capital share, and γ is labor share such

that α + γ < 1.12

Idiosyncratic productivity zi,t is specified as below:

ln(zi,t+1) = ρzln(zi,t) + εz,i,t+1, εz,i,t+1 ∼iid N(0, σ2
z )

where ρz and σz are persistence and standard deviation of independent and iden-

tically distributed (iid) innovation in the process. The idiosyncratic shock process

is discretized using the Tauchen method for computation.

11In the baseline specification, we normalize the aggregate productivity as unity, as our estima-
tion and the fiscal multiplier analysis are based on the stationary recursive competitive equilib-
rium. The extension of including the stochastic aggregate productivity process would allow the
state-dependent fiscal multiplier analysis, which we leave for future research.

12Proposition 1 is based on the production function with constant returns to scale. This assump-
tion is intended for the theoretical clarity of the statement. For example, with decreasing returns
to scale, additional boundary conditions of parameters are necessary for the proposition. For our
quantitative analysis, we assume the decreasing returns to scale production function to capture the
empirically-supported dividend stream level used in the literature. In Section 4.5, we show that the
theoretical implications of Proposition 1 is unaffected by this assumption.
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In the economy, there are two regions j ∈ {P, G} of which infrastructure levels

and productivity levels are different from each other. We denote the poor infras-

tructure region as P and the good infrastructure region as G: NG > NP. Firms

switch from one region to another following an exogenous Markov process:

pP
t+1

pG
t+1

 =

πPP πPG

πGP πGG

′ pP
t

pG
t


Using the production function, firms at a region j earn operating profit in each

period by solving the following problem:

π(zi,t, ki,t, j; xj,t,Nj,t, wt) = max
li,t

zi,txj,t f (ki,t, li,t,Nj,t)− wtli,t

where wt is the real wage, that will be endogenously determined in the competitive

market.

3.3 Firm-level investment

Firms make an investment decision as in Khan and Thomas (2008). A small-scale

capital adjustment is specified as Ω(ki,t) := [−νki,t, νki,t]. When they make a large-

scale capital adjustment, Ii,t 6∈ Ω(ki,t), they need to pay a fixed adjustment cost ξi,t,

where ξi,t ∼iid Uni f orm[0, ξ]. This cost is regarded as a labor overhead cost, so the

actual cost is wtξi,t. If a firm makes a small-scale capital adjustment, Ii,t ∈ Ω(ki,t),

it does not need to pay a fixed adjustment cost.13

Following Cooper and Haltiwanger (2006) and Winberry (2021), we assume all

investments are subject to a convex adjustment cost, C(Ii,t, ki,t) =
µ
2

(
Ii,t
ki,t

)2
ki,t. The

convex adjustment cost plays an essential role in this paper, as it helps to cap-

ture the realistic sensitivity of aggregate investment in response to the exogenous

13As in Khan and Thomas (2008), there exists a threshold rule for the fixed cost shock ξ realization
regarding the large-scale investment. For the brevity, we omit the detailed description.

16



shocks such as fiscal policy shocks (Zwick and Mahon, 2017; Koby and Wolf, 2020;

Lee, 2022).

3.4 Government

The government collects income tax from households at the rate of τh and corpo-

rate tax at τc. Household income is the sum of labor income wtlt and dividend

income Dt. The tax rates are exogenously determined. Government issues a bond

Bt+1 which matures in one period and is discounted by the gross bond return,

1 + rB
t and pays back the maturing bond, Bt. Using the revenue Gt financed from

the taxation and the net debt issuance, the government spends through three chan-

nels: infrastructure investment Ft, public employment wtEt, and lump-sum sub-

sidy Tt:

Gt = τh(wtlt + Dt) +
∫

τcπ(zi,t, ki,t, j;Nt, wt, rt)dΦt +
Bt+1

1 + rB
t
− Bt [Revenue]

= Ft + wtEt + Tt [Spending]

The public employment Et = E is exogenously determined. The split between the

lump-sum subsidy and the infrastructure investment is determined exogenously

by ϕ. To be specific, for ϕ > 0, Ft = ϕ(Gt − wtEt), and Tt = (1− ϕ)(Gt − wtEt).

The country-level infrastructure NA,t and state-level infrastructure Nj,t (j ∈

{P, G}) evolve according to the following law of motion:

NA,t+s = NA,t+s−1(1− δN ) +Ft −
µ

2

(
Ft

NA,t+s−1

)2

NA,t+s−1

Nj,t = ζ jNA,t for j ∈ {P, G}

where the aggregate infrastructure NA,t satisfies NA,t = NP,t + NG,t. The split

between the poor infrastructure region and the good infrastructure region is ex-

ogenously determined by ζ j, which is calibrated to match the distribution of in-
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frastructures described in Table 2. A positive integer s represents time to build

for the infrastructure investment. Infrastructure investment is subject to the same

convex capital adjustment cost as private investment.

To summarize the state variables, the individual state variables are idiosyn-

cratic productivity shock, zi,t, and individual capital stock, ki,t. The aggregate state

variables are the tuple of each region’s infrastructure stocks, Nt = (NP,t,NG,t),

infrastructure spending history and plan, Ft = (Ft+s̃)∞
s̃=−s, the government bond

holdings, Bt, and the distribution of individual state variables, Φt.

3.5 Recursive formulation

For the brevity of notation, we drop the time subscripts for each allocation from

this point on. A representative household consumes, saves, and supplies labor. We

define the collection of aggregate state variables S := (B, Φ,N , F). The recursive

formulation of the household problem is as follows:

V(a;S) = max
c,a′,L,B′

log(c)− η

1 + 1
χ

L1+ 1
χ + βV(a′;S ′)

s.t.

c +
a′

1 + r(S) +
B′

1 + rB(S) = w(S)(E + L)(1− τh) + D(1− τh) + (a− D) + T(S) + B

S ′ = GALM
H (S)

In the recursive formulation, a firm’s problem is as follows:

J(z, k, j;S) =max
I,Ic

π(z, k, j;S)(1− τc)(1− τh) + δτck(1− τh)

+
∫ ξ

0
max{(−I − w(S)ξ − C(I, k))(1− τh) +

1
1 + r(S)EJ(z′, k′, j′;S ′),

(−Ic − C(Ic, k))(1− τh) +
1

1 + r(S)EJ(z′, kc, j′;S ′)}dG(ξ)
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s.t. k′ = (1− δ)k + I, I 6∈ Ω(kt) = [−νkt, νkt]

kc = (1− δ)k + Ic, Ic ∈ Ω(kt)

S ′ = GALM
F (S)

dG(ξ) =
1
ξ

dξ

π(z, k, j;S) = max
n

zxj f (k, n, Nj)− w(S)n

C(I, k) =
µ

2

(
I
k

)2
k

We assume the optimal dividend payout policy fully internalizes the income tax of

households, τh. Without this assumption, there would be an inefficient allocation

of dividends, which is beyond the scope of this paper.14 Firms earn tax benefit

from tax shield out of the depreciated capital δk. By allowing the fixed cost ξ to

be uniformly distributed iid shock, the value function becomes smooth without a

kink. GALM
H and GALM

F are the aggregate law of motion that reflects the rational

expectation for the future aggregate state allocations. The full elaboration of the

equilibrium is in Appendix D.

4 Estimation

We postulate how we estimate the parameters of our general-equilibrium model

with heterogeneous firms. This has been a computationally demanding task than

estimating a partial-equilibrium model since the market clearing prices have to be

solved for each candidate value for the model parameters. We provide a novel

way to bypass this bottleneck by estimating market clearing prices simultaneously

with the model parameters.

14Without this assumption, the firm’s profit maximization would not take into account the house-
hold’s income tax. This contrasts with the household’s saving decision, which is based on the fu-
ture after-income-tax dividend, leading to a distortionary effect of the corporate tax. Analyzing this
distortionary effect is beyond the scope of this paper.
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We first illustrate how we choose the values of externally calibrated parameters.

Then we explain our estimation procedure for the remaining parameters of the

general-equilibrium model. We also provide identification arguments with our

targeted moments and report the estimation results.

4.1 External calibration

We first fix a few parameters at the common level in the literature: β = 0.96, α =

0.28, and γ = 0.64. Some parameters are externally calibrated outside of the model,

and their values are reported in Table 1.

Parameter Description Value

τh household income tax rate 0.15
τc corporate tax rate 0.27
ζG infrastructure portion for G 0.81
E public employment 0.05
ϕ infrastructure spending 0.09
s time to build 1
χ Frisch elasticity 4
δ depreciation rate of private capital 0.09

δN depreciation rate of public capital 0.02
ρz idiosyncratic shock persistence 0.75
σz idiosyncratic shock volatility 0.13

Table 1: Externally calibrated parameters

Notes: Each period in the model corresponds to one year in the data.

For the average of household income tax rate, we use 0.15 as in Krueger and Wu

(2021) where they compute the tax rate with the data from Blundell et al. (2016).

For corporate tax rate, we use 0.27 from Gravelle (2014) that is the effective tax paid

after deductions and credits. We use 0.05 for the fraction of public employment,

using the FRED data on the government employees (USGOVT) and the private

employees (USPRIV). We use 0.09 for the infrastructure spending out of tax rev-

enue. This comes from the fact that the infrastructure spending as share of GDP
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is 2.4% and the tax revenue as share of GDP is 27.1%. We assume one year of

time-to-build for the baseline analysis. We set Frisch elasticity to be 4 as in Ramey

(2020). We use 0.09 for the private capital depreciation rate, and 0.02 for the public

capital depreciation rate from the BEA depreciation data. We use the estimates of

the persistence and volatility of the idiosyncratic productivity shocks in Lee (2022),

which applies the methodology of Ackerberg et al. (2015) on Compustat data from

Standard and Poor’s.

Furthermore, our model captures state-level variations by including two re-

gions P, G that differ in infrastructure levels. To map this to the data pooled across

years after detrending, we divide states into two groups by the median infras-

tructure level.15 Table 2 shows some summary statistics between poor and good

infrastructure groups. The data is from Bennett et al. (2020). The transition prob-

abilities are set to be persistent (πPP = 0.90, πGG = 0.98).16 The infrastructure

portion for group G, ζG, is set at 0.81, and the Poor’s portion ζP is 0.19.17

Poor infrastructure Good infrastructure

Infrastructure portion 0.19 0.81
( 0.001 ) ( 0.001 )

Establishment (#) portion 0.17 0.83
( 0.005 ) ( 0.005 )

Firm (#) portion 0.173 0.827
( 0.006 ) ( 0.006 )

GDP ($) portion 0.151 0.849
( 0.005 ) ( 0.005 )

Table 2: Comparison of two states: regions with good vs. poor infrastructure

Notes: Standard errors are in parentheses. # stands for the number of observations.

15Further detailed state-level information is available in Appendix A.
16Transition probabilities are constructed using the state-level data in Table A.1 in the appendix.
17If we standardize the infrastructure capital stock of the poor and good groups by their respec-

tive population sizes, we find that ζG = 0.84, which is close to the value of 0.81 used in our analysis.
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4.2 Estimation method

We extend the Simulated Method of Moments (SMM) to mitigate the computa-

tional challenges associated with estimating a general equilibrium model. The

fundamental objective of the SMM method is to minimize the discrepancy between

the moments generated by the model and those observed empirically. Our inno-

vative approach involves incorporating market clearing conditions as additional

moments and finding prices that bring these moments close to zero.

4.2.1 Challenge of estimating a general equilibrium model with SMM

Let Θ denote the parameters of interest and m̂ denote the vector of M empirical

moments from the data for estimation. Under SMM, the moment conditions to

satisfy are

m(Θ)− m̂ = 0

where m(Θ) is the model’s prediction for the moments under parameter Θ and 0

is a zero vector of length M.

Suppose we estimate parameters of the model in which market clearing condi-

tions need to be satisfied as general equilibrium conditions. Given each candidate

parameter vector, the model is solved with an additional loop that makes sure the

market clearing conditions become zero with numerical precision. This additional

layer regarding general equilibrium conditions is likely to result in prohibitively

high computational costs.

4.2.2 Extension of SMM to incorporate general equilibrium conditions

In order to make the estimation procedure computationally feasible, we extend the

SMM method by augmenting data moments with market clearing conditions. In

other words, we treat market clearing prices as parameters to be estimated where

the associated moments in estimation procedure are market clearing conditions.
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With the standard estimation with general equilibrium models, the computa-

tional bottleneck lies in that we need to satisfy market clearing conditions for each

candidate parameter vector. Instead, our suggested method treats market clearing

conditions as additional moments. Given the lens of our model, we need to track

both of the market clearing prices: wage w and marginal utility of consumption p

given which we can back out the interest rate through the Euler equation. Thus,

we treat (p, w) as additional parameters to estimate. From our model (given state

S), p = 1/c(S) and w = ηL(S)
1
χ c(S)/(1− τh).

In addition to the moment conditions m̂−m(Θ) = 0, we include the following

market clearing conditions:

 p− 1/c(S)

w− ηL(S)
1
χ c(S)/(1− τh)

 =

0

0

 .

Given candidates of the market clearing prices (p, w), we compute the model-

generated prices (1/c(S), ηL(S)
1
χ c(S)/(1− τh)) after solving the model. Then we

can check whether the difference between the model-generated prices and (p, w)

is zero.

We implement our estimation method in a Bayesian way as in Fernández-

Villaverde et al. (2016) and use the multiple-block Metropolis-Hastings where we

break the parameter space into two blocks, one for the price block and the other

for the other model parameters. We include more details on the algorithm in Ap-

pendix B. As the RWMH chain runs, we obtain the posterior draws that render

market clearing conditions closer to zero as well as fitting the target empirical mo-

ments closely.
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4.3 Empirical moments to match

4.3.1 The state-level data

We first compute the net investment on public and private capital stocks. The

state-level net public investment is approximated by the portion of aggregate net

infrastructure investment, where the weight is obtained by the state-level real pub-

lic highway infrastructure investment from Bennett et al. (2020).18 This is from the

assumption that the infrastructure spending at the state level for each of the dif-

ferent items (e.g., highway, water supply, etc.) is identically distributed across the

states.

The state-level net private investment is approximated by the portion of aggre-

gate net non-residential fixed investment from National Income and Product Ac-

counts (NIPA) data of Bureau of Economic Analysis (table 5.2.6), where the weight

is obtained by the number of establishments at the state level from the Business

Dynamics Statistics (BDS) at the United States Census Bureau. This approxima-

tion assumes that the establishment-level capital stock does not vary significantly

across the establishments.19

After we obtain the net investment for public and private capital, we construct

public and private capital stocks using the perpetual inventory method. For this

approach, the initial capital stocks are needed for both public and private capital

stocks. The state-level initial infrastructure stock is obtained by the portion of the

infrastructure stock in 1977 from Bennett et al. (2020), where the weight is from

18The aggregate net infrastructure investment is also from Bennett et al. (2020). In the state-level
calculation, the weight is computed in the following way:

weighti,t =
highway infrastructure investmenti,t

∑i highway infrastructure investmenti,t

19As a robustness check, we utilize the Census-based state-level private capital data in the
manufacturing sector, which is available from Falk and Shelton (2018). Even after incorporating
this dataset, the high infrastructure region’s private capital k portion remains the same as our
establishment-based portion (0.83).
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the highway infrastructure spending in 1977. The state-level initial private capital

stock is from the portion of the aggregate private capital stock in 1977 from NIPA

of Bureau of Economic Analysis (table 4.1), where the weight is from the number

of establishments in 1977. All the data is at the annual frequency. All real variables

are chained in 2012 dollar value.

4.3.2 Target moments and identification arguments

The upper bound for fixed cost ξ̄ is identified using the portion of the firms mak-

ing lumpy investments. The convex adjustment cost parameter µ is identified

from the average investment-to-capital ratio. Parameter ν associated with the con-

strained investment region is identified from the standard deviation of investment-

to-capital ratio. Private capital share parameter θ is identified from the private-to-

infrastructure capital ratio. Productivity level parameter x is identified from the

high region’s output y portion. Government spending level parameter G is iden-

tified from the government spending to output ratio. Labor disutility parameter η

is identified from total working hours.

The elasticity of substitution parameter λ is identified from the difference in

private capital stocks between the state with a high level of infrastructure and the

state with a low level of infrastructure. We assume that the firm-level production

function is identical across firms within a state. As private and public capital are

more complementary, the portion of private capital stock in the high infrastructure

region is expected to be greater. To the best of our knowledge, our study is the

first to use a structural model to identify and estimate the elasticity of substitution

between private and public capital at the firm level.20

20In the empirical literature that identifies the fiscal multiplier using the Bartik-type instrument,
the heterogeneous state-specific sensitivity parameter to the aggregate-level spending shock is fixed
across the years (Nakamura and Steinsson, 2014; Pennings, 2021). If this parameter is taken as a
structural parameter, these sensitivity differences govern the long-run cross-state differences in the
private capital stocks, given the same production function. Our identification strategy is rooted in
this logical extension of the empirical approach.
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Target moment Data Source

Lumpy investment portion 0.140 Zwick and Mahon (2017)

Average investment-to-capital ratio (i/k) 0.100 Zwick and Mahon (2017)

Standard deviation of (i/k) 0.160 Zwick and Mahon (2017)

Private-to-infrastructure capital ratio 0.750 Bureau of Economic Analysis

High region’s private capital k portion 0.830 Census Business Dynamics Statistics

High region’s output y portion 0.849 Bennett et al. (2020)

Government spending to output ratio 0.155 World Bank Database

Total working hours 0.330 Current Employment Statistics

Table 3: Target moments used in estimation

Notes: High region refers to the state with high infrastructure capital stock.

4.4 Estimation results

Table 4 reports the posterior means and the 90% credible intervals of parameters

from our estimation. The firm-level elasticity of substitution λ is estimated to

be 1.185, which supports the Cobb-Douglas production function as a reasonable

specification. The productivity of infrastructure abundant region is approximately

double that of infrastructure poor region. It is worth noting that we do not consider

endogenous evolution of productivity. Overall, the credible intervals are much

narrower than the uniform priors, suggesting that the variations from the data is

useful to infer the parameters of interest.

Table 5 shows the model fit for the targeted moments. The model-generated

moments fit the empirical moments from the data reasonably well.21

21In addition, the market clearing prices are tightly pinned down. When using the posterior
mean value for market clearing prices, the market clearing conditions are satisfied with the numer-
ical accuracy of e−4.
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Posterior Uniform Prior

Parameter Description Mean 90% interval [Min, Max]

ξ̄ fixed cost upper bound 0.519 [0.511,0.523] [0.001,1.900]

µ convex adjustment cost 3.124 [3.118,3.135] [0.200,3.500]

ν constrained investment 0.0406 [0.0405,0.0407] [0.001,0.080]

θ private capital share 0.667 [0.666,0.668] [0.500,0.999]

λ elasticity of substitution 1.185 [1.180,1.190] [0.300,2.500]

x productivity of high region 2.064 [2.042,2.080] [0.500,2.500]

G government spending level 0.103 [0.101,0.107] [0.010,0.400]

η labor disutility 2.845 [2.831,2.860] [2.100,3.500]

Table 4: Estimation results

Target moment Data Model

Lumpy investment portion 0.140 0.139
Average investment-to-capital ratio (i/k) 0.100 0.100

Standard deviation of (i/k) 0.160 0.160
Private-to-infrastructure capital ratio 0.750 0.798

High region’s private capital k portion 0.830 0.870
High region’s output y portion 0.849 0.984

Government spending to output ratio 0.155 0.154
Total working hours 0.330 0.344

Table 5: Model fit

4.5 External validation with empirical state-level elasticity

As external validation, we compute the state-level elasticity from our model and

compare it to the empirical estimate using the state-level data. We find that the

state-level input elasticity from our model indicates the complementarity between

private and public capital and this is consistent with the empirical elasticity ob-

tained from the state-level production function estimation.
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4.5.1 State-level elasticity from the model

In our model, the infrastructure stock is shared among the firms in the same region.

We conduct the state-level aggregation as follows: we fix the firm-level estimates

except for the elasticity λ and spatial productivity heterogeneity x1.22 We estimate

these two parameters under the state-level production functions.23


x1

(
θk

λ−1
λ

1 + (1− θ)N
λ−1

λ
1

) λ
λ−1 α

lγ
1(

θk
λ−1

λ
2 + (1− θ)N

λ−1
λ

2

) λ
λ−1 α

lγ
2

 =

y1

y2



where (x1, λ) are unknown, while all the other allocations and parameters,

(y1, y2, k1, k2, N1, N2, l1, l2, θ, α, γ) are obtained from the estimated baseline model.24

Using the same nonlinear least squares (NLLS) optimization used in An et al.

(2019), we get the estimate of the state-level production function (x1, λ) = (1.766, 0.349).

If we assume a CRS state-level production function with γ = 1 − α, the es-

timates are (x1, λ) = (1.923, 0.482). Therefore, our model suggests that public

capital and private capital are gross complements at the state level.25

It is important to emphasize that we compare the NLLS results derived from

model-simulated data with those from empirical data (as in the following section),

serving as an external validation. Our model validation aligns with the concept of

indirect inference, which involves comparing the conditional correlation obtained

from OLS regression using simulated data with that from empirical data.

22Since the production function in our model is decreasing returns to scale, there is no guarantee
that the firm-level elasticity and productivity is aggregated to have the same value in the state-level.

23We cannot identify the public capital stock share, θ separately from the elasticity, λ in the state-
level model. This is the main reason why we introduce the micro-level heterogeneity in our struc-
tural model. Therefore, in the state-level model, we fix the public capital stock share at the firm-
level estimate.

24The two parameters (x1, λ) are obtained from the exact identification.
25Among the unreported results, we estimate the Cobb-Douglas production function as in Baxter

and King (1993) using the simulated state-level data. The returns to scale parameter for the public
capital is estimated to be greater than 0, consistent with the increasing returns to scale as shown in
Proposition 2. The result is available upon request.
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4.5.2 State-level elasticity from the data

Using the state-level data, we estimate the elasticity of substitution between pri-
vate and public capital given a CES production technology. We closely follow An
et al. (2019) in which the elasticity is estimated using the nonlinear least squares
using the following:

ln
(

Yi,t

Yi,t−1

)
= c + (1− a) ln

(
Li,t

Li,t−1

)
+

a
ψ

ln
[ bKψ

i,t + (1− b)Nψ
i,t

bKψ
i,t−1 + (1− b)Nψ

i,t−1

]
+ (εi,t − εi,t−1).

i denotes the state, t denotes the time, and ε is the error term. Y is the output, K

is the private capital stock, N is the infrastructure capital stock, and L is employ-

ment. ψ is the capital substitution parameter which implies a public-private capital

elasticity of substitution (ES) of 1/(1− ψ).

Estimates 90% confidence interval

a 0.402 [0.351, 0.453]
b 0.070 [0.018, 0.123]

Elasticity of substitution 0.445 [-0.099, 0.989]

Table 6: Results from nonlinear least squares estimation

Notes: Elasticity of substitution is 1
(1−ψ)

. Its confidence interval is derived by the delta method.

Table 6 shows the estimation results from nonlinear least squares. The elastic-

ity of substitution between public and private capital is estimated to be 0.445.26

In other words, the state-level variations indicate the complementarity between

private and public capital. However, this result does not imply the complemen-

tarity between private and public capital at the firm level. In fact, the private and

public capitals can be gross substitutes at the firm level, whereas they are gross

complements at the state level as shown in Section 2.

It is worth noting that our model bridges the gap between the firm-level esti-

26As robustness check, we apply GMM estimation where Lit−2, Kit−2, Nit−2 are used in exogene-
ity conditions. The elasticity of substitution is estimated to be 0.44. This result is available upon
request.
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mates and the state-level estimates. According to our estimates, private capital is a

gross substitute for public capital at the firm level, while it is a gross complement

of public capital at the state level. At the state level, the elasticity of substitution

includes a good public nature of the infrastructure benefiting all firms in a state.

Therefore, the non-rivalry of the infrastructure generates the complementarity be-

tween the state-level private capital and the public capital.

5 Analyses of fiscal multipliers

We analyze the fiscal multipliers of infrastructure investment based on our esti-

mated structural model. We define the fiscal multiplier as follows:

Fiscal Multiplier = ∑T
t=1 Present value of ∆xt

∑T
t=1 Present value of ∆Gt

where ∆xt is the deviation at period t of the equilibrium allocation of interest from

the steady-state level; ∆Gt is the fiscal spending shock at period t.27 In the short

run, we assume T = 2, and in the long run, we assume T = 5. In this section,

we focus on the impact of a sudden shock in fiscal spending specifically through

infrastructure investment. We assume the fiscal spending shock is a one-time un-

expected shock (MIT shock) without any persistence.

5.1 Baseline analysis

The magnitude of the one-time shock is assumed at 1% of the steady-state output

level as in Ramey (2020). We assume that all the fiscal policy shock is financed by

a lump-sum tax.28

27The shock is deviation from the steady-state level.
28In Appendix E, we also consider changes in corporate tax policy on top of the lump-sum taxa-

tion for fiscal financing.
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The following laws of motion determine the time path of the public capital

stocks after the fiscal spending shock ∆G at t = 1:

NA,t+1 = NA,t(1− δN ) +Ft −
µ

2

(
Ft

NA,t

)2

NA,t

Nj,t = ζ jNA,t for j ∈ {P, G}

Ft =

Fss + ∆G if t = 1

Fss otherwise

where Fss is the stationary equilibrium level of infrastructure spending.

Figure 1 plots the impulse responses of the fiscal policy shock. The impulse

response is obtained from the perfect-foresight transition path after the one-time

fiscal spending shock. The dashed line in each panel shows the government ex-

penditure changes from the steady-state level in percent of the steady-state output.

The solid line is the impulse response of the equilibrium allocations.29

Private investment contemporaneously decreases. The response of private in-

vestment is the outcome of two countervailing forces: 1) increase in the investment

incentive with increased infrastructure stock and 2) adjustment in the interest rate

that dampens investment (general equilibrium effect; GE effect hereafter). The

increase in the investment incentive comes from the imperfect substitution be-

tween public and private capital stock. For a simple illustration, we consider a

two-period model with the firm-level investment decision where the production

functions are the same as in Proposition 1, and investment is subject to the convex

adjustment cost. From the first-order condition of the investment, the following

29The responses of output, consumption, public capital, wage, and government investment de-
cay in slow rates due to the low infrastructure depreciation rate at δN = 0.02.
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equation holds:

1 + µ

(
k′

k
− (1− δ)

)
︸ ︷︷ ︸

marginal cost

=

GE channel︷ ︸︸ ︷
1

1 + r

Future MPK︷ ︸︸ ︷
z

1
α

(
1− α

w

) 1−α
α (

θk
′ λ−1

λ + (1− θ)N
λ−1

λ

) λ
λ−1−1

k
′− 1

λ θ︸ ︷︷ ︸
marginal benefit = discounted future MPK

The left-hand side of the equation above is the marginal cost of the firm-level in-

vestment, and the right-hand side is the marginal benefit. To analyze how the

increase in the public capital stock N affects the marginal benefit of firm-level in-

vestment, we a take a partial derivative with respect to N.

∂

∂N
Marginal benefit =

(
1

1 + r

)
× ∂

∂N
Future MPK +

GE effect︷ ︸︸ ︷
Future MPK× ∂

∂N

(
1

1 + r

)
(2)

∂

∂N
Future MPK =

∂

∂N

(
θk
′ λ−1

λ + (1− θ)N
λ−1

λ

) 1
λ−1 F(Θ)

=

(
1

λ− 1

)(
λ− 1

λ

)
(1− θ)N−

1
λ

(
θk
′ λ−1

λ + (1− θ)N
λ−1

λ

) 2−λ
λ−1 F(Θ)

=
1
λ
(1− θ)N−

1
λ

(
θk
′ λ−1

λ + (1− θ)N
λ−1

λ

) 2−λ
λ−1 F(Θ) > 0 (3)

where F is a function of the parameters, Θ. If the elasticity of substitution λ is

a finite positive number, the marginal benefit of firm-level investment increases

in N through the increased future marginal product of capital, given the general

equilibrium effect is fixed. However, if λ goes to infinity, the marginal benefit of

investment does not depend on N. It is worth noting that the marginal benefit

increases in N regardless of whether the public and private capital stocks are gross

complements (λ < 1) or substitutes (λ > 1).

However, a fiscal policy affects the prices, which we denote as the general equi-

librium effect. Regarding this, one of the most important channels is lump-sum
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Figure 1: The impulse responses to the infrastructure spending shock
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taxation to finance infrastructure investment: the household reduces consumption

to pay this lump-sum tax. Thus, the marginal utility of contemporaneous con-
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sumption increases, leading to an increase in the interest rate in the equilibrium.

Then, the heightened interest rate strongly crowds out the firm-level investment

despite the increased future MPK as in Equation (3).30

In the baseline impulse response, the interest rate increases by 0.39 percent after

the infrastructure spending shock. This general equilibrium effect dominates the

increase in the marginal benefit from the greater public capital stock, leading to a

net crowding out of the private investment.

In contrast, the employment response is not completely dampened by the gen-

eral equilibrium (wage) effect. As the shock hits, employment increases by 0.52%

despite the wage increase. Consumption and the GE effect are the mirror image

of each other as the GE effect refers to the inverse of consumption under the log

utility. In the shock period, consumption decreases strongly due to the lump-

sum taxation, but it increases in the following period from the strong consump-

tion smoothing motivation: all the expected future gains out of the infrastructure

spending smoothly shift up the consumption level.

5.2 The role of elasticity of substitution between private and pub-

lic capital stocks

The elasticity of substitution between private and public capital stock plays a key

role in determining the marginal benefit of firm-level investment given a fiscal ex-

penditure shock. Analytically, the change in the marginal benefit of firm-level in-

vestment over the elasticity given the fiscal spending shock can be captured by the

cross derivative
[

∂2

∂λ∂N Marginal benefit
]

in the simple two-period model. Using

30Households have no precautionary saving motivation against the aggregate risk, as the econ-
omy is abstract from the aggregate uncertainty.
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Equation (2), we have the following equation:

∂2

∂λ∂N
Marginal benefit =

∂

∂λ


1
λ

︸︷︷︸
Direct

(
1

1+r

)
MPK(

θk′
(N

k′
) 1

λ + (1− θ)N
)

︸ ︷︷ ︸
Indirect


+

∂

∂λ
GE effect

As displayed in the equation above, the elasticity of substitution affects the re-

sponse of marginal benefit through two channels: 1) direct and 2) indirect chan-

nels. The direct channel refers to newly added capital being relatively less valu-

able when the public capital stocks are more substitutable with the private capital.

The indirect channel refers to a change in marginal benefit of investment due to

the change in the relative values of the existing public and private capital stocks.

The direct channel predicts the marginal benefit of firm-level investment decreases

in the elasticity, while the sign of the indirect channel cannot be analytically deter-

mined.31

Table 7 provides a summary of our fiscal multipliers across various scenarios

over a 2-year horizon. The benchmark values stem from a heterogeneous agent

general equilibrium model, with the elasticity of substitution between public and

private capital denoted as λ = 1.185. Specifically, the output multiplier is 1.088,

while the investment multiplier is -0.043. In other words, the output increases by

$1.088 and investment decreases by $0.043 in the short run for every $1 spending

in the infrastructure.

In contrast, the fiscal multipliers calculated using a heterogeneous agent partial

equilibrium model yield significantly larger results: a 1.858 output multiplier and

a 0.189 investment multiplier given λ = 1.185.32 Notably, this is due to the miss-

31The sign of the effect also depends on the firm-level capital stock.
32The partial equilibrium is defined as the equilibrium path where the prices are fixed at the

steady-state level.
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Table 7: Fiscal multipliers

Fiscal multipliers High (λ = 3) Baseline (λ = 1.185) Low (λ = 0.5)

Heterogeneous-agent

Output 0.6721 1.0878 1.3639

Investment -0.1657 -0.0434 0.0950

Partial eq. - Output 0.9012 1.8582 2.2832

Partial eq. - Investment 0.0285 0.1892 0.2247

ζ = 0.2436 Baseline (ζ = 0.2708) ζ = 0.2832

Representative-agent

Output 0.9699 0.9914 0.9980

Investment -0.1643 -0.1573 -0.1552

ing crowding-out effect of private investment because there are no interest rate

adjustments in the partial equilibrium framework.

We also compare the fiscal multipliers under our benchmark model with het-

erogeneous firms to those from the representative-agent model, where the produc-

tion function is following Baxter and King (1993) and the other ingredients are the

same as the baseline model except for absence of the fixed adjustment cost.33 The

detailed description of the representative-agent model is available in Appendix I.34

The output multiplier under the representative agent model is observed to be less

than 1 (0.991), in contrast to the baseline value of 1.088. This difference arises from

a more subdued investment multiplier (-0.157 vs. -0.043). First, the lower sensi-

tivity in the heterogeneous-firm model is due to Jensen’s inequality effect on the

convex adjustment cost: the heterogeneous firms’ average adjustment burden is

33If the fixed adjustment cost is considered at the macro level, the aggregate investment becomes
too lumpy, which is inconsistent with the observed patterns in the data.

34The representative-agent model’s parameter levels are assumed to be at the same level as the
baseline model, except for the scale parameter in the production function.
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greater than that of the representative (average) firm due to the convexity. Specif-

ically, at the steady state, both the representative-agent and heterogeneous-agent

models feature the same i/k ratio, which is identical to δ. Then, the aggregated ad-

justment cost is greater for the heterogeneous-agent model than the representative-

agent model due to the dispersion over the convex cost.

Second, our baseline model incorporates the fixed adjustment cost, which al-

lows the model to capture realistic firm-level investment dynamics, while the

representative-agent model does not. The fixed adjustment cost dampens the sen-

sitivity of the firm-level investment due to the extensive margin decision to stay

inactive. For these reasons, the dampened negative investment response in the

heterogeneous-agent model leads to a greater output multiplier.

Finally, the comparison extends to fiscal multipliers across different values of

the elasticity of substitution. In the benchmark heterogeneous agent model, the

fiscal multipliers exhibit notable variation with changes in λ values. Specifically,

under λ = 3 (indicating high substitutability between public and private capital),

the output multiplier is 0.672, significantly smaller than the benchmark value of

1.088. Conversely, under λ = 0.5, reflecting complementarity between private and

public capital, the output multiplier is markedly higher at 1.364.

For a comparable analysis within the representative agent model framework,

we calculate the implied returns to scale parameter (ζ) corresponding to each λ

value. We find that the variations in fiscal multipliers across different λ values are

relatively modest. The reason for observing more pronounced variations under the

heterogeneous agent model is the influence of the non-rivalry of public capital in

each heterogeneous firm’s production function. This underscores the significance

of accurately estimating the elasticity parameter when seeking to analyze the fiscal

multiplier of non-rivalrous public investment incorporating heterogeneous firms’

decisions.

It is important to note that the returns to scale parameters in Table 7 take into
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account the non-rivalrous nature of public capital at the firm level. In the absence

of this consideration, Ramey (2020) provides returns to scale parameter ζ ranging

from 0.07 to 0.12. Fiscal multipliers obtained based on these scale parameter val-

ues are much lower, ranging from 0.8467 to 0.8822. Hence, the fiscal multipliers

under the representative agent model, without considering firms benefiting from

non-rivalrous public capital, are much lower than the multipliers from our hetero-

geneous agent model.

Table 8: Short-run responses of other equilibrium allocations

Baseline Partial eq.

Employment (average annual % change from ss) 0.3044 0.8519

Wage (average annual % change from ss) 0.3888

Earning (dollars per 1$ spending) 0.7134 1.2935

Comsumption (dollars per 1$ spending) 0.1479 0.6052

Table 8 presents changes in various equilibrium allocations resulting from the

fiscal shock. Compared to the stationary equilibrium, there is an average annual

increase of 0.304% in employment and 0.389% in wages. Consequently, this leads

to a $0.713 increase in earnings and $0.148 increase in consumption for every $1

of fiscal spending. In the partial equilibrium scenario without changes in factor

prices, the increase in labor demand is significantly more pronounced. This results

in a $1.294 surge in earnings and a $0.605 increase in consumption for every $1 of

infrastructure spending.

5.3 Firm-level responses to the fiscal shock: Extensive vs. inten-

sive

In this section, we analyze how the investment responds to the fiscal shock at the

firm level. The literature on firm-level frictional capital adjustment has highlighted
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the distinguished nature of investments between the extensive and intensive mar-

gins. Empirically observed firm-level investments are significantly lumpy. One

of the most popular explanations for this observed pattern is the presence of the

fixed adjustment cost, which separates the decision of whether to make an invest-

ment today or not (extensive) and the decision of the investment size (intensive).

In this section, we investigate through which channel the investment crowding out

happens in our baseline model.

Table 9: Decomposition of fiscal multipliers by the investment margins

Baseline Extensive-only Intensive-only No resp.

Output 1.0878 1.1034 1.1228 1.1386

Investment -0.0434 -0.0321 -0.0108

Table 9 reports the decomposition of fiscal multipliers along with the different

firm-level investment margins. The column labeled “Extensive-only” corresponds

to the scenario where only adjustments to the extensive margin of investment are

allowed, while the intensive margin is fixed at the stationary equilibrium level.

In contrast, the column labeled “Intensive-only” represents the case where only

adjustments to the intensive margin of investment are permitted, while keeping

the extensive margin at the stationary equilibrium level.

In this analysis, we note that both the extensive and intensive margins play a

role in the crowding out of investment, with a more pronounced effect originating

from the extensive margin. Specifically, the investment multiplier is -0.043 under

the baseline, and approximately 74% of this baseline multiplier is obtained in the

”Extensive-only” scenario.

The column labeled “No resp.” corresponds to the scenario where investment

responses are held constant at the stationary equilibrium level in response to the

fiscal spending shock. Without alterations in investment behavior, the fiscal mul-
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tipliers would have been higher at 1.139 compared to the baseline value of 1.088.

5.4 Efficiency vs. Equality: Cross-state analysis

In this section, we analyze the cross-state heterogeneous impact of the infrastruc-

ture investment. In our structural analysis, we divide all the states in the U.S. into

two groups: Poor vs. Good. The Poor states are bottom half states in terms of the

infrastructure capital stock and the rest is defined as the Good states.35 For exam-

ple, the Top side of the Good states include New York, California, Texas, Florida,

and Illinois, and the bottom side of the Poor states include Vermont, New Hamp-

shire, North Dakota, Maine, and Rhodes Island.

Table 10: Cross-state inequality in short-run fiscal multipliers

Baseline Partial eq. Equal spending

Total Poor Good Total Poor Good Total Poor Good

Y 1.0878 0.0157 1.072 1.8582 0.0274 1.8309 0.8727 0.0623 0.8104

Inv. -0.0434 -0.0007 -0.0426 0.1892 0.0048 0.1844 -0.0516 -0.0004 -0.0512

Earnings 0.7134 0.0167 0.6967 1.2935 0.0192 1.2743 0.5459 0.0420 0.5039

C 0.1479 -0.1272 0.2751 0.6052 -0.0993 0.7045 -0.0556 -0.1010 0.0454

Table 10 reports the heterogeneous state-specific fiscal multipliers. Per $1 spend-

ing, out of the total output increase of $1.088, $1.072 goes to the output increase in

the Good states, while only the incremental of $0.016 belongs to the Poor states. In

contrast, the crowding-out effect of the private investment is significantly greater

in the Good states, featuring −0.0426 out of total crowding-out effect of −0.0434.

In terms of the earnings, out of the total increase of $0.713 per $1 fiscal spending,

$0.017 belongs to the Poor states, while $0.697 goes to the Good states. The aggra-

vation of the cross-state inequality is more severe in the consumption side, as the

infrastructure spending is financed by the lumpy-sum taxation impartially across

35The assumptions necessary for the cross-state analysis are specified in Appendix F.
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the states, while the benefit of the spending is relatively more skewed to the Good

states.36

In the baseline model, the general equilibrium effect weakly alleviates the un-

equal distribution of the benefit of the fiscal spending across the states, as can be

seen from the earnings ratio: the earnings multiplier share of the Good states in the

baseline is smaller than the counterpart in the partial equilibrium (0.697/0.713 <

1.274/1.294). This is mainly due to the Good state’s substantially more susceptible

investment response to the GE crowding-out effect than the Poor state’s invest-

ment (from 0.184 to -0.043 vs. from 0.005 to -0.001).

Finally, we consider a counterfactual policy experiment where the fiscal shock

is equally spent on the Good and Poor states. The outcome of this experiment

shows a drastic trade-off a government would face between aggregate-level effi-

ciency and cross-state inequality. Compared to the status quo policy, equal spend-

ing leads to a substantially lower output multiplier (0.873) and a greater degree

of crowding-out effect. Not surprisingly, the Good states’ fiscal multiplier drops

down significantly (0.810 vs. 1.072). However, the Poor states’ output fiscal mul-

tiplier is around four times greater than the baseline (0.062 vs. 0.016); the earn-

ings multiplier is more than twice the baseline level (0.042 vs. 0.017). This result is

largely due to the estimated state-specific productivity differences across the states.

Also, due to the non-rivalry, the cross-state heterogeneity in the number of firms

(capital) utilizing the additional infrastructure strongly affects the policy outcome.

As this paper does not focus on the normative optimal policy, the implication is

limited to a positive evaluation, but the evaluated trade-offs between efficiency

and equality are highly policy-relevant takeaways of this model.

36The tax is imposed more lightly for the Poor states than the Good states, but the tax burden is
significantly greater than the benefit in the poor states in the baseline model.

41



5.5 Comparison with the fiscal multipliers in the literature

Ramey (2011) constructs government spending shocks that control for the antici-

pation effects and finds the government spending multipliers ranging from 0.6 to

1.2. Nakamura and Steinsson (2018) use state-level variations in military buildups

(increases in federal purchases associated with military buildups) and find a state

GDP multiplier of 1.4. They show their multiplier is equal to the aggregate multi-

plier in a small open economy with a fixed exchange rate and is larger than the

closed economy aggregate multiplier for normal monetary policy. Chodorow-

Reich (2019) studies the fiscal multiplier using the cross-sectional variations of fis-

cal spending controlling for state-specific heterogeneity. The paper concludes that

the cross-sectional multiplier is around 1.8, and the lower bound for the national

multiplier without the monetary policy response is 1.7. Our quantitative result

shows that the short-run national fiscal multiplier is around 1.86 without the gen-

eral equilibrium effect, consistent with Chodorow-Reich (2019). However, once

the general equilibrium effect (the real interest rate) is considered, the spending

multiplier reduces to 1.09, which is within the range of Ramey (2011).

Our focus is on infrastructure spending multipliers, which may have a differ-

ent nature compared to defense or overall government spending, as pointed out

in Leduc and Wilson (2017). The paper empirically analyzes the fiscal multiplier

using the state-level variation in highway spending and structurally analyzes the

national-level multiplier based on the empirical analysis. They provide the impact

multiplier of 1.4 and the cumulative multiplier of 6.6 over 10 years. Our paper dis-

tinguishes itself from Leduc and Wilson (2017) by including a firm-level frictional

adjustment that accurately models micro-level investment responses after the im-

plementation of fiscal policies (Cooper and Haltiwanger, 2006). We also estimate

the micro-level parameters using the firm and state-level moments.

Fishback and Kachanovskaya (2015) discuss that the possible spillover effects

across the states after fiscal spending hinder the translation of the cross-sectional
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multiplier analysis to the national-level multiplier. For this, recent literature has

found a breakthrough by quantifying the spillover effects through the cross-state

network (Peri et al., 2023). In our paper, we take a different route to handle this is-

sue. We group the states into two groups: good and poor. The identification comes

from the variations in the infrastructure spending and equilibrium allocations be-

tween these two groups. The spillover effect is crucially an issue within the good

states: e.g., how does New York affect Massachusetts once the highway within

New York is significantly improved? However, in our setup, such spillover does

not bias our estimates as such influential states are grouped together, and the total

productivity effect from the spillover is separately identified as the group-specific

(good state-specific) productivity.

6 Conclusion

This paper theoretically bridges the micro-level and the macro-level production

functions that take the infrastructure stock as an input factor. Then, it analyzes the

infrastructure investment multipliers through the lens of an estimated heterogeneous-

firm general equilibrium model. Our theory establishes that the non-rivalry of

public capital at the firm-level combined with the gross substitutability between

private and public capital leads to the aggregate-level gross complementarity in

CES or the increasing returns to scale in Cobb-Douglas production function. We

show the theory is consistent with the measured outcomes through a quantitative

analysis. According to our estimated general equilibrium model, the output mul-

tiplier is around 1.09, which is significantly greater than the representative-firm

model’s prediction. This is due to a lower sensitivity of the firm-level investment

responses to the general equilibrium effect than the representative firm’s response,

resulting in a dampened crowding out.
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