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Abstract 

After more than forty years studying growth, there are two classes of growth 
models that have emerged: exogenous and endogenous growth models. Since 
both try to mimic the same set of long-run stylized facts, they are observationally 
equivalent in some respects. Our goals in this paper are twofold. First, we 
discuss the time-series properties of growth models in a way that is useful for 
assessing their fit to the data. Second, we investigate whether these two models 
successfully conform to post-war U.S. data. We use cointegration techniques 
to estimate and test long-run capital elasticities, exogeneity tests to investigate 
the exogeneity status of TFP, and Granger-causality tests to examine temporal 
precedence of TFP with respect to infrastructure expenditures. The empirical 
evidence is robust in confirming the existence of a unity long-run capital elasticity. 
The analysis of TFP reveals that it is not weakly exogenous in the exogenous 
growth model. Granger-causality test results show unequivocally that there is 
no evidence that TFP for both models precede infrastructure expenditures not 
being preceded by it. On the contrary, we find some evidence that infrastructure 
investment precedes TFP. Our estimated impact of infrastructure on TFP lay 
roughly in the interval (0.19, 0.27). 
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Time-Series Properties and Empirical Evidence of Growth and Infrastructure 

Resumo 

Apos mais de quarenta anas estudando-se roadelos de crescimento 
economico, dais roadelos basicos dominam a literatura: as de crescimento 
endogene e de crescimento exogeno. Dado que ambos tentam reproduzir as 
mesmas "fates estilizados", eles sao similares do ponto de vista observacional 
em alguns aspectos. Aqui, discute-se as propriedades de series de tempo de am
bos esses roadelos de forma a pader-se examinar sua aderencia aos clados, que e 
investigada usanda-se agregados macroecon6micos americanos no periodo desde 
o pos-guerra. Testes de cointegrac;ao sao usados para investigar se a produtivi
dade total dos fatores (TFP) e ex6gena, e testes de causalidade de Granger sao 
usados para investigar se os gastos de infra-estrutura precedem temporalmente 
a TFP. Confirma-se inequivQcamente a existencia de uma elasticidade unitaria 
de longo prazo para 0 estoque de capital na fun�ao de produ�ao, 0 que confirma 
a aderemcia de ambos os modelos aos dados americanos. A analise usando-se a 
TFP confirma que esta nao e exogena para 0 modelo de crescimento exogeno. 
Ademais, em testes de causalidade, concluiu-se que a TFP mlo precede os gas
tos de infra-estrutura, sendo possivelmente precedida por aqueles. 0 impacto 
(elasticidade) de longo prazo da infra-estrutura na TFP esto. aproximadamente 
no intervalo (0.19, 0.27). 

Key words: Growth models; cointegration. 

JEL Gode: 040 and 052. 

1. Introduction. 

After more than forty years studying growth, there are two styl

ized classes of growth models that have emerged. The first is that 

of exogenous growth models, based on Solow (1957) , Cass (1965) 

and Koopmans (1965), and the second is that of endogenous growth 

models based on Romer (1986, 1987, 1989), among others. The first 

basic difference among these two classes is the behavior of produc
tivity. For the exogenous class, productivity is assumed to grow at 

an exogenous rate. This implies a balanced-growth path for macroe

conomic aggregates, and thus a unity long-run capital elasticity in 

production. Because models in this tradition use the condition of de

creasing returns to capital for the existence of equilibrium, the only 
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way to assure growth in steady-state is to require exogenous techno

logical change. In the endogenous class of models this condition is 

dropped since it is thought to be too ad hoc. To assure growth, ex

ternal effects due to social capital are introduced, although decreas

ing returns to private capital are still maintained. The externality 

hypothesis by itself does not guarantee growth, since it is still pos

sible that the marginal product of capital (private plus social) will 

converge to zero. For example, with Cobb-Douglas technology, un

less the long-run elasticity of capital is at least one there will be no 

growth in steady-state. Of course, if the long-run elasticity is above 

unity there will be explosive growth. Since this is not a stylized fact 

of modern economies, testing the externality hypothesis has focused 

on the case of unity elasticity. A consequence of a unity elasticity is 

that macroeconomic aggregates will follow a balanced-growth path. 

Regarding productivity, little or nothing is imposed in the class of 

endogenous growth models. 

From the discussion above, it is clear that these two models 

are observationally equivalent regarding (i) a balanced-growth path 

for macroeconomic aggregates, and specifically (ii) a unity long-run 

capital elasticity; see Lau and Sin (1997a). Thus, estimating long

run elasticities cannot be a strategy in distinguishing which of these 

models best fits the data. Despite that, short-run capital elasticities 

differ for both models. For the endogenous class it is also one, but 

for the exogenous class it will usually be less than unity, reflecting 

the fact that there are decreasing marginal returns in equilibrium. 

Since the observational equivalence result is relatively new, be

fore it became known several authors have tried to confirm the the

oretical predictions of a given model class by examining long-run 

elasticities; see Neusser (1991) , who finds support for the exogenous

growth model using cointegration, and the cross-country study in 

Romer (1987), who finds a unity capital elasticity supporting the 
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endogenous-growth model. Another problem of econometric testing 

of growth models is that not all studies were careful in distinguish

ing between the short- and the long-run capital elasticity. For ex

ample, the time-series evidence in Romer (1987) and Benhabib and 

Jovanovic (1991) inter-ali a rejects a unity capital elasticity. The 

data used in these regressions are either first- or quasi-differenced, 

which raises the issue of what coefficient is being estimated. One the 
one hand, if there is no cointegration in the data, one can estimate 

consistently the short-run capital elasticity from first-differenced re

gressions. Regarding quasi-differenced regressions, consistency will 

depend on common factors being correctly imposed; see Hendry and 

Mizon (1978). On the other hand, if there are long-run relationships, 

ignoring them yields inconsistent estimates of short-run elasticities 

in both cases. 

There are several aspects of growth models that have to be taken 

into account for successfully assessing their fit. These issues have 
not been thoroughly discussed by the literature. Moreover, they 

have not been used appropriately when confronting theoretical mod

els with the data. In this paper, we first set out what are the main 

time-series properties of growth models regarding: the order of inte

gration of macroeconomic aggregates, the cointegration relationships 
implied by each class of models, and the order of integration and 

the exogeneity status of their respective Total Factor Productivity 

(TFP) . Given these theoretical implications, we then use post-war 
U.S. data on output, and capital and labor inputs to asses the fit of 

long-run elasticities of a broader class of models, comprising endoge

nous and exogenous growth models. We later test TFP exogeneity, 

considering the potential influence of infrastructure investment; see 

Aschauer (1989). With that regard, we first investigate whether or 

not the Solow residual of the exogenous growth model is (weakly) 

exogenous. For the endogenous growth model, we investigate the 
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properties of a new Solow residual, taking into account a unity long
run capital elasticity. Finally, for the Solow residuals of both models, 

we estimate what is the long-run impact of infrastructure expendi

tures following Aschauer. 

To estimate and test long-run elasticities we use cointegration 

techniques as proposed by Johansen (1988, 1991), where estimation 

and testing are all likelihood-based. TFP exogeneity tests are based 

on the typology of Engle, Hendry and Richard (1983), and performed 

according to Johansen (1995, 122-123). Granger-causality tests for 

TFP and infrastructure investment take the form of exclusion tests, 

where we consider the criticism of Toda and Phillips (1993) of such 

tests. 

Section 2 presents a discussion of a stylized version of both theo

retical models, showing the observational equivalence result. It also 

discusses the properties of TFP for both models. Section 3 presents 

a discussion of the recent applied literature using our previous theo

retical results. Section 4 presents the econometric techniques used on 

the empirical section. Empirical results are presented in Section 5, 
and Section 6 concludes. 

2. Theory. 

2.1. Stylized growth models. 

This section discusses two distinct classes of economic models: 

endogenous and exogenous growth models. We present here stylized 

versions of these models under very restrictive parameterizations of 

preferences and technology, which capture the "essence of the long

run co-movement in the data we want to discuss. Although these 

stylized facts could be discussed under a less restrictive setting, we 

chose their restricted version for expositional reasons. 
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Under Cobb-Douglas technology, Romer's (1986, 1987, 1989) en
dogenous growth model can be characterized using a representative 
consumer who maximizes his/her flow of utility, choosing a sequence 
of consumption {Ct} subject to a resource constraint: 

00 

Max Eo L f3tU(ct), 
{c,} t=O 

S.t. 

Ct + It = Yt = A Kf LP-") K� exp(Zt) 

Kt+l = It + (1 - 0) Kt 

0 <  f3 < 1, (2.1) 

where Yt is output, Kt is the stock of physical capital, Lt is hours 
worked, It is investment, 0 is the depreciation rate of the capital 
stock, f3 is the one-period discount factor for future utility, EtO is 
the conditional expectation operator, and {Zt} is the stochastic pro
cess representing productivity. Aggregate capital per capita (Kt) is 
included to represent the externalities due to the fact that knowledge 
is non-appropriable. 

In equilibrium we have Kt = n. (Kt/ Lt), where n is the num
ber of firms.' In per-worker terms the production function is given 
by (Yt/Lt) = A(Kt/Lt)" [n. (Kt/LtWexp(Zt). Hence, the (private) 
marginal productivity of capital is given by: 

FK/L (.) = aAn8 (Kt/Lt/,,+8-1) exp(Zt). 

After solving the representative consumer's problem' the con
ditional expectation of the growth rate of the economy b) is given 

lRomer (1989) asSumes that the number of firms and consumers is the same, so that Ktl Lt 
stands both for capital per labor and capital per firm. 

2Note that equilibrium is guaranteed because the technology still displays constant returns-to
scale to private factors and because the whole sequence {l<t}�o is taken as given when the 
consumer solves his/her problem. Only then is the equilibrium condition Kt=n.(Kti Ld imposed. 
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by: 

1 +It = Et [FK/LO + (1- 0)] /3 
= Et [a A n8 (Kt/ Ldo.+8-1) exp(Zt) + (1 - 0)] /3. (2.2) 

If a+e < 1 the model displays no growth. If a+e = 1 the model 
displays sustainable growth as long as a A n8 Et [exp (Zt)] + (1 - 0) 
is greater than 1//3. If a + e exceeds unity there will be explosive 
growth, which is not a stylized fact of modern economies. Under this 
conjecture, testing this class of endogenous growth models amounts 
to checking if a + e = 1. Under this condition, the growth rate 
of the economy is stationary, although (log) output itself will be a 
non-stationary process growing at rate J. 

Exogenous growth models inspired in Solow (1957), Cass (1965) 
and Koopmans (1965), and updated by King, Plosser and Rebelo 
(1988) and King, Plosser, Stock, and Watson (1991), will display 
growth of output per-capita as long as productivity grows exoge
nously. Otherwise, decreasing marginal returns will ultimately imply 
no input growth, and thus, under appropriate conditions, per-capita 
output will reach a steady-state value. Using Cobb-Douglas tech
nology and a random walk productivity process growing at rate J.L 
on average, In (Wt) = J.L + In( Wt-I) + El, the problem faced by the 
consumer is the following: 

00 

Max Eo L /3tU(ct) , 
{Ct} t=o 

s.t. 

Ct + It = yt = A Kf L�I-o.) Wt 
Kt+1 = It + (1 - 0) Kt 
0</3<1 
O<a<1. 
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After solving the consumer's problem the conditional growth rate of 
the economy (/1-) is given by: 

1 + /1-t = Et [FK/d') + (1- 0)] (3 

= Et [aA(KtlLd"-l)Wt + (1 -0)] (3. (2.4) 

We now discuss some revealing time-series properties of these 
two classes of growth models. 

Proposition 1. In the pToblem (2 .1), undeT a + e = 1, log-uti li ty, 
and full-depTeciati on of the c apital stock, the c losed-foT m solution 
fOT In(Kt+1) impli es it has a unit TOot even with {Zt} stati onaTY. 
Since the c losed-foT m soluti ons fOTln(Yi) , In( Gt) and In(lt) aTe lineaT 
func ti ons of In(Kt), they all have c ommon unit mots. Hence, they 
c ointegmte in such a way, that, 

In (Yi) - In (Kt) , 
In (It) - In (Yi) , and, 

In (Gt) -In(Yi), (2.5) 
fOTm a basis fOT the c ointegmting spac e. This is tTue, TegaTdless of the 
peTsistency pmperti es of {Zt}, i . e., even if {Zt} is a stati onaTY PTO
c ess; fOT example, stationaT y  i .i . d. pTOcess, stati onaTY ARMA(p,q) 
pTocess. 

Pmoj. When solving this problem, the consumer takes the sequence 
{K t}::o parametrically. Thus, the problem reduces to a standard 
log Cobb-Douglas dynamic optimization one. Under these assump
tions, it is a well known result (Sargent, 1987, chapter 1) that there 
is a closed form solution to this problem, it being straightforward to 
show that: 
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In equilibrium, Kt = n· Kt!Lt. Thus, the law of motion of the log 
of capital per hour can be written as: 

Where i-Ll includes fixed parameters from preferences and technology. 
When a + e = 1,  capital per hour has a unit root and (lagged) 
equation (2.7) is: 

In (Kt! Lt) = i-Ll + In (Kt-d Lt-1) + Zt-l. (2.8) 

Using this result in the decision rules and output equation we obtain: 

In (Yt/ Lt) = i-Lz + In (Kt! Lt) + Zt, 
In (Ct! Lt) = i-L3 + In (Kt! Lt) + Zt, 
In (It! Lt) = i-L, + In (Kt! Lt) + Zt, (2.9) 

Since In (Kt! Lt) is 1(1), and output per hour, consumption per hour 
and investment per hour contain In (Kt!Lt) , they are all 1(1) as 
well. Cointegration as postulated in Proposition 1 above follows im
mediately from subtracting respectively In (Kt!Lt) from In (Yt/Lt) , 
In (Ct! Lt) from In (Yt/ Lt), and In (It! Lt) from In (Yt/ Lt), using their 
expressions in (2.9). 0 

Proposition 1 offers an empirical test for the necessary condition 
of the increasing returns hypothesis.' If a + e = 1, the variables 
in the model will have unit roots. Moreover, they will cointegrate 
with known coefficients given by (2.5) above. For example, there 
is a unity long run elasticity between In (Yt/Lt) and In (Kt!Lt), or 
between In (Yt) and In (Kt). 

3We discuss below why this is only a necessary condition. 
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Although unit roots and restrictions (2.5) on cointegration coeffi
cients are a necessary condition for the increasing-returns hypothesis, 
they are not sufficient for it. Benhabib and Jovanovic (1991) note 
that when the data have unit roots, it does not necessarily follow 
that a + e = 1. As discussed by King, Plosser and Rebelo (1988), 
and by King et al. (1991), restrictions (2.5) on cointegration coef
ficients are also present in the standard neoclassical growth model 
with a random walk (log) productivity process presented above! We 
thus present a second result. 

Proposition 2. In problem (2 .3), under log-uti lity, full
d epreciation of the capital stock, and a random-walk (log) produc tiv
ity proc ess, In (Wt) = J1, + In( Wt-l) + of, the c losed-form soluti ons for 
In(Yi), In (Ct), In (Kt) and In (It)5 are linear func ti ons of the same 
forcing variable (In (Wt)). Hence, these variables share a common 
unit root, and cointegrate in such a way, that, 

In (Yi) -In (Kt) , 
In (It) - In (Yi), and, 

In (Ct) - In (Yi), 

form the basis of the c o  integrating space. 

Proof. See 
(1991). 

King, Plosser and Rebelo (1988) and King et al. 
o 

In Proposition 2 the variables of interest still cointegrate with 
the same coefficients of (2.5) despite the fact that 0 < a < 1, i.e., de
spite decreasing marginal returns. Comparing this result to that of 

4This results generalizes for any 1(1) productivity process. 
5Notice that full depreciation of the capital stock implies In(Kd=ln(lt}, 
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the endogenous growth model illustrates a maj or difference: for the 
latter, growth, integration, and cointegration follows because agents 
do not consider their external effect when buying an additional unit 
of capital. When the external effect has the "right impact on out
put", Le., e = 1 -a, this extra unit of capital is just enough to make 
the aggregate capital stock (Kt) grow in equilibrium. Hence, it is 
the externality of social capital that generates growth. This leads to 
identical steady-state growth for all variables of interest, i.e., cointe
gration. For the exogenous growth model, cointegration is obtained 
forcefully vi a the productivity process, since it is a consequence of the 
existence of this unique integrated forcing variable (In(wt)), which 
dominates all the long-run co-movement properties of the aggregates 
in the system. 

Despite these conceptual differences, Propositions 1 and 2 show 
that endogenous and exogenous growth models are observationally 
equivalent with respect to cointegration restrictions. This was proved 
by Lau and Sin (1997a), although the initial idea can be traced back 
at least to Benhabib and Jovanovic (1991).6 

2.2. Solow residuals of growth models. 

Despite the fact that the endogenous and exogenous growth 
models are observationally equivalent with respect to cointegration 
restrictions, their Total Factor Productivity (TFP) processes have 
quite different properties. The first difference is about their order of 
integration. 

Proposition 3. Given the assumptions in Propositions 1 and 
2 ,  if In (YijLt) , In (Ct/Lt), In(Kt/Lt) and In (It/Lt) are all in
tegrated proc esses of order one (1(1)), then the TFP processes of 

6See their footnote 16. 
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the endogenous growth model is 1(0) whereas the TFP process of 
the exogenous growth model is 1(1). More generally, if ln (¥tILt), 
In(Ct/Lt), In(Kt/Lt) and In (1t/Lt) are all integrated processes of 
order d (I(d)), it follows that the TFP process of the endogenous 
growth model is 1(d - 1) whereas the TFP process of the exogenous 
growth model is I (d) . 

Proof. From equation (2.7), under Ci + e = 1, it follows that: 

(2.10) 

which establishes that the TFP process of the endogenous growth 
model is 1(0). Notice that the only way to have Zt being 1(1) 
is having t:.ln (Kt+ll Lt+l) being 1(1) as well. But this makes 
In (KHd Lt+l) and all other variables of interest 1(2) processes. For 
the exogenous growth model, the order of integration of In (¥tl Lt), 
In(Ct/Lt), In(Kt/Lt) and In(1t/Lt) must be the same of that of 
In (Wt). Then it follows that In (Wt) is 1(1) . Generalizing the proof 
for the 1(d) case is straightforward. From (2.10) it is obvious that 
In (Kt+ll LH1) (and all other variables of interest) is of one order of 
integration higher than Zt, and thus the result follows. 0 

Another key difference about TFP processes is the exogeneity 
assumption on the process: 

Since the growth rate of productivity is given by: 

it will grow exogenously as long as there are no external factors 
influencing {En. On the class of endogenous growth models little 
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is imposed on {zt}. In particular, the exogeneity assumption used 
on the other class of growth models is either dropped or omitted. 
Hence, we refrain from testing its exogeneity status. 

Measuring TFP for the endogenous-growth model is straigthfor
ward. Labelling PI its Total Factor Productivity, and recalling that 
in equilibrium Yt/Lt = A exp(zt)(Kt/Lt)" (n·Kt/Lt)B, we have, 
after a logarithm transformation, and under a + e = 1: 

= a+zt, (2.11) 

where lower-case characters denote logarithms, and a = In (A nB). 
TFP is equal to the Solow residual (Zt) (up to a constant). Thus, 
TFP, or the (demeaned) Solow residual, can be easily calculated 
using Yt - kt. 

For the class of exogenous-growth models, calculating its TFP 
requires a consistent estimate of a. Labelling PZ as its TFP, we 
obtain after similar manipulations: 

p� = (Yt -It) - a(kt -It) 

= In (A) + In(Wt) .  (2.12) 

Once again, TFP, or the (demeaned) Solow residual, can be easily 
calculated using (Yt -It) - a (kt -It). 

2.3. Infrastructure expenditures, growth, and Solow resid

uals. 

Solow's (1957) famous result - that economic growth cannot be 
understood solely in terms of the accumulation of physical capital 
and labor - spurred a vast literature which sought to find economic 
factors that could explain the variation of output not captured by 
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input variation. In a typical paper, researchers investigate whether 
the behavior of "Solow residuals" could be explained by the behavior 
of a set of economic variables. A vintage of this literature has focused 
on the role of infrastructure. Aschauer (1989), Nadiri and Manuneas 
(1992) and Munnell (1990), suggested that the behavior of the Solow 
residual, and thus productivity, can be partially explained by the 
evolution of public infrastructure. For example, public infrastructure 
investment per hour (Gt! Lt) could be a separate argument of the 
production function. In this case, TFP could be decomposed into 
two parts, a non-modelled one, and a modelled one - capturing the 
effect of (Gt! Lt). 

An alternative way of modelling the infrastructure effect is to 
include infrastructure capital as an input of the economy's produc
tion function. This has been tried by Lau and Sin (1997b), but the 
approach has been criticized by Bougheas and Demetriades (1997) 
for lacking a fundamental explanation of the infrastructure role in 
production. Bougheas and Demetriades, on the other hand, pro
pose "introducing infrastructure as a technology which reduces the 
fixed cost of producing intermediate goods", i.e., specialization. A 
by-product of their specification is a non-linear relationship between 
infrastructure capital and growth. 

Regardless of how the role of infrastructure is modelled it is inter
esting to investigate the following issues for the two classes of growth 
models considered above: Is TFP of the exogenous growth model 
(weakly) exogenous when we consider infrastructure expenditures? 
For the two models considered, do movements in infrastructure pre
cede or are preceded by movements in TFP (Granger-causality)? For 
the two models considered, what are the long-run elasticities of TFP 
with respect to Infrastructure? Is there a non-linear relationship 
between TFP and infrastructure expenditures for the two models 
considered here (Bougheas and Demetriades)? 
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3. Previous Empirical Results. 

The fact that the long-run capital elasticities of the endogenous 
and the exogenous growth model are the same creates a problem for 
econometric tests based on them. Examples are capital elasticity es
timates from cross-section regressions using several countries, where 
cross-section data are a time average with a long time span, and esti
mates from time-series regressions using integrated data in levels. In 
these cases, what is being tested is the fit of either endogenous or ex
ogenous growth models, and not the fit of a single one of them. Since 
only recently the observational equivalence of these models became 
a well known fact (Lau and Sin (1997a)), there have been several 
studies in the past that used long-run capital elasticities to confirm 
or dismiss the fit of the stylized versions of the exogenous or the en
dogenous growth model presented above; see Neusser (1991), Romer 
(1987), and Ferreira (1993). 

The evidence that the long-run capital elasticity is unity is abun
dant: 

1. Cross-country studies: using data from Maddison (1983) on 
cross-country rates of growth, Romer's (1987) physical capital 
estimate is 0.87 and not significantly different from one. With 
the Summers and Heston (1991) data base, his estimated coef
ficient is 0.75. Ferreira's (1993) cross-country studies reach a 
similar conclusion using data from Summers and Heston (1991), 
the IMF, and Benhabib and Spiegel (1994). Physical capital co

. efficient estimates are usually close to one and very robust to 
changes in the specification of the model or to changes of the 
data used. 

2. Time-series evidence: using data in levels and cointegration tech
niques, Neusser (1991) confirms the theoretical long-run elastic-
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ities in either Propositions 1 and 2 above. Benhabib and Jo
vanovic (1991) running a regression in levels with annual data, 
find a capital-elasticity estimate of 1.06; see Table 7, p. 91. Using 
data from Maddison (1983) on three G-7 countries, Lau and Sin 
(1997a) find evidence supporting cointegration between output 
and capital, although the capital elasticity is far from unity in 
some cases. 

Despite the favorable evidence above some time-series studies 
have found a capital elasticity estimate far from unity. In Romer's 
(1987) article, when annual or decade data in first differences are 
used, results show a large and significant coefficient for the labor in
put and an insignificant coefficient for the capital input. The same 
pattern is found by Benhabib and Jovanovic, who applied maxi
mum likelihood to U.S. data with the error term assumed to be an 
ARMA(1, 2) process. For quarterly data, they find a labor coeffi
cient of about 0.65 and estimated a + e close to 0.23. The evidence 
against a unity capital elasticity is hard to interpret, simply because 
what is being estimated is not the long-run capital elasticity. The 
major problem lies on ignoring the stochastic properties of the data, 
which are probably non-stationary due to unit roots. If first differ
ences are applied, inconsistent estimates of long-run elasticities may 
result if long-run relationships are ignored. The same problem oc
curs if quasi-differencing is applied. In this case, even if there are no 
long-run relationships in the data, inconsistencies will arise due to 
imposing common factors. 

The relationship between public infrastructure and productiv
ity was discussed and tested originally by Aschauer (1989). Using 
time series data, Aschauer's estimate of the effect of public capital on 
TFP is about 0.50, which is relatively high. Munnell (1990) using re
gional data concurs with Aschauer's estimates. Cost function duality 
estimates at the industry level by Nadiri and Manuneas (1992) and 
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Morrison and Schwartz (1992) are relatively smaller (roughly 0.15) 
but confirm Aschauer's initial premise. The same applies to the 
cross-country evidence in Ferreira (1993) and Easterly and Rebelo 
(1993). More recently, Bougheas and Demetriades (1997) estimate 
a non-linear relationship between infrastructure capital and growth, 
finding an inverted V-shaped relationship between them. 

In most cases, the empirical evidence tends to confirm a sup
ply side role for government (or private infrastructure in some cases) 
affecting productivity. Exceptions are Hulten and Schwab (1992), us
ing a growth accounting framework, and Holtz-Eakin (1992), using 
panel data at the state level. Although causality between productiv
ity and public infrastructure is crucial for this discussion, it has not 
been thoroughly studied.7 

4. Econometric Tests. 

As discussed in the previous section, both endogenous and ex
ogenous growth models are observationally equivalent with respect to 
cointegration tests. Therefore, the initial step in our empirical inves
tigation is to examine whether V.S. aggregate data conform to these 
theoretical long-run restrictions. In doing so, we are not testing any 
of these two models, but a broader class of models that include both. 
Before cointegration tests are performed, we investigate the order of 
integration of the data using the Augmented Dickey-Fuller test; see 
Dickey and Fuller (1979, 1981). There are several cointegration tests 
in the literature, which is now well known. Gonzalo (1994) com
pares their properties and concludes that Johansen's (1988, 1991) 
likelihood-based method is the most adequate overall; see Johansen 

7 One exception is Ho and Sorensen (1993), where reverse Granger-causality is found from two
digit manufacturing TFP to public infrastructure. Mixed evidence is found on Granger-causality 
from infrastructure to TFP. 
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and Juselius (1990) for an application. The test consists of estimat
ing r - the number of linearly independent cointegrating vectors (or 
cointegrating rank) - and the corresponding cointegrating vectors 
by maximum likelihood. Two statistics can be used for estimating r: 
the Trace and Amax statistics, which have non-standard asymptotic 
distributions. Moreover, the technique has the advantage of allowing 
testing hypotheses on cointegrating vectors, conditioned on knowl
edge of r. The latter are the usual likelihood-ratio tests and have 
the nice property that their limiting distribution is X2• 

The relationship between growth and infrastructure will be in
vestigated in several ways. Regarding Solow residuals of exogenous 
growth models we will perform exogeneity tests using the typology 
of Engle, Hendry and Richard(1983). Suppose that we are interested 
in conducting inference on a given set of parameters (3, and have two 
series rt, and St. Then, rt is said to be weakly exogenous for (3 if 
we can factor the joint density of h, sd, f (rt, St), into the condi
tional and marginal distributions, g (St iTt ) and h h) respectively, 
where the parameters of the joint and of the marginal der: ·ities are 
separable in such a way that, to learn (3, one does not need to con
duct inference on the parameters of the marginal density h (rt). This 
"separation" property allows doing conditional inference on (3 using 
rt. Strong exogeneity for (3 requires, in addition to weak exogeneity, 
that rt is not Granger-caused by St. If this is not the case, it is im
possible to do conditional forecasting for St, since one needs to learn 
St in order to learn the future of r t. 

Weak exogeneity tests will use the results in Johansen (1995, 
pp. 122-123). There, it is shown that, under cointegration, weak 
exogeneity can be tested via the significance of the error-correction 
term(s). Granger non-causality tests will take the usual format of 
testing for exclusion restrictions. Toda and Phillips (1993) show 
that these test results can lead to wrong inferences when the num-
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ber cointegrating vectors in the system is unknown.' We thus present 
test results under a variety of assumptions regarding cointegration 
between Solow residuals of the exogenous growth model and infras
tructure expenditures. 

5. Empirical Results. 

5.1. The data set. 

The data set used consists of U.S. Post-war quarterly log of pri
vate GNP Yt, log of hours worked it, log of the capital stock kt, log of 
public investment on infrastructure 9t. Private output was obtained 
subtracting government GNP from total GNP! Hours worked used 
the Household Survey monthly series accumulated to generate quar
terly figures. Public investments in infrastructure represent the sum 
of federal, state, and local non-military expenditures on structure 
and durables. Capital stock data were constructed using the gross 
private domestic investment series, accumulated using the perpet
ual inventory method at three different annual depreciation rates: 
6%, 8% and 10%. The initial capital stock was calculated following 
Young(1995). All these series were extracted from Citibase and are 
available from 1947:1 through 1994:3 in most cases. The exceptions 
are it, for which data are available from 1947:1 through 1993:4, and 
9t, available from 1959:1 through 1994:3. We also used an addi
tional version of the capital stock series, based on the annual figures 

8WaidMexclusion tests should preferably be performed using the vector error-correction model, 
i.e., conditioning in cointegration after testing. Wrong inference is still possible but less likely in 

this case. 
9This is an important difference between our data set and the one used by Lan and Sin (1997a). 

Using private GNP may be critical in investigating a unity elasticity for the two models considered. 
With the government sector included, there is the potential to depart from unity capital elasticity, 
since fiscal variables may be used to do systematic counter-cyclical policies. This is exactly their 
finding. 
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provided by the Survey of Current Business. These data were inter
polated by the FED to yield quarterly observations in order to run 
the MPS model, and are available from 1958:1 through 1988:4. Fig
ure 1 displays the production function data. Notice that although 
all series show signs of non-stationarity, Yt -It and kt -It follow each 
other very closely in the sample period. 

5.2. Unit roots and cointegration. 

The first step is to test the data for unit roots, since it only makes 
sense to test for cointegration if they have a long run component. The 
Augmented Dickey-Fuller test was used including a time trend and a 
lag structure necessary to obtain white noise residuals.'o Results are 
presented in Table 1. At usual significance levels, we cannot reject 
the hypothesis that Yt, It, kt, gt, Yt - It, and gt - It contain one 
unit root. However, for Yt - kt, we do reject the presence of a unit 
root, regardless of the version of the capital stock series used. This 
result is promising, since it is an indication that Yt and kt, may be 
proportional in the long run. 

Cointegration tests were performed using two distinct data sets 
in forming the Vector Autoregression (VAR). The first uses the vari
ables in the aggregate production function in per hour terms, i.e., 
Yt - It and kt - It, and the second uses all three variables in the 
production function, i.e., Yt, It and kt. 

For the bi-variate VAR, the existence of a long run relationship 
requires Yt-lt and kt-lt, to cointegrate with the cointegrating vector 
given by (1, -I)'. The first step in applying Johansen's cointegration 
test is to determine the order of the VAR, and decide how to model its 
deterministic components. The lag-order search was accomplished 

lOWe started the lag search with 8 lags going down by one lag up to lag zero. The number of 
lags chosen corresponds to the first significant lag using the tstatistics. 
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Table 1 
Augmented Dickey-Fuller test 

Variable 

6% depreciationl 
8% depreciation r 10% depreciation) 
Survey Series) 
t 

Yt -It 

kt -It (6% depreciation l 
kt -It 8% depreciation 
kt -It(10% depreciation) 
kt -It Survey Series) 
Yt - kt r% depreciationl 
Yt - kt 8% depreciation 
Yt - kt 10% depreciation) 
Yt - kt Survey Series) 

r -I, 
Yt -It - 1/3 kt -It (6% depreciation) 
Yt -It - 1/3 kt -It (8% depreciation) 
y, -I, l- 1/3! k, -I, l (10% d"red,"'" 1 
Yt -It - 1/3 kt -It (Survey Series) 

Npfber 
o ags 

1 
5 
5 
5 
6 
5 
6 

5 
5 
5 
3 
1 
1 
1 
2 

0 
0 
2 
2 
2 
2 

t-ratio 

-2.4559 
-0.31829 
-0.47550 
-0.62713 
-1.9083 
-2.4153 
-0.9976 

-1.5688 
-1.4288 
-1.2816 
-1.4398 
-4.0232** 
-4.1077** 
-4.1792** 
-3.8211 * 

-0.4732 
-0.1846 
-2.8352 
-2.8905 
-2.9419 
-3.3600 

Notes: A constant, seasonal dummies, and a time trend are included in each 
regression. The lag length was chosen using the first significant t statistic of the 
highest possible lag, starting at lag 8. If a statistic is significant at 5%, it is 
labeled with (*), and if it is significant at 1% with (**). 

using the Schwarz criterium in conjunction with diagnostics tests." 
The VAR was estimated with a constant, seasonal dummies, and a 
linear trend term, since the data in levels, and Yt - kt, show signs of 

llThe first is helpful to decide on the trade·off between degrees of freedom and residual sum of 
squares, but has little information on whether the model paSses specification tests. 

52 Revista de Econometria 18 (1) Maio 1998 



Joao Victor Issler and Pedro Cavalcanti Ferreira 

containing a linear trend and possibly a quadratic term. The VAR 
order chosen for the different versions of the constructed kt -It, was 
three, but five lags is also a possibility. For the Survey of Current 
Business version of kt-lt, the lag order chosen is three. Cointegration 
tests were performed using these lag structures. There is overwhelm
ing evidence that there is one cointegration vector. Conditioned on 
the cointegrating rank being one, we tested the restriction that the 
VAR does not contain a time trend. For all cases this restriction is 
strongly rejected, supporting the initial guess that the VAR should 
be modelled with the trend present. 

For three lags, the results of cointegration tests reject that there 
are zero cointegrating vectors for all versions of the calculated kt -It 
as shown in Table 2. Moreover, the hypothesis that there is one coin
tegrating vector cannot be rejected for all cases at usual confidence 
levels. Estimates of the long run elasticity of capital per hour are all 
marginally higher than one. To test if they are equal to one, we used 
the likelihood ratio test proposed in Johansen (1991), conditioned 
on the cointegrating rank being one. The Results show that a unity 
coefficient cannot be rejected in all cases with very high confidence. 
For the Survey of Current Business version of kt - It, at three lags, 
we reject the null of zero cointegrating vectors with 95% confidence 
using the Amax statistic.l2 Moreover, we cannot reject that the coin
tegrating rank is one using the trace and the Amax statistic. Capital 
per hour long run elasticity is estimated to be 0.82. At usual con
fidence levels, conditioned on one cointegrating vector, we cannot 
reject that it is unity. 

12 With 90% confidence, both the Amax and the Trace statistic reject that the cointegrating 
rank is zero. 
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kt version 

6% 

Depreciation 

8% 

15.7** 

11.6* 

15.8** 

Depreciation 11.1** 

15.7** 
10% 

Depreciation 10.6** 

Survey 
Series 

13.4** 

Table 2 
Bi-Variate Cointegration Tests 

N° of 
lags in 

the VAR 

3 

5 

3 

5 

3 

5 

3 

Ho Ama>< Trace 

r = 0 17.86* 19.56* 
r � 1 1.698 1.698 

r = 0 17.34* 18.32* 
r � 1 0.979 0.979 

r = 0 18.64* 20.69* 
r � 1 1.452 1.452 

r = 0 16.24 17.35 
r � 1 1.109 1.109 

r = 0 19.63* 20.86* 
r � 1 1.231 1.231 

r = 0 18.51* 19.38* 
r � 1 1.868 1.868 

r = 0 16.95* 17.47 
r � 1 0.515 0.515 

Capital 
elasticity 

1.042 

1.119 

1.038 

1.136 

1.033 

1.101 

0.821 

P-Value 

0.7515 

0.3435 

0.7588 

0.3137 

0.7818 

0.3825 

0.5005 

Notes: Cointegration tests are based on Johansen (1988, 1991) method. Critical values 
are extracted from Osterwald-Lenum (1992), Table 2, which represents the case where 
the VAR and the Error Correction term have a constant, seasonal dummies and an 
unconstrained time trend. These deterministic components were chosen using the 
Trend X2 test above of the null hypothesis that the trend coefficient is zero in the 
system. The cointegration rank is denoted by T. Conditioned on T = 1, the P-Value 
presented above is associated with the test statistic of the following restriction on the 
cointegrating space: 

HOP=(% �
1
} 

If a test statistic is significant at 5%, it is labeled with (*), and it is significant at 1% 

with (**). 
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For five lags, we found very similar results for kt -It. One coin
tegrating vector is found for all but one version of capital per hour 
(8% depreciation) at 5% significance. However, at 10% significance, 
there is one cointegrating vector for all versions of the capital stock. 
Conditioned on rank one, we cannot reject a unity long run elasticity 
for kt -It. 

Thus, for the bi-variate VAR, there is overwhelming evidence 
that output per hour and capital per hour have a long run relation
ship with unity elasticity, conforming to the two models described 
above. This evidence is robust to variations of the capital series used 
or to variations in the lag length of the VAR. 

We now turn to the evidence of the tri-variate VAR using Yt, It 
and kt. Based on statistical tests in Table 3, we found again that 
all VAR's should include a constant term, seasonal dummies, and a 
time trend term. For the constructed version of kt , the preferred 
lag order is three, but four lags is also a possibility. For the Survey 
of Current Business version of kt , we choose a VAR of order two, 
but order three is also possible. 

Using the VAR with 3 lags, for the constructed kt, we found 
vast evidence that there is one cointegrating vector. In the long run 
relationship, point estimates for the capital coefficient are all around 
0.9, and those for hours are all near zero. We thus tested the joint 
hypothesis that the latter is zero and the former is one. For all three 
versions of kt we could not reject it, i.e., Yt -kt is stationary.l3 These 
results are robust to changes in the lag order, as can be seen for the 
results using four lags presented in Table 3. 

The analysis for the Survey of Current Business version of kt 
yields slightly different results, in which finding a long run unity 

13We also performed the test restricting the capital coefficient to unity and letting the hours 
coefficient free. Again, with high confidence, the null cannot be rejected. 
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Table 3 
Tri-Variate Cointegration Tests 

kt version Trend N° of Ho Amax Trace Capital P-Value 

X
2 lags in elasticity 

the VAR 

r=O 35.84* 43.82** 0.970 0.3668 
15.16** 3 r�l 7.62 7.98 

6% r<2 0.357 0.357 
Depreciation r=O 40.01** 47.54** 0.965 0.3726 

16.50** 4 r�l 7.06 7.53 
r<2 0.470 0.47 
r-O 35.22** 43.34** 0.930 0.3283 

15.26*' 3 r�l 7.68 8.12 
8% r<2 0.44 0.44 

Depreciation r-O 39.11** 46.85** 0.924 0.297 
15.62** 4 r�l 7.16 7.74 

r<2 0.60 0.60 
r=O 34.60** 42.98** 0.898 0.251 

15.62** 3 r�l 7.76 8.28 
10% r<2 0.52 0.52 

Depreciation r-O 38.34** 46.30** 0.893 0.1943 
17.02** 4 r�l 7.28 7.95 

r<2 0.68 0.68 
r=O 24.38 35.19* 0.848 0.5313 

10.02** 3 r�l 10.28 10.81 
Survey r<2 0.52 0.52 
Series r=O 28.56* 41.73** 0.717 0.052 

13.40** 2 r�l 12.57 13.18 
r�2 0.61 0.61 

Notes: Cointegration tests are based on Johansen (1988, 1991) method. Critical values are 
extracted from Osterwald-Lenum (1992), Table 2, which represents the case where the VAR 
and the Error Correction term have a constant, seasonal dummies and an unconstrained 
time trend. These deterministic components were chosen using the Trend X2 test above of 
the null hypothesis that the trend coefficient is zero in the system. The cointegration rank 
is denoted by T. Conditioned on r = I, the P-Value presented above is associated with the 
test statistic of the following restriction on the cointegrating space: 

HOP�O 
+} 

If a test statistic is significant at 5%, it is labeled with (*), and it is significant at 1% with 

(**). 
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elasticity depends on the lag length used. For three lags, condi
tioned on one cointegrating vector, we cannot reject unity elasticity. 
However, with two lags, we marginally reject it. The results of the 
Monte-Carlo exercise in Gonzalo (1994) suggest preferring the results 
with a higher lag order, since omitting the dynamics in cointegrating 
analysis may lead to inconsistent estimates of cointegrating vectors. 

Overall, the outcome of unit-root and cointegration tests confirm 
the adequacy of the two growth models discussed above. 

5.3. Is exogenous-growth TFP exogenous? 

For the exogenous growth model we impose a = � in construct
ing its Solow residual. This estimate is by far the most widely used 
for that purpose; see Cooley and Prescott (1995) and McGrattan 
(1994). The ADF integration test suggests that the Solow resid
ual is an integrated process of order one for the exogenous growth 
model under a = �. Next, we investigate the exogeneity of TFP 
by setting up a VAR including the exogenous-growth Solow resid
ual and (log) infrastructure expenditure per-hour gt - It. Plots of 
(Yt - It) - � (kt -It) and gt -It are shown in Figure 2. Exogeneity
test results are presented in Table 4. The lag length chosen is four 
and all VAR's include a constant, a time trend, and seasonal dum
mies. Cointegration tests reveal that TFP and infrastructure expen
ditures have a long-run relationship. At 10% significance and using 
the Trace test statistic, there is one cointegrating vector for all ver
sions of the capital stock used. At 5% there is one cointegrating 
vector for all capital stock series but the Survey series. Conditioning 
on the existence of one cointegrating vector, we reject the hypothesis 
that TFP is weakly exogenous for the parameters of interest in the 
conditional model using infrastructure expenditures. Note, however, 
that infrastructure expenditures are not Weakly Exogenous either 
for the parameters of interest in the conditional model using TFP. 
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Table 4 
Cointegration and Weak Exogeneity Tests for TFP of 

the Exogenous-Growth Model and Infrastructure Expenditures 

kt version 

6% Depreciation 
8% Depreciation 
10% Depreciation 
Survey Series 

Trace-test 
coint:;ration 

ra at 
5%J10%) 

sign· cance 

1 (1) 
1 (1) 
1 (1) 
o (1) 

Weak exogeneity Weak 
test for mfra- eX0f.enei� structure expo test or T P 

(P-Value) (P-Value) 

0.001 0.007 
0.001 0.006 
0.001 0.006 
0.016 0.026 

Notes: 1) Uses a VAR with four lags, a constant, a time trend, and seasonal dum
mies; 2) Weak Exogeneity tests conditioning on the existence of one cointegrating 
vector. 

5.4. TFP and infrastructure in endogenous and exogenous 

growth models. 

In this section, given our previous empirical results, it is natural 
to label (Yt - kt) as the Solow residual of the endogenous-growth 
model. As discussed above, for the exogenous-growth model we use 
a = � in constructing the Solow residual. 

For the endogenous growth model, Granger non-causality test 
results between TFP and 9t -It are presented in Table 5; see Figure 3 
for plots of the data. Since there is an imbalance between the order of 
integration of the Solow residual (which is J(O)) and 9t - It (which is 
J(I)), we use the former in levels and the infrastructure expenditures 
series in first differences. It is well known that causality-test results 
depend on the lag structure of the VAR. Thus, we present them for 
lag orders four, three, and two. At the 5% sig nificance level, in all 
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cases but one, there is no Granger-causality from TFP to gt-It.14 On 
the other hand, we find that gt -It Granger-causes TFP for almost 
every lag structure. 

Table 5 
Granger causality tests for TFP of the 

endogenous-growth model and infrastructure expenditures 

kt version TFP --t gt -It gt -It --t TFP Lags in 
VAR 

6% Depreciation 0.053 0.061 4 
0.472 0.025* 3 
0.413 0.045* 2 

8% Depreciation 0.055 0.075 4 
0.560 0.030* 3 
0.552 0.046* 2 

10% Depreciation 0.050* 0.091 4 
0.707 0.036* 3 
0.697 0.047* 2 

Survey Series 0.257 0.198 4 
0.849 0.081 3 
0.911 0.054 2 

Notes: Results presented are P-values testing the null of no Granger-causality. 
Tests were based on estimated bi-variate VAR's at different lag lengths. Variables 
in bi-variate VAR are: (y.-k.) and (9.-1.) ,  a constant, a time trend, and seasonal 
dummies. Since (y.-k.) is 1(0) and (9.-1.) and are 1(1), the former is used in 
levels and the latter in first differences. If a test statistic is significant at 5%, it 
is labeled with (*), and if it is significant at 1% with (**). 

14Notice that with a VAR of order 4, Granger-causality p-values are very close to 0.05, a feature 
that is not observed for VAR's of lower orders. This supports the hypothesis of a seasonal factor 
showing up in a causality test, since i t  only happened with the VAR of order 4, and quarterly 

data are used. 
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Time-Series Properties and Empirical Evidence of Growth and Infrastructure 

For the exogenous growth model, Granger non-causality test re
sults between TFP and 9t-It are presented in Table 6. Since both se
ries are I(l) , the distribution of the test statistics depend on whether 
or not the two series are cointegrated; see Toda and Phillips (1993). 
Thus, we chose to present test results for the case of no cointegra
tion and of one cointegrating vector, ruling out the case where both 
series are I (0). If there is one cointegrating vector, test results show 
that there is feedback for all accumulated capital series at 5% sig
nificance, i.e., Granger causality in both directions. For the Survey 
series there is weak evidence that TFP Granger-causes infrastructure 
expenditures: no-causality from infrastructure expenditures at 5% 
but causality at 10%. Thus, we conclude that 9t -It Granger-causes 
TFP and that the reverse is also true. If there is no cointegration 
test results are very different: there is no Granger causality in either 
way at 5%. At 10% there is weak evidence of causality from 9t - It 
to TFP. 

Putting all these results together, it is clear that we can state 
unequivocally that there is no evidence that TFP precedes infras
tructure expenditure and that it is not preceded by it. Moreover, 
there is some evidence that 9t -It Granger-causes TFP, not being 
Granger-caused by it. The evidence is strong for the endogenous 
growth model, but, for the exogenous growth model, these results 
depend on whether or not the two series are cointegrated. If we take 
into account cointegration-test results (see table 4, where one coin
tegration vector is found in most cases), there is weak evidence that 
9t -It precedes TFP (10% significance). However, as pointed-out by 
Toda and Phillips, these test results can be misleading. 
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Table 6 
Granger causality tests for TFP of the 

exogenous-growth model and infrastructure expenditures 

a) assuming one cointegrating vector 

kt version TFP --> 9t - It 9t - It --> TFP Lags in 
VAR levels 

6 % Depreciation 0.002** 0.018* 4 
0.002** 0.028* 3 
0.007** 0.029* 2 

8% Depreciation 0.002** 0.016* 4 
0.002** 0.025* 3 
0.007** 0.026* 2 

10% Depreciation 0.002** 0.014* 4 
0.002** 0.022* 3 
0.008** 0.023* 2 

Survey Series 0.021* 0.060 4 
0.017* 0.061 3 
0.031* 0.078 2 

b) assuming no cointegration 

kt version TFP --> 9t - It 9t - It --> TFP Lags in 
VAR levels 

6% Depreciation 0.179 0.085 4 
0.423 0.088 3 
0.958 0.164 2 

8% Depreciation 0.186 0.085 4 
0.426 0.089 3 
0.958 0.162 2 

10% Depreciation 0.172 0.084 4 
0.419 0.086 3 
0.919 0.142 2 

Survey Series 0.303 0.159 4 
0.523 0.158 3 
0.872 0.226 2 

Notes: Results presented are P-values testing the null of no Granger-causality, Tests 
were based on estimated bi-variate VAR's at different lag lengths. Variables 
in bi-variate VAR are: (Yt-lt)-!(kt-lt) and (9t-lt), a constant a time trend, and 
seasonal dummies. Since both variables are 1(1) they are used in levels. If a test 
statistic is significant at 5%, it is labeled with (*), and if it is significant at 1% 
with (**). 
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The next step in our empirical investigation is to calculate the 
infrastructure elasticity of Solow residuals for the two growth mod
els. Results are presented in Table 7. For the endogenous growth 
model, due to the imbalance in orders of integration between Yt - kt 
and 9t - It, usual statistical inference is invalid, but consistent esti
mates can still be obtained. Elasticities are calculated from the static 
(long run) solutions of the VAR in levels using different versions of 
Yt - kt and 9t - It· In all VAR's the lag length used is four. Our esti
mates are roughly between 0.19 and 0.27. For the exogenous growth 
model, long run solutions are calculated using (Yt - It) - i (kt - It) 
and 9t - It. Elasticity results are very similar to those of the en
dogenous growth model for all accumulated series. For the Survey 
series we obtained an odd negative elasticity. Since when the Survey 
series is used there is evidence that TFP and infrastructure do not 
cointegrate (see Table 4) it is hard to attach an economic inteqire
tation to this estimate. With that caveat, regardless of the growth 
model considered, infrastructure elasticity of TFP remains in the 
range 0.19-0.27. This is undoubtedly a sizable effect, although much 
smaller than the initial estimates reported in Aschauer(1989) (about 
0.50). 

The final step of our empirical investigation of TFP and infras
tructure expenditures is to perform diagnostic tests on the estimated 
linear models (Table 7). We use the RESET test for non-linearity 
(Ramsey (1969)), including initially a quadratic projection term, and 
then a quadratic and a cubic term jointly. The results are clear: for 
the endogenous growth model, there is almost no sign of misspec
ification of the estimated linear relationship. The exception being 
the regression run with the Survey series. For the exogenous growth 
model, using the 10% significance level, all models show signs of 
misspecification, although at the 5% level they do not. 
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Table 7 
Infrastructure expenditures elasticity and non-linearity tests 

kt version Endogenous Endogenous Exogenous Exogenous 
growth . growth growth growth 
fa)od�1 model: fa)od�1 model: 

e astlClty Reset test e astlClty Reset test 
(P-Values) (P-Values) 

6% Depreciation 0.266 0.89 (0.61) 0.211 0.08 (0.06) 

8% Depreciation 0.228 0.75 (0.46) 0.220 0.09 (0.07) 

10% Depreciation 0.201 0.48 (0.34) 0.226 0.09 (0.08) 

Survey Series 0.190 0.09 (0.19) -0.076 0.09 (0.13) 

Notes: Estimates are based on long run solutions estimated of bi-variate VAR's in lev

els, using lag length 4, a constant, and seasonal dummies. For the endogenous-growth 

model, variables in the bi-variate VAR are (Yt-kt) and (gt -It). For the exogenous

growth model, variables in the hi-variate VAR are (Yt -lt )-i ckt-lt) and (gt -lt}. 
The second and last column of the Table present the P-values of the Reset (Ramsey 

(1969» test for non-linearity for the endogenous and exogenous growth model respec

tively. The Reset test includes, for both models, up to the 2nd and up to the 3rd 

powers of the linear regression projection. 

For the endogenous growth model, these results confirm the ex
istence of a supply side role for government infrastructure expendi
tures. It indicates that an increase in public infrastructure affects 
productivity positively and thus the marginal returns to capital and 
labor. On average, if there are better roads, ports, communication 
systems, etc., the same flow of private capital and labor services is 
able to produce the same output faster or a higher output in the same 
amount of time. According to our results, a 10% increase in public 
infrastructure outlays boosts TFP in the long run by approximately 
2%. Since U.S. public expenditures in infrastructure decreased in 
the 1970's, only reverting this downward trend in the mid 1980's, 
this can partially . explain the observed productivity slowdown for 
this period. Although with different magnitudes, this result agrees 
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with Aschauer (1989) and Morrison and Schwartz (1992), who used 
a completely different methodology in investigating the role of public 
infrastructure. 

For the exogenous growth model the results are more subtle to 
interpret. On the one hand, it is hard to reconcile the data with 
an exogenous TFP. Granger-causality results, if anything, corrob
orate the initial evidence that the Solow residual is not exogenous 
(strongly exogenous in this case). On the other hand, infrastructure 
expenditure is not exogenous either, and there is only weak evidence 
that it Granger-causes TFP. Moreover, there is some evidence that 
the relationship between TFP and infrastructure investment is non
linear. 

6. Conclusions and Further Research. 

The basic goals of this paper were: (i) to discuss the time-series 
properties of growth models in a way that it would be useful for 
assessing their fit to the data. We focus on the class of endogenous 
and exogenous growth models (Romer (1986, 1987, and 1989) , and 
Solow (1957), Cass (1965) and Koopmans (1965) respectively) , and 
(ii) to investigate whether a broader class of models, including both 
of them, successfully conforms to U.S. post-war data. We use cointe
gration techniques to estimate and test long-run capital elasticities, 
exogeneity tests to investigate the exogeneity status of TFP, and 
Granger-causality tests to examine temporal precedence. Exogene
ity and causality tests are conducted with respect to infrastructure 
expenditures. 

The empirical evidence confirms the existence of a unity long-run 
capital elasticity, which validates both growth models. It is robust 
to using several measures of the capital stock and different specifi
cations for the estimated dynamic model. Based on the estimated 
unity long-run capital elasticity, we construct a new measure of the 
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Solow residual for the endogenous growth model. Regarding the ex
ogenous growth model, we construct its Solow residual using � as 
the capital share. The TFP of the exogenous growth model is not 
weakly-exogenous for the parameters of interest when we consider 
infrastructure investment. Causality tests show unequivocally that 
there is no evidence that TFP for both models precede infrastruc
ture expenditures not being preceded by it. On the contrary, we find 
some evidence that infrastructure investment precedes TFP, which is 
stronger for the endogenous growth model. This may be interpreted 
as a supply side role for public investments with respect to TFP. Our 
estimated impact of infrastructure on TFP lay roughly in the inter
val (0.19, 0.27) and is not very different across the class of growth 
models considered. Although these estimates show a sizable impact 
of infrastructure on TFP, they are considerably smaller than the ini
tial estimates in Aschauer (1989) (about 0.50), which were thought 
to be too large. F inally, if TFP can be regarded as the measure of 
our ignorance, this last result represents a reduction of it. 

Submitted in July of 1997. Revised in September of 1998. 

References 

Aschauer, D. 1989. "Is public expenditure productive?" Journal of 
Monetary Economics 23:177-200. 

Benhabib, J. & Jovanovic, B. 1991. "Externalities and growth ac
counting". American Economic Review 81:82-113. 

____ & Spiegel, M. M. 1994. "The role of human capital in 
economic development: evidence from aggregate cross-country 
data" . Journal of Monetary Economics 34:143-173. 

Bougheas, S. & Demetriades, P. O. 1997. "Infrastructure, speciali
sation and growth" . Working Paper: Straffordshire University. 

Revista de Econometria 18 (1) Maio 1998 67 



Time-Series Properties and Empirical Evidence of Growth and Infrastructure 

Cass, D. 1965. "Optimum growth in an aggregative model of capital 
accumulation". Review of Economic Studies 32:233-240. 

Cooley, T. & Prescott, E. 1995. "Economic growth and business 
cy lees". In Cooley, T. & Prescott, E. eds., Frontiers of Business 
Cycle Research. Princeton: Princeton University Press. 

Dickey, David A. & Fuller, Wayne A. 1979. "Distribution of the esti
mators for autoregressive time series with a unit root". Journal 
of the American Statistical Association 74(366) :427-431. 

--_ & _-- 1981. "Likelihood ratio statistics for 
autoregressive time series with a unit root". Econometrica 
49(4) :1057-1072. 

Easterly, W. & Rebelo, S. 1993. 
an empirical investigation". 
32:417-458. 

"Fiscal policy and economic growth: 
Journal of Monetary Economics 

Engle, R. F.; Hendry, D. F. & Richard, J. F. 1983. "Exogeneity". 
Econometrica 55:277-304. 

Ferreira, P. C. 1993. "Essays on public expenditure and economic 
growth". Unpublished PhD dissertation. University of Pennsyl
vama. 

Gonzalo, J. 1994. "Five alternative methods of estimating long run 
equilibrium relationships". Journal of Econometrics 60: 203-
233. 

Hendry, D. F. & Mizon, Grayham E. 1978. "Serial correlation as 
a convenient simplification, not a nuisance: a comment on a 
study of the demand for money by the Bank of England". The 
Economic Journal 88(351):549-563. 

Ho, M. S. & Sorensen, B. 1993. "Public capital and long-run pro
ductivity in the U.S. manufacturing". Working Paper: Brown 
University. 

68 Revista de Econometria 18 (1) Maio 1998 



Jo;;o Victor Issler and Pedro Cavalcanti Ferreira 

Holtz-Eakin, D. 1992. "Public sector capital and productivity puz
zle" . NBER Working Paper 4122. 

Hulten, C. & Schwab, R. 1992. "Public capital formation and 
the growth of regional manufacturing industries". National Tax 
Journal 45(4) :121-134. 

Johansen, S. 1988. "Statistical analysis of cointegration vectors". 
Journal of Economic Dynamics and Control 12:231-254. 

____ & Juselius, K. 1990. "Maximum likelihood estimation 
and inference on cointegration - with applications to the demand 
for money" . Oxford Bulletin of Economics and Statistics 52:169-
210. 

____ . 1991. "Estimation and hypothesis testing of cointegra
tion vectors in Gaussian vector autoregressive models" . Econo
metrica 59:1551-1580. 

____ .. 1995. Likelihood-Based Inference in Co integrated Vector 
Auto-regressive Models. Oxford: Oxford University Press. 

King, R. G.; Plosser, C. 1. & Rebelo, S. 1988. "Production, growth 
and business cycles II: new directions". Journal of Monetary 
Economics 21:309-341. 

____ ; Stock, J. H. & Watson, M. W. 1991. 
"Stochastic trends and economic fluctuations" . American Eco
nomic Review 81:819-840. 

Koopmans, T. 1965. On the Concept of Optimal Growth, the Econo
metric Approach to Development Planning. Chicago: Rand Mc
Nally. 

Lau, Sau-Him Paul & Sin, Chor-Yu. 1997a. "Observational equiv
alence and a stochastic cointegration test of the classical and 
Romer's increasing returns models" . Economic Modelling 14:39-
60. 

Revista de Econometria 18 (1) Maio 1998 69 



Time-Series Properties and Empirical Evidence of Growth and Infrastructure 

____ & ____ . 1997b. "Public infrastructure and eco-

nomic growth: time-series properties and evidence" . The Eco
nomic Record 73:125-135. 

Maddison, Angus. 1983. "A comparison of the levels of GDP per 

capita in developed and developing countries, 1700-1980" . Jour
nal of Economic History 43 (1) :27-42. 

McGrattan, E. 1994. "The macroeconomic effects of distortionary 

taxation" . Journal of Monetary Economics 33:573-60l. 

Morrison, C. J. & Schwartz, A. E. 1992. "State infrastructure and 

productive performance" . NBER Working Paper 398l. 

Munnell, A. H. 1990. "How does public infrastructure affect re

gional economic performance" . New England Economic Review 
Sept.:11-32. 

Nadiri, M. 1. & Manuneas, T. P. 1992. "The effects of public in
frastructure and R&D capital on the cost structure and perfor

mance of US manufacturing industries" . Working Paper: New 
York University. 

Neusser, Klaus. 1991. "Testing the long-run implications of the 

neoclassical growth model" . Journal of Monetary Economics 
27(1 ) :3-38. 

Osterwald-Lenum, M. 1992. "Quantiles of the asymptotic distribu

tion of the maximum likelihood cointegration rank test statis

tics" . Oxford Bulletin of Economics and Statistics 54:461-472. 

Ramsey, J. B. 1969. "Tests for specification errors in classical linear 

least squares regression analysis" . Journal of the Royal Statisti
cal Society B 31:350-371. 

Romer, P. 1986. "Increasing returns and long run growth" . Journal 
of Political Economy 94:1002-1037. 

70 Revista de Econometria 18 (1) Maio 1998 



Joao Victor Issler and Pedro Cavalcanti Ferreira 

1987. "Crazy explanations for the productivity slow

down" . NBER Macroeconomics Annual 1:163-201. 

____ . 1989. "Capital accumulation in the theory of long-run 

rowth" . In Barro, R. J. ed., Modern Business Cycle Theory. 
Cambridge: Harvard University Press. 

Sargent, T. J. 1987. Dynamic Macroeconomic Theory. Cambridge: 

Harvard University Press. 

Solow, R. 1957. "Technical change and the aggregate production 

function" . Review of Economic Studies 39:312-320. 

Summers, R. & Heston, Alan. 1991. "The Penn world tables: an ex

panded set of international comparisons, 1950-1988" . Quarterly 
Journal of Economics 106:327-368. 

Toda, Hiro Y. & Phillips, Peter C. B. 1993. "Vector autoregressions 

and causality" . Econometrica 61(6) :1367-1393. 

Young, Alwyn. 1995. "The tyranny of numbers: confronting the 

statistical realities of the East Asian growth experience" . Quar
terly Journal of Economics 110(3):641-680. 

Revista de Econometria 18 (1) Maio 1998 71 




