	
	


	
	



A
Overview of empirical literature
This appendix surveys the main empirical literature of the links between public infrastructure and communications infrastructure and productivity.
The literature on the effects of infrastructure on output and productivity was initially dominated by examination of public infrastructure. The following literature review therefore starts with public infrastructure before broadening out to examine communications infrastructure.

This appendix focuses on broad methodology and results, rather than details of econometric and data specifications. It is not intended to be exhaustive but rather to provide an overview of the main types of empirical analyses in this subject area. 

A.1
Public infrastructure

A stream of empirical literature on the effects of public infrastructure on productivity commenced in the 1990s. It was stimulated by the work of Aschauer (1989a), which attempted to explain the slowdown in US productivity growth during the 1970s in terms of the decline in public infrastructure investment.
 

Using a Cobb-Douglas production function with aggregate time series data, Aschauer estimated the (private sector) total factor productivity (TFP) elasticity with respect to public infrastructure for the aggregate US economy to be between 0.34 and 0.39. This implied a very large rate of return to public infrastructure (60–146 per cent per year), and was considered to be implausibly large by many researchers (see, for example, Munnell 1992; Gramlich 1994). 

This led to a number of similar studies (for example, Munnell 1990b, Garcia-Mila and McGuire 1992) that produced similar elasticity estimates at the aggregate level but smaller estimates at the state or region level
 — in the range 0.04 to 0.20 according to Paul (2003). The large variation in estimates led to questions about the Aschauer approach, including the appropriateness of the restrictive approach based on a Cobb-Douglas production function. 

There were two responses to these criticisms in subsequent empirical work. One stream of work introduced more flexible function forms, such as translog functions, into the production function approach. An alternative stream of research was based on flexible cost functions. The estimates of studies from both these approaches tended to be smaller, although some studies found no significant relationship. 
There remain two competing lines of research into the contribution of public infrastructure to economic growth — the production function approach and the cost function approach. The details of these approaches are outlined in turn.

Production function approach

The production function approach assumes that public infrastructure capital is one of the direct inputs to production and regresses time series data of productivity on the usual input variables plus the stock of public infrastructure. The production function
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where Y is private sector output; Ã is the level of total factor productivity; A is total factor productivity purged of the influence of the public infrastructure capital stock; L is the quantity of labour input; K is the stock of private capital; and G is the stock of public infrastructure capital. 

Initially, the commonly–used specification was the Cobb-Douglas production function. 
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The estimated equation was typically
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where γ is the elasticity of output with respect to public infrastructure capital.

Most studies do not directly estimate the relationship between infrastructure and productivity but instead use the elasticity of output with respect to public infrastructure to represent the effect. However, a few studies are more explicit. For example, Aschauer (1989a) and Otto and Voss (1994a) derive an equation for private sector productivity.
 They have two alternative specifications depending on the assumptions about returns to scale:

1. Restricted increasing returns to scale, where returns are increasing over all inputs but constant over private inputs. In log terms the expression for private productivity is


p ≡ a + γ g
where γ is the output elasticity with respect to public infrastructure and assuming private inputs are paid their marginal factor productivity.
2. Constant returns to scale, where returns are constant across all inputs. In log terms the expression for private productivity becomes
p = a + γ (g–sll–skk) where si is input i’s share of total output. 
There are a number of criticisms of the production function approach. The use of the Cobb-Douglas production function in particular raises questions about returns to scale in such estimations. Hakfoort (1996, pp. 63–5) notes 

The usual questions about the returns to scale over all three factors and the influence of the public capital stock on factor demands are interesting when interpreting the empirical results. …The restrictions of the functional form are apparent from the fact that the substitution–elasticities between the various inputs are constant and equal to unity. This implies that any additional investment raises by assumption the average and marginal productivity of the other inputs. The possibility that public and private capital stock are complementary is not allowed for in this setting. 

Gramlich (1994, p. 1185) notes that 

Because government capital is not paid for its services, interpretation of the production elasticities, a ,b, and c [where a=α, b=β and c=γ], is tricky. If one assumes that private capital and labor are paid their marginal products and finds a to be positive, a + b = 1 and a + b + c > 1, so that returns to scale are increasing. If one assumes returns to scale are constant and finds c to be positive, a + b + c = 1 and a + b < 1, so that labor and capital are paid more than their marginal products.
More general criticisms of the production function approach, particularly as applied in early studies, such as Aschauer (1989a), include the following. 
· The estimated elasticities imply implausibly large returns on public capital, exceeding the returns on private capital by several times. However, as noted above, disaggregated data and different functional forms do reduce the size of the estimates.

· The estimates may not reflect a causal relationship but may represent spurious correlation, with productivity and public infrastructure moving together due to other forces.

· Reverse causation may be present between public infrastructure capital and productivity. The estimates may represent the effect of productivity on infrastructure capital rather than the reverse.

· The effects of omitted variables may be attributed to public capital.

Aschauer (1992) provides a fuller discussion of the criticisms of this approach and econometric techniques that may address these criticisms. 
Results

The literature largely focused on the US economy initially. However, from the mid-1990s studies of a number of countries, including Australia, were undertaken. Because studies differ in their definition of infrastructure, industry coverage, geographic coverage, modelling methodology and econometric techniques, comparisons of results are problematic. However, there are a small number of papers that examine multiple OECD countries and allow international comparisons (for example, Ford and Poret 1991, Demetriades and Mamuneas 2000, Pereira 2001).

Table A.1 presents the estimates for the output or productivity elasticity of public capital in the main production function studies for countries other than Australia and table A.2 reports on studies of, or including, Australia. Across the full range of studies, the estimates range from below zero to more than one. For Australia, the estimates range from 0.02 to 0.4 The wide range may be, in part, the result of differences in the study methodology. This wide range of estimates, however, is one of the reasons for the criticisms of this approach.
 

The literature on this topic is voluminous and the coverage in this paper is not exhaustive. Additional details can be found in survey articles that focus of particular subsets of the literature. Romp and de Haan (2005) provides a summary of focused on recent studies (1997-2004), mainly regional and cross-country studies. They report a range of elasticities from 0.05 to 0.65. However, the estimates tend to be concentrated at the lower end of this range and the authors note that the elasticities reported in recent studies are substantially less than suggested in earlier studies. Sturm et al. (1996) also provides a summary that includes additional US state studies and studies of other countries (prior to 1997) and report a range of elasticities of -0.11 to 0.73.

Table A.1
Results of main production function studies including infrastructure, other countries

	

Author
	Specification of functional form (method)
	

Data
	

Elasticitya
	

Comments

	Aschauer (1989a)
	Cobb-Douglas production function and TFP regressions
	time series 1949‑85, US private business economy
	0.36 to 0.39 (output)
0.34 to 0.39 (TFP) 
(0.24 for core infrastructure)
	CRS in all inputs (incl. public capital)c

	Aschauer (1989b)
	Labour productivity regressions
	time series 1967‑85, G7 countries
	0.34 to 0.73 (LP with respect to ratio of public investment to GDP)
	

	Eberts (1988)
	Translog production function
	cross-section, manufacturing, 1958‑78, 38 US metropolitan areas
	0.04 
	CRSc, public and private capital are substitutes, public capital and labour complements

	Munnell (1990a)
	Cobb-Douglas production function (reproduces Aschauer)
	time series 1948‑87, US private non-farm sector
	0.34 to 0.41
	CRS in all inputsc

	Munnell (1990b)
	Cobb-Douglas production function
	cross-section of 48 US states, time series 1970‑86 
	0.15
	Increasing returns to scale

	Munnell (1991)
	Cobb-Douglas production function
	cross-section, average, 1970‑86; US states by level of eco. development (12 high, 26 mid, 10 low)
	0.14
0.11
0.22 

	Increasing returns to scale 

	Tatom (1991)
	Cobb-Douglas production function including energy price, with first differences
	time series 1974‑87, US business sector
	0.146 
insignificant
	CRSc

	Ford and Poret (1991)
	TFP regressions based on Cobb-Douglas production function
	time series and country cross-section, US and 11 OECD countries (various periods 1957-88)
	-0.55 to 1.11 (TFP) narrow infrastructure 
-0.77 to 1.39 (TFP) broad infrastructure 
(insignificant for half of countries) 
	mixed support of Aschauer results

	Hulten and Schwab (1991)
	TFP regressions
	cross-section, time series, US regional study of snow-sun belt, 1970‑86, gross output value added
	public capital insignificant in all regressions
	


(continued on next page)

Table A.1
(continued)
	

Author
	Specification of functional form (method)
	

Data
	

Elasticitya
	

Comments

	Garcia-Mila and McGuire (1992)
	Cobb-Douglas production function
	cross-section, time series, 14 annual observations of 48 US states; gross state production, capital expenditures on education and highways
	highways: 0.045‑0.044 education: 0.16‑0.072 
	Cannot reject increasing returns to scale

	Canning, Fay and Perotti (1994)
	Output growth
	panel, 1960-85, 
98 countries (cross-section and panel analysis)
	numerous results;
telephones and electricity significant; roads and railways unclear because of statistical problems 
	physical infrastructure measures; relationship between infrastructure level and output growth

	Holtz-Eakin (1994)
	State production functions using various methods including instrumental variables
	panel, 1969-86, 
48 US states
	-0.1 to 0.02 but insignificant in most cases 
	Account for state-specific effects

	Garcia-Mila, et al. (1996)
	Cobb-Douglas production function
	cross-section, time series, 1970-83, 48 US states
	highways: -0.058 water & sewers: 
-0.029
other public capital: 
-0.022
(all insignificant) 
	Preferred specification of first differences with fixed state effects

	Wylie (1996)
	Cobb-Douglas and translog production functions
	time series 1946-91, Canadian goods sector
	For Cobb-Douglas, 0.407-0.436 (labour productivity)

For translog production function, MP of infrastructure 0.248 
	For translog function, infrastructure measured as complementary to both labour and private capital

	Lau and Sin (1997)
	Multivariate stochastic co-integration method
	1925-89, US
	0.11 (output)
	

	Vijverberg et al. (1997)
	Cobb-Douglas & semi-translog production function
	time series 1976-85, US
	labour productivity elasticity
-4.03 to 2.84 depending on model and type of infrastructure 
	wide range of models with different assumptions and infrastructure definitions
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Table A.1
(continued)
	

Author
	Specification of functional form (method)
	

Data
	

Elasticitya
	

Comments

	Charlot and Schmitt (1999)
	Cobb-Douglas and translog production functions
	Panel, 22 French regions, 1982-93
	Cobb-Douglas CRS 0.07 to 0.32; Cobb-Douglas IRS 0.16 to 0.32
Translog OLS -0.25 to -0.64; Translog fixed effect 0.12 to 0.51
	Fixed effects model preferred

	Fernald (1999)
	Translog production function
	time series 1953-89, US agg and industry groups. Focus on roads infrastructure
	0.35 to 0.38 for agg
(elasticity not reported for industry groups)
	Includes congestion (road services as a road use and road stock)

	Pereira and Flores de Frutos (1999)
	Vector auto-regressive framework
	time series 1956-89, US private output
	0.63 (long run)
	Includes dynamic feedbacks

	Canning and Bennathan (2000)
	Variant of translog production function
	Panel 1960-90 for 62 countries.
Physical measures of infrastructure (length roads, Kw electricity generation capacity);
Output 
	0.09 (roads)
0.09 (electricity)
	CRS imposed. Compl. with other types of capital

	Pereira (2000)
	Vector auto-regressive framework
	time series 1956-97, US private output, public investment not stock of infrastructure 
	Long term (output)d
0.006 roads
0.021 (electricity & gas, other transport)
0.009 (water & sewerage)
0.04 (aggregate) 
	Includes dynamic feedbacks

	Wang (2002)
	Dynamic 2 sector model
	time series 1979-98, for 7 East-Asian countries, private production
	0.2-1.5 (long run)
	some evidence of reverse causation


a Elasticity refers to the percentage increase in some variable (output unless specified) that will arise from a 1 per cent increase in the level of infrastructure capital. For example, Aschauer estimates that a 1 per cent increase infrastructure leads to an increase of 0.36 to 0.39 percent in aggregate private sector output. Estimates are ‘significant’ (in a statistical sense, significantly different from zero) unless otherwise stated. c CRS is constant returns to scale. d Total percentage point change in output for each long-term accumulated percentage point change in public investment once all dynamic feedback effects among different variables are considered. 
Source: Updated from Gillen (2001). 
Table A.2
Results of main production function studies including infrastructure, Australia

	

Author
	Specification of functional form (methodology)
	
Infrastructure variable/
Dependent variable
	

Data
	

Elasticity

	Australian single-country studies
	
	

	Otto and Voss (1992, 1994a)
	Cobb-Douglas
	public capital (gross capital stock of general govt non–dwelling construction & equipment)a
private output/productivityd
	time series 1966-67 to 1989-90
	Aggregate: 
0.38 to 0.45 (productivity) 
Sectoral: 
-0.14 to 1.55 for CRS; -0.24 to 2.04 for RIRS (productivity)bg 

	Otto and Voss (1993)
	Cobb-Douglas
	road infrastructure  (investment)
private output/productivityd
	time series 1966-67 to 1991-92
	Aggregate: 
0.27 

	IC (1995)
	Cobb-Douglas (included range of control variables)
	public capital (general government stock of net public capital non-dwelling construction & equipment)
MFP
	1976-77 to 1990-91
	Sectoral:
0.16-0.28

	Otto and Voss (1996)
	Cobb-Douglas
(co-integration analysis)
	public capital (as above plus public enterprises) 
private outputh 
	quarterly time series 1959:3
to 1992:2
	LR 0.17 (output)
CRS across all 3 inputs

	Otto and Voss (1998)
	Cobb-Douglas; CES
(co-integration analysis; instrumental variables)
	public capital (as for Otto and Voss 1994a) 
private outputh
	time series 1959:3 to 1992:2
	0.06–0.07c (output)

	Madden and Savage (1998)
	ECM model (co-integration analysis)
	ITT capital (telephones)
labour productivity
	time series 1950 to 1994
	LR 0.183; SR 0.264 (labour productivity)

	Chand et al. (1998)
	Neoclassical growth model
	net general government capital stock
growth in MFP
	Mfg industries time series 1968-69 to 1994-95 and panel
	FBT -0.75 and TCF 0.84; manufacturing panel -0.26 (insignif)

	Kam (2001)
	ECM model (stochastic growth model)
	net public capital stock (plant&equip + railways of general government and public enterprises)
labour productivity
	time series 1931 to 1991
	LR 0.10 (output) 
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Table A.2
(continued)
	

Author
	Specification of functional form (methodology)
	
Infrastructure variable/
Dependent variable
	

Data
	

Elasticity

	Song (2002)
	CES
	public capital 
(capital stock of general govt) 
plus a congestion term
private output
	quarterly time series 1976:1 to 2001:2
	0.27–0.38e (output)

CRS imposed over 3 inputs.

	Connolly and Fox (2006)
	Cobb-Douglas
	general government net capital stock;
private output/mfp
	time series
1966 to 2002
Industry sectors Mfg, WART, Mining, Ag.
	Mfg 0.15 (mfp)
WART 0.71 (mfp)
Not significant for other industries.

CRS across all inputs imposed.

	Shanks and Zheng (2006)
	Cobb-Douglas (included range of control variables)
	Capital services index for public infrastructure assets
MFP
	1974-75 to 2002-03
	Market sector: 0.23
Sectors: 0.5 to 1.07

	Multiple-country studies that include Australia
	
	


	Ford and Poret (1991)
	TFP regressions based on Cobb-Douglas (log differences)
	narrow infrastructure (capital stock of producers of govt services); 
broad infrastructure (narrow + equip&structures in EGW + structures in T&C)
TFP
	time series 1967 to 1987, 11 OECD incl Aust
	Australia:
narrow 0.18–0.27 (insignificant);
 broad 0.22–0.37 (insignificant);
(TFP)

	Pereira (2001)
	VAR/ECM models
	broad public capital (public investment in capital stock of producers of govt services, infrastructure in transport & comms and equipment & structures in EGW);
private output
	1965 to 1990, 12 OECD incl Austd
	Australia: elasticities with respect to public investment
0.017 (LR output); 0.097 (LR labour productivity growth)

Public investment substitute for both private investment and labour.

	Milbourne, Otto and Voss (2001)
	Cobb-Douglas (CRS) within a Mankiw, Romer and Weil structural model of economic growth 
	govt capital investment (aggregate and disaggregated into 6 sectors)
output per capita
	cross section, 74 countries incl Aust; 1960 to 1985
	0.19–0.24 (output with respect to public investment) for transition model, depending on set of countries. Insignificant in other models.
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Table A.2
(continued)
	

Author
	Specification of functional form (methodology)
	
Infrastructure variable/
Dependent variable
	

Data
	

Elasticity

	Kamps (2006)
	Cobb-Douglas (first differences)
	General government net capital stock (adjusted for international comparability;
output
	1960 to
2001,
22 indiv. countries and panel
	Australia: 0.27 (insignif)
OECD panel av.: 0.223 (signif).

	Khan and Luintel (2006)

	MFP regressions (range of methods incl static OLS and IV; AR OLS and IV; GMM single equation and system)
	Stock of public physical capital
MFP
(R&D focus and includes a number of control variables)
	Panel 16 OECD countries, 1980 to 2002 
	Australia: 0.008 (GMM system) but insignificant.
Other countries: +ive effect on 7 and –ive effect on 8 other countries.

Panel: -0.01 for AR; 
-0.1 for static; insignif on own for GMM but effect in interaction terms with domestic R&D is +ive and with high tech import share is –ive

	Colletaz and Hurlin (2006)
	Cobb-Douglas
(panel smooth threshold regression)
	Public net capital stock (general government sector) (from Kamps 2004)
capital productivity
	Panel 21 OECD countries, 1965 to 2001
	Australia: 0.136 (CRS); 0.267 (RIRS).


a Results at aggregate level for alternative measure of public capital (general government plus government trading enterprises) not reported, except to state that they did not change basic finding of positive relationship between public capital and productivity. b RIRS is restricted increasing returns to scale (constant over all inputs but increasing for public capital) was preferred specification. c Lower than 1996 because different method (that is, hypothesis of efficient capital provision acts as a restriction on parameter estimation). d Private output. Otto and Voss define this as consisting of those industries in which production is predominantly performed by private enterprises (Agriculture, Manufacturing, Mining, Wholesale & retail trade, Recreation & Personal services) e Private output with respect to public capital 0.27 (ABS data) to 0.386 (TRYM data). Private output with respect to public capital output ratio 0.4–0.6. g -0.24 to 2.04 for RIRS, -0.26 to 1.55 for CRS (elasticity with respect to public/private capital ratio) but ranking of industries not the same between RIRS and CRS specifications. h Uses a different definition of private output and different capital stock estimates to Otto and Voss (1994a). Data is separated by institutional sector as collected by ABS (ie public and private) rather than mainly private industries being selected are the private sector. 
Table A.3 provides further details from Australian industry productivity regressions.
Table A.3
Results for public infrastructure variables in Australian industry productivity regressions

Public infrastructure elasticity

	Author
	AG
	MIN
	MAN
	CON
	WRT
	TSC
	RPS
	AGG

	Otto and Voss (1994a)abl — 
1966-67 to 1989-90; dep. variable =In(KP)m
	
	
	
	
	
	
	
	

	· CRS
	1.30
	1.55
	0.15
	-0.26
	-0.15
	0.15
	-0.14
	0.45

	· RIRS
	0.41
	2.04
	0.27
	0.43
	0.24
	-0.24
	0.29
	0.38

	IC (1995)d — 
1976-77 to 1990-91; dep. variable =In(MFP)
	0.28j
	e
	0.27
	
	0.16
	
	
	

	Chand et al. (1998)d — 
1968-69 to 1994-95; 
dep. variable =[image: image6.wmf]D

In(MFP)
	
	
	(FBT) -0.75
(TCF)  0.84
(panelk) -0.26
	
	
	
	
	

	Mahadevan (2002)o — 
1968-69 to 1994-95; 
dep. variable =TFP growth 
	
	
	2 digit p
 0.18-0.31
	
	
	
	
	

	Paul (2003)abn — 
1967-68 to 1995-96; dep. variable =In(cost) 
(output-side equivalent reported here)
	
	
	
	
	
	
	
	

	· translog, with usage adjustmentc
	0.94
	1.27
	0.68
	0.82
	1.15
	1.23
	0.99
	1.19

	· translog, without usage adjustment
	1.72
	1.79
	1.39
	2.05
	2.85
	3.50
	0.09
	1.60

	· Cobb-Douglas, with usage adjustment
	
	
	
	
	
	
	
	0.47
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Table A.3
(continued)
	Author
	AG
	MIN
	MAN
	CON
	WRT
	TSC
	RPS
	AGG

	Connolly and Fox (2006)dg — 
1966 to 2002; dep. variable =In(MFP)
	e
	e
	0.15
	
	0.71
	
	
	

	Shanks and Zheng (2006)fgh — 
1974-75 to 2002-03; dep. var. =In(MFP)
	1.03i
	1.07
	0.50
	
	0.86
	
	
	0.23


AG=Agriculture, forestry & fishing; MIN=Mining; MAN=Manufacturing; CON=Construction; WRT=Wholesale & retail trade; TSC=Transport, storage & communication; RPS=Recreation and personal services. FBT=Food, beverages & tobacco; TCF=Textiles, clothing, footwear & leather. a(Public infrastructure is gross general government capital stock (non-dwelling construction and equipment). b AGG is the ‘private sector’ made up of AG, Min, Man, WRT and RPS. c Adjusted by industry share of output. d Public infrastructure is net general government capital stock. e Not reported because insignificant. f Core public infrastructure is capital services index of general government infrastructure allocated to the market sector by the ABS, adjusted by industry value-added share. g AGG is the market sector. h Specifications preferred by authors from an R&D perspective. i (log (MFP) is dependent variable. j Broadacre agriculture only. k Not significant. Other 2 digit industries also not significant but ranged from -0.96 to 0.73. l The authors note that these estimates at the industry level are generally poor. They note that this may be due, in part, to the public capital variable not being tailored to each industry and structural changes making the Cobb-Douglas specification inappropriate. m Results are for capital productivity — MFP results were discussed in paper but not presented. n Output-side results are significantly higher than cost-saving estimates in sectors with scale economies — AG, MIN, WRT (1980-81 to 1995-96) and TSC (1990-91 to 1995-96). Constant returns to scale found for MAN, CON, RPS and at aggregate level. o Stochastic frontier model. p None of the coefficients were significant. 
Cost function approach

The cost function approach measures the productivity effects of public infrastructure in terms of cost savings. A cost function with a flexible functional form, in which public infrastructure is included as a fixed unpaid factor of production (or a fixed external input), is estimated. This approach is less restrictive in terms of the technology and allows input prices a role in the decision making process of the firm. 

The cost function incorporating public infrastructure is
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and Q is output; P is a vector of prices of private inputs; t is a time trend representing technology; G is public infrastructure services; X is a vector of quantities of inputs.

For empirical implementation, a flexible functional form, generally a translog function or a generalised Leontief function, is used. According to Paul (2003), from this function two productivity effects can be derived:
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a cost side productivity effect of public capital or the shadow price of public capital; and

[image: image9.wmf]G

Q

ln

/

ln

¶

¶

 
an output side productivity effect of public capital.

The relationship between these two effects is
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Paul (2003, pp. 448–9) notes

Both the measures are equivalent only under constant returns to scale and instantaneous adjustment when they are evaluated at the same point. Under non–constant returns to scale, the output side (primal) measure of productivity effects can be obtained from the cost function approach. But it is not always possible to obtain accurate values of the cost side measure from the production function approach.

Hakfoort (1996, p. 68) notes that an increase in public capital is always cost saving (has a negative shadow price) if labour and private capital are both substitutes of public capital. If one factor is complementary to the public capital the effect depends on whether the substitutive effects outweigh the complementary effect. He finds that most studies that use a flexible functional form find that private and public capital are complementary rather than substitutable (p. 71). However, Nadiri and Mamuneas (1996) suggests the literature generally shows that public infrastructure is a substitute for labour, while the effect on private capital, and therefore total private inputs, is unclear. 
Results

Table A.4 gives the reported estimates for the cost elasticity of public capital in the main cost function studies for countries other than Australia, and table A.5 reports studies of, or including, Australia.
 Across the full range of studies, the estimates range from 0 to -1.09 (for the aggregate economy). For Australia, few cost studies were found and only one explicitly reported the cost elasticity of public capital (‑1.09 aggregate; -0.48 to -1.27 sectoral). In most cases the equivalent output elasticities are not reported so direct comparisons with the results from production function studies are not possible. Nadiri (1993) notes that even the direct magnitude of productivity effect in terms of elasticity of cost with respect to public infrastructure is unfortunately not reported in many studies.
Again, Romp and de Haan (2005) provides a summary of recent cost function studies, particularly regional studies, but for most no elasticity is reported. They also review VAR/VECM studies, which do not impose causal links among the variables under investigation, and generally find positive output effects of public capital.

Table A.4
Results of main cost function studies, other countries

	
	


Description
	
	Direct Effect
(cost elasticity with respect to public capital)
	
	

Indirect Effect 
(input demand elasticities with respect to public capital)

	
Author
	Geographic Unit of Analysis
	Cost-Function Specification
	Definition of Public Capital
	
	
Cost Changes
	
	
Labour
	
Capital

	Deno (1988)
	USA: 36 SMSA manufacturing industriesa, 
1970-78, pooled
	profit truncated translog
	highway, water, & sewer; adjusted by the % population employed by sector
	
	profit increase elasticity =
0.08 to 0.5
	
	gross complements; elasticity =
0.1 to 0.4
	gross complements; elasticity =
0.11 to 0.4

	Keeler and Ying (1988)
	USA trucking industry, 1960-88 regional, pooled
	cost translog
	highway stock 
	
	cost savings
	
	not reported
	not reported

	Berndt and Hansson (1991)
	Sweden: private sector, 
1960-88
	labour-input requirement fn (generalised Leontief cost fn)
	core public capital
	
	cost savings 
	
	short-run complements
	not reported

	Morrison and Schwartz (1991)
	USA: manufacturing by state, 1971‑87, pooled by region; state-specific effects
	variable cost, generalized, Leontief P=MC, b,c
	core
	
	cost savings elasticity = 
-0.10 to -0.27
	
	not reported
	not reported

	Nadiri and Mamuneas (1991)
	USA: manufacturing, 12 2-digit industries, 1995‑86 pooled industry-specific effects
	cost translog CRS for private inputsc
	total stock adjusted with capacity utilization rate
Also includes public R&D capital
	
	cost savings elasticity = 
0 to -0.21
	
	substitutes; 
elasticity = 
-0 to -1.4
	substitutes; elasticity = 
-0.02 to-1.4
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Table A.4
(continued)
	
	


Description
	
	Direct Effect
(cost elasticity with respect to public capital)
	
	

Indirect Effect 
(input demand elasticities with respect to public capital)

	
Author
	Geographic Unit of Analysis
	Cost-Function Specification
	Definition of Public Capital
	
	
Cost Changes
	
	
Labour
	
Capital


	Lynde and Richmond (1992)
	USA: non-financial corporate business sector, 1958‑89 times series
	cost translog
 P = MC, and CRSb,c
	total federal and state
	
	cost savings
	
	substitutes; 
elasticity = 
-0.45 to -0.49
	complements; elasticity = 0.71 to 0.90

	Shah (1992)
	Mexico: manufacturing sector, 26 3‑digit industries pooled
	variable cost translog
	total adjusted by industries’ 
output %
	
	cost saving
	
	complements; elasticity = 
0.006
	substitutes; elasticity = 
-0.002

	Seitz (1993)
	West Germany: 31 2-digit industries 1970‑89, pooled industry-specific effects
	cost generalized Leontief
	public roads, length of motorway system
	
	cost saving
	
	substitutes; 
elasticity = -0.0004
	complements; elasticity = 
0.03 to 0.04

	Lynde and Richmond (1993)
	UK: manufacturing sector, 
1966: Q1-1992: Q2 value-added
	cost translog 
	total
	
	cost savings 
	
	not reported
	substitutes


	Conrad and Seitz (1994)
	West Germany: manufacturing, construction, trade and transport, 1961-88 time series
	cost translog and MR=MCb
	total, adjusted with capacity utilization rate
	
	cost savings
	
	substitutes
	complements


(continued on next page)

Table A.4
(continued)
	
	


Description
	
	Direct Effect
(cost elasticity with respect to public capital)
	
	

Indirect Effect 
(input demand elasticities with respect to public capital)

	
Author
	Geographic Unit of Analysis
	Cost-Function Specification
	Definition of Public Capital
	
	
Cost Changes
	
	
Labour
	
Capital

	Seitz (1994)
	West Germany: 31 2-digit industries 1970‑89, pooled industry-specific effects
	cost generalized Leontief
	total core
	
	cost saving
	
	substitutes; 
elasticity = 
-0.15 to -0.13
	complements; elasticity = 
0.34 to 0.86

	Nadiri and Mamuneas (1996)
	US: 35 2 digit industries 1950 to 1989; pooled cross-section
	Normalised symmetric MacFadden functional form
	highway capital stock
	
	agg: -0.04 (cost)
(0.04 to 0.06 output)
	
	substitute
	complement

	Khanam (1996)
	Canada: 1961-94, aggregate and provincial-level data
	translog
	total core and highway
	
	cost savings
	
	substitutes 
	complements

	Vijverberg et al. (1997)
	US 1976‑85
	translog cost, translog profit
	net stock (non-military) equipment and structures (all levels government)
	
	Contribution of change in net stock to change in labour productivity (%pts)
0.05 to 1.07 cost fn
-0.23 to 1.19 profit fn
(depending on definition of infra. and model specification)
	
	not reported
	not reported
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Table A.4
(continued)
	
	


Description
	
	Direct Effect
(cost elasticity with respect to public capital)
	
	

Indirect Effect 
(input demand elasticities with respect to public capital)

	
Author
	Geographic Unit of Analysis
	Cost-Function Specification
	Definition of Public Capital
	
	
Cost Changes
	
	
Labour
	
Capital


	Gillen (1998)
	Canada: 1961-96, aggregate and provincial-level data
	log-linear and translog
	total core and highway
	
	cost savings
	
	substitutes; 
elasticity = 
-0.16
	complements, substitutes; 
elasticity = 
-0.17

	Nadiri and Mamuneas (1998)
	US: 35 2 digit industries 1950 to 1991; pooled cross-section
	translog cost
	highway capital stock; other infrastructure capital
	
	agg: -0.08 (cost)
(0.08 output)
	
	substitute
	complement

	Sturm (2001) 
	Netherlands 1952‑93
	modified; symmetric generalised Mcfadden cost function
	net stock of public grounds, roads & waterways (used PIM)
	
	-0.308 
	
	substitutes; 
elasticity = -0.243 (but not consistent over time)
	substitutes; elasticity = -0.526


a SMSA = standard metropolitan statistical area. b MR = marginal return; MC = marginal cost. c P = prices; CRS = constant returns to scale.

Source: Updated from Gillen (2001).
Table A.5
Results of main cost function studies including infrastructure, Australia

	
	
Description
	
	Direct Effect
(cost elasticity wrt public capital)
	
	Indirect Effect 
(input demand elasticities wrt public capital)

	
Author
	
Coverage
	Function Specification
	Definition of Public Capital
	
	
Cost Changes
	
	
Labour
	
Capital

	Individual country studies
	
	
	
	
	
	
	

	Song (2002)
	1968–2001; Aust., aggregate
	translog cost shares 
	public capital 
(capital stock of general govt sector)
	
	-0.413 to -0.367b
	
	-0.78 to -0.98 (substitute)a
	0.36 to 0.84 (complement)a

	Paul (2003) 
	1969–96; Aust., aggregatec, sectoral
	translog cost 
	aggregate general govt capital stock; 

sectoral stock estimate 
(adjusted for usage)
	
	aggregate: 
cost -1.09 
(output 1.18) 
sectoral: 
cost -0.48 to -1.27
(output 0.67 to 1.27)
	
	aggregate:
-1.4 (substitute)

sectoral:
-0.56 to -1.74 (substitute)
	aggregate:
-0.5 (substitute)

sectoral:
-1.22 to 0.83
(substitute/ complement)

	Multiple country studies
	
	
	
	
	
	
	

	Demetriades & Mamuneas (2000)
	1972–91; 12 OECD countries including Aust.; aggregate (panel estimation)
	flexible profit
	public capital 
(stock of producers of govt services)
	
	Australia:
(output 1.80 SR; 1.78 LR)
	
	Australia:
2.00 SR; 1.96 LR
(complement)
	Australia:
0.03 SR; 0.41 LR
(complement)


a Restricted estimates of the cost function model (imposing price homogeneity, constant returns to scale over three inputs and symmetry). Test statistics indicate restriction of CRS is valid. b Imputed as ‘cost share’ of public capital from ABS and TRYM data, not estimated in regressions. c Private output. Follows the Otto and Voss (1994a) definition of those industries in which production is predominantly performed by private enterprises (ASIC industries of Agriculture, Manufacturing, Construction, Mining, Wholesale and retail trade, Transport, storage and communication, and Recreation, personal and other services).
Comparing the estimates of the production function and cost function approaches

Nadiri (1993, p. 23) notes that comparisons between production function and cost function estimates are difficult, not only because of the diversity of data and assumptions, but because of the information provided by the authors. The elasticity of cost with respect to public infrastructure is not reported in many studies. To compare the cost elasticity with the output elasticity with respect to public infrastructure, the elasticity of cost with respect to output also needs to be known. The public capital output elasticity is equivalent to the negative of the ratio of the elasticity of cost with respect to public capital over the cost elasticity of output (this is dependent on the assumption of constant returns to scale).

To some extent, the range of results is due to the differences in assumptions and coverage of studies. That said, even studies that apply the different approaches to the same data find very different estimates across approaches (see, for example, Vijverberg et al. (1997, p. 267) who suggest ‘… it will be hard to ever settle the debate about the effect of public capital on private productivity’). 
The conclusion most often drawn about the differences between the approaches is that cost-function studies tend to find a smaller contribution from public infrastructure to output growth than production-function analyses (see, for example, the survey by Gillen (2001, p. 48)) — although this is not the case when comparing the Australian results of Otto and Voss (1996) with those of Paul (2003). Also, more recent studies of both types, using more sophisticated functional forms and econometric techniques, tend to find smaller contributions from public infrastructure than earlier studies (OECD 2004, p. 77).
 

Overall, there is a wide range of results from both types of studies. Eberts (1999, p. 7) notes that ‘The conclusion most supported by the literature is that there is no definitive estimate of the effect of infrastructure in general and transport infrastructure more specifically on output.’ However, many authors note that they expect to find a positive effect of infrastructure on productivity on theoretical grounds (see, for example, Khan and Luintel 2006). Sturm, et al. (1996, p. 21) note that a review of the literature only allows them to arrive at very modest conclusions 

First, public capital probably enhances economic growth, a conclusion that most economists intuitively would ascribe to. Second, we are less certain about the magnitude of the effect and this is a disappointing outcome, given the enormous amount of research in this field.
A.2
Communications infrastructure

While infrastructure systems can be owned either by the public or private sector, the majority of infrastructure studies appear to have been focused on publicly–owned infrastructure. Nadiri and Nandi (2003, p. 2) suggest that this is because public financing is more common than private financing, since investments in infrastructure systems are highly risky. 

Communications infrastructure is one type of infrastructure that has generally been excluded from the studies of public infrastructure (particularly as it has a long history of private ownership in the US). However, a few studies have examined the spillover effects of (privately owned) communications infrastructure. The most relevant article is Nadiri and Nandi (2001). 

The difference between examining public and private infrastructure is well summarised by Nadiri and Nandi (2001, p. 92) in their description of their modelling approach.

For publicly funded infrastructure capital, the government either provides them “free” or charges a small user fee. … Therefore, in the industry production function the services of this type of infrastructure capital are treated as “unpaid” factors of production. 

For privately financed infrastructure capital such as the communication infrastructure capital, the source of finance is the communications firms themselves, and they recoup their expenses by charging their customers for the services rendered. That is, each industry incurs some expenses for telecommunications services. These expenses are included as part of the material cost. However, in addition, each industry in the private sector receives the externality benefits in terms of added efficiency gains from the expansion and modernization of the total communications infrastructure network for which they do not pay any direct fees. … Therefore, similar to services provided by public infrastructure capital, the privately funded communications infrastructure capital can also be treated as an unpaid input in the private industry production process. 

Nadiri and Nandi (2001) examine the contribution of communications infrastructure in the US to productivity (industry and aggregate) by estimating a shadow price of communications infrastructure, which captures the externality benefits. This is interpreted as a willingness to pay by each industry for communications infrastructure capital services over and above their direct payments for these services (which are included in materials cost). 
Nadiri and Nandi (2001) estimate a translog cost function for each industry based on 

C=C(q, Y, S1, S2, T)

where q is a vector of input prices for labour, private capital and materials; Y is output; T is a time trend for disembodied technological change; S1 is the flow of communication infrastructure services
; and S2 is the flow of public infrastructure services.

From this function they produce two estimates.
· Cost elasticity with respect to communication infrastructure capital is [image: image11.wmf](
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. This is said to represent the direct productivity effect and ranges (across industries) from –0.0084 to –0.0125 (all negative indicating cost savings). The indirect or ‘factor bias effect’ is measured by the impact of communications infrastructure on private sector input demand functions.
· The cost elasticity is converted into a marginal benefit [image: image12.wmf](
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. This measures the willingness to pay for an additional unit of communications infrastructure capital services exclusive of direct payments for those services and ranges from 0.0003 to 0.0184 (all positive indicating benefits).
 The wide range is said to reflect the information intensity of industries, with low benefits for mining and high benefits for finance and insurance, for example.

· Both sets of industry estimates can be aggregated to get an economywide benefit (In 1987 it was –0.0136 cost elasticity and 0.328 marginal benefit).

Other articles of this type have not been found. Nadiri and Nandi (2001) and a more recent conference paper (Nadiri and Nandi 2003) note that while a number of other studies have examined the effect of communications infrastructure on productivity, these studies are based on simple statistical or regression analyses and do not consider the externality effects (see for example, Loveman 1994; Wildman 1992; Gera et al. 1998; Kahn 1993; Hardy 1980; Cronin et al. 1991, 1993; Dholakia and Harlam 1994). 

Nadiri and Nandi (2001) note that they know of no other econometric studies of the externality effects of telecommunications infrastructure. However, they refer to a number of studies which have attempted to capture the indirect effects of telecommunications service improvements in using industries by use of an input–output framework (Cronin et al. 1991, 1993, 1997). 
The input–output based studies calculate a total benefit in resource savings from advancements in telecommunications sector by (according to Nadiri and Nandi 2003) first solving the input-output (IO) system to obtain the input requirements at current relative prices and telecommunications technology and then resolving under the assumption that the relative price and telecommunications technology had remained at its initial level (hypothetical economy). The focus is on cost savings from direct input use rather than externalities.
Canning (1999) used an output-side approach and panel data, for a cross-section of developed and developing countries from 1960 to 1990, to examine spillovers from telecommunications networks. Telecommunications infrastructure was part of the normal physical capital stock included in the production function but the telephone stock
 was also included to test for spillovers. He found an elasticity of labour productivity with respect to the telephone stock of 0.14 for the full sample of countries and 0.26 for high-income countries. (Although in a later paper, Canning and Bennathan (2000), these productivity effects were considered to be implausibly large and the number of telephones was excluded from the estimations). 

Other studies also take a production function approach but do not separate out any spillover effect.

· Roller and Waverman (2001) jointly estimate a micromodel of demand and supply for telecommunications investments with a macro production function for 21 OECD countries. The aggregate production function has separate variables for telecommunications infrastructure stock (proxied by phone lines per person) and other capital stock. They find a causal relationship between telecommunications infrastructure and aggregate output (0.045 per cent increase in economic growth for a one per cent increase in the telecommunications infrastructure variable). While they state that they do not directly measure network externalities they find some non–linearities (increasing returns to telecommunications investment) in the relationship between telecommunications infrastructure investment and growth, which they believe are suggestive of network externalities.
· Madden and Savage (2000) used a supply-side growth model to examine the cross-country relationship between telecommunications capital and economic growth. Using teledensity and the share of telecommunications investment in national income as telecommunications capital proxies they found a significant positive relationship between telecommunications capital and economic growth using data for 43 countries (0.162 to 0.181 output elasticity). 
A number of Australian productivity studies have examined communications capital as part of ICT capital (see table A.6). However, again, these studies do not focus on the spillovers from communications infrastructure. Madden and Savage and Valadkhani examine labour productivity and this does not allow specific consideration of spillovers because labour productivity growth can be due to capital accumulation. Valadkhani and Connolly and Fox also use measures of ICT that focus on communications equipment (and in combination with IT capital) rather the communications network infrastructure. A series of reports examining links between ICT (in a broad sense) and productivity have also been published by the Department of Communications, Information Technology and the Arts (see, for example, Diewert and Lawrence 2005 and, for a summary of the series, DCITA 2007).
In addition, Madden and Savage (2001) and Barker et al. (2006) incorporate the effect of digitisation of telecommunications infrastructure in cross-country studies that include Australia (see appendix D). Madden and Savage find a negative relationship with productivity growth of the telecommunications industry, which they attribute to short-run adjustment costs, while Barker et al. find that the impact of computer penetration on aggregate labour productivity was enhanced by the digitisation of the telecommunications infrastructure. 

Table A.6
Results of main production function studies including ICT capital, Australia

	

Author
	Specification of functional form (methodology)
	
Infrastructure variable/
Dependent variable
	

Data
	

Elasticity

	Madden and Savage (1998)
	ECM model (co-integration analysis)
	ITT capital (telephones)
labour productivity
	time series 1950–94
	LR 0.183; SR 0.264 (labour productivity)

	Connolly and Fox (2006)
	Cobb-Douglas
	High tech capital share of total capital (net capital stocks of electronic, electrical machinery and communications equipment, computers and software)
MFP
	time series
1966-2002.
Agg and ind.
	Mkt: 3.046
Ind: -29.25 to 30.573

	Valadkhani (2003)
	Cobb-Douglas (included range of control variables)
	ITT capital (net capital stock of computers, electronic equipment and computer software)
Labour productivity
	time series 1970 to 2000
	Aggregate: 0.077


� Conrad and Seitz (1994, p. 303) note that “The fundamental idea of this so–called ‘public capital hypothesis’ [that public capital raise the productivity of private capital] is not new, because this aspect has been examined both theoretically and empirically especially in the urban and regional economics literature in the past … What is new in the ongoing debate, besides bringing this aspect to the level of the national economy, is the identification of the neglect of public investment as an explanation for the slowdown of productivity observed throughout most industrialized countries.”


� It has also been suggested that disaggregated studies are capturing fewer spillovers than national studies and this may explain the lower estimates (Eberts 1999). Kahn (1993, p. 2) noted that the decline in the output elasticities (by about half) when state level data are used is generally attributed to neighbourhood spillover effects that are not captured at the state level but are included in national data. 


� Otto and Voss (1994a) define the private sector as agriculture, mining, manufacturing, wholesale and retail trade, and recreation (an alternative definition also includes construction and transport, storage and communication). They note that the standard measure of TFP generally involves aggregate measures of inputs and production and so long as this aggregation is suitable, then those standard measures do account for the contribution of public capital as well as all other resources used in the public sector. But their definition of private sector does not do this.


� The sensitivity of Aschauer’s results to data revisions has also been noted by several authors (for example, Luskin 1996; Kinhill 1994).


� A few studies use a profit function rather than a cost function and some results are also included in the tables.


� Otto and Voss (1995b, p. 61) note that the estimates of very high elasticities of private output with respect to public capital (such as in Aschauer 1989a and Otto and Voss 1994a) have not proved robust to more sophisticated analysis of the time series. OECD (2004, p. 80) states that, based on literature reviews, estimated results are largely dependent on econometric formulation. 


� In their estimation, they use the net capital stock of the communications industry to measure their communication infrastructure variable.


� The small magnitudes of the benefits are partly due to the relatively large size of communications infrastructure capital stock corresponding to total costs in each industry.


� It is noted that the use of physical measurements, such as the number of telephones, do not reflect quality differences in infrastructure across countries and over time. 
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