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Abstract We investigate the optimal levels of public investment in infrastructure in a two-country model with trade and capital accumulation. We assume that the domestic stock of infrastructure (i ) generates a positive productive externality, (ii ) lowers trade costs in both countries, but more so in the foreign economy and (iii ) is fully financed by distortionary taxes on income. In this public good game set-up, we find that the non-cooperative solution implies a sub-optimally low provision of infrastructure. If countries are heterogeneous in terms of TFP levels, cooperation implies that the relatively richer country should provide more infrastructure. In any case, the welfare gains from cooperation are large, even when accounting for a potential transition between non-cooperative and cooperative equilibria. Last, cooperative equilibria produce less volatile and more synchronized business cycles. Keywords: Public infrastructure, endogenous trade costs, policy cooperation, open economy. JEL Classification: E32, E62, F41, H54.
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Introduction



Since the Great Recession, public infrastructure has been at the core of political discussions, leading to various attempts to spur more investment. In the European Union, a stimulus package was adopted right at the beginning of the crisis in 2008, with a 32 billions euros budget ∗ Univ Lyon, Universit´e Lumi`ere Lyon 2, GATE L-SE UMR 5824. 93 Chemin des Mouilles, BP167, 69131 Ecully Cedex, France; e-mail: [email protected]. † Univ Lyon, Universit´e Lumi`ere Lyon 2, GATE L-SE UMR 5824 and Institut Universitaire de France. 93 Chemin des Mouilles, BP167, 69131 Ecully Cedex, France; e-mail: [email protected].
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allocated to investment in infrastructure.1 These measures subsequently stalled because of the Maastricht Treaty deficit and debt limits in several countries.2 As a consequence, public investment has further decreased in many European Union countries. Indeed, according to the Council of Europe Development Bank (2017), public investment levels were, on average, 10.8% lower in 2015 than the 2009 peaks. Today, the needs for infrastructure investment are still high in various areas, especially due to their positive effects on potential growth. For instance, the recent 50 billions euros investment plan proposed by the Macron administration in France includes several propositions to raise the quantity and/or quality of infrastructure. According to the European Investment Bank (EIB), public investment would have to increase by 50% compared to 2014 levels to meet policy goals in terms of trade growth and further integration of the EU internal markets. Publicly or privately financed infrastructure are thus at the center of many questions pertaining to potential growth and market integration, in a context of binding funding constraints, especially for publicly financed investment in infrastructure. In this paper, we investigate the macroeconomic effects of investment in public infrastructure on GDP and trade, and highlight the welfare gains from cooperation in choosing the optimal level of public investment in infrastructure. We build a two-country real model with trade in intermediate goods, capital accumulation and investment in public infrastructure. Investment is financed through distortionary taxes on production factors and debt is ruled out. Our assumptions are that the stock of public infrastructure (i ) generates a positive externality on local production (subject to congestion costs), (ii ) lowers trade costs in both countries, and more substantially in the foreign economy, as shown empirically by Limao & Venables (2001), and (iii ) raises distortionary taxes. Given these assumptions and the fact that we abstract from nominal rigidities, monetary policy and public debt, our paper definitely focuses on the supply-side effects of investment in public infrastructure. We show that the positive effects of investment in infrastructure dominate the negative effects for a plausible calibration. As in many public good games, non-cooperative levels of investment in infrastructure are lower than cooperative levels, mostly because of their positive externality on trade costs. A reasonable calibration suggests optimal non-cooperative levels between 1.5 and 2.5% of GDP while cooperative levels are much higher, between 10.5 and 17.5% of GDP. As a consequence, the potential welfare gains from adopting a cooperative solution are massive, between 30 and 70% of equivalent permanent consumption. These gains are driven by the positive 1



See European commission 2009. In 2012, the Fiscal Compact has been signed by state members stipulating that a structural deficit limit of 0.5% of GDP should be adopted in national legislation. 2
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external effects of the stock of infrastructure on production, and to the greater trade openness through lowered (inefficient) iceberg trade costs. In addition, when countries are initially heterogeneous in terms of productivity (and hence GDP per capita), our results continue to hold, but the stock of infrastructure (and the associated higher levels of taxes) should be larger in the relatively richer economy. Further, when taking into account the complete transition path between non-cooperative and cooperative equilibria, welfare gains are reduced—compared to the static welfare gains—but remain positive and very large. Last but not least, we show that higher levels of investment in public infrastructure produce less volatile and more synchronized business cycles. These stabilizing properties are triggered by the dynamics of trade costs after productivity shocks, that serve as an automatic stabilizing mechanism. The relevant literature has grown since Aschauer’s pioneering and provocative findings (1989). He showed that the return on public investment was much higher than had been previously imagined. He argued that the productivity slowdown experienced by the U.S. in the 1970s could be explained by a shortage of investment in public infrastructure. Aschauer’s work then prompted a large number of theoretical and empirical papers on public investment in infrastructure. This issue has been addressed in closed-economy growth models by Barro (1990), Glomm & Ravikumar (1994), Turnovsky (1996), among others; in overlapping generation models by Heijdra & Meijdam (2002) and Bom & Ligthart (2014a), and also within a New-Keynesian model by Coenen, Straub & Trabandt (2013).3 In addition, there are studies that deal with the issue of fiscal coordination and economic growth, such as Devereux & Mansoorian (1992) and Figuires, Prieur & Tidball (2013). In particular, Devereux & Mansoorian (1992) extend Barro’s (1990) framework to a two-country model of endogenous growth, and show that fiscal policy coordination may either raise or lower growth rates. However, to the best of our knowledge, little attention has been paid to transport/trade costs as a transmission mechanism of investment in public infrastructure, despite its presumed quantitative importance as shown by Casas (1983), Bougheas, Demetriades & Morgenroth (1999) and Limao & Venables (2001). For instance, New Economic Geography models give more importance to transport costs Fujita, Krugman & Venables (1999) but papers considering transport cost as depending on the stock of public infrastructure remain relatively scarce: Martin & Rogers (1995), Bougheas et al. (1999), Mun & Nakagawa (2008), and Naito (2016). All these papers consider static models and thus neglect the potentially interesting dynamic effects of investment in public infrastructure. Our paper fills the gap by analyzing the dynamic macroeconomic effects of investment in public infrastructure in a two-country model where transport/trade costs depend on the infrastructure capital stocks of both countries which 3



See Gramlich (1994) or Bom & Ligthart (2014b) for an extensive literature review on public investment in infrastructure.
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are financed by distortionary taxes. The paper is organized as follows. Section 2 presents the model. Section 3 analyzes the effects of public infrastructure at the steady state and determines the static gains from cooperation. Section 4 focuses on the transition dynamics. Section 5 reports the business cycles analysis. Section 6 concludes.
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Model



The model consists of two countries, Home and Foreign, respectively called country 1 and country 2. Each country includes two sectors: the first sector is dedicated to the production of a tradable intermediate good using Home physical capital, labor and public capital; the second sector is dedicated to the production of a non-tradable final good using both Home and Foreign intermediate goods as inputs. Labor is internationally immobile. In each country, a representative firm is exclusive to each sector and operates in a competitive market. Note that only intermediate goods are tradable subject to iceberg trade costs (Samuelson (1952)). In our model, trade costs are endogenous and depend on the levels of public (transport) infrastructure in both countries. The government of each country collects taxes to finance the amount of investment in public infrastructure. In each country, an infinitely-lived representative household supplies labor, accumulates and rents capital, and derives utility from consumption of the Home final good. International financial markets are complete, i.e. households have access to state-contingent securities. We allow for potential fluctuations driven by stochastic shocks to productivity, investigated more particularly in Section 5.



2.1 2.1.1



Firms Final Goods Sector



Final goods producers buy intermediate goods from both countries and combine them to produce a final good that is used for both consumption and investment in (private and public) capital. The final good Yi is produced according to the following CES technology:



Yi,t



θ "  1 # θ−1  1 θ−1 θ−1 1 θ 1 θ = (Zii,t ) θ + (Zij,t ) θ , for i, j = 1, 2 and i 6= j, 2 2
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(1)



where θ is the elasticity of substitution between Home and Foreign goods. Note that Zij is an imported input. The final good producer in country i maximizes profit: max Pi,t Yi,t − (pii,t Zii,t + pij,t Zij,t ) , for i, j = 1, 2 and i 6= j



Zii,t ,Zij,t



(2)



subject to Equation (1) and where Pi,t is the price of the Home final good in country i. The demand functions for inputs from producers in country i are Zii , and Zij and determined by: 



Zii,t =



1 2







Zij,t =



1 2



pii,t Pi,t



−θ



pij,t Pi,t



−θ



Yi,t ,



(3) for i, j = 1, 2 and i 6= j,



Yi,t ,



(4)



The price of the final good i is given by: 



Pi,t 2.1.2



1 1−θ 1 1−θ p + pij,t = 2 ii,t 2



1/(1−θ) for i, j = 1, 2 and i 6= j.



,



(5)



Intermediate Goods Sector



The representative intermediate producer in country i (i = 1, 2; where 1 is Home) specializes in the production of one intermediate good Zi using labor Ni,t , private capital, Ki,t , and the level ˆ g . The production function is of public infrastructure adjusted for congestion K i,t



   γ 1−α α ˆ g = Ai,t K ˆg Zi,t ≡ F Ki,t , Ni,t , K Ki,t Ni,t i,t i,t



(6)



where α ∈ (0, 1) and γ ∈ (0, 1) denote the elasticities of output to private and public capital, respectively. The production function has constant returns to scale in the two private inputs, Ni,t and Ki,t , and increasing returns in all three factors. Firms do not internalize the positive externality that the stock of public infrastructure introduces in the production process. Variable Ai,t is a measure of Total Factor Productivity (TFP hereafter) and follows an exogenous stochastic AR1 process: ln Ai,t = (1 − ρAi ) ln Ai + ρAi ln Ai,t−1 + εA i,t ,



(7)



where ρAi ∈ (0, 1) shapes the persistence of shocks, Ai is the non-stochastic steady-state value of TFP, and εA i,t is an iid shock drawn from standard normal distribution. Following Barro & Sala-I-Martin (1992) and Fisher & Turnovsky (1998), we assume that the
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ˆ g , is subject to congestion: input of public infrastructure to private production K i,t ˆg = K i,t



g Ki,t φ Ki,t



,



φ ≥ 0,



(8)



g where Ki,t is the aggregate stock of public infrastructure and Ki,t is the aggregate private capital



in period t. Parameter φ captures the congestion induced by private economic activities. Roads and highways, railways, airports, harbor, are indeed not pure public goods. Higher usage of private capital decreases the contribution of public infrastructure to firms’ productivity. Note that when φ = 0, public good is a pure non-rival public input whereas φ = 1 reflects a situation of proportional congestion, in the sense that an increase in the aggregate stock of private capital leads to a proportional decrease in the service provided by the stock of public infrastructure. When 0 < φ < 1, congestion is partial in the sense that an increase in the stock of capital does not need to be totally compensated by the same increase in public infrastructure to provide a given level of services to the firm. Finally, when φ > 1 congestion is so large that the public input must grow faster than the increase in private capital for the level of services provided to remain constant. In this perfectly competitive intermediate sector, firms rent private capital from the representative household and demand labor to maximize profits:4  max



Ki,t ,Ni,t



 pii,t Zi,t − wi,t Ni,t − κi,t Ki,t , Pi,t



for i = 1, 2 and t = 0, 1, ...



(9)



subject to Ki,t , Ni,t ≥ 0,



ˆ g , wi,t and κi,t , given K i,t



(10)



where wi,t and κi,t are respectively the real wage rate and the real rental rate of private capital in country i. Variable pii,t /Pi,t denotes the relative price of the intermediate good produced in country i, in terms of the Home final good of country i. Since trade costs affect the price of traded goods, the price of an intermediate good differs across countries. The standard condition according to which factor prices equal their respective marginal products in a competitive market 4



ˆ g is publicly provided and taken as given by the firm. The adjusted stock of infrastructure K
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environment implies5 pii,t Zi,t , Pi,t Ki,t pii,t Zi,t = (1 − α) , Pi,t Ni,t



κi,t = α wi,t



(11) for i = 1, 2.



(12)



Finally, the total demand for the intermediate good produced in country i is Zi,t 2.1.3



1 = 2







pii,t Pi,t



−θ



1 Yi,t + 2







pji,t Pj,t



−θ Yj,t



(13)



Transport Sector



The presence of iceberg trade cost means that for 1 + τ tr (> 1) units of good exported only 1 arrives because τ tr units melt away in transit. We follow Naito (2016), who makes trade costs endogenous by assuming that increasing public services reduces trade costs. Accordingly, we assume that trade costs are a function of public capital in both countries: µ  χ    tr ˆ g /K ˆg i K ˆ g /K ˆ g j , for i, j = 1, 2, j 6= i. ˆg ,K ˆg = K τi,t K i i,t j j,t i,t j,t



(14)



ˆ g and K ˆ g are the effective stocks of public infrastructure in country i and country j where K i,t j,t ˆ g and K ˆ g , are the upper bounds of K ˆ g and K ˆ g . These upper bounds are respectively, and K i



j



i,t



j,t



interpreted as other factors affecting the transport/trade cost such as geography. The parameters µi and χj measure the elasticities of country i0 s import trade cost with respect to the effective public infrastructure of country i and country j, respectively. The trade costs imply the existence of two prices for the same good: a free on board (f.o.b) price, pii and cost, insurance and freight (c.i.f) price, pji . Accordingly, the representative final-good producing firm in country i has to tr times the supply price of the imported input to get one unit: pay 1 + τi,t



 tr pij,t = 1 + τi,t pjj,t , for i, j = 1, 2, j 6= i.



(15)



The terms of trade qt are defined as the relative price of the Foreign good in terms of the Home 5



Later, assuming that p11,t = 1 will lead to the following optimal conditions:  κ1,t = α  w1,t = (1 − α)



1 1 + (τ1,t qt )1−θ 2 2



1 1 + (τ1,t qt )1−θ 2 2







1 θ−1



1 θ−1



Z1,t and κ2,t = α K1,t



1 1 + 2 2







τ2,t qt



Z1,t and w2,t = (1 − α) N1,t



1 1 + 2 2







τ2,t qt







where τ1,t , τ2,t and qt will be defined in the next subsection.
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1 1−θ ! θ−1



1 1−θ ! θ−1



Z2,t K2,t Z2,t N2,t



good, and are given by: qt ≡



p22,t p11,t



(16)



Using equation (15) and (5), the real exchange rate Γt can be expressed as  Γt ≡







1 1−θ 2 qt



P2,t  = P1,t 1 2



+



1 2



+ 



1 2



1



 tr 1−θ 1 + τ2,t   1−θ  tr q + τ1,t t



1 1−θ



,



(17)



tr = τ tr = 0, the real exchange rate equals one, Note that, in the absence of trade costs, τ1,t 2,t



meaning that the purchasing power parity (PPP) holds, and agents have identical preferences over the two final goods. Any positive trade costs thus result in a heterogeneity in preferences, a deviation from PPP and a meaningful role for the real exchange rate.



2.2



Households



In each country, the infinitely-lived representative household seeks to maximize the following welfare measure: Et



(∞ X



) β t U (Ci,s , Ni,s ) ,



i = 1, 2



(18)



t=0



where β ∈ (0, 1) is the subjective discount factor, Ni,t denotes the number of hours worked (labor) supplied by the representative household, and Ci,t is the consumption of the Home final good at time t. The representative household in country i accumulates private capital Ki,t+1 and rents it to the local intermediate good producer. The law of motion of private capital is:  2 Ii,t 1 − (ϕi /2) Xi,t = Ki,t+1 − (1 − δ) Ki,t ,



(19)



where δ ∈ (0, 1) is the depreciation rate of private capital, Ii,t is investment in physical capital in country i, Xi,t = Ii,t /Ii,t−1 − 1 is the growth rate of investment, and ϕi > 0 controls the size of investment adjustment cost. The budget constraint of the representative household of country i at time t is:   k Pi,t (Ci,t + Ki,t+1 )+Et {Qt,t+1 di,t+1 } ≤ Pi,t (1 − τi,t ) wi,t Ni,t + ri,t Ki,t +di,t , for i, j = 1, 2 and i 6= j (20) Labor and capital income are taxed at the same rate τi,t and capital income taxation comes with k = 1 + (1 − τ ) (κ − δ) thus denotes the aftera deduction on depreciated capital. Variable ri,t i,t i,t



tax net return on capital accumulation. Further, households have access to complete financial 8



markets in the form of a portfolio of state-contingent claims. As such, Et {Qt,t+s di,t+s } is the price in period t of a random payment di,t+s in period t + s where Qt,t+s denotes the stochastic discount factor. The representative household i chooses Ci,t , Ni,t , Ki,t+1 and di,t+1 to maximize welfare (18) subject to Equations (20) and (19), and subject to the following no-ponzi game constraint: lim Et {Qt,t+s di,t+s } ≥ 0.



s→∞



(21)



The subsequent first-order conditions are: Ui,ct+1 Pi,t+1 = Qt,t+1 Ui,ct Pi,t Ui,nt − = wi,t (1 − τi,t ) Ui,ct



β



(22) (23)







  Ui,ct+1  I βEt λi,t+1 (1 − δ) + ((1 − τi,t+1 ) κi,t+1 + δτi,t+1 ) = λIi,t Ui,ct     2 2 I 2 I Ui,ct+1 λi,t 1 − ϕi /2Xi,t − ϕi (Xi,t + 1) Xi,t + βEt λt+1 ϕi (Xi,t+1 + 1) Xi,t+1 = 1, Ui,ct



(24) (25)



where λIi,t Ui,ct is the Lagrangian multiplier associated with the capital accumulation constraint (19). Taking expectations on both sides of Equation (22) and defining the real interest rate as Rt = Et Q−1 t,t+1 , we get the following Euler equation for country 1:  βRt Et



P1,t U1,ct+1 P1,t+1 U1,ct



 = 1.



(26)



Complete financial markets induce full risk-sharing among households of each country, as shown by the following risk-sharing condition: U2,ct ≡ ΦΓt , U1,ct



(27)



where Φ reflects the initial cross-country distribution of wealth.6



2.3



Governments



In each country, a government levies distortionary taxes on labor and capital income. Revenues obtained from taxes are entirely used to invest in public infrastructure, so that the budget 6 The steady state value of Φ can either be pinned down by imposing that the real exchange rate is Γ = 1 or is imposed to Φ = 1 if the steady-state value of the real exchange rate Γ is determined endogenously.
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constraint of the government in country i is: g Ii,t = τi,t (wi,t Ni,t + (κi,t − δ) Ki,t ) ,



(28)



g where δg ∈ (0, 1) is the rate of depreciation of public infrastructure and Ii,t is the amount of



public investment. Public investment increases the stock of public infrastructure according to: g g g Ki,t = (1 − δg )Ki,t−1 + Ii,t−T ,



(29)



where T ≥ 0 is the number of quarter between initiating and granting the project and finalizing it. This specification is in line with the findings of Leeper, Walker & Yang (2010) or more recently Bouakez, Guillard & Roulleau-Pasdeloup (2017), and introduces time-to-build in the dynamics of public infrastructure. Consistent with empirical features of public investment, this specification reflects the existence of construction and implementation delays. Finally, we assume that tax rates follow an AR1 process: τi,t = (1 − ρτ ) τi + ρτ τi,t−1 ,



(30)



where ρτ ∈ (0, 1) shapes the persistence of (potential) changes in the steady-state tax rates τi .



2.4



Market clearing



The equilibrium on the state-contingent assets market is given by: 2 X



di,t /P1,t = 0



(31)



i=1



The market clearing conditions on intermediate goods markets are given by:   ˆg F K1,t , N1,t , K = Z11,t + Z21,t 1,t   ˆg F K2,t , N2,t , K = Z22,t + Z12,t 2,t



(32) (33)



The final goods markets clear when total purchases of final goods equal total production of final goods, that is: g Ci,t + Ii,t + Ii,t = Yi,t , for i = 1, 2.



(34)



As usual in the complete-markets set-up, the trade balance condition is irrelevant for the determination and dynamics of the model. However, for future reference we define the trade balances
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as:  T B1,t =



T B2,t =



! −1   1 1 1 1 τ2,t −θ 1−θ Y2,t − Y1,t + (τ1,t qt ) Y1,t + 2 2 2 2 Γt !   !−1  θ 1 1 τ2,t 1−θ 1 1 1 + Y2,t + Y1,t − Y2,t 2 2 qt 2 2 Γt τ1,t



(35)



(36)



Finally, we define the price of the final good produced in country 1 as the num´eraire, i.e. P1,t = 1.7
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Steady state and static gains from cooperation



In this section, we analyze the effects of total income taxes in each country, τ1 and τ2 , on the steady state levels of public investment, and then private investment, consumption and output. Because taxes fully finance public investment in infrastructure (see Equation (28)), there is a strong equivalence between investigating the effects of taxes and the effects of public investment 1+ψ



to GDP. To do so, we specify the utility function: U (C, N ) = log C − ω N1+ψ . We also assume that µ1 = µ2 = µ and χ1 = χ2 = χ, and we consider the case of proportional congestion, that is φ = 1. In addition, we assume that the PPP holds in the steady state, and fix the steady-state real exchange rate at Γ = 1, implying Φ = C1 /C2 . This leads to the following expression of the terms of trade: q=



1 + τ2tr



1−θ



−1



1−θ



−1



(1 + τ1tr )



1 ! 1−θ



, for τ1tr > 0 and τ2tr > 0.



(37)



Notice that q > 1—the price of imports is greater than the price of exports for country 1—when the trade costs in country 2 are higher than the trade costs in country 1, τ2tr > τ1tr , q < 1 when the trade costs in country 1 are higher than the trade cost in country 2, τ1tr > τ2tr , and q = 1 when τ2tr = τ1tr .



3.1



Intuition



Trade/transport costs can be expressed as a function of total income taxes in country 1, τ1 , and in country 2, τ2 , respectively. ˆg K 1 Ω τ1



!µ



=



(δg α)µ+χ τ1µ τ2χ



ˆg K 1 Ω τ1



!χ



τ2tr =



(δg α)µ+χ τ1χ τ2µ



τ1tr



7



See Appendix 1 for the complete system of equations.
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ˆg K 2 Ω τ2



!χ



ˆg K 2 Ω τ2



!µ



(38)



.



(39)



where Ωτ1 ≡ (1/β − 1) / (1 − τ1 ) + δ (1 − α) and Ωτ2 ≡ (1/β − 1) / (1 − τ2 ) + δ (1 − α) are increasing functions of τ1 and τ2 respectively.8 An increase in the total income tax in country 1, τ1 , leads to a higher public infrastructure investment in country 1 implying not only a fall in trade costs in country 1 but also in country 2. To show this result, we compute the elasticities of the trade cost in country 1, τ1tr , to the total income tax in country 1, τ1 , and to the total income tax of in country 2, τ2 , ∂τ1tr τ1 ∂τ1 τ1tr ∂τ1tr τ2 ∂τ2 τ1tr







  τ1 δ (1 − α) = −µ 1 + 1− , 1 − τ1 Ω τ1    δ (1 − α) τ2 . 1− = −χ 1 + 1 − τ2 Ω τ2



(40) (41)



We can easily show that the terms on the right-hand side of Equations (40) and (41) are negative. In fact, recall that τ1 ∈ (0, 1), τ2 ∈ (0, 1), β ∈ (0, 1), and δ ∈ (0, 1). Accordingly Ωτ1 > 0, Ωτ2 > 0, δ (1 − α) /Ωτ1 < 1, and δ (1 − α) /Ωτ2 < 1, implying a negative elasticity of the trade costs in country 1 with respect to τ1 and τ2 . Similarly, the responsiveness of the trade costs in country 2, τ2tr , to τ1 and τ2 is given by ∂τ2tr τ1 ∂τ1 τ2tr ∂τ2tr τ2 ∂τ2 τ2tr



   τ1 δ (1 − α) = −χ 1 + 1− , 1 − τ1 Ω τ1    τ2 δ (1 − α) = −µ 1 + 1− . 1 − τ2 Ω τ2



(42) (43)



An increase in the total income tax in country 1, τ1 , or in country 2, τ2 , leads to a fall in the trade costs in country 2. In addition, if χ > µ then higher taxes in country 1, have a greater effect on the trade costs in country 2 than in country 1. Equivalently, higher taxes in country 2 have a greater effect on the trade costs in country 1 than in country 2. In fact, ∂τ2tr τ1 ∂τ1 τ2tr ∂τ1tr τ1 ∂τ1 τ1tr



=



∂τ1tr τ2 ∂τ2 τ1tr ∂τ2tr τ2 ∂τ2 τ2tr



=



χ . µ



(44)



When country 1 raises taxes to finance its own public infrastructure, two opposite effects appear: a positive effect on production and a negative effect on labor. Country 2, however, benefits only from the positive effect through the reduction of its trade costs that depend on public investment of country 1. This result is critical because it implies that countries have an incentive to let the other country finance the amount of public infrastructure and behave as a free-rider. This externality makes our set-up a relatively standard public good game, and is therefore at 8 In the steady state an increase in τ1 leads to a fall in private investment to output I1 /Z1 and a rise in public investment to output I1g /Z1 .
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the heart of our main steady-state results concerning the superiority of cooperative solutions. Indeed, next section focuses on the welfare implication of the non-cooperative vs. cooperative solutions using a realistic numerical illustration.



3.2



Numerical illustration



We compute the steady state equilibrium of our two-country model for various combinations of tax rates, and highlight that cooperative solutions are optimal. To do that we assign values to our parameters in the following way. Bom & Ligthart (2014a) analyze the dynamic macroeconomic effects of public infrastructure investment under a balanced budget fiscal rule in a small open economy. They use a calibration based on OECD countries so we borrow some of their values reported below: the real interest rate is fixed at 4% (annual), private capital depreciates at 10% (annual), and public capital depreciates at 6.5% (annual). We set the capital share at α = 0.3. Based on a meta-analysis of estimated values of γ, the output elasticity of public capital is γ = 0.08. Given the lack of consensus on the productivity of public capital, we perform a sensitivity analysis on this parameter later on.9 The ratio of public investment to GDP depends on the steady-state value of taxes, our variable ˆg = K ˆ g = 0.5 but we choose to proceed differently. We of interest. Naito (2016) calibrates K 1



consider a maximal value of the tax rate



2 max τ1



ˆ g and K ˆ g so that = τ2max = 0.5 and adjust K 1 2



the resulting trade costs are minimal in this situation, τ1tr,min = τ2tr,min = 0.05. This calibration guarantees that trade costs vary between 5% and roughly 250% depending on the values of tax rates considered. Following Limao & Venables (2001), we set µ1 = µ2 = 0.34 and χ1 = χ2 = 0.66. The latter two values are crucial in our results, especially the fact that χi > µi : they imply that the stock of public infrastructure in country 1 lowers trade costs more for country 2 than for country 1, while the tax burden falls on country 1 only (see Section 3.1). Finally, in line with macro estimates, we set the Frisch elasticity of labor supply to 1/ψ = 0.5, the trade elasticity is θ = 2, and investment adjustment costs are ϕi = 1.8. We consider two values for the steady-state levels of aggregate productivity: a symmetric case where A1 = A2 = 1 and an asymmetric case where A1 = 0.8 and A2 = 1, and consider a T = 4 time-to-build parameter in the baseline case, exploring larger values as a sensitivity check. Finally, recall that we assumed a proportional congestion cost in the previous Section, implying φ = 1. Parameter values are summarized in Table 1 below. Figure 1 reports the levels of trade costs in each country when varying steady-state tax rates τ1 and τ2 between 0.01 and 0.25. 9



The results are reported in Table 2
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Table 1: Summary of parameter values Discount factor Trade elasticity Private capital depreciation Public capital depreciation Private capital share Public infrastructure production externality Congestion cost on public infrastructure Trade cost scaling parameters Weight of domestic infra. in trade costs Weight of foreign infra. in trade costs Labor supply elasticity Investment adjustment cost Relative TFP Time-to-build parameter



β = 0.99 θ=2 δ = 0.025 δg = 0.065/4 α = 0.3 γ = 0.08 φ=1 ˆ g adjusted to get τ tr,min = 0.05 K i i µi = 0.34 χi = 0.66 1/ψ = 0.5 ϕi = 1.8 {1, 0.8} T =4



Figure 1: Trade costs when varying steady-state tax rates in the symmetric case. Transp. cost country 1
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Figure 1 shows that higher levels of taxation generally lower trade costs. Higher tax rates allow to sustain larger amounts of public investment and thus higher stocks of public infrastructure. These higher stocks of public infrastructure translate into lower trade costs. Due to the asymmetric effects of public infrastructure on trade costs, the largest fall in trade costs is achieved with higher foreign taxes and not with domestic taxes. These interactions are at the heart of the results in terms of utility, and the associated incentives to cooperate. Indeed, Figure 2 below reports the country-level utilities as well as the level of aggregate utility for different levels of taxation. Figure 2: Aggregate and country-level utilities when varying steady-state tax rates in the symmetric case. Utility country 1
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Figure 2 shows that cooperation is optimal within our model. To see this start with the steadystate value of utility in country 1, in the top left panel. In a non-cooperative equilibrium, the domestic government would seek to maximize domestic utility. In such a case, remark that, for any given value of the foreign tax rate, the utility-maximizing tax rate in the domestic economy is τ1 = 0.02. Symmetrically, in the foreign economy, the non-cooperative utility-maximizing tax rate would be τ2 = 0.02. So the non-cooperative solution would clearly be (τ1 , τ2 )non−coop = (0.02, 0.02). Now looking at the bottom left panel of Figure 2 shows that the non-cooperative solution does not maximize the aggregate steady-state utility. Obviously, in the symmetric case, the cooperative solution will be symmetric and, as depicted in the bottom right panel, corresponds to (τ1 , τ2 )coop = (0.14, 0.14). The cooperative solution balances the welfare gains attached to the internalization of the trade cost externality—those attached to the positive 15



productive externality—against the negative welfare effects attached to the taxation of factors. The Hicksian consumption equivalent welfare gains of cooperation are massive and as high as 47.5% for each country.10 How are the results affected when considering asymmetric countries? We now consider that the Home country (country 1) has a 20% lower TFP compared to the Foreign country (country 2), and set A1 = 0.8 while keeping A2 = 1. Does our result still hold? And if so, who should contribute more to the provision of public infrastructure, i.e. set the largest level of taxes, in the cooperative case? Notice that the direct impact of tax rates on trade costs through public infrastructure does not depend on productivity levels, so Figure 1 remains unchanged in the asymmetric case. However, the general equilibrium effects of the stocks of public infrastructure through the productive externality and the distortionary effects of taxation are affected. We report the steady-state country-level and aggregate utilities in Figure 3. Figure 3: Aggregate and country-level utilities when varying steady-state tax rates in the asymmetric case. Country 1 has a lower productivity. Utility country 1
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Figure 3 shows that the country-level decisions in the non-cooperative case remain broadly unchanged for country 1, and points to τ1 = 0.015. For country 2, the optimal non-cooperative tax rate should be very small as well at τ2 = 0.025, but slightly larger than in the symmetric 10



These welfare gains are static, i.e. result from a comparison between the non-cooperative and the cooperative steady states.
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Table 2: Impact of public infrastructure externality γ on optimal γ = 0.03 γ = 0.08 Home For. Home For. Symmetric case Non cooperative solution 1.5% 1.5% 2% 2% Cooperative solution 10.5% 10.5% 14% 14% Welfare gain from cooperation 41% 41% 47.5% 47.5% Asymmetric case Non cooperative solution 1.5% 2% 1.5% 2.5% Cooperative solution 8% 13% 10.5% 17.5% Welfare gain from cooperation 55% 18.23% 68.4% 31.9%



tax rate. γ = 0.1 Home For. 2.5% 16% 43.8%



2.5% 16% 43.8%



2% 12% 66.9%



3% 20% 25.9%



Note: Welfare gains are Hicksian equivalent expressed in percents of consumption under non-cooperative solutions.



case. The non-cooperative equilibrium is thus (τ1 , τ2 )non−coop = (0.015, 0.025), very close to the symmetric case. In the cooperative case however, the utility-maximizing set of taxes is now (τ1 , τ2 )coop = (0.105, 0.175). Cooperation still leads to a much larger aggregate provision of public capital in each country but now the relatively richer country should contribute more to its funding than the relatively poorer country. The main reason is that the utility loss of the poor country in case of an increase in its tax rate—due to the distorsionary effects of taxation—is much larger than the utility loss of the rich country. The Hicksian consumption equivalent welfare gain of cooperation are 68.4% for the Home (poor) country and 31.9% for the Foreign (rich) country.11 How are these results affected by the value of the productivity of public capital parameter γ? Table 2 above reports the optimal tax rates and Hicksian consumption equivalent welfare gains for different values of γ. Intuitively, optimal tax rates are increasing with larger elasticities of output to public capital. A higher productivity of public capital implies that agents are willing to pay more taxes to accumulate public capital, which leads to higher production and consumption. In any case, the welfare gains from cooperation remain positive and very large for the different values of the marginal product of public capital.



4



Transition dynamics



The numbers reported in the above static analysis are very high, even according to the numbers usually found in the analysis of structural reforms. However, the rise in public investment implies 11



Once again these are steady state to steady state comparisons.
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to raise taxes and shift resources immediately and the benefits may take a while before they actually materialize. Accounting for the transition dynamics may thus reduce the welfare gains from cooperation. Therefore, we now compute the transition path between the non-cooperative and cooperative static solutions, and calculate their welfare effects. The economy is initially settled in the non-cooperative equilibrium and governments start implementing the cooperative solution (tax rates) in period 0. The rise in effective tax rates is gradual, as we set ρτ = 0.5. The model is solved under perfect foresight using a fully non-linear solution based on a Newton-type algorithm.12 Figure 4 below reports the transition between non-cooperative and cooperative equilibria in the symmetric case. As the tax rate in the cooperative state is higher than the tax rate in the non-cooperative state, a decrease in consumption, labor and private capital is observed in the first periods of the transition. This decrease does not last long because the positive externalities induced by the public infrastructure materialize quickly. Over the transition, as long as the stock of public infrastructure increases, the trade costs decrease and production increases, and the joint positive associated effects become stronger, and eventually dominate the negative effects from higher distortionary taxes. Computing the Hicksian consumption equivalent using the complete transition dynamics includes the short-run costs imposed by higher taxes and the delayed (discounted) positive effects. Delays are due to the slow rise in public investment produced by (i ) the gradual increase in tax rates (ρτ ) and (ii ) the time-to-build structure of public investment. Overall, computing the welfare gains over the transition roughly divides static welfare gains by a factor 2, and the latter reach 26.7% for both countries – against 47.5% in the comparative statics exercise.



Figure 5 now reports the transition dynamics in the asymmetric case, where the Home country has a lower productivity. In the asymmetric case, the transition is different depending on the level of productivity of each country. The tax rate of each country converges to a higher level. However, the fiscal effort that should be made by the relatively poorer country is lower than the one of the rich country. Unlike the symmetric case, private consumption and output in country 1 (Home) increase on impact despite the decrease in labor and private capital. More precisely, the production of the Home good decreases on impact. Consumption increases despite the fall in the production of the Home good because the terms of trade fall along with falling trade 12



The algorithm is a built-in routine of Dynare. It is an application of the Newton-Raphson algorithm that takes into consideration the special structure of the Jacobian matrix in dynamic models with forward-looking variables. The details of the algorithm are explained in Juillard (1996).
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Figure 4: Transition dynamics from non-cooperative to cooperative steady states in the symmetric case. Output Consumption 2
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costs, inducing a boom in this country’s imports. As long as the stock of public infrastructure increases in both countries, trade costs decrease and the two countries converge to the cooperative equilibrium characterized by higher output, consumption, capital and labor levels and where the more productive country exports to the less productive country. In this case too, the Hicksian consumption equivalent computed over the transition are somewhat smaller than static welfare gains, although more for the relatively richer country—13.5% against 31.9% in the static exercise—than for the relatively poorer—44.3% against 68.4%. Figure 5: Transition dynamics from non-cooperative to cooperative steady states in the asymmetric case. Output H Consumption H Labor H Capital H 12 0.9 1.2 1.5 10 1 8 0.85 0.8 1 10 20 30 40 Output F 1.8 1.6 1.4 1.2
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Table 3: Key business cycle statistics of GDP. St. dev. in % Cross-country correlation Time to build (in quarters) 0 4 12 0 4 12 Symmetric case Non cooperative case 0.8979 0.8817 0.8816 0.9092 0.9180 0.9334 Cooperative case 0.8946 0.8644 0.8581 0.9386 0.9484 0.9723 Asymmetric case Non cooperative solution 1.0563 1.044 1.0496 0.7418 0.7425 0.7536 Cooperative solution 0.9974 0.9666 0.9601 0.9374 0.9458 0.9698
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Business cycles



One last interesting question our model is equipped to answer is: how does the level of public infrastructure affect business cycles around the steady state? In the perspective of large investment plans in the European Union or in the Eurozone for instance, whether the resulting larger stocks of public infrastructure result in more synchronized business cycles across countries, or more or less volatile fluctuations in output is definitely of interest. A We feed our model with productivity shocks with ρA1 = ρA2 = 0.8 and std(εA 1 ) = std(ε2 ) = 1%.



Shocks are not correlated across countries. The model is solved and simulated using a secondorder approximation around the steady state. Business cycle statistics are computed on HPfiltered artificial time series with a smoothing parameter consistent with our quarterly time unit (λ = 1600). Table 3 above reports the standard deviation and cross-country correlation of output resulting from this experiment but Table 4 and 5 in Appendix B deliver the full set of business cycle moments including autocorrelations, and most relevant additional macroeconomic variables. Table 3 shows that large values of public investment in infrastructure—that correspond to the cooperative policy—unambiguously lower the volatility of output at the business cycle frequency compared to lower values of public investment—that correspond to the non-cooperative policy. This result holds independently of the time-to-build parameter, but larger values of T amplify the reduction in volatility. Further, cooperation also raises quite significantly the positive crosscountry correlation between GDP, and more so when the time-to-build parameter is larger. Lastly, the reduction in the volatility of GDP and the rise in the cross-country correlation of GDPs are both much larger whenever the two countries are heterogeneous in terms of steadystate productivity. So beyond the direct welfare gains from cooperating and raising the levels of public stocks of infrastructure, there seems to be additional gains, attached to the dampened volatility and to the better synchronization of business cycles in the event of country-specific 21



shocks. To fully understand where those results come from, let us plot the Impulse Response Functions (IRFs) to a productivity shock in the baseline case (T = 4) under cooperative and non-cooperative equilibria, when countries are symmetric or asymmetric.



0.6



% dev.



% dev.



Figure 6: Impulse Response Functions to a Home productivity shock. Macro variables. Output H. Output F.
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Note: Variables in percentage deviations from the steady state. Black: symmetric case, red: asymmetric case, solid: non-cooperative case, dashed: cooperative case.



Figures 6 and 7 point to the following qualitative pattern in the Home country: productivity shocks raise wages and capital rental rates, and improve the efficiency of production in the Home country. Private investment is boosted, consumption goes up and labor increases. Because the shock makes Home firms more efficient, terms of trade increase. This raises the Foreign demand for Home goods (exports increase) and diverts Home and Foreign demand for Foreign goods (imports decrease). As for the dynamics of trade costs, it results from the confrontation of the increase of private and public capital. The former increases more quickly than the latter (due to time-to-build delays), 22



Figure 7: Impulse Response Functions to a Home productivity shock. Trade variables. Trade costs H. Trade costs F. 0.1 % dev.
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which makes congestion effects dominate the positive effects from larger investment expenditure in infrastructure: trade costs increase softly but steadily. While this may seem surprising at first, this is actually consistent with the observed cyclical pattern of shipping rates, for instance. When the economy is booming, the demand for shipping is high but supply takes time (typically 4 to 8 quarters) to adjust and the shipping rates increase in the mean time. This rise in trade costs actually dampens the volatility of trade flows, the volatility of net exports and therefore the volatility of output. For the foreign economy, the shock has positive effects through the rise in terms of trade: cheaper intermediate Home goods can be bought, improving the production conditions in the final goods sector of the Foreign economy. In the intermediate goods sector of the Foreign economy however, demand is decreasing. This explains why hours worked are falling in the Foreign economy. In any case, the transmission of the shock to output, consumption and investment is positive. In addition, as for the Home economy, public capital increases but less (and less quickly) than private capital, which explains that trade costs rise in the Foreign economy as well, although not as much as in the Home economy. Summing-up, our model features a built-in output stabilization mechanism that relies precisely on the dynamics of trade costs. Further, this mechanism is much stronger under cooperative equilibria for the Home country, which participates in stabilizing Home output, but downplayed in the Foreign economy, allowing this economy to experience a smaller fall in their exports and a smaller increase in their exports, therefore favoring a stronger transmission of the shock to the Foreign output. Cooperative equilibria thus favor less volatile and more synchronized business cycles. Last but not least, these effects are amplified when countries are asymmetric: the reduction in volatility and the increase in the cross-country correlation of outputs induced by cooperative equilibria compared to non-cooperative equilibria are magnified.
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Conclusion



Public infrastructure are crucial to growth and economic development. In this paper, we show that the question of the optimal provision of public infrastructure in a two-country model with capital accumulation and trade has a typical public good game structure. Non-cooperative solutions yield very low stocks of public infrastructure while cooperative solution are welfare enhancing and characterized by much larger stocks of public infrastructure. The underlying reason is that public infrastructure produces large positive externalities on production and trade, and that the externalities on trade are larger for the country that does not invest in public infras24



tructure. In addition, when countries are heterogeneous in terms of their levels of productivity, we show that the cooperative solution features more investment in public infrastructure in the relatively richer economy. While these results may not be very surprising given the documented positive externalities associated with investment in public capital, the observed rates of public investment to GDP remain particularly low in most developed economies, ranging from 3% to 4% over the last 20 years. These numbers are low, in particular in regard of the observed shares of total public expenditure in GDP. And they are broadly consistent with the numbers found for non-cooperative equilibria in our model. If anything, our results call for more coordination in the investment strategies of advanced economies and for more cooperation, especially within areas where institutional arrangements exist to foster cooperation, e.g. the European Union or the Eurozone. The attached growth and stabilization gains are almost certainly large.
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A



Summary of the model



For i = {1, 2}, the system of dynamic equations is given by:  γ 1−α α ˆg Zi,t = Ai,t K Ki,t Ni,t i,t



(A.1)



Ii,t = Ki,t+1 − (1 − δ) Ki,t



(A.2)



g Ii,t = τi,t (˜ pi,t Zi,t − δKi,t )



(A.3)



g g g Ii,t = Ki,t+1 − (1 − δg )Ki,t µ  χ  tr ˆ g /K ˆg i K ˆ g /K ˆg j τi,t = K i i,t j j,t



(A.4)



ˆg = K i,t



g Ki,t φ Ki,t



g Ci,t + Ii,t + Ii,t = Yi,t



Xi,t =



Ii,t Ii,t−1



−1



(A.5) (A.6) (A.7) (A.8)



  Ui,ct+1  I λi,t+1 (1 − δ) + ((1 − τi,t+1 ) κi,t+1 + δτi,t+1 ) = λIi,t (A.9) βEt Ui,ct     Ui,ct+1 2 2 I 2 I λi,t 1 − ϕi /2Xi,t − ϕi (Xi,t + 1) Xi,t + βEt λi,t+1 ϕi (Xi,t+1 + 1) Xi,t+1 = 1 (A.10) Ui,ct 



−



Ui,nt = wi,t (1 − τi,t ) Ui,ct



wi,t = (1 − α) p˜i,t



Zi,t Zi,t and κi,t = α˜ pi,t Ni,t Ki,t



(A.11) (A.12)



The demand functions for intermediate goods are:  1 Y1,t + Z1,t = p˜−θ 2 1,t



tr 1 + τ2,t Γt



 !−θ



 h 1 Y2,t  and Z2,t = p˜−θ 2,t Y2,t + 2



i  −θ tr 1 + τ1,t Γt Y1,t (A.13)



The risk sharing condition and the real exchange rate are given by U2,ct ≡ ΦΓt U1,ct
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(A.14)



  Γt = 



1 1−θ 2 qt 1 2



+



1 2



+ 







1 2



1



 tr 1−θ 1 + τ2,t   1−θ  tr q + τ1,t t



1 1−θ



(A.15)



Finally, τ1,t , τ2,t , A1,t and A2,t are exogenous variables.



B



Business cycle moments Table 4: Business cycle moments in the asymmetric case. σx 4



Time to build (quarter) → 0 12 ↓x Output (y) 0.99 0.97 0.97 Consumption 0.86 0.91 0.91 Private investment 2.09 2.14 2.25 Labor 0.17 0.17 0.16 Trade costs 0.14 0.16 0.25 Real exchange rate 0.19 0.19 0.19 Terms of trade 0.90 0.90 0.90 Imports 1.44 1.43 1.45 Exports 1.44 1.43 1.45 Output (y) Consumption Private investment Labor Trade costs Real exchange rate Terms of Trade Imports Exports



0.99 0.83 1.85 0.18 0.13 0.08 0.90 1.38 1.38



0.96 0.99 2.14 0.19 0.16 0.08 0.87 1.34 1.34



0.95 0.98 2.44 0.18 0.27 0.08 0.88 1.37 1.37



 ρ (x, x−1 ) ρ (x, y) ρ xH , xF 0 4 12 0 4 12 0 4 12 Non-cooperative solution 0.65 0.65 0.65 − − − 0.94 0.95 0.95 0.50 0.51 0.51 0.94 0.93 0.95 0.97 0.97 0.97 0.90 0.89 0.90 0.82 0.83 0.81 0.89 0.88 0.90 0.73 0.72 0.71 0.45 0.34 0.34 −0.24 −0.22 −0.30 0.96 0.95 0.96 −0.34 −0.12 −0.20 0.98 0.99 0.98 0.60 0.61 0.60 0.00 0.00 −0.00 − − − 0.61 0.61 0.61 0.00 −0.00 0.00 − − − 0.63 0.62 0.63 0.74 0.71 0.72 − − − 0.63 0.62 0.63 0.74 0.71 0.72 − − − Cooperative solution 0.66 0.66 0.65 − − − 0.96 0.96 0.98 0.49 0.51 0.50 0.93 0.90 0.93 0.99 0.99 0.99 0.89 0.88 0.90 0.82 0.87 0.80 0.94 0.95 0.96 0.74 0.71 0.66 0.46 0.19 0.18 −0.19 −0.05 −0.24 0.96 0.95 0.96 −0.35 −0.06 −0.19 0.99 0.99 0.99 0.61 0.62 0.61 0.00 0.00 0.00 − − − 0.62 0.62 0.62 −0.00 0.00 0.00 − − − 0.63 0.63 0.64 0.77 0.73 0.73 − − − 0.63 0.63 0.64 0.77 0.73 0.73 − − −



Note: σx denotes the standard deviation of variable x, in percents, ρ (x, x−1 ) the autocorrelation of variable x, ρ (x, y) the contemporaneous correlation of x with GDP (y) and ρ xH , xF the cross-country correlation of x.
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Table 5: Business cycle moments in the asymmetric case. σx 4



Time to build (quarter) → 0 12 ↓x Output (y) 1.14 1.13 1.14 Consumption 0.86 0.88 0.88 Private investment 2.19 2.19 2.23 Labor 0.15 0.15 0.15 Trade costs 0.14 0.16 0.24 Real exchange rate 0.43 0.44 0.43 Terms of trade 0.94 0.94 0.94 Imports 1.35 1.34 1.37 Exports 1.69 1.68 1.71 Output (y) Consumption Private investment Labor Trade costs Real exchange rate Terms of trade Imports Exports



1.10 0.84 1.96 0.18 0.13 0.09 0.91 1.21 1.56



1.07 0.98 2.14 0.19 0.16 0.09 0.87 1.19 1.46



1.07 0.97 2.43 0.18 0.27 0.09 0.87 1.22 1.48



 ρ (x, x−1 ) ρ (x, y) ρ xH , xF 0 4 12 0 4 12 0 4 12 Non-cooperative solution 0.66 0.66 0.66 − − − 0.83 0.83 0.84 0.51 0.51 0.52 0.94 0.94 0.95 0.88 0.88 0.88 0.90 0.90 0.90 0.81 0.82 0.81 0.74 0.72 0.73 0.78 0.77 0.76 0.54 0.49 0.50 −0.13 −0.13 −0.15 0.96 0.95 0.96 −0.32 −0.13 −0.21 0.97 0.97 0.96 0.58 0.58 0.58 0.16 0.16 0.16 − − − 0.58 0.58 0.58 0.16 0.16 0.16 − − − 0.61 0.59 0.61 0.59 0.57 0.58 − − − 0.61 0.60 0.62 0.69 0.67 0.68 − − − Cooperative solution 0.65 0.66 0.65 − − − 0.96 0.96 0.98 0.49 0.51 0.50 0.93 0.90 0.93 0.99 0.99 0.99 0.89 0.88 0.90 0.82 0.86 0.80 0.99 0.94 0.95 0.73 0.70 0.66 0.46 0.20 0.19 −0.21 −0.08 −0.26 0.96 0.95 0.96 −0.35 −0.07 −0.19 0.99 0.99 0.99 0.61 0.62 0.61 0.16 0.15 0.15 − − − 0.62 0.61 0.62 0.16 0.15 0.15 − − − 0.63 0.62 0.64 0.75 0.72 0.72 − − − 0.64 0.63 0.63 0.79 0.75 0.75 − − −



Notes: σx denotes the standard deviation (for output) or relative standard deviation of variable x, in percents, ρ (x, x−1 )the autocorrelation of variable x, ρ (x, y) the contemporaneous correlation of x with GDP (y) and ρ xH , xF the cross-country correlation of x.
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