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ABSTRACT/RESUMÉ

Economic growth and the role of taxation – Theory
Economic growth is the basis of increased prosperity. This makes the attainment of growth a key objective
for governments across the world. The rate of growth can be affected by policy choices through the effect
that taxation has upon economic decisions and through productive public expenditures. This paper
provides a self-contained introduction to the economic modelling of growth and reviews the theoretical
evidence on the extent of the link between taxation and growth.
JEL Classification: O4; H2, H3
Keywords: Economic growth; taxation; public policy.

++++++++++++++++++++++

La croissance économique et le rôle de la fiscalité - Théorie
La croissance économique est au fondement du progrès de la prospérité. Ceci fait de la croissance un
objectif majeur pour les gouvernements du monde entier. Le taux de croissance peut être influencé par des
choix de politique économique relatifs à la fiscalité, laquelle a un effet sur les décisions économiques des
agents et est liée aux dépenses publiques productives. Cette étude fournit une introduction autonome à la
modélisation économique de la croissance et résume les résultats empiriques traitant du lien entre la
fiscalité et la croissance.
Classification JEL : O4 ; H2 ; H3.
Mots-clef : Croissance économique ; fiscalité ; politique publique.
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ECONOMIC GROWTH AND THE ROLE OF TAXATION –THEORY1

By
Gareth D. Myles
University of Exeter and Institute for Fiscal Studies

This discussion paper is the first in a series of three that review the economic literature on the links
between taxation and economic growth. These papers are extracted from the report Economic Growth and
the Role of Taxation prepared for the OECD under contract CTPA/CFA/WP2(2006)31. The second and
third papers discuss the analysis of aggregate empirical data and disaggregate data respectively.
1. Introduction
1.
Economic growth is the basis of increased prosperity. Growth is attained by the accumulation of
capital (both human and physical) and from innovations which lead to technical progress. Accumulation
and innovation raise the productivity of inputs into production and increase the potential level of output.
2.
The rate of growth can be affected by policy choices through the effect that taxation has upon
economic decisions. An increase in taxation reduces the returns to investment (in both physical and human
capital) and Research and Development (R&D). Lower returns mean less accumulation and innovation,
and hence a lower rate of growth. This is the negative aspect of taxation. Taxation also has a positive
aspect. Some public expenditure can enhance productivity, such as the provision of infrastructure, public
education, and health care. Taxation provides the means to finance these expenditures and, indirectly, can
contribute to an increase in the growth rate.
3.
In most developed countries the level of taxes rose steadily over the course of the twentieth
century: an increase from about 5–10% of gross domestic product (GDP) at the turn of the century to 30–
40% at the end is typical. Such a significant increase raises serious questions about the effect taxation has
upon economic growth. This does not imply that it is straightforward to infer the effects of taxation from
aggregate economic data. The positive and negative effects of taxation will be mutually offsetting and only
the net effect (which may be very small) will be observed.

1

Thanks are due to Christopher Heady for initiating and supporting the project, Nigar Hashimzade, Joel
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4.
Until recently, economic models that could offer insight into how to proceed beyond aggregate
data were lacking. Much of the literature on economic growth focused on the long-run equilibrium where
output per head was constant or modelled growth through exogenous technical progress. By definition,
when technical progress is exogenous it cannot be affected by policy. The development of endogenous
growth theory has overcome these limitations by explicitly modelling the process through which growth is
generated. This allows the effects of taxation to be traced through the economy and predictions made about
its effects on growth.
5.
The central question around which the paper focuses is how tax policy affects growth. To answer
this it is first necessary to understand what determines the rate of growth. The construction of economic
models of the growth process has lead to many important insights. This paper describes these models of
economic growth and their employment in simulation analysis. Consequently, the focus is almost entirely
upon theoretical research. To complement this analysis the following papers in the series review the
empirical evidence on taxation and growth.
6.
The paper is divided into four main sections. Following this introduction Section 2 describes a
simple conceptual framework for reflecting on the link between tax instruments and economic growth.
Exogenous growth models are reviewed in Section 3 and endogenous growth models in Section 4.
Particular emphasis is given to the channels through which endogenous growth can arise. Identifying these
is essential to tracing the numerous routes through which the tax system can interact with the growth
process. Section 5 reviews simulations of the basic endogenous growth model with human capital
accumulation and then proceeds to simulation results in a wider range of models. This analysis is intended
to clarify the effect that taxation may have and to provide a point of reference for the empirical research.
Appendix 1 provides an introduction to the computation and manipulation of growth rates. Appendix 2
demonstrates the influential result that in the long-run it is optimal to have a zero tax on capital.
2. Taxation and Growth
7.
Taxation is linked to growth through the decisions of individual economic agents. A change in a
tax modifies optimal choices and, via the equilibrium of the economy, ultimately affects the rate of growth.
Many models have been employed to represent this process with widely varying details. Putting these
details to one side it is always the case that the effect of a tax change upon the growth rate of output is
determined by two separate components. These components are now identified in a very general
framework.
8.

Let the growth rate of output, g Y , be defined by

g Y = g Y (a1 (t1 , t 2 ), a 2 (t 2 , t 2 )) ,

(1)

where a1 and a2 are two actions (e.g., R&D expenditure and education) chosen by economic agents and

ti , i = 1,2 are the levels of two taxes (or of some other policy instruments). The functions ai (t1 ,t 2 ) , i = 1,
2, are reduced forms that capture the dependence of action choice upon policy. The function g Y ( ⋅ )
represents the equilibrium growth rate as a function of actions.
9.

Using (1) the effect of the variation in tax i on growth can be calculated as

dg Y ∂g Y dai
.
=
dt i
∂ai dt i

(2)
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The total effect is comprised of the effect of the tax upon action, and the effect of action upon the growth
rate. Now even if the tax has a significant effect on the action, so that dai / dti is large, it need not have a
significant effect on growth if ∂g Y / ∂ai is small. Conversely, even if the effect on the action is small, the
growth effect can still be large if ∂g Y / ∂ai is large.
10.
The consequence of this observation is that countries need not be alike in the response to
taxation. Even if the economic agents behave in the same way (i.e. all reduce their human capital
investment in the same way when income tax is raised) the effect on growth may not be the same. If
countries are structurally different - perhaps some obtain growth from human capital accumulation whereas
others rely on R&D expenditure - then the same tax policy may have very different growth consequences.
11.
Hence, understanding the effect of taxation requires an understanding both of the components
that comprise the total change in growth. Looking at the response of actions to taxes is not sufficient since
the tax elasticity of actions is only one part of the story. This is the reason why it is important to understand
the channels through which growth originates and why it is not enough to just study components
individually.
12.

A fair summary of the empirical evidence on growth is that fairly firm estimates of the tax effects
dai / dti are available in the literature and, in cases for which they do not exist, there is an established and
successful methodology for obtaining them. What does not seem to exist is comprehensive knowledge of
the growth effects ∂g Y / ∂ai . There are numerous theoretical predictions but the empirical literature has
been unsuccessful in obtaining convincing estimates.
3. Exogenous Growth
13.
The exogenous growth theory that developed in the 1950s and 1960s focussed upon the
accumulation of capital as the source of growth. If the level of saving exceeded the sum of depreciation
and population growth the capital-labour ratio would rise over time and generate growth in output per
capita. Growth could also arise if the productivity of a given stock of capital increased because of technical
progress. The emphasis upon capital accumulation left investigation of the source of technical progress
outside the theory. It was assumed instead to arise as the outcome of an exogenous process.
14.
The canonical form of these growth models was based upon a production function that had
capital and labour (with labour measured in man-hours) as the inputs into production. Constant returns to
scale were assumed, as was diminishing marginal productivity of both inputs. Given that the emphasis was
upon the level and growth of economic variables, rather than their distribution, the consumption side was
modelled by either a representative consumer or a steadily growing population of identical consumers.
15.
The simplest representation of consumers assumes that both the rate of saving and the supply of
labour are constant. This model is a special case of the general Solow (1956) growth model. Although the
assumption of a constant saving rate eliminates issues of consumer choice, the model still reveals
important lessons about the limits to growth and the potential for efficiency of the long-run equilibrium.
The key finding is that if growth occurs only through the accumulation of capital, there has to be a limit to
the growth process if there is no technical progress.
16.
The fact that there are limits to growth in an economy when there is no technical progress can be
most easily demonstrated in a setting in which consumer optimisation plays no role. Instead, it is assumed
that a constant fraction of output is invested in new capital goods. This assumption may seem restrictive
but it allows a precise derivation of the growth path of the economy. The basic model has also been used to
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motivate much empirical work. In addition the main conclusions relating to limits on growth are little
modified even when an optimising consumer is introduced.
3.1 Solow Growth Model
17.
Consider an economy with a population that is growing at a constant rate. Each person works a
fixed number of hours and capital depreciates partially when used. There is a single good in the economy
which can be consumed or saved. The only source of saving is investment in capital. Under these
assumptions, the output that is produced at time t, Yt , must be divided between consumption, Ct , and
investment, I t . In equilibrium, the level of investment must be equal to the level of saving.
18.

With inputs of capital K t and labour Lt employed in production, the level of output is

Yt = F (K t , Lt ) .

(3)

It is assumed that there are constant returns to scale in production. Output can be either consumed or saved.
The fundamental assumption of the model is that the level of saving is a fixed proportion s, 0 < s < 1, of
output. As saving must equal investment in equilibrium, at time t investment in new capital is given by

I t = sF (K t , Lt ) .

(4)

The use of capital in production results in its partial depreciation. Assume that this depreciation is a
constant fraction δ , so the capital available in period t + 1 is given by new investment plus the
undepreciated capital, or

K t +1 = I t + δK t
= sF (K t , Lt ) + (1 − δ )K t .

(5)

Equation (5) is the basic capital accumulation relationship that determines how the capital stock evolves
through time.
19.
The fact that the population is growing makes it preferable to express variables in per capita
terms. This can be done by exploiting the assumption of constant returns to scale in the production function
to write Yt = Lt F (K t / Lt ,1) = Lt f (kt ) where kt ≡ K t / Lt . Dividing (5) through by Lt , the capital
accumulation relation (5) becomes

(1 − δ )K t .
K t +1
= sf (kt ) +
Lt
Lt

(6)

20.

Denoting the constant population growth rate by n, labour supply grows according to
Lt +1 = (1 + n )Lt . Using this growth relationship, the capital accumulation relation shows that the dynamics
of the capital/labour ratio are governed by

(1 + n )kt +1 = sf (kt ) + (1 − δ )kt .

8
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The relation in (7) traces the development of the capital stock over time from an initial stock at time 0,
k0 = K 0 / L0 . To see what is implied by (7) consider an example where the production function has the
form f (kt ) = ktα . The capital/labour ratio must then satisfy

kt +1 =

sktα + (1 − δ )kt
.
1+ n

(8)

For the parameters k0 = 1 , n = 0.05 , δ = 0.05 , s = 0.2 and α = 0.5 , Figure 1 plots the first 50 values
of the capital stock. It can be seen that starting from the initial value of k0 = 1 the capital stock doubles in
13 years. After this the rate of growth slows noticeably and even by the 50th year it has not yet doubled
again. The figure also shows that the capital stock is tending to a long-run equilibrium level which is called
the steady state. For the parameters chosen, the steady state level is k = 4 which is virtually achieved at t =
328, though the economy does reach a capital stock of 3.9 at t = 77. It is the final part of the adjustment
that takes a significant period of time.
Figure 1: Dynamics of the Capital Stock
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21.
The steady state is defined by a constant capital-labour ratio, so kt +1 = kt . Denoting the steady
state value of the capital-labour ratio by k, the capital accumulation condition (7) shows that k must satisfy

(1 + n )k = sf (k ) + (1 − δ )k ,

(9)

or

sf (k ) − (n + δ )k = 0 .

(10)

The solution to equation (10) is called the steady state capital-labour ratio and can be interpreted as the
economy's long-run equilibrium value of k.
22.
The nature of the solution to equation (10) is illustrated in Figure 2. The steady state occurs
where the curves sf (k ) and (n + δ )k intersect. If this point is achieved by the economy, the capital-labour
9
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ratio will remain constant. Since k is constant, it follows from the production function that Yt / Lt will
remain constant as will Ct / Lt , where Ct is aggregate consumption at time t. (However, it should be
noted that as L is growing at rate n, then the values of Y, K and C will also grow at rate n in the steady
state.) It is the constancy of these variables that shows there is a limit to the growth achievable by this
economy. Once Ct / Lt is constant, the level of consumption per capita will remain constant over time. In
this sense, a limit is placed upon the growth in living standards that can be achieved. The explanation for
this limit is that capital suffers from decreasing returns when added to the exogenous supply of labour. If
excessive capital is employed the return will fall so low that the capital stock is unable to reproduce itself.
Figure 2: The Steady State
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f (k )

Consumption

(n + δ )k

sf (k )

k

Capital

23.
Although no policy variables have yet been included, this analysis of the steady state can be used
to reflect on the potential for economic policy to affect the equilibrium. Studying Figure 2 reveals that the
equilibrium level of k can be raised by any policy that engineers an increase in the saving rate, s, or an
upward shift in the production function, f (k ) . However, any policy that leads only to a one-off change in

s or f (k ) cannot affect the long-run growth rate of consumption or output. By definition, once the new
steady state is achieved after the policy change, the growth rates of the per capita variables will return to
zero. Furthermore, any policy that only increases s cannot sustain growth since s has an upper limit of 1
which must eventually be reached. If policy intervention is to result in sustained growth it has to produce a
continuous upward movement in the production function. In the model as so far formulated there is no
mechanism through which this can be achieved.
24.
A means for growth to be sustained without policy intervention is to assume that output increases
over time for any given levels of the inputs. This can be achieved through labour or capital (or both)
becoming more productive over time for exogenous reasons summarised as “technical progress”. A way to
incorporate this in the model is to write the production function as f (k , t ) , where the dependence upon t
captures the technical progress which allows increased output. Technical progress results in the curve
f (k , t ) in Figure 2 continuously shifting upward over time, thus raising the steady state levels of capital
and output. The drawback of this approach is that the mechanism for growth, the “growth engine”, is
10
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exogenous so preventing the model from explaining the most fundamental factor of what determines the
rate of growth. This deficiency is addressed by the endogenous growth models described in the next
section that explore the mechanisms that can drive technical progress.
3.2 The Golden Rule
25.
Returning to the basic model without technical progress, condition (10) shows the steady state
capital/labour ratio is dependent upon the saving rate, s. The observation of this dependence raises the
question of whether some saving rates are better than others.
26.
To address this question, it is noted first that for each value of s there is a corresponding
steady-state capital/labour ratio at the intersection of sf (k ) and (n + δ )k . It is clear from Figure 2 that for
low values of s, the curve sf (k ) will intersect the curve (n + δ )k at low values of k. As s is increased,

sf (k ) shifts upwards and the steady state level of k will rise. The relationship between the capital-labour
ratio and the saving rate implied by this construction is denoted by k = k (s ) . The construction shows that
k = k (s ) is an increasing function of s up until the maximum value of s = 1 .
27.

Taking account of the link between s and k, the level of consumption per capita can be written

c(s ) = (1 − s ) f (k (s )) = f (k (s )) − (n + δ )k (s ) ,

(11)

where the second equality follows from definition (10) of a steady state. What is of interest are the
properties of the saving rate that maximises consumption. The first-order condition for defining this saving
rate can be found by differentiating c(s ) with respect to s. Doing so gives

dc(s )
= [ f ' (k (s )) − (n + δ )]k ' (s ) = 0 .
ds

(12)

Since k ' (s ) is positive, the saving rate, s* , that maximises consumption is defined by

( ( ))

f ' k s* = (n + δ ) .

(13)

( )

The saving rate s* determines a level of capital k * = k s * which is called the Golden Rule capital-labour
ratio. If the economy achieves this capital-labour ratio at its steady state it is maximising consumption per
capita.
28.
The nature of the Golden Rule is illustrated in Figure 3. For any level of the capital-labour ratio,
the steady state level of consumption per capita is given by the vertical distance between the curve
(n + δ )k and the curve f (k ) . This distance is maximised when the gradient of the production function is

equal to (n + δ ) which gives the Golden Rule condition. The figure also shows that consumption will fall
if the capital/labour ratio is either raised or lowered from the Golden Rule level. An economy with a

steady-state capital stock below the Golden Rule level, k * , is dynamically efficient - it requires a sacrifice
of consumption now in order to raise k so a Pareto-improvement cannot be found. An economy with a
capital stock in excess of k * is dynamically inefficient since immediate consumption of the excess would
raise current welfare and place the economy on a path with higher consumption.
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Figure 3: The Golden rule
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29.
As an example of these calculations, let the production function be given by y = k α , with α < 1 .
For a given saving rate s the steady state is defined by the solution to

sk α = (n + δ )k .

(14)
1 / (1−α )

 s 
Solving this equation determines the steady state capital/labour ratio as k = 

 n+δ 
*

. Using this

solution, the per capita level of consumption follows as

( )α − (n + δ )k

c( s * ) = k *

*

α / (1−α )

 s 
=

 n +δ 

1 / (1−α )

 s 
− (n + δ )

 n +δ 

.

(15)

30.
Adopting the parameter values n = 0.025 , δ = 0.025 and α = 0.75 , the level of consumption
is plotted in Figure 4 as a function of s. The figure shows that consumption rises with s until the saving rate
is reached at which the equilibrium capital stock is equal to the Golden Rule level and then falls again for
higher values.
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Figure 4: Consumption and the saving rate

c

s
31.
Formally, the fact that the saving rate is assumed fixed leaves little scope for the analysis of
policy. However, studying the effect of changes in the saving rate reveals the factors that would be at work
in a more general model in which the level of saving is a choice variable that can be affected by policy.
The degree to which a change in saving can affect welfare is limited by the fact that the per capita levels of
all economic variables are constant once the steady state has been achieved. Consequently, for any given
saving rate, the standard of living in the economy reaches a limit and then cannot grow any further unless
the production function is continually raised. Changes in the saving rate affect the long-run level of
consumption but not its growth rate.
3.3 Convergence
32.
The Solow model has a further implication that is important for understanding the outcome of the
growth regressions discussed in Myles (2007a). This is the property of convergence between countries.
33.
The steady-state level of per capita income depends only upon the saving rate. As a consequence,
two countries that have access to the same production technology and have the same saving rate must
eventually converge to the same steady-state level of per capita income. Since there are decreasing returns
to the accumulation of capital an additional unit of capital added to the stock of a low-capital country will
lead to a greater increase in output than an additional unit added to the stock of a high-capital country.
Along the transition path to the steady state countries with low capital-labour ratios must therefore grow
faster than countries with high capital-labour ratios. This is the only way in which they can ultimately
arrive at the same steady state. Hence, cross-country data on growth and output levels can be expected to
show that the rate of growth is inversely related to the capital-labour ratio. If there is trade between
economies the rate of convergence should be faster than without. A country with a low capital-labour ratio
will offer a higher return to capital so should attract investment. This will cause quicker growth in the
capital stock and hence faster convergence.
34.
A formal demonstration of convergence can be given as follows. The change in the capital stock
with respect to time in the Solow growth model is

13
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k& = sf (k ) − (n + δ )k ,

(16)

so the growth rate of the capital stock is

gk =

k& sf (k )
=
− (n + δ ) .
k
k

(17)

Therefore

∂g k s 
f (k ) 
=  f ' (k ) −
<0.
∂k
k
k 

(18)

The inequality in (18) shows that the higher is the level of capital the slower is the rate of growth.
35.
Now consider two countries that differ in their capital stocks but are otherwise identical. From
(18) the country with the lower capital stock – and consequently lower output - will grow faster. This is
termed absolute convergence (or absolute β convergence). The data suggest that absolute convergence
does not apply when a large number of heterogeneous countries are considered but is a characteristic for
more homogeneous sets of countries or regions (see Barro and Sala-i-Martin, 1995).
36.
A weaker concept of convergence is conditional convergence (or conditional β convergence). If
countries differ in underlying parameters then their steady states will also be different. Conditional
convergence is the proposition that countries further from their own steady state grow faster.
3.4 Tax Policy
37.
The Solow model with a constant saving rate leaves little role for tax policy to affect the rate of
growth. The saving rate could be made variable but there would still be a limited number of economic
choices that can be taxed in the Solow framework. Consequently the appendix to this chapter analyses
optimal taxation in the more general Ramsey model of growth. This model assumes a single consumer but
endogenises the choice of consumption, labour supply, saving, and investment. This permits taxation to
distort decisions over these four variables.
38.
The central result of the tax analysis is the Chamley (1986) and Judd (1985) finding that in the
long-run the optimal tax on capital income should be zero. Several comments can be offered on this result.
Firstly, note that the result does not say that the tax should be zero along the growth path to the steady
state - it is derived assuming the economy is in the steady state so applies only to that situation. This does
not prevent the tax being positive (or negative) along the growth path. Secondly, the zero tax on capital
income implies that all taxation must fall upon labour income. If labour were a fixed factor this conclusion
would not be a surprise, but here labour is a variable factor. Finally, the reason for avoiding the taxation of
capital is that the return on capital is fundamental to the intertemporal allocation of resources by the
consumer and because of the intertemporal structure the consequences of the distortion accumulate over
time. The result shows that it is optimal to leave this allocation undistorted to focus distortions upon the
choice between consumption and labour within periods.
39.
Since the optimal tax rate is zero, any other value of the tax on capital must lead to a reduction in
welfare compared to the maximum that is achievable. An insight into the extent of the welfare cost of
deviating from the optimal solution is given in Table 1. These results are derived from a model with a
Cobb-Douglas production function and a utility function with a constant elasticity of intertemporal
substitution (see (31) below). The policy experiment calculates what would happen if a tax on capital was
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replaced by a lump-sum tax. The increase in consumption and the welfare cost are measured by comparing
the steady state with the tax to the steady state without. When a tax rate of 30% on capital income is
replaced by a lump-sum tax, consumption increases by 3.3% and the welfare cost of the distortionary tax
is measured at 11% of tax revenue. The increase in consumption and the welfare cost are both higher for
an initial 50% tax rate. In both cases the increase in consumption and the welfare cost are significant.
Table 1: Welfare Cost of Taxation

Initial Tax
Rate (%)

Increase in

Welfare Cost

Consumption (%) (% of Tax Revenue)

30

3.30

11

50

8.38

26

Source: Chamley (1981)

40.
In summary, the optimal tax policy is to set the long-run tax on capital to zero. This outcome is
explained by the need to avoid intertemporal distortions. As a consequence, all revenue must be raised by
the taxation of labour income. This will cause a distortion of choice within periods but does not affect the
intertemporal allocation. The conclusion is very general and does not depend upon any restrictive
assumptions. Simulations of the welfare cost of non-optimal policies show that these can be a significant
percentage of the revenue raised.
3.5 Observations
41.
The Solow model introduces the concept of a steady state and demonstrates that capital
accumulation is not sufficient to ensure continuing growth if not matched by technological progress or
equal increases in other inputs. The appeal to technological progress as the source of growth illustrates the
need for an understanding of the source of technical progress - the assumption of progress deriving from
some exogenous process is just not good enough. The model also predicts convergence if countries have
the same technology. This is a helpful observation for understanding the results of cross-country
comparisons of growth. Finally, the Solow model provides the basis for undertaking growth accounting
exercises (see Myles, 2007a) that provide key insights into the sources of growth.
4. Endogenous Growth
42.
The growth of output per capita is limited in the exogenous growth model because of decreasing
returns to capital. The marginal product of each additional unit of capital falls but the rate of depreciation is
constant. As the capital stock is increased a point is reached at which the marginal product of capital
matches the rate of depreciation, so the net marginal output is zero. The removal of the limit to growth
requires the decreasing marginal product of capital to be removed from the model. Ideally, this removal
should also reflect choices of economic agents. Models that allow both sustained growth and explain its
source are said to generate endogenous growth.
43.
There have emerged in the literature numerous ways through which endogenous growth can be
achieved. All of these approaches achieve the same end - that of sustained growth - but by different routes.
These approaches are now described and then attention is focused on the role of tax policy in growth from
the perspective of these models.
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4.1 The AK Model
44.
The first, and simplest, approach to modelling endogenous growth is the AK model (Romer,
1986). This model assumes that capital is the only input into production and that there are constant returns
to scale. This may seem at first sight to simply remove the problem of decreasing returns by assumption,
but Section 4.2 will show that the AK model can be given a broader interpretation involving the
combination of human and physical capital.
45.

The production function for the AK model is given by

Yt = AK t ,

(19)

whose form explains the model's name. The assumption of constant returns to scale ensures that output
grows at the same rate as the capital stock.
46.
To show that this model can generate continuous growth, it is simplest to return to the
assumption of a constant saving rate. With a saving rate s the level of investment in time period t is
I t = sAK t . Since there is no labour, the capital accumulation condition is just

K t +1 = sAK t + (1 − δ )K t
= (1 + sA − δ )K t .

(20)

Provided that sA > δ , so investment is in excess of depreciation, the level of capital will grow linearly
over time at rate sA − δ . Output will grow at the same rate, as will consumption. The model is therefore
able to generate continuous growth.
47.
The only variable that is the outcome of an economic choice in the AK model is the saving rate, s.
This limits potential policy effects but does draw attention to the effect that taxation can have upon saving.
The empirical evidence on the effect of taxation upon saving is discussed in Myles (2007b).
4.2 Human Capital
48.
The second approach to ensure sustained growth is to match an increase in capital with equal
growth in other inputs. One way to do this is to replace labour time as an argument in the production
function with a more general concept of human capital. Assuming that the level of human capital is a stock
variable then permits its accumulation over time.
49.
A model including human capital involves two investment processes: one for investment in
physical capital and another for investment in human capital. There can either be one sector, with human
capital produced by the same technology as physical capital, or two sectors with a separate production
process for human capital. These differences become significant when policy simulations are discussed in
Section 5.2.
50.
The human capital variable can be entered into the production function in two different ways.
The first treatment is to view the level of human capital as the product of the quality of labour, ht , and the
quantity of labour time, Lt . Human capital is then given by H t = ht Lt . In this approach labour time is
made more productive by investment in education and training which raise the quality of labour. Technical
progress is then embodied in the quality of labour. The standard form of production function for such a
model would be
16
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Yt = F (K t , H t ) ,

(21)

where H t is the level of human capital. If the production function has constant returns to scale in human
capital and physical capital jointly, then investment in both can raise output without limit even if the
quantity of labour time is fixed.
51.
The one-sector model with human capital reduces to the AK model - this is the broader
interpretation of the AK model referred to above. To see this, note that under the one-sector assumption
output can be used for consumption or invested in physical capital or invested in human capital. The two
capital goods are perfect substitutes for the consumer in the sense that a unit of output can become one unit
of either. The perfect substitutability implies that in equilibrium the two factors must have the same rate of
return. Combining this with the assumption of constant returns to scale in the production function implies
the two factors are always employed in the same proportions. Therefore the ratio H t / K t is constant for
all t. Denoting this constant value by H/K, the production function becomes

H
Yt = K t F   = AK ,
K

(23)

where A ≡ F ( H / K ) . This reduces the production function to the AK form.
52.
The second treatment is to consider human capital as a distinct variable to labour time. This gives
a production function of the form

Yt = F (K t , H t , Lt ) .

(22)

This formulation is less common but is encountered in the important work of Mankiw et al. (1992) that is
discussed in Myles (2007a).
53.
In a two-sector model it is possible to have different production functions for the creation of the
two types of capital good. This eliminates the restriction that they are perfect substitutes and distinguishes
the model from the AK setting. A two-sector model also allows different human and physical capital
intensities to be incorporated in the production of the two types of capital. This can make it consistent with
the observation that human capital production tends to be more intensive in human capital input through
the requirement for skilled teaching staff etc.
54.
When human capital is incorporated into the model the role for policy is extended. The
accumulation of human capital can be viewed as the outcome of an educational process. This focuses
attention on how the tax system affects the decision to undertake investments in education. The interaction
with labour supply also raises the issue of taxation and labour supply. The empirical evidence on these
issues is considered in Myles (2007b). However, labour supply is naturally bounded. This makes it
impossible to sustain growth through increases in labour alone.
4.3 Government Expenditure
55.
Endogenous growth can arise when capital and labour are augmented by additional inputs in the
production function. One case of particular interest for understanding the link between government policy
and growth arises when the additional input is a public good financed by taxation (Barro, 1990). The
existence of a public input provides a positive role for public expenditure and a direct mechanism through
which policy can affect growth. This opens a path to an analysis of whether there is a sense in which an
optimal level of public expenditure can be derived in a growth model. The analytical details of this model
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are described below because it is an important tool for thinking about the channels through which public
expenditure can impact upon growth.
56.
A public input can be introduced by assuming that the production function for the representative
firm at time t takes the form

Yt = AL1t −α K tα Gt1−α ,

(24)

where A is a positive constant and Gt is the quantity of the public input. The structure of this production
function ensures that there are constant returns to scale in Lt and K t for the firm given a fixed level of
the public input. Although returns are decreasing to private capital as the level of capital is increased for
fixed levels of labour and public input, there are constant returns to scale in public input and private capital
together. For a fixed level of Lt , this property of constant returns to scale in the other two inputs permits
endogenous growth to occur.
57.
It is assumed that the public input is financed by a tax upon output. Assuming that capital does
not depreciate in order to simplify the derivation, the profit level of the firm at time t is

π t = (1 − τ )AL1t−α K tα Gt1−α − rt K t − wt Lt ,

(25)

where rt is the interest rate, wt the wage rate, and τ the tax rate. From this specification of profit, the
choice of capital and labour by the firm satisfy

(1 − τ )αAL1t−α K tα −1Gt1−α

= rt ,

(26)

and

(1 − τ )(1 − α )AL−t α K tα Gt1−α

= wt .

(27)

The government budget constraint requires that tax revenue equals the cost of the public good provided, so

Gt = τYt .

(28)

58.
Now assume that labour supply is constant at Lt = L for all t. Without the public input, it would
not be possible given this assumption to sustain growth because the marginal product of capital would
decrease as the capital stock increased. With the public input growth can be driven by a joint increase in
private and public capital even though labour supply is fixed. Using (24) and (28), the level of public input
can be written as

Gt = (τA)1 / α L(1−α ) / α K t .

(29)

This result can be substituted into (26) to obtain an expression for the interest rate as a function of the tax
rate

rt = (1 − τ )αA1/ α (Lτ )(1−α ) / α .
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59.
The economy's representative consumer is assumed to have preferences described by the utility
function
∞

U = ∑βt
t =1

Ct1−σ − 1
.
1−σ

(31)

This specific form of utility is adopted to permit an explicit solution for the steady state. The consumer
chooses the path {Ct } over time to maximise utility. The standard condition for intertemporal choice must

hold for the optimisation, so the ratio of the marginal utilities of consuming at t and at t + 1 must equal the
gross interest rate. Hence

∂U / ∂Ct
C −σ
≡ t −σ = 1 + rt +1 .
∂U / ∂Ct +1 βCt +1

(32)

Solving for Ct +1 / Ct and then subtracting Ct / Ct from both sides of the resulting equation allows this
optimality condition to be written in terms of the growth rate of consumption

Ct +1 − Ct
= (β (1 + rt +1 ))1 / σ − 1 .
Ct

(33)

Finally, using equation (30) to substitute for the interest rate, the growth rate of consumption is related to
the tax rate by

(

Ct +1 − Ct
= β 1/ σ 1 + (1 − τ )αA1 / α (Lτ )(1−α ) / α
Ct

) σ −1.
1/

(34)

60.
The result in (34) demonstrates the two channels through which the tax rate affects consumption
growth. Firstly, taxation reduces the growth rate of consumption through the term (1 − τ ) which represents
the effect on the marginal return of capital reducing the amount of capital used. Secondly, the tax rate
increases growth through the term τ (1−α ) / α which represents the gains through the provision of the public
input.

61.
Further insight into these effects can be obtained by plotting the relationship between the tax rate
and consumption growth. This is shown in Figure 5 for the parameter values A = 1 , L = 1 , α = 0.5 ,
β = 0.95 and σ = 0.5 . The figure displays several notable features. First, for low levels of the public
input growth is negative, so a positive tax rate is required for there to be consumption growth. Secondly,
the relationship between growth and the tax rate is non-monotonic: growth initially increases with the tax
rate, reaches a maximum, and then decreases. Finally, there is a tax rate which maximises the growth rate
of consumption. Differentiating (34) with respect to τ , the tax rate that maximises consumption growth is

τ = 1−α .

(35)

For the values in the figure, this optimal tax rate is τ = 0.5 . To see what this tax rate implies, observe that
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∂Yt
Y
= (1 − α ) t = 1 ,
∂Gt
Gt

(36)

using Gt = τYt and τ = 1 − α . Hence the tax rate that maximises consumption growth ensures that the
marginal product of the public input is equal to 1 which is also its marginal cost.
Figure 5: Tax Rfate and Consumption Growth

c

s
62.
This model reveals a positive role for government in enhancing growth through the provision of a
public input. It illustrates that there can be an optimal level of government. Also, if the size of government
becomes excessive it reduces the rate of growth because of the distortions imposed by the tax used to
finance expenditure. Although simple, this model does make it a legitimate question to consider what the
effect of increased government spending may be on economic growth.
63.
The outcome of this analysis should be borne in mind when empirical evidence on the link
between taxation and growth is analysed. In particular, even this basic model is able to demonstrate that
taxation used to finance productive government expenditure can have a beneficial effect on the growth
rate. Furthermore, if countries optimise in the choice of tax rate (or, equivalently, in the level of
government expenditure) then variations in the tax rate will have little effect upon the growth rate around
the optimum. This point is discussed further in Myles (2007a).
4.4 Innovation
64.
The innovation approach to endogenous growth develops the ideas of Schumpeter (1934) about
creative destruction - the idea that new products and processes appear that are superior to existing ones and
eventually replace them. The first attempt to formally model this process is attributed to Segerstrom et al.
(1990) but most focus has been placed on the work of Aghion and Howitt (1988, 1992). This line of
research is surveyed in Aghion and Howitt (1998).
65.
The first aspect of the creative process that has been modelled is the introduction of new
intermediate goods. Assume that output depends upon the quantity of labour used and a range of other
inputs. Technological progress can then take the form of the introduction of new inputs into the production
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function without any of the old inputs being dropped. This allows production to increase since the
expansion of the input range prevents the level of use of any one of the inputs becoming too large relative
to the labour input.
66.
The second aspect is the replacement of existing products by better products. In this
representation technological progress takes the form of an increase in the quality of inputs. Expenditure on
research and development results in better quality inputs which are more productive. Over time, old inputs
are replaced by new inputs and total productivity increases. Firms are driven to innovate in order to exploit
the position of monopoly that goes with ownership of the latest innovation. This is the process of “creative
destruction” which was seen by Schumpeter as a fundamental component of technological progress.
67.
The mechanics of a basic model of research and development can be described as follows.
Assume that there is a continuum of types of final good available. Final good i is produced using a unique
intermediate good according to the production function at time t

Yit = Ait xitα .

(37)

In this expression xit is the quantity of intermediate good used and Ait is the level of technology. Each
intermediate good is supplied by the firm that made the most recent innovation for that intermediate good.
Being the sole innovator gives the intermediate supplier a monopoly position.
68.

The research sector for intermediate good i employs nit units of labour and innovations arrive at

the Poisson arrival rate λnit . When an innovation arrives for good i it raises the technology parameter
from Ait to Atmax , where Atmax is the highest attainable technology at time t. The firm making the new
innovation then has a monopoly position until the next innovation. The maximum attainable technology
rises over time at a rate proportional to the total flow of innovations, and hence proportional to the labour
employed in research. In a symmetric equilibrium each sector employs nt units of labour in research and

A&tmax
Atmax

= bλnt ,

(38)

where b is a factor of proportionality.
69.
The level of research in equilibrium equates the cost of labour in research to the expected benefit
of making the next innovation. The level of expected benefit is dependent on the return that is earned by an
innovator during the time operating as a monopolist until the next innovation is made. An increase in the
value of λ encourages research by making innovations arrive more quickly but discourages research by
reducing the expected tenure as a monopolist. The same effects are present for a change in the value of the
innovation parameter, b.
70.
The focus for policy analysis suggested by these models of creative destruction is the effect of
taxation on the incentive to innovate. The tax treatment of profit operates on the net return to innovation. A
subsidy to R&D reduces the cost of innovation. These observations are the basis of the empirical literature
discussed in Myles (2007b).
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4.5 Learning-By-Doing
71.
The fourth major approach to endogenous growth is to assume that there are externalities
between firms that operate through learning-by-doing. This idea has been established in the economics
literature at least since Arrow (1962). The presence of an externality results in a divergence between
private and social returns to capital accumulation.
72.
The basis of learning-by-doing is that investment by a firm leads to parallel improvements in
the productivity of labour as new knowledge and techniques are acquired. Moreover, this increased
knowledge is a public good so the learning spills over into other firms. This makes the level of knowledge,
and hence labour productivity, dependent upon the aggregate capital stock of the economy. The important
consequence is that decreasing returns to capital for a single firm (for a given level of labour use) then
translate into constant returns for the economy.
73.
The policy focus suggested by learning-by-doing is the tax treatment of investment and how
policy can encourage investment by firms. The empirical literature on investment and taxation is discussed
in Myles (2007b).
4.6 Technology Transfer
74.
In addition to these models of endogenous growth it is worth mentioning the role of foreign direct
investment (FDI) in the growth process.
75.
FDI that takes the form of physical investment (rather than the form of acquisitions) provides a
source of technological improvement for the host country. This will be the case if the investing firm
utilises a level of technology above that currently in use in the host country. Much FDI in practice has
taken precisely this form with firms from developed countries locating their most recent technologies in
developing host countries. This raises the productivity of labour in the host country and contributes to
growth.
76.
For many developing countries FDI is an important source of economic growth and it receives
much policy attention. From a world perspective there may be zero-sum elements about these policies but
there are private gains. The empirical assessment of the sensitivity of FDI to policy incentives is reviewed
in Myles (2007b).
4.7 Taxation and Growth
77.
The discussion of models of endogenous growth has identified a range of channels through which
taxation can affect growth. It is helpful to investigate these further within the context of a model. A simple
but informative model for illustrating how a range of tax instruments can affect economic growth is
provided in Zagler and Durnecker (2003). This model captures several of the important elements of
endogenous growth theory.

22

ECO/WKP(2009)54
Output at time t is determined by the aggregate production function

Yt = X tα Gtβ L1t −α ,

(39)

where X t denotes the aggregate quantity of a composite intermediate input. This aggregate is composed of
a set of n specialised intermediate inputs via the defining relation
n

X tα = ∑ xiα,t ,

(40)

i =1

where xi ,t is the quantity of intermediate input i. The input levels {Lt , xit } are chosen to minimise the cost
of production
n

Ct = (1 + τ L )wt Lt + ∑ (1 + τ xi ) pi ,t xi ,t ,

(41)

i =1

where τ L is the tax on labour, τ xi the tax on intermediate good i. Defining an aggregate price index, Pt ,
and a corresponding aggregate tax, τ X , the cost of production can also be written

Ct = (1 + τ L )wt Lt + (1 + τ X )Pt X t ,

(42)

The necessary conditions for cost minimisation can be solved to show that

(1 + τ X )Pt =  ∑ [(1 + τ xi ) pi,t ]α / (α −1) 
n

 i1

(α −1) / α



,

(43)

and

 (1 + τ xi ) pi ,t
xi ,t = 
 (1 + τ X )P

1 / (α −1)





Xt .

(44)

Each intermediate good is produced by a different monopolistic firm. The firm that produces
good i maximises profit subject to the demand function (44). This leads to the optimal price

pi ,t =

1

α

.

(45)

As a consequence the aggregate price index when all intermediate taxes are equal is

Pt =

1 1 + τ x (α −1) / α
n
.
α 1+τ X

(46)

A concept of physical capital can then be defined by aggregating the individual intermediate goods to give
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K t ≡ ∑ xi ,t = n (α −1) / α X t .
n

(47)

i =1

This aggregation allows output to be expressed as a function of capital, public input, and labour

Yt = K tα Gtβ (nLt )1−α .

(48)

The equilibrium capital stock can be shown to be

 1 −τY
K t = α 2 
 1+τ x


Yt .


(49)

This implies that the growth rate is given by

β ˆ
Yˆt =
Gt + nˆt + Lˆt .
1−α

(50)

78.
Assume that a constant fraction, s, of disposable income is saved and used to finance the
activities of R&D firms. Denoting the tax on saving by τ s and that on R&D by τ RD , the expenditure on
labour for R&D satisfies

(1 − τ s )sYt D = (1 + τ RD )wt Et .

(51)

Innovations arrive at the rate

nˆt = φht Et ,

(52)

where ht is publicly provided human capital.
79.

Using there results the per capita growth rate can be found to be

β ˆ
s + αs (1 + τ L )(1 − τ π − τ x )
ht N t
Yˆt − Nˆ t =
Gt + φ
,
1−α
1 + τ RD + τ s + αs (1 + τ L )(1 − τ π − τ x ) nt

(53)

where τ π is the profit tax on the producers of intermediate goods. The first term captures the positive
effect that taxation has on growth through the financing of the public input. The second term captures tax
effects that operate through changes in the level of innovation. Both the tax on R&D and the tax on saving
reduce the growth rate. The tax on R&D reduces innovation and the tax on saving reduces capital
accumulation. The other taxes have an ambiguous effect on growth, with the outcome depending on the
value of the savings rate, s, relative to the value of 1 + τ RD + τ s .
80.
This model could be further developed by closing the system to relate government expenditure on
the productive input and on human capital accumulation to tax revenue. Furthermore, as set out above the
model has no optimisation by the household. This could also be added. But even without these additions
the model still illustrates the effect that taxation can have upon growth.
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4.8 Concluding Comments
81.
The common property of models of endogenous growth is that choices made by economic agents
collectively determine the rate of growth. In turn, these choices can be influenced by economic policies
that change the relevant trade-offs. For example, a government can encourage (or discourage) investment
in human capital through subsidies to training or taxation of the returns. Subsidies to research and
development can encourage innovation, as can the details of patent law. Even in the brief discussion given
above it was apparent that a range of tax instruments can interact with growth-relevant choices.
82.
The review of the models has introduced the effects that policy can have but did not provide any
evaluation of their size or importance. In order to provide such an evaluation it is necessary to consider the
findings of quantitative research. Without quantitative research it is not possible to engage in a convincing
policy analysis. Such research can take the form of calibrated simulation analysis or the study of empirical
data. The remainder of this paper is devoted to simulation analysis. Empirical research on taxation and
growth is reviewed in Myles (2007a, b).
5. Theoretical Predictions
83.
The growth models surveyed in Sections 3 and 4 have identified numerous channels through
which policy can affect growth. What these theoretical models do not achieve is any quantification of the
effect of changes in the economic environment. This section reviews policy experiments undertaken using
the theoretical models to evaluate the consequences of tax changes. The evaluation is achieved through the
use of calibration and simulation.
84.
The standard methodology is to solve a model for its steady-state growth path and then simulate
the effect of policy changes upon this path. The quantification is achieved by using (in most cases) data
from the US to calibrate key parameters, such as the share of capital in GDP. Other elasticities are drawn
from the econometric literature or left as free parameters that can be varied to conduct sensitivity analysis.
The standard policy experiment is to calculate the effect on the long-run growth rate of a variation in the
structure of the tax system. The results describe the potential size of the effects caused be the policy
experiment.
85.
This section first clarifies the distinction between the level and growth effects of a policy reform.
This is necessary to separate the short- and long-run effects of a policy. The basic simulations using a
model of endogenous growth through human capital accumulation are then reviewed. This is followed by
consideration of a wide range of other models that study different routes to endogenous growth.
5.1 Level and Growth Effects
86.
Before discussing the results of policy experiments, it is helpful to clarify the distinction between
the effect of a change in taxation on the level of output and its effect on the rate of growth of output. This
distinction is illustrated in Figure 6 which shows three different growth paths for the economy. Paths 1 and
2 have the same rate of growth - the rate of growth is equal to the gradient of the growth path. Path 3,
which has a steeper gradient, displays a faster rate of growth.
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Figure 6: Level and Growth Effects
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Assume that at time t0 the economy is located at point a and, in the absence of any policy
change, will grow along path 1. Following this path it will arrive at point b at time t1 . The distinction

87.

between level and growth effects can now be described. Consider a policy change at time t0 that moves
the economy to point c with consequent growth along path 2 up to point d at time t1 . This policy has a
level effect: it changes the level of output but not its rate of growth. An example of such a policy is the
introduction of free child care for working mothers. This policy would increase participation in the labour
force and hence raise output. Once the new level of participation was reached the rate of growth would be
unchanged.
88.
Alternatively, consider a different policy that causes the economy to switch from path 1 to path 3
at t0 , so at time t1 it arrives at point e. This change in policy has affected the rate of growth but not (at
least initially) its level. Output eventually achieves a higher level because of the cumulative effect of the
higher growth rate. This second policy has a growth effect but no level effect. An example might be a
change to the accounting rules on depreciation that raises the rate of investment and therefore leads to
faster accumulation and a higher rate of growth.
89.
The distinction between level and growth effects can also be related to short-run transitional
dynamics between long-run steady states. To illustrate this point consider the Solow growth model with a
fixed rate of saving. Assume the economy is initially in a steady state so that the rate of growth of per
capita output is zero. Now let there be an exogenous increase in the rate of saving. In the short-run the rate
of growth will be positive as the economy adjusts towards the new steady state. In the long-run the rate of
growth will return to zero but at a higher level of per capita consumption. Consequently, the economy
experiences a short-run growth effect on the transition path between two steady states at different levels.
90.
In practice, many policy changes will have some combination of level and growth effects. The
exact combination is important since only the growth effects have long-term implications.
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5.2 Tax Reforms
91.
Appendix 2 demonstrates the surprising and strong result that the long-run optimal tax rate on
capital should be zero. Although the derivation in the appendix is undertaken for an exogenous growth
model, the result also applies when growth is endogenous. The basic intuition that the intertemporal
allocation should not be distorted applies equally in both cases. This is an important conclusion since it
contrasts markedly with observed tax structures. For example, in 2002 the top corporate tax rate was 40%
in the US, 30% in the UNITED KINGDOM and 38.4% in Germany. Although Ireland was much lower at
16%, the OECD average was 31.4% (Hindriks and Myles, 2006).
92.
In addition to the corporation tax most countries employ an income tax that taxes the return to
saving. This lowers the net return earned on assets and results in a disincentive to save. This leads to a
lower rate of capital accumulation. The divergence of the observed tax rate from the theoretically optimal
rate and the taxation of saving raises the possibility that a reform of the actual system can raise the rate of
economic growth and the level of welfare. This question has been tested by simulating the response of
model economies to policy reforms involving changes in the tax rates upon capital and labour. Such studies
have provided an interesting range of conclusions that are worth close scrutiny.
93.
The basic model for simulation analysis is an endogenous growth model with both physical and
human capital entering the production function. The consumption side is modelled by a single, infinitely
lived representative consumer who has preferences represented by the utility function

U=

[

1 ∞ t
α
∑ β Ct Lt
1 − σ t =0

]σ,
1−

(54)

where Ct is consumption and Lt is leisure. Alternative studies adopt different values for the parameters
α and σ . The second area of differentiation between studies is the range of inputs into the production
process for human capital, in particular whether it requires only human capital and time or whether it also
needs physical capital. The analytical process is to specify the initial tax rates, which usually take values
close to the actual position in the US, and calculate the initial growth path. The tax rates are changed and
the new steady state growth path calculated. The two steady states are then contrasted with a focus placed
upon the change in growth rate and in levels of the variables.
94.
Table 2 summarises some illustrative policy experiments and their consequences. The experiment
of Lucas (1990) involves elimination of the capital tax with an increase in the labour tax to balance the
government budget. This policy change has virtually no growth effect (it is negative but very small) but a
significant level effect. In contrast, King and Rebelo (1990) and Jones et al. (1993) find very strong growth
and level effects. King and Rebelo consider the effect of an increase in the capital tax by 10 percentage
points whereas Jones et al. mirror Lucas by eliminating the capital tax. What distinguishes the King and
Rebelo analysis is that they have physical capital entering into the production of human capital. Jones et al.
employ a higher value for the elasticity of labour supply than other studies. The model of Pecorino (1993)
has the feature that capital is a separate commodity to the consumption good. This permits different factor
intensities in the production of human capital, physical capital and the consumption good. Complete
elimination of the capital tax raises the growth rate, in contrast to the finding of Lucas.
95.
The importance of each of the elements in explaining the divergence between the results is
studied in Stokey and Rebelo (1995). Using a model that encompasses the previous three, they show that
the elasticity of substitution in production matters little for the growth effect but does have implications for
the level effect - with a high elasticity of substitution, a tax system that treats inputs asymmetrically will be
more distortionary. The elimination of the distortion then leads to a significant welfare increase. The
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important features are the factor shares in production of human capital and physical capital, the
intertemporal elasticity of substitution in utility and the elasticity of labour supply. Stokey and Rebelo
conclude that the empirical evidence provides support for values of these parameters which justify Lucas'
claim that the growth effect is small.
Table 2: Growth Effects of Tax Reform
Author

Features

Utility
Parameters

Initial Tax
Rates and
Growth Rate

Final Position

Additional
Observations

Lucas (1990)

Production of human
capital did not
require physical
capital

σ=2
α = 0.5

Capital 36%
Labor 40%
Growth 1.50%

Capital 0%
Labor 46%
Growth 1.47%

33% increase in
capital stock
6% increase in
consumption

King and Rebelo
(1990)

Production of human
capital requires
physical capital
(proportion = 1/3)

σ=2
α=0

Capital 20%
Labor 20%
Growth 1.02%

Capital 30%
Labor 20%
Growth 0.50%

Labor supply is
inelastic

Jones, Manuelli
and Rossi (1993)

Time and physical
capital produce
human capital

σ=2
α= 4.99
α calibrated
given σ

Capital 21%
Labor 31%
Growth 2.00%

Capital 0%
Labor 0%
Growth 4.00%

10% increase in
capital stock
29% increase in
consumption

Pecorino (1993)

Production of human
capital requires
physical capital

σ=2
α = 0.5

Capital 42%
Labor 20%
Growth 1.51%

Capital 0%
Labor 0%
Growth 2.74%

Capital and
consumption
different goods,
consumption tax
replaces income
taxes

96.
These simulations models produce a variety of results but provide only limited insight into the
general outcome. A number of analytical results are provided in Milesi-Ferretti and Roubini (1998). The
model they consider encompasses most of those described above. It has separate production technologies
for physical and human capital. Interestingly, it considers three different interpretations of leisure. In the
first interpretation leisure is the usual residual time that is not spent working or studying to raise human
capital. This is termed the “raw time” model. The second interpretation, “home production”, has leisure
produced through a production function using human and physical capital. The third interpretation just uses
time and human capital in the production of leisure. This is termed “quality time”.
97.
The policy experiments consider the marginal increase of a particular tax with the government
budget balanced by a change in the lump-sum transfer to the representative consumer. With this in mind it
is not surprising that the results reported in Table 3 show that an increase in the tax rates generally reduce
the steady-state rate of growth.
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Table 3: Effect on Steady-State Growth Rate

Model

Capital income Labor income Consumption

Raw time

Decrease

Decrease

Decrease

Home production

Decrease

Decrease

No effect

Quality time

Decrease

Source: Milesi-Ferretti and Roubini (1998)

98.
An alternative perspective is provided by Song (2002) who employs a version of the Blanchard
(1985) overlapping generations model with perpetual youth. (The perpetual youth label arises from the fact
that each consumer has an equal probability of survival into the next period.) The analysis is based on the
assumption that all government revenues are spent unproductively so there is no expenditure effect on
growth. The argument of the paper builds on the observation that in this model the growth rate of
consumption is increasing in the after-tax interest rate and in the share of human wealth in total wealth. A
higher rate of tax that lowers the after-tax interest rate can still cause growth to rise if it raises the share of
human wealth. The paper finds that a higher rate of tax on income (meaning both capital income and
labour income) raises the steady state growth rate if and only if the elasticity of factor substitution is
greater than 1. This is a strong restriction for the elasticity to satisfy. The result is also shown to extend in a
weaker form to an economy where physical capital is used as an input into the learning process.
99.
Although it does not directly address issues in endogenous growth the analysis of Hendricks
(2003) merits reporting. An initial inspection of the Ramsey growth model and the overlapping generations
model make them seem entirely distinct. The observation of Hendricks is that the only significant
distinction is the degree of inter-cohort persistence. A pure overlapping generations model has no
persistence: each consumer lives for two periods and there is no transmission of wealth between
generations. The Ramsey model with a consumer whose life is infinite has complete persistence: decisions
take into account the entire lifetime trajectory of welfare.
100.
Hendricks explores the claim that persistence affects the tax elasticity in a model encompassing
the Ramsey model and the overlapping generations model. The model has two key parameters. One
parameter determines whether the bequest motive is operative. The other parameter determines whether
there is any link between the human capital of parent and offspring. Varying the values of these parameters
allows the transition between Ramsey model and overlapping generations model. Simulations are
conducted for five variants of the model. Stronger persistence increases the steady-state tax elasticity of
human capital for both wage and capital income taxes. Infinite lives models have higher elasticities than
overlapping generations models. The message of the paper is that the specification of the model matters for
the tax elasticity that is derived.
101.
Keuschnigg and Deitz (2005) propose a change to the standard income tax system that they claim
will promote growth. The proposed tax structure consists of four parts: i) a progressive tax of labour
income; ii) a flat tax on company profits (both corporate and non-corporate); iii) deduction of interest
payments and normal return to equity from taxable profit of firms; and iv) a proportional tax at the personal
level on all forms of capital income. The rates are chosen to prevent arbitrage through shifting between
labour income and profit income for owners of firms. The proposed structure has elements of a dual
income tax system because of the different treatments of labour and capital income. The paper proves that
this system is neutral with respect to the allocation of capital across sectors.
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102.
The effect of the proposal is simulated by placing it within an overlapping generations model.
The simulations show that long-run GDP will rise by between 2 or 3% if the system is implemented. Note
that this is the level of GDP and not the rate of growth, so that it seems to be a large change in tax system
for a small change in welfare. Since the model is one with overlapping generations there can be no longrun growth, so the analysis may not really be capturing the full growth effect of proposed tax system
revisions.
103.
This section has reported on the range of estimates that have been obtained for the effects of
taxation upon growth. Some of the models predict that the growth effect is insignificant, others predict it
could be very significant. What distinguishes the models are a number of key parameters, particularly the
share of physical capital in human capital production, the elasticities in the utility function and the
depreciation rates. In principal, these could be isolated empirically and a firm statement of the size of the
growth effect given. To do so and thus claim an “answer” would be to overlook several important issues
about the restrictiveness of the model. It would also overlook detailed information that is available upon
how taxation affects each component of growth.
5.3 Components of Growth
104.
The endogenous growth model with human capital accumulation is only one model from the
many available. A review is now undertaken of a range of models that either model human capital
accumulation in more detail or consider other sources of endogenous growth.
5.3.1 Education
105.
An early model of the link between education and growth is described in Weale (1992). The
paper discusses the channels through which education (and fertility) can affect growth and health, and the
measurement of the social rate of return to education. It is observed that the high returns to education that
have been calculated for developing economies may represent the consequence of short-term shortages of
educated labour and the effect of omitted variables in regression equations.
106.
A simple model is provided in which a dynasty chooses the investment in education for each
generation and the number of offspring. The dynastic choice is then embedded in a growth model and a
simulation analysis is conducted. The interesting finding of the paper is that the rate of growth is positively
related to the chosen amount of education but negatively related to fertility. The major insight is viewed as
the link between reduced fertility and increased education.
107.
Trostel (1993) provides a model of investment in human capital that can be interpreted as
representing educational choice. In this model human capital formation requires the investment of time and
the investment of commodities. The commodities can either be bought indirectly through the firm of
employment or directly on the market. The difference is that when purchased through the firm the goods
are subsidised by the tax system (in the sense that they are tax deductible) but lead to a lower income since
the firm deducts the cost from payment. Goods bought directly for human capital investment are subsidised
by the government. The consumer optimises over all decision variables.
108.
The model is simulated using a parameterisation justified by appeal to the econometric literature.
What the basic simulation shows is that the effect of an increase in the proportional income tax is focused
on the human capital level, rather than on the labour hours variable. This implies that 80% of the
adjustment in the product of labour and human capital (LH - the effective labour input) is through human
capital, H. The results are summarised in Table 4. All symbols have standard meaning except for x which
is the proportion of total time spent in human capital formation. The column labelled long-run equilibrium
reports the percentage change in the variable for a percentage change in the income tax rate. Hence, an
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increase in income tax from 40% to 40.4% reduces human capital by 0.388%. The second column is the
present value of the time path of percentage changes per present value of percentage change in the tax rate.
Hence, the discounted average decrease in human capital is 12%.
Table 4: Income Tax Elasticities

Variable

Long run

Present

equilibrium

value

H

-0.388

-0.123

y

-1.146

-0.802

xH

-0.480

-0.280

LH

-0.480

-0.291

K

-1.368

-0.597

w

-0.222

-0.077

r

0.667

0.230

Source: Trostel (1993)

109.
Particular parameterisations of the general model capture alternative models that have been used
previously and these have different implications for the response to taxation. From the perspective that the
general model is correct Trostel thus concludes that other models can be wrong. In summary, this analysis
provides theoretical evidence that the effect of taxation on human capital accumulation can be large. The
paper indicates that the change in investment in human capital can be more important than the change in
working hours due to taxation. Hence, it is concluded that taxation significantly discourages human capital
investment.
110.
The ideas of Trostel are further developed in Heckman et al. (1998). This paper studies a version
of the Auerbach-Kotlikoff (1987) model in which there is individual heterogeneity. There are several
human capital (or skill) levels from which individuals make a selection. The heterogeneity is reflected in
different individuals making different choices. The central focus of the analysis is the comparison of a
progressive labour income tax with flat income and consumption taxes. Basic economic reasoning suggests
that a move to a flat tax will encourage skill accumulation since it raises the incentive to seek higher
income, and the consumption tax will encourage physical capital accumulation since it removes the tax on
interest income. A selection of the results is presented in Table 5. The change in the stock of human capital
for the two tax reforms confirms the intuition that a progressive labour income tax discourages education.
In both cases the aggregate level of output increases.
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Table 5: Effect of tax reform on capital and output

Percentage change from
equilibrium with progressive tax
Flat tax

Consumption tax

-0.79

4.65

2.82

1.85

Stock of high-school 0.90

0.08

Stock of
physical capital
Stock of college
human capital

human capital
Aggregate

1.15

4.98

output
Source: Heckman et al. (1998)

111.
It is observed in Myles (2007a) that standard cross-country regressions reveal a positive
relationship between the quantity of schooling in a country and the growth rate. Bils and Klenow (2000)
explore the factors that can explain this observation. They build an endogenous growth model with a
schooling choice. The model has the property that the causality between education and growth runs in both
directions. Schooling develops human capital, and so raises the rate of growth. In the reverse direction, the
effect of higher growth is an increase in the return to education, so the investment in education rises. A
version of the model is calibrated using UNESCO data on educational attainment. The calibrated model is
used to justify the claim that the impact of schooling on growth explains less than one third of observed
cross-country correlation between education and growth. Instead, the growth to schooling effect is assessed
as being potentially large.
112.
Increased schooling can raise the level of human capital. If this schooling is publicly provided
then revenue must be raised to finance the provision. The tax instrument chosen to raise the revenue can
introduce distortions into the economy and has implications for the rate of growth. It is therefore not
correct to infer that increased public education will necessarily raise growth without specifying the
financing mechanism. These issues have been explored in a range of models.
113.
Blankenau and Simpson (2004) observed that theoretical analysis predicts government
expenditure on education increases the stock of human capital and should therefore raise the growth rate.
However, this effect does not appear to be especially apparent in the data. The reconciliation between these
two observations that is offered in the paper is that the taxes imposed to finance educational spending have
distortionary effects. The distortions caused by the taxes then result in an offsetting reduction in the growth
rate.
114.
This idea is tested by constructing a model with overlapping generations and a range of tax
variables (labour, capital, consumption, and output). When a nondistortionary output tax is used to finance
expenditure there is a non-monotonic relation between spending and growth, so that growth first rises with
spending and then falls. With a consumption tax used instead of the output tax the level of growth always
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rises with expenditure. The effects of labour and capital taxes are less clear, but cases are found where the
relationship between spending and growth is non-monotonic.
115.
The finding of non-monotonicity can be used to help understand the empirical results. The
countries observed in a data set may be either side of the divide between growth increasing with spending
and growth decreasing with spending. If this is the case it follows that when a regression analysis is
undertaken there will be no clear relationship between education expenditure and growth. A similar
argument is discussed in Myles (2007a) in connection with the work of Slemrod (1995). The results also
confirm that the tax policy used to finance expenditure has important consequences for growth.
116.
It is not necessary that education is provided publicly. Since there is a private benefit to human
capital accumulation some investment in education (but not necessarily the efficient level if there are
externalities or other imperfections) will be made and financed privately even if there is no public
provision. A government therefore has the choice of either relying on private choices, providing education
publicly, or subsidising private investment.
117.
Ciriani (2007) addresses these different methods of educational financing. The setting is an
extension of the model of Zhang (2005) that incorporates random ability shocks on human capital. The
random shocks result in workers having different inherited abilities to learn. The human capital of each
worker is determined as the product of inherited ability, spending by parent, and average spending in
society. Parents are altruistic and care about the human capital of their offspring. This provides an
intertemporal linkage.
118.
The paper contrasts three financing systems: i) private provision; ii) free uniform public
provision financed by an income tax; and iii) subsidisation of private provision financed by an income tax.
The results show that subsidisation can lead to higher growth than either of the other two in the short run.
Subsidisation can also lead to higher growth in the long run if the dispersion of inherited ability to learn is
sufficiently low. In terms of the points made by Blankenau and Simpson (2004) it is important to observe
that Ciriani (2007) determines the spending and tax policies simultaneously, so these result describe the net
effects on growth of the government policy.
119.
In the model of Ciriani (2007) all uncertainty is resolved before the human capital choice is
made. Krebs (2003) makes the alternative assumption that there is still risk at the time at which the
investment decision is taken. This causes there to be a link between the tax system, its interaction with risk,
and the choices made.
120.
Krebs (2003) analyzes a model in which households face a choice between investment in
physical capital and investment in human capital. The return from physical capital is risk free. In contrast,
the return from human capital investment is risky in that there is an idiosyncratic shock each period which
can add to, or reduce, the stock of human capital. As a consequence of risk aversion the choice of
investment is biased toward physical capital because of the risk to the return on human capital. This
implies that if a reduction can be secured in the risk on human capital then the level of physical capital
investment will be reduced and the level of human capital investment will be raised. A policy aimed at
reducing risk can therefore benefit growth since it leads to a more balanced allocation of investment. The
analysis shows that this reallocation of investment effect can be so significant that even when a
distortionary income tax is used to provide insurance against human capital risks both growth and welfare
can increase. The importance of this paper is that it provides a new perspective from which to think about
the role of an income tax in affecting growth.
121.
The decision to invest in human capital is affected by the discounted lifetime flow of income. In
most analysis only the income from employment is considered in the lifetime flow but, although it is
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highly discounted at the time most human capital investments are made, the income from social security in
retirement is also a factor. Lau and Poutvaara (2006) observe that the social security system affects the
private return to an investment decision if the expected flow of social security is dependent upon the flow
of income when working. There will also be a link between social security and the equilibrium return
through the consequences of individual decisions for the aggregate capital stock. The major finding of the
paper is that linkage between social security benefits and contributions made while working raises the level
of human capital investment.
122.
The role of public subsidisation of education is further developed in Benabou (2002). A model is
constructed in which consumers produce using their own labour and accumulated human capital. The
equilibrium effect of a progressive income tax and a progressive redistribution to educational expenses are
determined. It is shown that the intertemporal distortion caused by the income tax can be offset by other
policies which are unanimously supported by the population of consumers. The numerical works trades off
efficiency and equity to characterise an optimal interior policy. The unusual feature of the model is that
there is no interaction between consumers in the market place. Each agent produces and consumes their
own output less what the government subtracts or adds in redistribution. Hence, this is a model of
economic activity that has no trade.
123.
In the context of growth theory the use of college scholarship programmes can be seen as a
method of increasing the accumulation of human capital. The success of the programmes in raising human
capital is primarily dependent on the responsiveness of the demand for education. Evaluation of the
responsiveness is an empirical issue which is discussed in Myles (2007b). The issue that is now analyzed is
how the means-tested nature of scholarship programmes interacts with other economic choices and
policies. The point is that the scholarship programmes cannot be treated in isolation but must be viewed as
part of the overall household decision process.
124.
The analysis of Feldstein (1995a) demonstrates that the structure of college scholarship
programme can have a negative effect on saving. In this case a programme that is designed to provide
means-tested assistance to encourage human capital accumulation can damage growth by acting adversely
on one of the other sources of growth.
125.
The argument is that college scholarships are assessed on the basis of parents' ability to pay. This
takes into account income and assets. The scholarship is reduced as asset holdings increase, so this
provides a disincentive to save. Feldstein assumes that the system can be given the simple representation

S = α (E − θA) + β for 0 ≤ S ≤ E ,

(55)

where S is the scholarship received, E is the cost of college, A is the asset holding of the parents, α is the
rate of adjustment of the scholarship, β is any lump-sum grant received, and θ is the marginal rate of tax
on accumulated assets used to calculate the parental contribution. The saving effect comes from the fact
that as A rises the value of S falls. This is equivalent to a higher rate of taxation applied to asset holding.
An analysis of the lifecycle decision of the parents shows that an increase in θ reduces the optimal A and
E. The effect upon E can be interpreted as the choice of a cheaper college. The effect of an increase in α
on choices is ambiguous, but it may also reduce A.
126.
The empirical analysis uses data from the 1986 Federal Reserve Board Survey of Consumer
Finances and restricts attention to a homogenous group of households (married couple, head between 40
and 50, children under 18 but none in college, annual income positive but not more than $100,000). Let the
annual capital levy on assets under the scholarship programme be t. This value is increasing in the level of
income. A family with children who will, in total, spend n years in education face an education capital tax
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of θ = 1 − (1 − t ) . Because of the behavior of t the education capital tax also increases with income until a
maximum is reached, then remains constant until the maximum qualifying income level is reached.
Instrumental variable estimation generates the regression equation (with standard errors in parentheses)
n



A = −9,934 + − 2.04− 1.41 θ + 0.076 AGE Y ,
(0.026 )
 (1.14 ) (0.60 )


(56)

where AGE is the age of the household head and Y is household income.
127.
The estimated equation shows that the educational tax has a negative and significant effect
upon asset accumulation. A family with income of $40,000 and a head aged 45 with two children differing
in age by 2 years would face the maximum annual capital levy of t = 0.0846 . The assumptions imply
n = 6 and θ = 0.41 . The regression predicts that this family would have reduced asset accumulation by
$23,124.
128.
The paper concludes that educational scholarship programmes can have a major impact upon the
level of saving. The structure of the programmes provide a disincentive to save. When aggregated over
households in the economy the result implies a significant reduction in saving for the economy. There is
therefore a conflict between saving and encouraging human capital formation through scholarship
programmes.
129.
A separate form of interaction is analyzed by Dynarski (2004). An incentive to save for education
is provided by 529 Savings Plans and Coverdell Savings Accounts. The basis of these schemes is that the
returns to saving are tax free if the withdrawals are used to finance education. The point of the paper is to
analyze the interaction of these incentives with the aid packages granted by colleges. The important
conclusion is that the interaction means that the marginal tax rate is in excess of 100% for some middle
income families. This results from aid being withdrawn because of the higher return on the savings plans.
The implicit message is that this is should be avoided but the paper does not explicitly address the effect on
educational investment.
130.
The accumulation of human capital does not have a single homogenous form. There are different
levels of education (primary, secondary, etc.) and different forms of training (specific and general).
Analyzing the aggregate level of human capital in an economy can overlook some of the finer detail that
can influence the rate of economic growth. Most empirical analysis considers only the division into
different levels. Some recent work theoretical work has tried to move beyond this to explore the
implications of different forms of human capital accumulation.
131.
Krueger and Kumar (2004) note that there has been a widening of the growth differential
between the US and Europe. During the 1970s there was little difference in growth rates between the two
regions. But through the 1980s, and especially in the 1990s, the US grew consistently faster than Europe.
The paper observes that this has occurred during the new “information age” and that the US has been
noticeably faster in the adoption of new technology. An explanation is provided as to why this might be so.
132.
The answer proposed is that human capital can take either a general form or a specific form. Two
claims then support the analysis. First, that the specific form of human capital is the outcome of vocational
training. Second, that the general form of human capital allows much quicker adaptation to new
technology. Evidence is presented to show that Europe has concentrated more on vocational training and
the US has concentrated more on general training. The basic component of this evidence is presented in
Table 6. This shows the division of the secondary education population between general and vocational
training. In the US there is no separate vocational stream. The table also reports the entry rate into
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university. The paper asserts that university provides general training so arrives at the conclusion that the
US has much less vocational training than Europe.
Table 6: Education indicators

% upper

% upper

University

sec. in

sec. in

net entry

general

vocational

rate

Austria

23

77

26

Finland

48

52

France

47

53

33

Germany

23

77

27

Italy

28

72

Netherlands

30

70

Sweden

44

53

EU

42.4

57.6

United States

34

52

Source: Krueger and Kumar (2004)

133.
A model is constructed that captures these two features. Households choose between specific and
general training. General training is costly to obtain. Firms select the rate of adoption of new technologies.
It is shown that the model can replicate some of the claims: an economy with relatively more vocational
training will not grow as fast as one with general training when there is technological advance. This
conclusion is interesting but not absolutely compelling. The US has seen redundancies and has experienced
significant costs of adjustment in the move from traditional manufacturing industries to new information
technology industries. There is also the fact that the US has probably relied on a considerable quantity of
imported labour in the high technology sectors. This is not reflected in the education data presented by the
paper. The division of human capital into the two forms also seems unconvincing when one tries to
categorise various educational programmes into vocational or general.
134.
The analysis of Blankenau (2005) considers how the division of expenditure between lower-level
education and higher-level education may affect growth. The model employed has an overlapping
generations structure. It is assumed that low-level education is compulsory but high-level education is
optional. Part of the cost of high-level education may be funded by the government, but the remainder has
to be financed privately. The return to high-level education is an increase in income. The paper focuses on
the best allocation of government expenditure to the two levels of education. The tax instrument used to
finance government expenditure is a lump-sum tax on income and so is non-distortionary. It is
demonstrated that high-level education should only be subsidised once a critical level of expenditure is
reached. Prior to this level being reached all expenditure should be on low-level education. This is not
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surprising when there are decreasing returns to low-level education, the return to high-level education can
be privately captured in higher wages, and there is a perfect capital market so nothing restricts efficient
individual investment in high-level education.
5.3.2 Research and Development
135.
The model of endogenous growth through innovation makes clear the importance of research and
development (R&D). Aghion and Howitt (1992) emphasise the fact that a competitive market may not
generate an efficient outcome because of the externalities associated with R&D. It is these externalities that
have motivated research that estimates the private and social returns to innovation. If these returns are not
aligned then there is potential for economic policy to enhance efficiency by countering the effect of the
externality.
136.
Jones and Williams (1998) build on the modelling of innovation in endogenous growth models to
calculate the social rate of return to R&D and, hence, to contrast the optimal amount of R&D with the
equilibrium amount. The idea used is to take a production function for output and a production function for
“ideas” and to use these to consider the following variation from the equilibrium path: reduce consumption
today, raise R&D today, reduce R&D tomorrow (to keep future path of ideas the same) and ask how much
output goes up. No private individual will wish to undertake this variation (since it is assumed that each is
optimising). But if there are any externalities or distortions society may wish to make the deviation. The
social return to R&D is the gain in consumption from this variation. The central feature of the analysis is
that the construction of the social return does not depend on market conditions but only upon production
possibilities. What the market determines is where on the trade-off between R&D and consumption the
economy is located.
137.
The paper proceeds to set out a growth accounting methodology for evaluating the component of
total factor productivity generated by R&D. This leads to the change in TFP being regressed on the share
of R&D expenditure in GDP. The estimated coefficient gives the return. Table 7 summarises results that
studies using this methodology have obtained. The variable r (own) is the return on privately financed
R&D. The variable r (used) is the return on R&D in one industry financed by R&D expenditure of
another industry. The value of Sum is the social return to R&D. The studies report high estimates of both
the private and social return: own R&D has a return on 27% and the spillover has a return of about 70%, so
the social return is 100%.

37

ECO/WKP(2009)54
Table 7: Estimated rate of return to R&D

Study

r (own)

r (used) Sum Years

Sveikauskas (1981)

0.17
(0.06 )

59-69

Grilliches (1994)

0.30
(0.07 )

78-89

Grilliches and Lichtenberg (1984a)

0.34
(0.08)

69-73

Terleckyi (1980)

0.25
(0.08)

0.82
(0.21)

1.07

48-66

Scherer (1982)

0.29
(0.14 )

0.74
(0.39 )

1.03

73-78

Grilliches and Lichtenberg (1984a)

0.30
(0.09 )

0.41
(0.20 )

0.71

69-78

Source: Jones and Williams (1998)

138.
The major point of the Jones and Williams analysis is the observation that the methodology
underlying the estimates in Table 7 ignores congestion in R&D, intertemporal knowledge spillovers, and
diminishing technological opportunities. These overlooked components include both positive and negative
effects but the paper argues that their net effect must be positive. This implies that the estimates in the table
are in fact a lower bound on the social return. The estimated social return is then used to predict the underinvestment in R&D. The conclusion is that optimal R&D is two to four times observed R&D.
139.
The measurement of the social return to R&D is also addressed by Comin (2004). It is assumed
that innovation is a free-entry industry and therefore must satisfy a zero-profit condition. This can be used
to obtain the value of innovations. The argument that there is a limited externality in embodied innovations
makes it possible to derive an expression for the social value of innovation. This social value is then used
to determine the contribution of innovation to output growth. What is concluded is that this contribution
has a very low upper bound. This means that little of the Solow residual (see Myles, 2007a, for an
extended discussion of the meaning of the Solow residual) can be attributed to expenditure on R&D. This
is in contrast to the empirical evidence described above. It is concluded that US innovation may be taking
place at a socially-optimal rate.
140.
The basis of the Comin approach is to assume that R&D innovations are embodied. Free-entry to
R&D implies R&D firms break even, so the cost of resources devoted to R&D must equal the value of
newly-developed technologies. It follows that the relationship between the share of resources devoted to
R&D and the growth rate of technology is a linear function of the inverse of the market value of an
innovation. This presumes that innovators are small. The derivations of the paper yield the expression
Contribution of R&D to productivity growth =

α
1−α α

 η
s

38

r − gY
−1

−1 

− (η − 1) 


, (57)
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where 1 − α = labour share in output, s = R / Y , R = spending on R&D, g Y is the growth rate of output,
η is the inverse of the elasticity of substitution between different intermediate goods in production. The
expression in (57) is plotted in Figure 7 using the parameters r = 0.07, g Y = 0.034, α = 0.33, r = 0.07.
The upper line in the figure is for η = 1.2, and the lower line for η = 1.5. Note that for both values the
graph has a discontinuity for slightly larger values of s. At the R&D intensity observed in the US (s = 0.2)
the R&D contribution represents only one tenth of the annual growth rate of 2.2%. To account for all the
productivity growth in the US the R&D intensity must be s = 4.8 when η = 1.5, and η = 8 when η = 1.2.
These observations led the paper to conclude that much of the growth in TFP is unexplained.
Figure 7: Contribution of R&D to productivity growth

141.
An important feature of R&D is that the spillover effects are not contained within national
borders. For example, innovation in computing hardware in the US rapidly diffuses across the world. This
raises the level of technology in every country that adopts the new hardware. The adoption of technology
created elsewhere is likely to be the major source of growth for many countries. Such observations have
motivated extension of the innovation model to an international setting.
142.
Howitt (2000) develops the model of Schumperterian innovation by creative destruction to fit
within an international setting. The basic structure of the model is that firms invest in R&D and
innovations arrive randomly, but at a rate influenced by the R&D expenditure. The innovations transfer
across countries. The transmission mechanism is that if a country makes the next innovation the level of
innovation will be above the maximum achieved anywhere in the world. Hence, an innovation leapfrogs a
country to the top of the technology ladder. Implicitly, this is assuming that all countries have access to the
best available technology (or at least knowledge of that technology) and can improve upon it by
innovation. Other than this self-produced innovation there is no other transmission mechanism for
technology to diffuse. It might be expected that technology would filter down through trade or through
foreign direct investment but these processes are not incorporated within the model.
143.
As a consequence of the assumptions a country that does not spend on R&D simply stagnates. It
is claimed that this model generates relationships between growth and economic variables that are
essentially the same as for the Solow model but with the inclusion of some additional terms. Hence, the
regressions that fit reasonably well with the Solow model do not show that endogenous growth models are
inappropriate but in fact may be miss-specified. It is argued that the miss-specification results in an over
estimate of the capital share in generating growth. These comments relate to the controversy begun by
Mankiw et al. (1992) and discussed further in Myles (2007a). The representation of growth is interesting
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for the debate on endogeneity, but the international transmission mechanism for innovation is limited in
scope.
144.
Diao et al. (1999) present an alternative endogenous growth model that accounts for international
spillovers of technology. The model is based on each country possessing an aggregate production function
for R&D. Incorporated within this production function are two spillover effects. First, the output of R&D is
proportional to the total level of accumulated knowledge with each country. Second, there is an
international spillover. The international spillover arises from the trade in investment goods. The purchase
of investment goods from abroad is viewed as adding to the total stock of knowledge through the
technology embodied in those goods. The model is calibrated to data for Japan and employed to study the
effects of trade policy and policies designed to stimulate R&D. It is shown that strategic trade policy does
not increase R&D at home significantly, but can increase the spillover effect which in turn raises growth.
Conversely, trade liberalisation can reduce growth. Policies that directly subsidise R&D are found to have
significant growth-enhancing effects at a low net cost to taxpayers.
145.
The potential inefficiency of the competitive equilibrium when there is innovation provides scope
for efficiency-enhancing policy intervention. This has led to studies of the effect of tax policies on R&D.
146.
Lin and Russo (2002) compare the consequences of cuts in capital taxation in a model with
exogenous innovation to the effect in a model with endogenous innovation. When innovation is exogenous
a cut in the capital tax raises the level of saving. When innovation is endogenous a cut in the tax raises
innovation as well. The model is then calibrated to fit US data. This exercise suggests that the exogenous
innovation model underestimates the effect of tax cuts on innovation.
147.
It is often observed that the private R&D choices of a firm do not take into account the losses
imposed on previous innovators nor on possible duplication, so there is potential that R&D may
undertaken at too high a level. However, private choices also do not take into account the social return, so
providing a reason for R&D expenditure to be too low. Russo (2004) notes briefly some limitations of the
empirical work on R&D as a justification for conducting a CGE study to rank the effectiveness of different
tax schemes. The model used is based on those of Romer (1990a) and Jones (1995). Labour effort is an
input into the advancement of knowledge. There are potential spillover effects, potential duplication
effects, and crowding effects. The simulation results that are given emphasis are that: i) incremental and
comprehensive R&D tax credits produce relatively large increases in research effort and welfare; ii) lower
income tax rates and tax credits for downstream users rank next; iii) investment tax credits for upstream
producers are ineffective; and v) incremental credits dominate comprehensive credits.
5.3.3 Government spending
148.
Government expenditure can be used for consumption or for the provision of a public capital
good. The model of Barro shows how growth can be sustained by accumulation of the public capital good.
The inclusion of this effect in a simulated policy experiment changes the manner in which taxation affects
growth.
149.
Baier and Glomm (2001) extend the simulations of Section 4.3. The basic assumption is that the
set of productive inputs is expanded to include physical capital, human capital and a publicly-provided
input. This provides a positive role for taxation to finance the public expenditure. Government expenditure
is divided between investment in the productive input, provision of a utility-enhancing service, and transfer
payments. These expenditures are financed by distortionary taxes on capital and labour.
150.
The paper provides some analytical results for the special case of a Cobb-Douglas production
function and some simulations. The main results are that the growth rate increases the higher is the
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proportion of government revenue spent on the productive input relative to the proportion that is
redistributed, and that the optimal tax on capital is positive. The positive tax on physical capital is
interpreted as recovering some of the return to public capital (or, alternatively, putting a price on public
capital for the private firm). Simulations of a CES technology support the result that the growth rate is
increasing in the proportion of government expenditure on investment. Holding spending patterns fixed
and increasing the tax rate ultimately decreases the growth rate (although it may increase for low tax rates).
The paper captures some aspects of the simultaneity between taxation and public expenditure that is
apparent throughout the empirical literature.
151.
Many of the policy experiments consider only tax systems with a constant marginal rate. This is
typically for reasons of analytical and computational simplicity. An exception to this is the work of Li and
Sarte (2003) who analyze the consequences of progressive taxation. The basic assumption is to capture
progressivity by a single parameter. To achieve this a progressive tax function is defined by

 y
Y 

φ

 y
Y 

τ  =ζ   ,

(58)

where φ measures the degree of progressivity. This tax function is embedded in two alternative
endogenous growth models: Rebelo's model where government spending is not productive and Barro's
model where government spending is an input.
152.
The analysis focuses on how changes in taxes affect growth and income distribution and hence
revenues via the progressive tax. The central observation is that the marginal rate of tax is endogenous and
that more progressive statutory rates do not always imply more progressive effective rate - this can be
caused by changes in the income distribution. The simulation analysis reports that the growth effect of a
decrease in the marginal rate of tax relative to average rate of tax was positive but small. The size of the
effects is summarised in the observation that the changes in US tax laws between 1981 and 1986
contributed at most 0.29% to per capita GDP growth.
153.
The effect of switching from a progressive tax system to a flat rate tax system is simulated in
Cassou and Lansing (2004). The focus of their analysis is the Hall-Rabushka flat tax proposal to place a
single tax rate on all labour income above a threshold and on all capital income after fully expensing
investment expenditures. The model has a single representative consumer who chooses physical capital
and human capital use to maximise utility. Both forms of capital require investment of resource to be
produced.
154.
The simulations consider the consequences of reform from the current US tax system. The first
step is to approximate the US system by the average tax rate (ATR) function

ATR = 0.2528(Income ratio )n ,

(59)

where n = 0.2144 and the income ratio is defined as income divided by mean income. Other parameters
introduced are η which is the degree to which business income is double taxed, and φk the fraction of
investment in physical capital that can be expensed. The outcomes of the policy experiments are shown in
Table 8 where g y is the growth rate of output, τ is the mean personal tax rate, and τ b is the mean
business tax rate. All of the reforms raise the rate of growth with the single exception of maintaining
progressivity in the tax structure. The greatest increase in growth occurs when the flat tax is introduced but
η remains at the value of 1 (complete double taxation of business income). These results are further
evidence that progressivity is harmful to growth in these simulation models.
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Table 8: Flat-tax reforms

Tax system

Tax rate

gy

Progressive tax system (US)

τ p = 0.253,τ b = 0.35

1.800

Baseline flat tax reform

τ = 0.3437

1.857

Reform with no change in φk

τ = 0.3174

1.854

Reform with no change in η

τ = 0.3169

1.953

Reform with no change in n

τ = 0.3431

1.638

Pure consumption tax reform

τ = 0.3520

1.878

155.
Some further implications of the division of government expenditure between consumption and
investment are investigated by Chen (2006). The paper considers an endogenous growth model with a
representative consumer. The government can divide its revenue between spending on consumption and
spending on a productive input. The paper conducts an optimisation exercise and considers the effects of
changes in parameters upon the optimal outcome. This exercise is intended to be related to the distinctions
between countries and growth rates. The essence of the results is that changes in parameters have a direct
effect upon growth and an indirect effect via the re-optimisation of the division between consumption and
production. This leads to policy changes having stronger growth effects than predicted by models in which
the government does not optimise.
5.3.4 Additional issues
156.
There are further features of the growth process that have been investigated. The following
papers consider international capital flows, inequality, and fertility.
157.
Palomba (2004) constructs a two-country model. This has overlapping generations of consumers
but an AK production structure to ensure endogenous growth. The key feature of the model is that capital is
internationally mobile between the two countries and locates in whichever country offers the highest net
return. Each country levies a source tax on capital invested in that country plus a tax on residents capital
incomes regardless of source. These taxes determine the international allocation of capital via the
equalisation of net rates of return. A variation in tax policy affects both the allocation of capital between
countries and the total world stock of capital through the saving decisions of the consumers. The paper
claims that a reduction in tax rates can increase the immediate amount of capital by obtaining a greater
share of the existing stock, but ultimately lead to a fall in the growth rate. Therefore, what appears to be an
attractive policy in the short run does not prove to be so in the long-run.
158.
Benabou (1996) provides a detailed survey of the literature relating inequality to growth. Three
mechanisms are identified that can generate a causal link between these two variables. First, distributional
effects have an effect through the balance of power in the political system. The lower is the income of the
median voter the more political support there is for redistribution. Redistributive expenditures can lessen
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incentives for risk-taking and innovation and reduce growth. Second, imperfections in credit markets
prevent the poor from being able to undertake an efficient amount of investment. Because of this, their
marginal product is higher than the equilibrium level, which can be exploited by redistribution to aid
growth. An increase in redistribution reduces the capital market constraints faced by the poor and allows
their investments to move closer to the efficient level. Third, sociopolitical conflict can reduce the security
of property rights, which discourages accumulation. A widening income gap gives the poor an incentive to
engage in rent seeking. Redistribution addresses both of these issues. For these reasons it is to be expected
that there will be a negative correlation between growth and inequality in cross-country data.
159.
The links between fertility and development are studied in Lord and Rangazas (2006). The paper
claims that data support the argument that an increase in the schooling of younger children raises fertility
as they become more valuable and can add to family income. In contrast, an increase in the schooling of
older children reduces fertility because it raises the productivity of parents and the extra child income is not
needed. The model is applied to long-run data from the US and England. It is also claimed that the move
away from household production is also relevant for the changes in fertility. The model used is an
overlapping generations one, so the growth component is limited.
5.4 Summary
160.
This chapter has reviewed the contributions of a wide range of theoretical models. Simulation of
the basic endogenous growth model with human capital accumulation produced a widely varying set of
predictions. Amongst these predictions there is one element of constancy: none of the models contradicted
the claim that a consumption tax will increase growth. It was also supported when more detailed modelling
of the human capital decision was introduced. This is a result that will recur frequently in the review of
empirical research.
161.
The results also demonstrated that there can be two-way causality between the choice and
growth. In particular, an increase in human capital accumulation raises growth and increased growth
provides a greater incentive for human capital accumulation. This two-way causality is important when the
results of growth regressions are discussed. Educational scholarship programmes are an example of a
policy that at first sight appear only to be advantageous for growth. Closer inspection reveals that the
means-tested structure of the programmes gives a disincentive to save because of the rate of withdrawal
with respect to asset accumulation. Human capital rises, but the net effect on growth is uncertain if saving
falls.
162.
Finally, there are good arguments that the social benefits of R&D exceed the private benefits.
This provides an argument for subsidising R&D with the intention of raising growth. The theoretical
results also indicate that R&D may be sensitive to taxation. This later claim needs to be confronted with
empirical evidence.
6. Conclusions
163.
The purpose of this paper was to provide an introduction to the theory of economic growth and to
review the simulation evidence on the effect of tax policy. The development of endogenous growth theory
has provided many new insights the sources of economic growth. The essence of the new theory is that
growth is a consequence of rational economic decisions. Firms expend resources on research and
development to secure profitable innovations. Consumers invest in education to develop human capital and
increase lifetime earning. Governments increase growth by providing public inputs, encouraging foreign
direct investment, and enhancing educational opportunities. Through the aggregation of these individual
decisions the rate of growth becomes a variable of choice, and hence a variable that can be affected by the
tax policies of governments.
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164.
The Solow growth model predicts consumption per capita will reach a limit unless there is
technical progress. The source of technical progress is not modelled so the effect of policy cannot be
analyzed. The model predicts economic convergence: countries with a low capital stock will grow faster
than countries with a high capital stock. The most important conclusion concerning tax policy is that in the
long-run it is inefficient to have a tax on capital income. Endogenous growth models provide an
explanation of sustained growth. Several mechanisms through which growth can be sustained have been
identified. The accumulation of human capital raises the supply of effective labour and demonstrates a
theoretical role for education to raise growth. The existence of a productive public sector input can result in
taxation having a beneficial impact on growth. The pursuit of innovation emphasises the value of Research
and Development. Taxation can affect a range of personal and corporate choices that impact on growth.
165.
Simulations of human capital models generate widely-varying outcomes for tax-reform
experiments. Almost all the results support the claim that a move from income taxation to consumption
taxation will raise the rate of growth even though the predicted effect may vary. The growth-increasing
effect of moving from an income tax to a consumption tax is magnified when human capital accumulation
is modelled. Scholarship programmes that assist with the financing of education can reduce the incentive to
save through their interaction with the tax system. Research and development may have a high social value
considerably in excess of its private value and expenditure on research and development may be sensitive
to taxation.
166.
Viewed from an endogenous growth perspective the link between taxation and growth seems
self-evident. Corporate taxation affects the return to innovation and hence must affect the optimal amount
of research and development. Personal income taxation reduces the returns to education so must reduce the
accumulation of human capital. In simulations of economic growth models the effect of taxation on growth
has frequently been demonstrated to be considerable. A clear presumption exists that data on economic
activity must reveal a strong correlation between taxation and growth. The empirical evidence is reviewed
in Myles (2007a, b).
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APPENDIX 1. CALCULATING GROWTH RATES

167.
A number of results concerning the definition of growth rates and the manipulation of growth
rates are used in this paper and the two companion papers. This appendix provides a self-contained
summary of these results.
168.
The growth rate of GDP can be measured in either discrete time or in continuous time. In discrete
time the level of output at time t is denoted Yt . In continuous time the level of output at t is Y (t ) .
169.
In discrete time the change in output between times t and t + 1 is ∆Y = Yt +1 − Yt . This can be
used to define the proportional rate of growth of output as

gY ≡

Yt +1 − Y ∆Y
.
=
Yt
Yt

(A1)

In continuous time the rate of change is

dY
,
Y& ≡
dt

(A2)

so the proportional rate of growth is

gY ≡

dY / dt Y&
= .
Y
Y

(A3)

Observe that by the chain rule of differentiation

d ln (Y ) 1 dY
=
= gY .
dt
Y dt

(A4)

This result is useful for two reasons. First, it allows development of expressions for per capita growth
levels. GDP per capita is given by Y/L, where L is population size, so

gY / L =
=

d ln (Y / L )
dt
d (ln (Y ) − ln (L ))
dt
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=

1 dY 1 dL
−
Y dt L dt

= gY − g L .

(A5)

Hence the growth rate of GDP per capita is equal to the growth rate of GDP less the growth rate of
population. Second, it allows decomposition of aggregate growth into a set of contributory factors. Let the
aggregate production function have the Cobb-Douglas form

Y (t ) = A(t )K (t )α L(t )1−α .

(A6)

Taking the log of both sides or (A6) gives

ln(Y (t )) = ln( A(t )) + α ln(K (t )) + (1 − α ) ln(L(t )) .

(A7)

Differentiating both sides of (A7) with respect to t and using (A4) gives

g Y = g A + αg K + (1 − α )g L .

(A8)

The factors K and L contribute to growth according to their shares in the Cobb-Douglas production
function.
170.
The division of aggregate growth into the contributions from different factors generalises to any
production function of the form

Y = F ( A, K , L ) .

(A9)

Differentiating both sides of A(9) with respect to t and dividing by Y gives

1 dY A ∂F 1 dA K ∂F 1 dK L ∂F 1 dL
,
=
+
+
Y dt Y ∂A A dt Y ∂K K dt Y ∂L L dt

(A10)

or

gY = α A g A + α K g K + α L g L ,

(A11)

where

αz =

z ∂F
.
Y ∂z

(A12)

The analogue of the continuous growth rate can be calculated from data by using

gY =

1
(ln(Yt ) − ln(Y0 )) ,
t

(A13)

where Y0 is a base year and t is the time from 0 to t. Finally, the annual percentage growth rate (AGR)
averaged over a period of t years is defined by
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 1
 
AGR = exp (ln(Yt ) − ln(Y0 )) − 1 × 100 .
 
 t
This is the growth rate used in many of the growth regressions reported in Myles (2007a).

47

(A14)

ECO/WKP(2009)54

APPENDIX 2. OPTIMAL TAXATION

171.
The analysis of the fixed saving model has touched upon some of the potential consequences of
policy intervention. As a tool for policy analysis, the model is very limited given the lack of choice
variables that can be affected by policy. This shortcoming is now overcome by studying a variant of the
Ramsey growth model in which a representative consumer chooses an intertemporal consumption plan to
maximise lifetime utility. Using this model the optimal taxes upon labour and capital income can be
derived. The derivation of the optimal tax rates given here is based on Hindriks and Myles (2006).
172.
The Ramsey model has a single representative consumer who chooses the paths of consumption,
labour and capital over time. The single consumer assumption is adopted to eliminate issues concerning
distribution between consumers of differing abilities and tastes, and to place the focus entirely upon
efficiency. For simplicity, it is also assumed that the growth rate of labour, n, is zero. There is a
representative firm that chooses its use of capital and labour to maximise profits. Given that the market
must be in equilibrium, the choices of the consumer drive the rest of the economy through the level of
saving, and hence capital, that they imply. The supply of labour and capital from the consumer combine
with the factor demands of the firm to determine the equilibrium factor rewards. The aim is to characterise
the optimal tax structure in this economy.
173.

It is assumed that the government requires revenue of amount g t at time t. It raises this revenue

through taxes on capital and labour, which are denoted by τ tK and τ tL respectively. The government
chooses these tax rates in the most efficient manner.
The choices of the consumer are made to maximise the discounted sum of the flow of utility.
Letting 0 < β < 1 be the discount factor on future utility, the consumer's preferences are described by
∞

U = ∑ β tU (Ct , Lt ) .

(A15)

t =0

The specification of the utility function implies that the consumer has an infinite life. This can be justified
by treating the consumer as a dynasty with concern for descendents.
As there is a single consumer, the capital stock is equal to the saving of this consumer. This
observation allows the budget constraint for the consumer to be written as

(

)

(

(

))

Ct + K t +1 = 1 − τ tL wt Lt + 1 − δ + 1 − τ tK rt K t .

(A16)

The utility maximisation decision for the consumer involves choosing the time paths of consumption,
labour supply, and capital for the entire lifespan of the economy. The formal decision problem is

48

ECO/WKP(2009)54

max

∞

[

((

(

)

(

))

)]

K
t
t
L
∑ β U (Ct , Lt ) + β λt 1 − τ t wt Lt + 1 − δ + 1 − τ t rt K t − Ct − K t +1 ,

{Ct , Lt , K t }t =0

(A17)

where λt is the multiplier on the budget constraint at time t.
174.
In solving this optimisation, it is assumed that the representative consumer takes the factor
rewards wt and rt as given. This captures the representative consumer as a competitive price-taker. (It is
helpful to note that when the government optimisation is considered below the dependence of the factor
rewards on the choice of capital and labour is taken into account by the government. This is what
distinguishes the consumer who reacts to the factor rewards, and the government which manipulates the
factor rewards.)
With fixed factor rewards, the necessary conditions for the choice of Ct , Lt and K t +1 are

U Ct − λt = 0 ,

(A18)

U Lt + λt 1 − τ tL wt = 0 ,

(

)

(A19)

(

(

) )

(A20)

and

βλt +1 1 − δ + 1 − τ tK+1 rt +1 − λt = 0 .
Using the first condition to substitute for λt in the second condition gives

(

)

U Lt + U Ct 1 − τ tL wt = 0 .

(A21)

Stepping the first condition one period ahead and then substituting for λt +1 in the third gives

(

(

) )

βU Ct +1 1 − δ + 1 − τ tK+1 rt +1 − U Ct = 0 .

(A22)

175.
Conditions (A.21) and (A.22) describe utility maximisation by the consumer. To interpret these it
should be observed that there are two aspects to the consumer's decision. Firstly, within each period the
consumer needs to optimise over the levels of consumption and labour supply. The efficient solution to this
within-period decision is described by (A.21) which ensures that the marginal utilities are proportional to
the relative prices. Secondly, the consumer has to allocate their resources efficiently across time. Condition
(A.22) describes efficiency in this process by linking the marginal utility of consumption in two adjacent
periods to the rate at which consumption can be transferred through time via investments in capital. Taken
together for every time period t, these necessary conditions describe the optimal paths of consumption,
labour supply and capital investment for the consumer.
176.
The representative firm is assumed to maximise profit by choosing its use of capital and labour.
Since the firm rents capital from the consumer, it makes no irreversible decisions so it need do no more
than maximise profit in each period. The standard efficiency conditions for factor use then apply which
equate marginal products to factor rewards. Hence, the interest rate and the wage rate satisfy
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FKt = rt ,

(A23)

FLt = wt .

(A24)

and

177.
It is now possible to state the government optimisation problem. The sequence of government
expenditures {g t } is taken as give and it is assumed that these expenditures are used for a purpose which
does not directly affect utility. Formally, the government chooses the tax rates and the levels of
consumption, labour supply and capital to maximise the level of utility. The values of these variables are

{

}

chosen for each point in time, so the government decision is a sequence τ tK ,τ tL , Ct , Lt , K t . The choices
of Ct , Lt and K t must be identical to what would be chosen by the consumer given the tax rates τ tK and

τ tL . This can be achieved by imposing conditions (A21) and (A22) as constraints upon the optimisation.
When these constraints are satisfied it is as if the consumer were making the choice. As already noted, the
government explicitly takes into account the endogenous determination of the factor rewards.
178.
The optimisation also has to be constrained by the budget constraints of the consumer and
government, and by aggregate production feasibility. However, if any two of these constraints hold the
third must also hold. Therefore one of them need not be included as a separate constraint for the
optimisation. The consumer's budget constraint is therefore dropped. The government budget constraint
that taxes must equal expenditure is given by

τ tK rt K t + τ tL wt Lt = gt .

(A25)

In addition, the aggregate production condition for the economy is that

Ct + gt + I t = F (K t , Lt ) .

(A26)

Using the definition of investment this becomes

Ct + gt + K t +1 = F (K t , Lt ) + (1 − δ )K t .

(A27)

179.
Employing the determination of the factor prices (A23) and (A24), the government optimisation
problem that determines the efficient taxes is
∞

[

(

t
K
L
∑ β U + ψ t τ t FKt K t + τ t FLt Lt − gt

max

{τ tK ,τ tL ,Ct ,Lt ,Kt }t =0

(

)

(

) )

+ θ t (F + (1 − δ )K t − Ct − g t − K t +1 ) + µ1t U Lt + U Ct 1 − τ tL FLt

(

(

(

)

)]

)

+ µ 2t β U Ct +1 1 − δ + 1 − τ tK+1 FKt +1 − U Ct .

(A28)

180.
The complete set of first-order necessary conditions for this optimisation involve the derivatives
of the Lagrangian with respect to all of the choice variables at every point in time plus the derivatives with
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respect to the multipliers at every point in time. However, to demonstrate the key result concerning the
value of the optimal capital tax only the necessary conditions for the tax rates and for capital are required.
The other first-order conditions will add further information on the solution but do not bear on the
determination of the capital tax.
181.

The necessary condition for the choice of τ tK+1 is

ψ t FKt K t − µ 2t −1U Ct FKt = 0 .

(A29)

For τ tL the necessary condition is

ψ t FLt Lt − µ1tU Ct FLt = 0 ,

(A30)

and for K t it is

( (

) (

)

)

ψ t τ tK FKt + K t FKt Kt + τ tL FLt Kt Lt + θ t FKt + 1 − δ −

(

)

(

)

+ µ1tU Ct 1 − τ tL FLt Kt + µ 2t −1U Ct 1 − τ tK FKt Kt = 0 .

1

β

θ t −1
(A31)

The two conditions for τ tK and τ tL can be used to substitute for µ1t and µ 2t −1 in the condition for K t .
Cancelling terms and using the fact that constant returns to scale implies K t FKt Kt + Lt FLt Kt = 0 ,
condition (A21) reduces to

(

)

ψ tτ tK FKt + θt FKt + 1 − δ −

1

β

θt −1 = 0 .

(A32)

182.
Along the growth path of the economy this equation is only one part of the complete description
of the outcome induced by the optimal policy. However, by focussing on the steady state in which all the
variables are constant it becomes possible to use the information contained in equation (A32) to determine
the optimal tax on capital.
183.
Consequently, the analysis now moves to consider the steady state that is reached under the
optimal policy. In order to be in a steady state it must be the case that the tax rates and the level of
government expenditure remain constant over time. In addition, the levels of capital, consumption and
labour supply will be constant. Moreover, being in a steady state also implies that θ t = θ t −1 . Using these
facts, in the steady state the necessary condition for the choice of the capital stock becomes

(

)

ψτ K FK + θ FK + 1 − δ −

1

β

θ = 0.

(A33)

This equation can be simplified further by observing that in the steady state the condition for the consumer
(A22) reduces to
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(

(

) )

β 1 − δ + 1 − τ K FK − 1 = 0 .

(A34)

Using (A34) to substitute for β in (A33), the final condition for the choice of the capital stock is

(ψ + θ )τ K FK

= 0.

(A35)

Given that the resource constraints are binding, implying ψ and θ are positive, and that the marginal
product of capital, FK , is positive, the solution to (A35) has to be τ K = 0 . This is the well-known result
(due originally to Chamley (1986) and Judd (1985)) that the long-run value of the optimal capital tax has to
be zero.
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