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Abstract

I show that environmental policy affects the cross sectoral allocation
of demand and output if intermediate goods are differentiated according
to their pollution intensity. When innovations are environmental friendly,
a tax on emissions skews demand towards new goods, which are the most
productive. In this case along a balanced growth path the tax on emissions
is increasing to keep the market share of innovations constant. Further-
more, comparing balanced growth paths I find that an increase in the
burden of green taxes lowers output on impact but increases the rate of
growth of the economy, because it fosters innovation.
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1 Introduction

This paper proposes a positive theory of environmental policy, namely on the
effects of taxing emissions of pollutants on economic growth and the accumu-
lation of pollution. We adopt the analytical framework of the schumpeterian
theory of growth, where incentives to engage in productivity enhancing activ-
ities (hereafter R&D) are disentangled and highlighted (Romer 1990, Aghion
and Howitt 1992, Grossman and Helpman 1991). We extend the vertical inno-
vations hypothesis (as that of Aghion and Howitt 1998, ch.3) by assuming that
capital goods are characterized by a productivity level and a pollution intensity.
Capital goods are thus potentially differentiated along two dimensions.! The
flow of services that they provide are called intermediate goods. Their operating
cost is composed of the rental price of capital and the tax burden on emissions.
The relative weight of these components can be managed by the environmental
policy-maker, and affects incentives to invest and the pace of growth if it varies
across different capital goods.

As a first step we consider the case when new goods are characterized by
both higher productivity and lower pollution intensity than existing goods, in
a mechanic way. That is to say that we do not consider the cost linked to the
reduction in emissions intensity. It is clearly an abrupt assumption, but it allows
us to focus on the most favorable case when environmental policy can foster the
pace of economic growth. We show that when capital goods are differentiated
in emissions intensities: the green tax increases along a balanced growth path;
the level of aggregate output is reduced on impact by an increase in the level of
the green tax burden; the rate of growth increases with the level of green tax
burden. A marginal increase in the green tax burden depresses both aggregate
output (thus wages) and the prospective profits to innovators, and thus the
value of innovations. Nevertheless, the negative impact is stronger on costs (the
wage) than on returns to R&D, and this activity increases at equilibrium. This
change can foster the pace of economic growth, or at least counter the negative
effect of environmental regulation.

Among economists there is a shared support for a more ambitious environ-

mental policy.? Mainstream theory invokes public intervention in the absence

LThis is not a vintage capital model because capital goods can be scraped at no cost.
Capital is putty-putty, yet each machine has fixed characteristics. Designs of these machines
are putty-clay objects, and are doomed to become obsolete.

2The “Economists’ Statement on Climate Change” issued on 1/3/97, sponsored by Redefin-
ing Progress was endorsed by over 2000 economists, with first signatures by Arrow, Jorgenson,
Krugman, Nordhaus and Solow. It states “[..] we believe [..] that preventive steps are jus-
tified. [..] there are many potential policies to reduce GHG emissions for which the total
benefits outweigh the total costs. [..] these measures may in fact improve U.S. productivity in



of property rights on natural resources, or in the presence of externalities from
resource harvesting. Environmental regulation can increase welfare when so-
ciety attaches an amenity value to the environmental quality. Although there
is consensus among economists that this policy is costly at least from an ac-
counting point of view, there is substantial disagreement on the significance
of these costs.® It is symptomatic of this situation the debate that followed
the publication by Porter of an article on Scientific American suggesting that
the U.S. industry’s competitiveness was not threatened but actually fostered
by environmental regulation.* As restated in Porter and van der Linde (1995)
the argument is that environmental policy imposes new constraints on firms
and triggers innovations, which might well outweigh the short-run direct costs
of regulation. This free-lunch hypothesis has attracted many criticisms.®> It is
indeed difficult to maintain that environmental regulation can solve those prob-
lems internal to firms, which make them myopic with respect to returns on R&D
investment.

Taking a different step, Xepapadeas and de Zeeuw (1999) show that environ-
mental policy can improve average productivity, in a partial equilibrium world
with rational agents. They consider a vintage capital model, where new vintages
are both more productive and less polluting. On the demand-for-capital side
of the economy, an increase in environmental taxation induces firms to change
the composition of their capital stock, reducing its average age and increasing
its average productivity. This process still leaves firms worst off than in the
absence of taxes, and thus differs from the one argued by Porter and van der
Linde. The theory presented in the following sections incorporates these mecha-
nisms in a general dynamic equilibrium model, where the supply-of-capital side
of the economy is endogenous on both its quality (designs of innovations) and
quantity (saving-investment decision) dimensions.®

Two main lines of argument have been advanced in the literature to justify

the longer run. [..] The U.S. and other nations can most efficiently implement their climate
policies through market mechanisms, such as carbon taxes or the auction of emissions per-
mits.” The Statement is available at www.rprogress.org/pubs/ecstat.html. See also Krugman
“Earth in the Balance Sheet: Economists go for the Green.”, The Dismal Science 4/17/97,
at www.mit.edu/krugman/www/green. html.

30ut of a large body of studies quantifying these costs, we signal Gray (1987), Hazilla and
Koop (1990), Jorgenson and Wilcoxen (1992). For an early survey see Nordhaus (1991).

4Porter (1991) “America’s Green Strategy”, Scientific American, 264, 168,

5Porter and van der Linde (1995) review a number of case studies supporting their argu-
ment. Jaffe et al. (1995) provide empirical evidence which does not contradict the Porter-
hypothesis. See Palmer et al. (1995) for criticisms.

61n spite of the similarity between the approach of this paper with that of Xepapadeas and
de Zeeuw, we would like to point out that the set up of the model was constructed and the
main result found before reading their interesting article. In this sense these two papers reflect
independent research efforts.



possible positive effects of environmental policy on economic growth. A first
wave of articles includes environmental quality along with emissions as a fac-
tor of production (Bovenberg and Smulders 1995, Smulders and Gradus 1996,
Rosendahl 1996). Increasing the green tax reduces emissions and improves envi-
ronmental quality. If as a result the marginal product to reproducible factors is
increased, equilibrium investment increases and the economy expands at a faster
rhythm. The effect is reinforced when the improved quality of the environment
allows it to absorb a larger flow of emissions at steady state (Smulders, 1995),
when there are externalities in abatement activity (Michel, 1993), or when the
green tax revenue allows the authorities to cut growth-depressing distortionary
taxes (Bovenberg and Mooij, 1997).

The second approach builds on the schumpeterian theory of endogenous
growth (Hung et al. 1993, Verdier 1993, and Elbasha and Roe 1996). In these
papers the green tax depresses the level of activity in the sector which is in-
tensive in the factor of production employed in R&D, so favoring this activity.
However all intermediate goods share the same output-pollution intensity at the
equilibria in these economies.” This is not the case in the economy we present
here. Instead in the theory that we propose the growth enhancing effect of envi-
ronmental policy disappears as soon as intermediate goods are not differentiated
in pollution intensities. Actually, here green taxes can have a positive impact
on growth only if they skew demand across sectors towards most recent goods,
which are cleaner but also more productive.

This paper follows previous research by Grimaud and Ricci (1999) and there-
fore refers to their results for comparison.® They analyze schumpeterian growth
models where emissions are an input in the final sector of the economy, indepen-
dent of the mix of capital goods employed in the last stage of production. Final
sector firms choose the emissions intensity in response to the relative price of
pollutants, that is the “green” tax. Formally, the emissions intensity of output
is a control variable. However, conceptually the emissions intensity is a techno-
logical variable. It is therefore awkward to treat it as a control variable within

schumpeterian growth theory. The latter takes fully into account the stock na-

THung et al. (1993) allow R&D firms to develop either clean or dirty goods, but characterize
the equilibria where all goods are either of one or the other type. Verdier (1993) is less
demanding, and allows R&D firms to choose the pollution intensity of new goods out of a
continuum. Yet, pollution intensity is treated as a control variable, and as a consequence the
R&D firm’s problem is stationary and one pollution intensity is chosen for each level of green
taxes. Thus Verdier resorts to the natural assumption of symmetry with respect to pollution
intensity (which however implies that the green tax rate has never changed since the beginning
of times, when the first good was introduced). So pollution intensity is unifrom in Verdier.

8This article can be downloaded at www.feem.it, or can be obtained from the authors upon
request.



ture of technology, and the costs associated to its improvement. If knowledge
in environmental friendly technology accumulates over time, the reduction in
the pollution intensity of aggregate output is a smooth process resulting from
the adoption of the state of the art knowledge by innovators. In this case old
intermediate goods will be relatively dirtier than new ones and this is the crucial
asymmetry driving our results.

The next section presents the main assumptions about the economy and
the functioning of the environment. Section 3 analyzes balanced growth paths,
and contains the first two results. The growth fostering effect of environmental
policy is derived and explained in section 4. Section 5 extends the model to
allow for a trade-off between environmental protection and economic growth.
The complex dynamic effects of environmental policy are there discussed. We

conclude in the last section. Most proofs are contained in the appendix.

2 The model economy

We extend the schumpeterian model of endogenous growth to consider that pro-
duction emits pollutants, which accumulate according to a simplified natural
law. We distinguish three stages of production. First, labor is competitively en-
gaged in research and development (R&D) activities aimed at designing higher-
quality intermediate goods. Successful innovations are characterized by higher
productivity and, possibly, by lower pollution intensity. Second, designs are
protected by patents, so that intermediate goods are supplied under monopoly
power. These goods are produced employing capital. We assume a continuum of
intermediate goods. They are combined with labor in the final sector to produce
an homogeneous good, which can be consumed or invested. The competitive
final sector firms pay factors of production -labor and intermediate goods- plus
a tax per unit of emissions resulting from the use of intermediate goods.

In this section we first present the production functions of the final and
intermediate sectors, and the environment. Then we look at the behavior of
the agents: the final sector, a representative intermediate good monopolist, the

Ré&D sector, the consumers and the government.

2.1 Production and the environment

Final output is produced employing labor and a continuum of intermediate

inputs according to the production function:

1
YT = (1 — n)lia/o ZjTAjT.’IJ?de (1)



where o € (0,1); labor supply is fixed and normalized to unit mass; a share
(1 — n) of labor is employed in production and n in R&D activities; A;. is
the productivity index and Z;, the pollution intensity index of intermediate
good j € [0,1] at date 7. Intermediate goods are produced employing capital,
according to:
_ K-
v = @

Thus, intermediate goods are services from capital goods, and the more produc-
tive the good the higher its capital intensity.
Aggregate emissions, P, result from the employment of services from capital

goods according to their pollution intensities as follows:
' /08
o .
P = /0 Zip " Kjrdj (3)

with 8 € (0,1). Substituting for K from (3) into (2) we see that intermediate

good j € [0, 1] is produced out of emissions:

by

1/af
Z; " Ay

P\
ZjT = K_
J

Thus Z;, is a measure of the emissions-capital ratio characteristic of good

LUjT

(3) can also be written as:

J € [0,1] at a given date 7. This means that for any given technology Z;,
substitution of capital for emissions cannot take place, e.g. in response to a
shift in their relative price. The only way substitution can take place is by
introducing a new technology in sector j, say Z J/ The emissions-capital ratio is
reduced if the new technology satisfies Z J/ < Z;. But we assume that a new tech-
nology can be introduced only if R&D investment takes place. At the industry
or firm level substitution is therefore costly and discontinuous over time.
Emissions are implicit inputs that are combined with intermediate inputs
according to their pollution intensity. Substituting for Z;. above and z;, from

(2) into (1), we can write the final sector production function as:

1 [}
Vo= [0-ma e [mal )

We can think of equipment machines which are employed in the process of

production. Labor is required to operate them, and their use implies some



pollution. The productivity of labor, and dirtiness of the process of production
depends on the design of the machines.
The stock of pollution is increased by emissions and recovers according to a

natural process of assimilation. We assume:

S, = P, —dS,

2.2 The final sector

We introduce a tax per unit of emission, A, to price this input. Normalizing the
price of the homogeneous final good to unity and denoting by w wages and p the
price of intermediate inputs, instantaneous profits of the fictitious competitive

final firm are:’

1
v, = (1—n7)17°‘/0 Zjr Ajrwi,dj — wr (1 —nr)
1 1 1/08
— [ pirsedi = e [ 20,
0 0

Therefore the (inverse) demand for labor from the final sector is given by:

1
wr =1 —a)(l-— nT)fo‘/ Zjr Ajrag dj (4)
0
and the (inverse) demand for intermediate inputs is given by, Vj € [0,1]:
- - 1/af—1

pir = ZizAjrla(l—np)' o2t — o210 (5)
Thus demand for labor is not directly affected by green taxes, while the demand
schedule for intermediate goods shifts downwards in response to an increase in
the green tax. Furthermore, this depressing effect of green taxes on the demand

for intermediate inputs is not uniform across sectors. Specifically it is stronger
the “dirtier” the intermediate good (that is the greater its Z;).

2.3 The intermediate goods monopolists

Consider the problem of the monopolist in sector j characterized by technology
(Aj,Z;). It rents from households A; units of capital per unit produced and
therefore maximizes instantaneous profits IL;; = (p;jr — 77 A4;)z;7, where r de-
notes the rate of return on savings, i.e. the cost of capital faced by intermediate

goods producers. Substituting for the demand from final sector derived above,

9We consider one fictitious final sector firm which acts as a price taker. As the sector is
competitive and the production function is constant returns to scale with respect to labor and
intermediate goods, the number of firms is irrelevant.



(5), and proceeding for maximization, we obtain partial equilibrium sales, the

pricing rule and profits of the monopolist in sector j:

iy = (1-n,) (L) N (©)

vy 2

~ Tr 11—« 1/
Djr = Aj [E + ThTZj/ ﬁ}

. 11—«

I, = A; [rr + he 2} P25, (7)
In what follows we refer to the term [r; +h.Z Jl fof ] as the “gross” marginal cost

of firm j, and denote it by m;.!° Notice that the burden of green taxes is shared
between the final sector and the monopoly. Thus green taxes depress sales and
profits, and more so the dirtier the good (the higher the Z;).

2.4 The R&D stage

Any firm in the competitive R&D sector targets improvements on one particular
intermediate good. The R&D activity is modeled as a Poisson process with
instantaneous arrival rate An, where n is the mass of labor employed in R&D
and A > 0 is a productivity parameter. Each innovation improves the quality of
the intermediate good on both dimensions, A and Z. Namely, every innovation
allows the patent holder to produce the intermediate good characterized by the
leading edge technology, that is the highest of all A’s, denoted by A4, and the
lowest of all Z’s, denoted by Z, at the date of arrival of the innovation. Each
innovation contributes marginally to the improvement of the state of knowledge
concerning the technology on the two dimensions. To take into account this
intersectoral-and-intertemporal spillover we assume that the rates of growth of
the two dimensions of the leading edge technology are proportional to the flow

of innovations An:

A=A Invy v>1 (8)

L0Results would not change if the green taxes were levied on the intermediate good produc-

ers, at rate h. Remember that xj, = 1= = A_Jf/_aﬁ’ so that to produce one unit of good
JT jTZjT

1/aB
7!
cost is therefore Ajr(rr +hTZ;7{aﬁ). The demand would be pjr = Z;jrAjra(l— nq—)lfasz:‘?:l.

Then the quantity sold and profits would match excatly those obtained in the text, and only
the price charged would change to: pjr = Ajr(rr + hq—Zjl»q{aﬁ)/oc.

it is necessary to employ Ajr units of K, and Ajr units of emissions. The marginal



Z, =n.Z, In ¢e(0,1] (9)

As a first step in the research agenda we assume the parameter ¢ to be exoge-
nous. It is an important simplification because it implies that innovations are
both more productive and cleaner (if { < 1), but that the degree of cleanliness
targeted as represented by ¢ has no impact on the cost of the R&D program.'
In section 5 we extend the model to link the size of ¢ to the other economic
variables in the simplest possible fashion. We will suppose that ¢ is a function
of green tax revenues, ( = f(h,F;), with f' <0, f(0) = 1. This is the case if
green tax revenues finance public environmental friendly research, which allows
entrants to develop goods with lower pollution intensities at no additional cost.
Then the rate of accumulation of environmental friendly technological knowl-
edge results from the interaction between the flow of innovations (An) and of
public research activity (AP — () according to (9).

Free entry in R&D ensures that at equilibrium the following arbitrage con-
dition holds:

n,€(0,1) = wr=\V; (10)

where V. is the value of an innovation arrived at date 7. The arbitrage condition
states that if R&D activity takes place at all, then its marginal cost equals its
expected marginal return.

The innovator can sell the patent to the highest bidder. Since she faces an
infinity of potential buyers, she will be able to extract all the present value of

the expected stream of profits. The value of an innovation is therefore:

o]
V. :/ 67fftrsdsei/\f:nsdsﬁt(AT,ZT)dt
-
where 11, (A,,Z.) stands for the instantaneous profits at date ¢ of a monopoly
characterized by the technological parameters (AT ,Z). The first discount factor
takes into account the opportunity cost, thus the return on savings. The second

discount factor is the probability of survival of the monopoly, which takes into

1We could model an explicit cost of designing cleaner intermediate goods at the R&D
stage. We may think that if researchers spend time to design a cleaner product, then it takes
longer to accomplish an innovation of given productivity, or that the productivity gain will
be lower. To take into account these potential trade-offs I should endogenize the choice of (.
The idea is that if at the R&D stage an improvement in Z is targeted (that is if ¢ is chosen
smaller than unity) then the arrival rate is reduced and R&D programs will last longer on
average. For instance I can introduce a function ¢(¢) such that ¢(1) = 1, and ¢’ > 0, then
say that the arrival rate is A¢({)nr. Verdier (1993) considers a similar case, where the cost of
the R&D program is increasing in the size of the improvement targeted. However this feature
would complicate the model, and I first wish to analyze how the model behaves when Z is a
technological parameter rather than a control variable.



account the fact that an innovation on the same sector can arrive, destroying
the value of the patent.
2.5 Consumers and the government

The representative consumer chooses the paths of consumption and savings to
maximize the present value stream of instantaneous isoelastic utilities, subject

to a dynamic budget constraint:'?
o] lea
max/ e T < = ) dr
{c}go 0 1 — &

W:wT—l—rTWT—cT—l—TT

Where W is financial wealth and 1" are transfers from the government. The
solution links the rate of growth of consumption to the rate of return on savings

and preference parameters, according to the Ramsey rule:

Ty — p
= 11
g . (11)

where g; denotes the rate of growth of variable ¢. To complete the problem we
have to impose the no-Ponzi game condition:

lim e Jo "W, =0

T— 00

Finally, we need to impose a budget constraint on the government. To be simple
but without loss of generality, we assume that the budget is held balanced at any

given date, by rebating the green tax revenue to the representative household:'?

3 Balanced growth path analysis

Along a balanced growth path, n must be constant for A and Z to grow at
constant rates from (8), (9). Furthermore, the law of motion of capital, K, =
Y. —c;, implies that capital, output and consumption grow at the common rate,
¢ = g.. Finally, the Ramsey rule (11) we have that g is constant only if 7 is

constant. Hence, we obtain the following;:

12There is no need to consider the effect of pollution on utility in as much we do not deal
with the normative analysis of environmental policy in this paper.

13Tn section 5 we assume that the green tax revenue is spent to finance public research on
environmental friendly technology, and transfers to households will be nil.

10



Proposition 1 There exists a balanced growth path if the green tax increases
according to the following policy rule:

gz _ —In¢
gh o3 of n (PR)
Along this path output growth is function of n and  according to:
1
g= <1n'y + 1n—¢> An = Gn (12)
-«

where we have defined the growth factor G = Iny + In¢/ (1 — «). Therefore,
growth is positive only if:

e (a)

Proof. First, we compute the value of an innovation using (7) and (6):

— A == =~ —_—
Ve = L o aAT (OCQZT) - (1 — n)/ ef(rJr)\n)(t—T) |:’I“ 4 htqu_/aﬁ] = it
7—1/ 21T
) ﬁT/ e % a (13)
T r 2L

o

- L / Y rhnen (m_> T a

Where I and 7., denote initial profits and gross marginal cost of an innovator at
date 7, and m; denotes the gross marginal cost at any future date £ > 7 of the firm
innovating at date 7. The latter increases over time, and thus profits are crowded-out,
if and only if the green tax, h, increases. The integral in the first expression is constant
if the gross marginal cost of the leading edge monopolist, M-, is constant, that is if

hq—qu_/aﬁ is constant. This is ensured by policy rule (PR).

For n to be constant the arbitrage condition (10) must hold at all times for the
equilibrium level of n. Under policy (PR) the value of patents (proportional to the
right-end-side of (10)) grows at the same rate as the initial profit of innovators, that is:
gv = g51— ﬁgg. The left-hand-side of (10) is increasing with the wage. From (4), the
latter is the marginal product of labor in the final sector, i.e. wr = (1 —a)Y;/ (1 —n),
so that it increases at the rate of output growth, hence g., = g for n constant. Logdif-
ferentiating the arbitrage condition (10), we obtain the following relationship:

9—=9w —9v —9ga— 9z

l1—a™™
(12) is derived using (8) and (9). W
Along a balanced growth path, the green tax increases at a constant rate

if innovations are environmental friendly. This is the case when the emissions-

capital ratio of innovations is lower than that of the goods they replace, i.e. when

11



¢ < 1. To understand this result suppose that the green tax is held constant
although innovations are environmental friendly. In this case the weight of the
green tax burden over gross marginal cost for innovations would fall over time.
Then innovations would become increasingly competitive relative to existing
intermediate goods. As a result the share of innovations in the market for
intermediate goods would increase progressively. This is clearly incompatible

with the concept of balanced growth.™

technological age, s

Figure 1: Competitiveness-loss or “green crowding-out” effect.

The crucial feature of environmental policy in this economy is that it affects
the relative gross marginal costs across diflerent intermediate goods. Under
policy rule (PR) the gross marginal cost of the leading edge good is constant
and equal tom = T+hzl/o‘5 (where we omit the subscript 7 since both terms are

constant). Then the gross marginal cost increases with the age of the technology,

1 As the market share of innovations increases, so does the value of innovations (which is
forward looking) relative to the cost of innovation (which reflects the current cross-sectoral
distribution of market shares). Then the incentive to engage in R&D grows faster than its
cost, and R&D activity intensifies over time (n grows).

12



so that at some later date £ > 7 it is equal to m; = r + htzi/aﬁ, with h; =
e9»(t=T)p_ Therefore the distribution of intermediate goods according to their
relative technological age is characterized by the ratio of the gross marginal cost

of a sector of technological age s relative to the leading edge sector:

m r 4 hzt P

ms  p4 R YA
Older technologies are less competitive than new ones because of their relative
dirtiness, implying a larger burden of green taxes. The ratio would indeed be
constant in the absence of environmental friendly technological progress (i.e. { =
1 and g, = 0). This effect of environmental policy is called the “green crowding-
out” effect, because the policy reduces the competitiveness of aging technologies
and crowds out their profit generating capacity. The loss of competitiveness
follows the path illustrated in figure 1. We see that the loss accelerates its
rhythm and eventually, when most of the gross marginal cost is represented by

the green tax burden, it proceeds at rate g,.

3.1 The aggregate economy.

Let us first express aggregate variables in terms of the leading edge sector out-
put, Z-.'> We can compute aggregate demand for capital from the intermediate
goods sector by integrating over the space of goods the rearranged the produc-

tion function (2), to obtain:

K, = A.z,T (14)

where:8

1 o0 _ 1
A,T o B I—a
r :/ L Ly )\n/ e~ (1+G)Ans <£> ds (15)
0 AT"I;T 0 s

Similarly, the flow of aggregate emissions of pollutants can be written as:
Pr=ZYP Az A (16)

where:17

L gljeB oo e
Ao [ A it [T Gress s (MNTE 0 g
o 274z ms

15 Aggregate variables are actually average variables in this economy, since we have normal-
ized the mass of sectors to unity.

16 This expression for I' is derived in appendix 7.1.

17 The function A is computed in appendix 7.1.

13



Finally, output can be computed as:

Y, =(1-n)"Z A z2A (18)

where: 18

Z; TA s o 5\ To=
A= / DI g _)\n/ g~ (1+GAns <ﬁ> ds (19)
0

Mg

Functions I', A and A are constant along a balanced growth path, and are

characterized by the following properties:

1. <1, V¢

2. A>T, V(<1

3.A>A, V(<1

4. AT < (1+G) ' <1, v(<1

5. T=A=A= [} Aj;/Adj <1, iff (=1
Proof : These properties are proved in appendix 7.1.

Substituting for Z, from (14) into (16) we can express aggregate emissions

as:

A
P.=zY a@KTf (20)

Property 2 implies:
P> ZVPK,

which means that aggregate emissions are higher that if all capital was of the

less polluting kind. Equation (20) also implies:

af
P T
Z,= <K_TA> (21)

Thus the leading edge pollution intensity, Z, also measures the pollution inten-
sity of aggregate output. When ¢ < 1 the pollution intensity declines continu-
ously for the economy as a whole, although it is fixed for any given intermediate
good.

Next, substituting for Z, using (14) into (18), we obtain the following ex-

pression for aggregate output:

18Gee appendix 7.1 for the derivation of A.
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Ko— 22
- (22)

Y, =7, [(1-n)A,]"
This representation of the aggregate production function is very similar to the
one considered by Stokey (1998), Aghion and Howitt (1998, ch.5) and Grimaud
and Ricci (1999). That is:

Y, =2 [(1—n)A,]" *K®

where A, = fol Ajdj is the index of average productivity and the variable z
represents the pollution intensity in the final output sector. There are two
differences here with respect to these previous models. First the measure of
pollution intensity of output, is here considered as a state variable (Z), while
it was a control variable (2) in previous settings. The “equivalent” variable
in the present model would be the average pollution intensity 7 = fol Zidj >
Z (with equality holding only if { = 1 by definition). Second, the index of
average productivity enters the production function in a simple way, while in
(22) we have the term AL"*AI'"® (equal to AL~ only if ( = 1 by properties
4 and 5). Thus for uniform pollution intensities we obtain a representation
of the aggregate production function which is “equivalent” to the one used
by Stokey (1998), Aghion and Howitt (1998) and Grimaud and Ricci (1999).
However the pollution intensity index would still be a state variable rather than a
control variable. This means that reductions in the pollution intensity of output
can occur only with time and imply an additional dimension of differentiation
between intermediate goods. The difference between the previous models and
the present one is thus entirely due to differentiation in pollution intensities.
Finally, substituting for Z from (21) into (22), we can write emissions ex-

plicitly as inputs into the production function:

HE] e

It is clear then that the lower are the emissions inputs the lower is output.

Y =A[(1-n)A;

]1704

Moreover, equation (23) shows that emissions are combined with services from
capital goods, with unitary elasticity of substitution, and then this composite

intermediate good is combined with labor.

19Tt may be interesting to compare this representation with the one considered by Stokey
(1998), Aghion and Howitt (1998) and Grimaud and Ricci (1999):

1-ap
¥r = P2 (1 - m)An)L O KO (s)
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Proposition 2 For a given amount of labor, capital, emissions inputs and level
of labor productivity, if intermediate goods are sold uniformly aggregate output
is lower the more environmental friendly are innovations (the lower ).

Proof. Using the methodology of appendix 7.1, for uniform sales X(z;) = 1
Vj € [0,]] wehave I' = (1 4+ Iny)™, A = (1 +Iny+In¢)™", A = (1 +Iny +
In¢/aB)™!. We also evaluate average labor productivity as A, = A, fol A/ A dj =
A dn f:o e MM emAnIny(s—T) g — A4 (1+ln'y)71. We use these expressions to
substitute for A-, I', A and A in (23) and write output as:

Yy = [(1—n)A (PfKi*")a f(©)g(<)

where f(¢) = A/T = (1+1Inv) /(1 4+1Iny +1n¢) and g(¢) = [T/A]*? = [(1 +Invy +
In¢/aB)/ (1+Invy)]*”.
For uniform pollution intensities (( =1) f(¢)g(¢) =1. Then:
AfQ9(Q) _ f(Dg(Q) (A _
o0 o ATH=0

with strict inequality V¢ < 1. Thus with uniform sales of intermediate goods, output

is maximum, given the inputs, when all goods use the same amount of emissions. W

This result is due to the fact that the total productivity of an intermediate
good does not depend only on its implicit labor productivity parameter, A, but
also on the quantity of pollution inputs associated to its use. For any given
distribution of labor productivity parameters across goods, the distribution of
their total productivity is lower and flatter the more environmental friendly are

innovations (the lower ().

Conjecture The equilibrium aggregate oulput is larger than the one obtained

employing uniformly intermediate goods.

The tax on emissions biases sales in favor of new (cleaner) goods and against
old (dirtier) goods. Then aggregating across sectors the weight of the most
productive goods is increased and that of the less productive reduced, and the

output gap outlined in proposition 2 is reduced (if not reversed).

In this case labor is combined with services from capital goods first, and then their joint
product with emissions. Notice that in (23) the elasticity of output with respect to emissions,
af, is equal, and with respect to capital inputs, a(1 — 3), is smaller, and the share of labor,
1— q, larger than in (S). This implies that the investment in R&D, n, necessary to sustain any
couple of targets (gy,gp) is lower in economies represented by (23) than in those reflected
in (8). From (S) we have gy = afgp + (1 — a)(1 — aB)gz + a(1 — af)gk; and from (23)
gy = afgp + (1 — a)ga + a(l — B)gr. Taking into account gy = g and gz = ga, and
imposing that the two economies follow paths characterized by the same growth rates (gy, gp),
it is immediate to obtain that the g4 (thus the n) implied by (23) is smaller than the one
implied by (S) whenever gy > gp. This last assumption is common to all of these analysis,
as pollution intensity of output is never allowed to increase.
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To conclude on the aggregate picture of the economy we find that the green
tax revenue (thus transfers to households) grow at the same rate as output. In
fact, the green tax revenue grows at rate g, +¢p which equals ¢ from (20) under
policy (PR).

3.2 Equilibrium

The dynamic general equilibrium is determined when workers are indifferent
between working in final sector firms and in R&D firms, using the labor market
clearing condition, the R&D arbitrage condition and labor demand from the final
sector. The equilibrium level of R&D employment, n, is obtained by equating
the marginal product of labor in the final sector (4) with the expected marginal
return to R&D from (10):

(1—a)(1—n) "Z A22A = \V;

Substituting the value of innovations as expressed in (13), and simplifying the

condition is:

\ o0 n O\ T
(L—n) “Zz28 =2 [r+hzl/°‘5} ng/ e~ (rHAm)(E=T) (m—> dt (E)

Lirbr
T My r

Figure 2 depicts the left-hand-side of equation (E) at a given date 7 as an
upward sloping, and the right-hand-side as a downward sloping schedule in the

*, is determined as

(n,value) space.?’ The equilibrium level of R&D activity, n
the intersection of the two schedules. From (12) we also know that ¢* = GAn*.

The left-hand-side is proportional to the marginal product of labor in the
final sector. Due to diminishing returns, the marginal product of labor in the
final sector tends to infinity as all labor is employed in R&D (as n tends to
unity). The right-hand-side is proportional to the value of an innovation. The
first factor before the integral, is proportional to the initial instantaneous profit
of the innovator (see 13). An increase in 7 has two negative effects on this profit
rate (see 7). First, lower labor inputs in the final sector reduce the marginal
product of intermediate inputs, and thus depress demand (from 5). Second,
the faster the growth rate, the higher the interest rate (from 11) and, ceteris

paribus, the greater the gross marginal cost of intermediate goods. Also the

20Both the LHS and the RHS in figure 2 shift downwards over time. However they cross at
a constant level of n. To see this divide (E) by &, substitute &' ~“using (6) to get:

A o0 fr \Toa
S )\/ e~ (rHan)(t—7) <_mT > Tt
a(l—n) . me—r

which defines a unique value of n.
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integral on the right-hand-side of (E) is strictly decreasing in 7. This is because
both the discount factor and the survival probability are reduced. Furthermore
the competitiveness loss proceeds at a faster pace, because the greater is the
rate of innovation, the faster the green-tax will be increasing, according to policy

rule (PR). The expected flow of profits is therefore crowded out at a faster rate.

Figure 2: The equilibrium condition.

It follows that, if at n = 0, the expected return from R&D is larger than the

*

cost, there exists a unique equilibrium level of R&D activity, n*, and growth
rate, g*.
Finally we can define implicitly the equilibrium level of R&D employment

by substituting for Z, with (6), using the definition of A, (19), and simplifying:
-1

Mg

1 fooo e*(G/\n—}-/\n)s (ﬂ)ﬁ ds

n= |1+ € (0,1)

a 2% e tranyt (ﬂ)m dt

My

4 The impact of environmental policy

Under policy rule (PR) g, = —gz/a8 = —AnIn{/af always, so that the policy
tool of interest is the level of the green tax levied on the leading edge technology:
hZY % We find the following result.

Proposition 3 Along a balanced growth path a marginal increase in the green
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tax burden levied on innovalions, th/O‘@, reduces the level of aggregate output:

)4 0
ahzl/aﬁ <

This negative impact is greater the more environmental friendly are innovations,

i.e. the lower is (.

Proof. The proof consists in differentiating output as given by (18) and analyze
the cases ( = 1 and ( < 1. See appendix 7.2. W

The result is not surprising as we have seen from (23) that emissions are in-
puts in the aggregate production function. Thus the higher their relative price,
the lower will be their employment and the lower aggregate output. This direct
input effect is active even in the absence of differentiation in the pollution in-
tensities. However when there is differentiation the impact is magnified because
the policy change affects older (i.e. dirtier) goods more heavily. In other words
the increase in the green tax burden shifts downwards the competitiveness loss
schedule, and older sectors suffer from a greater loss in demand.

This asymmetric impact of green taxes across intermediate goods leads us

to the main result of the paper.

Proposition 4 Along a balanced growth path a marginal increase in the green
tax burden levied on innovalions, hzl/o‘ﬁ, increases R& D investment if inno-

vations are environmental friendly. That is:

on*

W>O if (<1

This implies that the rate of growth of the economy, ¢g* = G n* from (12), is
increasing in hZ'/°°.

Proof. To prove the result we show that, at the original equilibrium level of n,
the left-hand-side of the equilibrium condition (E) falls more than its right-hand-side.
These shifts of the schedules depicted in figure 2 result in a new equilibrium level of
R&D employment, n, higher than the original one. The proof is contained in appendix
73. n

An increase in the tax burden has a negative impact on the equilibrium value
of innovations but also on equilibrium wages, thus on the cost of R&D. A larger
burden of green taxes reduces the marginal product of intermediate inputs. This
depressing impact on demand reduces directly the innovator’s prospective prof-

its. The larger burden of taxation, however, also translates into lower aggregate
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output and lower demand for labor from the final sector. A priori the net effect
on the equilibrium level of R&D activity is ambiguous. We have established
that the impact is stronger on the final sector’s labor demand schedule than on
the value of innovations when innovations are environmental friendly. In this
case, the fall in wages outweighs the fall in the value of innovations. As a result

R&D activity increases at equilibrium.

technological ag;, 8

Figure 3: The green tax burden and competitiveness-loss:

(), < (27%), < (o)
1 2 3

An increase in the green tax burden “punishes” relatively more older tech-
nologies, or in other words skews demand in favor or relatively modern inter-
mediate goods, because these are cleaner. This distortionary effect of taxation
improves incentives to engage in innovative activities. The equilibrium condi-
tion depends on the shape of the competitiveness-loss schedule. In fact, on the
left-hand-side there are wages, which are proportional to output. At any given
point in time output is computed looking backwards to the distribution of sales
and technological parameters across intermediate goods in use. For a given evo-
lution of technologies, the competitiveness-loss schedule affects equilibrium sales
across goods. From the definition of function A, (19), we know that this is an
average of the competitiveness-loss function computed with exponential density
of rate An + ¢g. On the right-hand-side of the equilibrium condition, instead,
there is the present value of expected profit stream accruing to innovators. This
is computed looking forward to the expected evolution of profits, which depends

on the expected pace of competitiveness-loss. Along a balanced growth path this
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is just the same schedule as the one prevailing in the cross-section of interme-
diate goods in use. As it can be seen from (13), the value of patents too is
an average of the competitiveness-loss function. However this is now computed
with exponential density of rate An+r. Since the negative impact of an increase
in the green tax burden falls more heavily on older sectors (or on future profits
for innovators), r > ¢ implies that the loss matters more for the computation
of output and wages than for the computation of the present value stream of
expected profits (r > ¢ is necessary for the no-Ponzi game condition to hold,
see end of appendix 7.3).

The growth enhancing effect of environmental policy is however stronger
for low levels of the green tax burden than for high ones. An increase in the
green tax burden levied on the leading edge sector increases the relative share
of this burden over the gross marginal cost, [hzl/o‘ﬁ/(r + th/O‘ﬁ)], for all sec-
tors, but not in a uniform fashion. Such an increase shifts downwards the
competitiveness-loss schedule and, as shown in figure 3, this distortionary im-
pact of the green tax burden fades gradually away with the tax level. In the
limit case of an infinite burden the distortion is at its maximum and cannot be
improved upon. To understand this statement consider an economy where all
capital income is subsidized at one-hundred percent rate, that is one where the
gross marginal cost of monopolies consists exclusively of the green tax burden.
In this situation the green crowding-out effect, or the loss of competitiveness,
proceeds at rate gp. Then the integrals in A and in Vi can be solved explicitly
to show that the equilibrium condition is independent of the value of hZ 1/aB 21
As a result the equilibrium level of R&D is itself independent of the green tax
burden. This means that an increase in the green tax burden levied on the
leading edge sector depresses output and wages exactly by the same amount as
the value of innovations, leaving the incentives to engage in innovative activities
unchanged. The reason for this result is that the policy shock does not affect
the shape of the competitiveness-loss schedule. This is the crucial point: the

policy has no impact on R&D activity if it leaves unaltered the cross sectoral

21The procedure is as follows. Set » = 0 in the gross marginal cost,
so that m/m: = e 9nt Then wusing (13) and (7) we compute: Vi =
ArhZM*Pr. (1 - a) /a} JAn+r—In¢n/[B(1 - ). To  evaluate  wages
w = (1-a)Y/(1—n), we can solve explicitly A and use (18) to get wr =

{(1 —a)(1-n)" ¢ ATZTE?_‘} /[14+G—In¢/[B(1— a)]]. Insert these values in the equilib-
rium condition w = AV. Simplify and finally use the Ramsey rule (11) to write the rate of
interest as function of the growth rate: r = p 4+ €¢GAn. We have:
a—p/{A1+G-W¢/BA - )}
at{l+eG-Inl/[BL-a)} /{1+G—In¢/[B(1— )]}

n =
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(and intertemporal) distribution of relative demand and profits.??

The main lesson that we want to retain from this result is that environmental
policies are in general not neutral with respect to the cross sectoral distribution
of demand. Green taxes skew demand towards cleaner intermediate goods. If
innovations are environmental friendly, environmental policy fosters innovative

activities and leads to faster growth in productivity (given ().

5 The growth-environment trade-off

So far we have assumed that innovations are environmental friendly and that
this kind of technological improvement was a by-product of the R&D process.
The extent to which innovations are environmental friendly was measured by
the exogenous parameter (. This independence of ¢ from the environmental
policy rules out the main force generating a trade-off between the preservation of
environmental quality and the rate of growth of the economy.?> Moreover, there
seems not to be clear evidence of continuous reduction in the pollution intensity
of capital goods, at least in the absence of an active environmental policy. In this
section we endogenize the pace of environmental friendly technological progress,
by linking the value of { to environmental policy. We assume that the rate at
which the leading edge pollution intensity is reduced, ¢, is a function of the green
tax revenue, thus of the level of taxes on emissions. Such a relationship would
hold for instance if the green tax revenue is spent to finance public research on
environmental friendly technology. This knowledge would be available to private
R&D laboratories which could apply the state of the art pollution intensity to
their innovations. We adopt this kind of hypothesis.

In appendix 7.4 we analyze the microeconomic problem of R&D firms tar-
geting improvements in pollution intensity. We show that there exists a critical

level of the green tax, h*, beyond which innovators choose to embody the en-

22Grimaud and Ricci (1999) find that the level of green taxes has no impact on the growth
rate of the economy. Their result is due to the fact that in the economy they analyze the
cross sectoral relative demand and profits depend only on the distribution of productivity
parameters, and are independent of the level of green taxes.

23 According to the aggregate production function (23), emissions are an input to production.
Taking logarithms and differentiating that expression we obtain:

l-a-Mlg=0-a)ga+aBgp

Thus, ceteris paribus any reduction in the rate of growth of emissions inputs tends to depress
the growth rate of production. If we want to reduce the growth rate of emissions below that
of output leaving the latter unchanged, we must increase the rate of growth of productivity,
by investing more in R&D. Yet, we have assumed until now that increasing the rate of pro-
ductivity growth would automatically speed up the process of reduction in pollution intensity.
In this sense the conflict has been solved by assumption.
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vironmental friendly technology into the design of their intermediate goods,
and that the desired as well as the feasible improvements are increasing in the
share of green tax revenue in output, which is proportional to hZ /a8 That is,
endogenizing (, we obtain:

¢

W<O Yh > h*

To study the effect of environmental policy on the growth rates of the econ-

omy and of emissions of pollutants, let us first recall their expressions:

g= <1n'y + %) An (12)
1 1
gp = <1n’y—|— - Iiga + 2—5) An (24)

where (24) is obtained from (20), using (9). The sign of these growth rates
depends only on the extent of environmental friendly technological progress, (,

since n is positive. We have the following partition:
(a—1)ap
g>0 and gp>0 if (€ ICE:|'YOLB+(1—&)71:|
a—1)as
g>0 and gp<0 if Cel= }’yo"1774_)_a5+(1—a)}

g<0 and gp <0 if ¢€]0,y!]

Both intervals I and /¢ widen with the knowledge spillover concerning the pro-
ductivity dimension of goods, v. When emissions do not matter in final pro-
duction (i.e. when a or § or both are nil) I° = {), since there is no reason to
increase emissions. When labor and productivity are irrelevant for production,
(ie. @ = 1) emissions cannot be substituted with labor productivity, A. As a
result 7 = I° = () and a sustained reduction in aggregate emissions implies a
reduction in output. What we want to retain is that for any a < 1 interval I
is non-empty. That is to say that there exists some range of {, which can be
targeted by policy-makers, for which the balanced growth path is characterized
by economic growth (g > 0) and a continuous reduction in the aggregate flow
of emissions (gp < 0), implying complete cleaning of the environment (gs < 0).

Differentiating the growth rates with respect to the green tax burden levied

on the leading edge sector, we have:

dg 1 1 9¢ on
- = A+ GA————
ohz* (1 —a)Cong/*? ohZY P
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oz ITH (1 o aﬁ) Cong o ( "B ) Nong e

From these expressions we can see the complexity of the impact of environmental
policy. For low levels of the green tax (h < h*) the policy has no impact on
growth rates, since 9¢/O0hZ Vab — 0, which implies uniform pollution intensities
and therefore On/OhZ /o8 = 0 from proposition 4. If instead the tax increase
induces innovators to adopt cleaner technologies 9¢/ ahZ/ B < 0, emissions
grow at a lower rate, and this slows the growth rate of output because emissions
are an input to production. Yet, this direct impact of the green tax burden
on the growth rates through ( is stronger on the rate of growth of emissions
than on the rate of growth of the economy. On the other hand, as goods are
differentiated in their pollution intensities, the policy shock also affects R&D
investment, On/OhZ 1/aB # 0. This indirect effect is stronger on the growth rate
of output than on that of emissions. Thus, if 6n/8hzl/a5 < 0 there is a clear
trade-off between economic growth and environmental quality, since the policy
measures apt to reduce the flow of pollution also reduce the equilibrium rate of

growth of the economy. Nevertheless we find that this needs not be the case.

Proposition 5 There are configurations of parameters that give rise to win-
win environmental policy. This is defined as an increase in the green tax burden
levied on innovations, th/o‘@, which leads to faster output growth and slower
growth of emissions. It is most likely the lower the elasticity of intertemporal
substitution.

Proof. The proof consists in showing, along the lines of proof 4, that the effect
on the equilibrium level of R&D can be positive, and that it is larger the greater is €.
Therefore, for any ag/ahzl/aﬁ, there exists some value of € for which the result is
true. See appendix 7.5. W

The statement is not made more precise because no explicit solution for
6n/8hzl/o‘5 can be derived, and the choice of the shape of ag/ahzl/a@ could

appear no less arbitrary than the sentence itself.
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Jgp

Figure 4: Trade-ofl versus win-win.

Figure 4 summarizes the possible outcomes. n¢ denotes the level of R&D
activity prevailing when pollution intensities are uniform, at ¢ = 1; the schedule
nA represents the maximum level of n which could be attained by choosing freely
¢ and hZ /a8 24 Until the green tax is below h* the balanced growth path of the
economy is at point A, where ¢ = gp > 0.2° Now suppose that the authorities
increase taxation beyond this threshold level, and goods become differentiated
according to their pollution intensities. Any further increase in the green tax
burden would imply a reduction in {. However it can either generate a fall

(as along trajectory AD) or an increase (as along trajectories AB and AC) in

245 is derived in footnote 21 and represents the equilibrium level of n when the whole gross

marginal cost is given by the green tax burden. In figure 4 it is drawn as a decreasing function
of ¢. For this to be true it is sufficient that e > [1 —a(1— 8)]/8> 1. That a=n% at (¢ =1
results from proposition 4.

25Verdier (1993) has the opposite result that green taxes may enhance growth only when
they are sufficiently low. In this case they reduce the cost of R&D because they depress wages,
but they are not high enough to induce firms to adopt cleaner technologies. Thus there is no
additional cost on the R&D program.
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the equilibrium level of R&D. Along the balanced growth path represented by
points B, C' and D the green tax burden is such that the aggregate flow of
emissions is constant, and the stock of pollution is stabilized. The three points
are distinguished by the relative importance of the reaction of the equilibrium
level of R&D to green tax policy. So in D, the growth rate and the R&D
intensities are lower than in the laisser-faire regime (point A). At point C the
R&D effort is higher, but the growth rate still lower. In the case of point B,
however, the R&D has increased so much that the economy grows faster.

One final remark concerns the relationship between the growth rates of the
economy, ¢, and of the green tax rate, gn. Grimaud and Ricci (1999) derive
a causal relationship, stating that the faster grows the green tax, the slower
is the pace of economic growth. In the present model economy, a negative
correlation between g5 and g may be observed, though there is no direct causal
relationship. Consider again the example on figure 4, where gy is measured by
the vertical distance between g and gp. Then a negative correlation can be
found when comparing economies in A with economies in C' or D. However a
positive correlation would be observed when comparing economies at A with
those at B, or economies at B, C' and D among each other.

Although in this section we have not obtained a clear-cut result, we believe
that it represents a realistic generalization of our result in section 4, on the

growth enhancing virtues of environmental policy.

6 Conclusions

We have studied the effect of environmental policy in an economy where inter-
mediate goods are differentiated on two dimensions: productivity and pollution
intensity. New intermediate goods with higher productivity are introduced by
profit seeking agents, the R&D firms. Demand for and profits generated by
new goods are higher than those of older goods. Then a tax on emissions af-
fects demand for intermediate goods in a heterogeneous manner if goods are
differentiated in pollution intensities. If innovations are environmental friendly
an emission tax skews demand in favor of new goods. The tax depresses both
output and the value of innovations, but the distortionary impact favors innova-
tions in relative terms. As a result green taxes foster R&D activity and growth.
We also show that with environmental friendly innovations, the policy maker
increases the tax on emissions in order to keep the market share of new goods
constant and carry the economy along a balanced growth path.

In the last section we have allowed environmental policy to aflect the extent
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to which innovations are environmental friendly. We have given a more complete
picture of the complex reactions of the economic system to a change in the
green tax burden. We have shown that there are a number of countervailing
effects in play, and that overall the result can be an increase in the rate of
growth of the economy. The intuition behind this insight is the same as in the
simplified model: though environmental policy represents an additional burden
on economic activity, it discriminates in favor of cleaner products, and these
are also the newest and most productive. Thus environmental policy can foster
innovative activities, and lessen the depressing impact of green taxes on growth,
even to the point of reverting the whole outcome.

Overall a tougher environmental policy depresses the level of output in-
stantaneously but increases its long-run growth rate. It is natural to ask the
normative question: at what level should the green tax be set? This normative
question has been explored by the author and will soon be added to this paper.
First of all we need to introduce pollution in the utility function to make sense
of normative issues. Then we use three policy tools: the green tax to price
pollution inputs; a subsidy to the purchase of intermediate goods to deal with
market power; a subsidy to R&D to match private and social returns to this
activity. With all these tools, each can be specialized to its objective. In partic-
ular the R&D subsidy is chosen to target the optimal investment in Ré&D. We
find a dichotomy in the choice of the optimal ¢ and green tax, h. The optimal ¢
depends only on the productivity growth opportunities and preferences concern-
ing environmental quality. Instead the optimal level of the green tax depends
only on the technological role of emissions in production. We find that, with
separable and isoelastic preferences, a path along which the flow of pollution
decreases and the green tax increases is optimal if the intertemporal elasticity

of substitution is smaller than unity (¢ > 1).
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7 Appendix
7.1 Functions I', A and A

Let us define :

® a; = %—1 € (0, 1], an index measuring the productivity gap of good j relative to
the leading edge technology at a given date 7. The greater a;, the smaller the

gap. Ex-ante this is a stochastic variable;

® z; = ZZ=] € (0,1], measuring the (inverse) gap in pollution intensity of good j

relative to the leading edge technology at a given date 7. The greater z;, the

smaller the gap. This too is a stochastic variable.

o M; = mij € (0, 1],the ratio of the gross marginal cost in sector j relative to that

prevailing in the leading edge sector, at any given date 7. By the definition of
m we have:

r+ hZ/*P
7+ th/aﬁz;}_/aﬁ

M(z;) =

implying:

M(1)=1 and M >0

® The sales of any good 7 relative to the leading edge sector can be expressed as:

—1_

l-a

X(zj0) = LT — r 4 hz!/? N (M>—
3T) — —  — —
Tr Zir |:’I“ + hzl/aﬁzjii/a@]

Zjr

o We define:
1
r :/ an(Zj)dj
0

The integral has no mathematical sense because a and z are distributed stochas-
tically (and a priori discontinuously) over the space of goods [0, 1]. However at
any date 7 and along a balanced growth path, it is possible to reshuffle the
goods by order of decreasing technological gap. In other words the integral can
be evaluated by ordering goods according to their technological age s. Any
technology is adopted by a mass An of firms. Out of this initial mass, only a

proportion e ™ of those with age s survives at date 7. Furthermore we know
.. . A —g . _

that the productivity gap for firms of age s is: T =€ 948 = ¢ "IN, and

the gap for pollution intensity is: Z—Z"— = 925 = 1¢S5 Pinally we know that
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under policy rule (PR) the older technology will sell less, according the shape
of the competitiveness-loss function, m/ms. We therefore have:

—1

1 —
g :/ ajz] " (M(z) T dj
0

. A (7 \T= [/ m\T=
A —Ans zs Zr—s d
J e () ()

1

oo 1/ p—
o [ e (e apiney, (rhZVOP NTE
0 7+ egnsh g/ P

o T T—a
= /\n/ e (1HGAns (ﬂ> ds
0 Ms

o We define:

1
A :/ Z{l/aﬁan(zj)dj
0

and proceeding as above:

A=Xn /00 e (UFG)Ans —ggs/ap ( m >m ds
0 ms

_ An/oo 67(1+G))\ns€ghs ( m >m ds
0 ms

1
o Ing n\Te
:/\n/ . (1+G+a5>)\ns m ds
0

o We define:

and again:

A = \n = 67()\77.+)\n1n'y+)\n1n()s ZT*S T-o m T-o ds
0 A ms

oo 7\ Tow
= /\n/ e (IFG)Ans ( m > ds
0 s

We have the following properties :

Property 1: I' < 1,
From the definition of I', of @ and of X, we have that:

A;z; < Az ¥5€[0,1 butone = I'<1
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Consider any sector of age s > 0, using (6) we have:
ASTjST — AT*SjST

. _ 2y e—9z% =

7+ egnsh g/ P

X L
_ A -
— e A (1) —E=
7+ esnshz/ P

9 —1_
—GAns x & Z 1-e
< € AT 1—-n _—
( )(r+hz1/aﬂ>

< ArZs

Property 2: A > I, since Z{l/aﬁ € [1, 00);

Property 3: A > A,

Indeed :
1
A = [ ExErd
0o Zj
1 = /m = rJthl/aﬁZ;l/aﬁ )
- / a4z o T/aB dj
0 m; r+ hZ
r hz1/P
- T/op I+ o i/ap
r+ hZ r+ hZ
Thus: A —A = W(F — A) <0, by property 2;

Property 4 : AT"® < (14+@)'"® < 1, with G =Iny +1In¢/(1 — ),
Indeed by Jensen’s inequality:

1
1 )&
{An/ (L+ e (HMne [(ﬂ> ]ds} :
0 Ms

N
/\n/ (1+c:)e*<1+c’““(ﬂ>1 ds=T(1+Q)
0

ms

AL+ Q)7

IA

Property 5 : F:A:A:folajdj if¢=1

If there is no differentiation in pollution intensities, that is if { = 1, then z; =1
V4 € [0,1], and gn =0 by policy rule (PR) so that X(z;) =1 ¥j € [0,1]. The result is
immediate from the definitions of I';, A and A.

7.2 Proof of proposition 3

To prove the proposition, we differentiate output given by (18) with respect to hZ Vb,
Through the computation we make use of the equilibrium sales of intermediate goods,
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given by (6), the definitions of A and A given by (19) and (17), and the first definitions
in appendix 7.1. We have:

)4
VA /op

(B)

B (1—n)1*ag7217;f${ oA aA Oz, }

OhZM P " . gpgl/P

_ ol-m)'TZ Aa? /1 a; (i) __(L=z ") dj — A
. (1-a) [r+hz ] | Jo 2 \ @r [TJthl/aﬁZ;l/aﬁ] !

- “1/ap
_ Aae [Ta (30 (1_2}‘ )7" il
alt=a)Jo z \ar ) |[rng/orz ] "

Tr

_ - 7TjT ! Z»il/aﬁaj ji dj _ _ATETA <0
al—a) fg 7 o(l — a)
The fall in output is lower when pollution intensities are uniform across sectors, ¢ = 1.
In this case aA/ahgl/“" = 0 according to property 5, so that the first term in brackets
on the second line is nil. The latter is negative whenever ¢ < 1, since Z{l/aﬁ > 1 for

all goods j but one.

7.3 Proof of proposition 4

To prove the result we show that, at the original equilibrium level of n, the left-hand-
side (LHS) of the equilibrium condition (E) falls more than the right-hand-side (RHS).
These shifts of the schedules depicted in figure 2 result in a new equilibrium level of

R&D employment, n, higher than the original one. -
The LHS of (E) can also be written as Y;/ [(1 - n)AT] and therefore falls along
with output. Using (B) from appendix 7.2 we obtain:

OLHS  —z.A
OhZYP  a(l —a)(l—n)

(L)

The RHS of (E) is equal to AV;/ [/L— (1-— a)]. We can first compute the impact of
a marginal change in th/aﬁ on the value of innovations V; as expressed in the first

line of (13). This is:

oV, _ l=—agx o, o
o~ a Ar(@°Z.) 7 (1=n)

/oo 6,(r+)\n)t( - >69ht |:T+€ghthzl/aﬁ ﬁ*ldt
0 l1-«

1
_ s 7 T—a
—:f:TAT/ e ANt Lont (ﬂ> dt <0
0 My

1
8RHS qu— i ,(TJF)\n)t gnt ( m > T-a
=— e e — dt R
Ong 1/ o8 (1 —a)A my ®)

And therefore:
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The increase in th/aﬁ reduces more the LHS than the RHS if (L) is smaller than
(R). Rearranging using the definition of A (17) and (12) :

1

0o _—(r+An)t gyt [ m \1—«
n fo e ( Jte9n (m_t> dt

a(l—mn) o

_ —1
[ e(otAmsons (1) =% gs

Mg

We can substitute the left-hand-side of this last inequality by its value prevailing at the
original equilibrium, given by the equilibrium condition (E), which rearranged gives:

o —(r+An)t m ﬁ o —(r+Ain)t m ﬁ
a(l—n) AJxn 2 e(orams (%)ﬁds

That the LHS of (E) falls more than the RHS if (L) is smaller than (R) implies:

1 1
fOOO e~ (gtAn)s gps (i) 1= s fO"O e (rHAn)t gpt (i) e

Mg me

—_— —_—
Jo e tgtan)s <£> T ds Jo e trtanyt <i> edt

Mg me

M

The two sides of (I) are equal if { = 1 since this implies m/m; = 1 Vt and g = 0.
The difference between the two sides of the inequality consists of the discount rate of
the integrands. We now show that the ratio of the two integrals is decreasing in the
discount rate. It is easy to show that ¥V ¢ (or s) >0 :

£3. 1 £3. 1
f m\Te m\I-=
st [ — > —
my my

Let us denote the ratio of the two functions by W:

W(t) = eghtﬂ
r 4 egnthzt/oP

Then we have that ¥ is increasing for r > O:

Intp 7l/op
ov() | _e™'hz -0
875 fr+69hthzl/aﬁ

Now consider a generic discount rate §, and redefine the ratio of the integrals in

(I) as:

@) =

-
_ T 1—
S e teont <ﬂ> “ dt
my
=
o

o=t ()T gy
fO My

o

[ e (%) TS (t)dt
e (&) at
= / o, 6w (bt
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where:

€,5t <m£>m
Qt, 6) = :

is a normalized weight function, characterized by:

a—ro ue o m 1ﬂ!du—t e % m 1ﬂ!du
06 0 My, 0 My,

Therefore

t= _
fooo e—ou (%) T du
such that:
o0 ~ oN N
— >0 Vi<t — <0 Vt>t
ey > < and % < >

This means that an increase in the discount rate 6 shifts the weight from high values
of ¢ to low values of t. Since W(%) is increasing, this implies that:

21) _,

o6

Inequality (1) holds as long as the discount rate on its left-hand-side, g + An, is
lower than the one on its right-hand-side, » + An, that is whenever » > g. Notice
that this is always the case at equilibrium for the no-Ponzi game condition to hold.
This condition states that the present value of households’ financial wealth, W, is nil
asymptotically. Along a balanced growth path W grows with income, so:

lime "W, = tlirgloe*<T*9>tWO -0 & r>g

t—oo

We have established that in the neighborhood of the equilibrium defined by (E): » > g
= (I) holds = OLHSg /OhZ'/*? < ORHSE |OhZY P <0 = dn*/ORZM*P > 0.

7.4 The micro background to endogenize (

Suppose first that the monopolist can freely choose the pollution intensity at any
point in time within the interval [Z, Z"]. This constraint is represented by the curve
7" 7' in figure 5. The lower bound is the state of the art environmental friendly
technological knowledge prevailing at a given point in time, and is taken as given
by the monopolist. It is assumed decreasing in the green tax, because a greater
tax generates higher fiscal revenues, which allow the government to finance a more
ambitious environmental friendly research agenda. The upper bound Z" is the level
of pollution intensity historically inherited. We assume that the pollution intensity
cannot be increased. This is crucial because emissions enter as inputs in a Cobb-
Douglas production function and have nil marginal cost. Thus, emissions would tend
to infinity as the green tax approaches zero. Our assumption means that there is an
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upper bound beyond which the marginal product of emissions falls to zero, and this
seems to us a reasonable assumption. Then we can differentiate instantaneous profits
(7) with respect to Zj, to obtain:

1
A, . 2, T=a
a0 () [ en
j r

Thus a reduction in Z has two opposite effects. First, when emissions are subject to
taxation, the lower the Z the higher the demand for the intermediate good, hence the
greater the profit. Second, a reduction in the pollution intensity implies a decline in
the marginal product of the intermediate good in the final sector, because it reduces
directly the emissions inputs associated to it, and therefore depresses profits. Notice
that when green taxes are nil, i.e. h = 0, profits are increasing in Z, and therefore the
optimal choice is Z". The unconstrained maximum is given by:

afp
7z = B r
1—08h,
The best policy would be: Z" if Z* > z" 7z* it z* € |z, z"[, Z' it z* < Z'.
Unsurprisingly, Z* is decreasing in the level of the green tax, h, as drawn on figure

5. It is interesting that the value of Z* can be combined with the pollution intensity

index Z; = (P;j/K;)*", to hand:
h:by B

’I“Kj l—ﬁ

Remember that (8 is the share of emissions, and 1 — § the share of capital in the
production function of the composite good, which was discussed upon the presentation
of the aggregate production function (23). Therefore the total cost of producing the
composite intermediate good is shared, at Z“, between capital income and the green

tax burden according to the elasticity of the composite good output to the two inputs.

So far we have considered the static problem of a monopolist who can alter the
pollution intensity of the good at any moment. In our set-up R&D firms have to choose
the pollution intensity of their blueprints, which then represents a constraint for the
patent holder. They do so in order to maximize the value of patents. Differentiating
the first line of equation (13) with respect to Z (which is now the choice variable), we
have:

_ —1_
oVy o o —(r+AIn)(t—7) Ar OCQZ tme 11— /8 1/ap
8(—Z)7/T e aZ(l n) VR 3 heZ r|dt

Notice that this derivative is positive at Z¥, at least in the region where Z% < Z",
since in this case the integrand starts at zero and then turns positive as the green tax
increases. This implies that the optimal choice is certainly a smaller Z in the dynamic
context than in the flexible, static framework. The reason is that the best Z takes into
account the future savings on the green tax burden, which are increasing at the rate

of growth of green taxes, gn. Therefore the greater g, = —In(An/af, the smaller the
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choice of Z. Instead, the greater the discount rate r + An the higher the preferred Z.
We denote by Z° this solution and draw it on figure 5.

h* h** h

Figure 5: The monopolist and R&D target of pollution intensity.

The solution is represented by the Z*Z*Z%Z' locus on figure 5, that is the choice
of the firm will be: Z" until Z° > Z*, ie. Yh € [0,h*], Z¢ Yh € |h*,h**], and
7' WYh > h**. The critical tax h** may not exist. What matters to us is that the
improvement in pollution intensity is an increasing function of the green tax, at least
for green taxes greater than h*. This last level is such that the ratio of the green tax
burden to gross marginal cost is smaller than the share of emissions in the production
of the composite good, at the inherited pollution intensity.?® If this is the case then
the green tax does not provide sufficient incentives to reduce the pollution intensity in

the static problem.

We conclude that ¢ = 1, and pollution intensity is uniform across sectors, until
h < h*. Beyond this level, innovators choose to embody the environmental friendly
technology into the design of their intermediate goods. And the desired as well as the
feasible improvements will grow with the green tax, for any given level of inherited
pollution intensity. This behavior translates into an aggregate negative relationship
between ¢ and the green tax burden hZ 1/ep , in short to:

¢

ohZ T = 0

26Tndeed at h* we have Z" = Z°¢ < Z“, that is:

h* (Zh)l/a@

N </j’
r 4+ h* (Zh)l/aﬁ
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7.5 Proof of proposition 5

Let us study the long run effect of a marginal change in hZ Y8 on the equilibrium
equation (E)27. The impact on the LHS, leaving n constant, is:

o

s 7 T-a
oLHS (1—n)"* Zz%n o~ (GAntan)s [ T .
BhZM P o ms
[G’/\ns +o a — [EG’An 4 eone (1 + gﬁhzl/“"s)] } ds
1 2 3 4

with @' = (An/¢) 8¢/OhZY*?  and g, = — (An/CaB) C/OhZY*?. And the equivalent

for the value of patents is:

ORHS _ _Azm [ o (A m gy .
BhZM P a Jo me
[EG’/\nt poo 1 [ G+ et (1 + gzhzl/“"tﬂ } dt
1—am
1 2 3 4

In both cases we can distinguish four effects:

1. The aggregation (or discount) rate effect: the increase in tax burden reduces
the growth factor, G, and thus reduces the aggregation rate for the wage, and
the discount rate on the side of the value of innovations (according to ¢ since
r = p+eGAn); this increases ceteris paribus both wages and the value of patent,

though more (less) the latter than the former if ¢ > 1 (g < 1).

2. The competitiveness relaxing effect: the reduction in the rate of interest, reduces
the marginal cost for all monopolies, lowering ceteris paribus the relative weight

of the green tax burden; this effect implies a flatter competitiveness loss schedule.

3. The direct competitiveness loss effect: the greater initial green tax burden in-
creases ceteris paribus its weight relative to other costs of production, for all
goods; this was the only effect considered in section 4, when the impact on ¢

was ruled out.

27For the immediate impact on the level of R&D, we must consider only the direct
competitiveness loss effect on the wage aggregator (the left-hand-side of (E)). Then
we find that the R&D intensity increases if:

/ ~ Q(g)T(t)dt > / ~ Q(r)U(t)dt + hz/*? / ~ ghtQ(r)(t)dt —

_(_G’)/\nEAOO Q(r) (I;O‘H ! >dt

My

From proof 4 we know that the left hand side is larger than the first term on the right
hand side. Thus a sufficient condition for the inequality to hold is that the third term
be larger than the second, on the right hand side. If this is the case, then n shoots up
upon arrival of the policy innovations.
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4. The faster green crowding-out effect: the higher speed of environmental friendly
technological progress (the lower {) requires a faster growth of the green tax rate
at equilibrium, and therefore a faster process of crowding-out, or policy-induced

technological obsolescence.

The last three effects run through the impact of the change in the green tax burden
on the competitiveness loss schedule. They are hence symmetric on the two sides of
the arbitrage condition. As we will show next, overall these effects depress both wages
and the value of innovations, but more so the former than the latter. Instead, the
aggregation and discounting effects are asymmetric, so that we are unable to establish
clearly what is their net contribution the change in n.

Following the steps of the proof to proposition 4, we find that the equilibrium R&D
activity is increased by the policy shock, i.e. an/ahzl/aﬁ > 0 if:

(—GHAn fooo t(eQ(r) — Q(g))dt
+125e(—GAn [ = (Qr) — Q(g))dt

my

o [ (14 ghhZ ) 19(g) - Q(r)lde >0

t

The normalized weight function €2, defined in proof 4, is such that £(r) discounts more
late events than ©(g). Thus the integral on the last line is positive, because the direct
competitiveness loss and faster green crowding-out effects are increasing functions of
t. The integral on the second line is positive, because 1/m; is decreasing. The whole
second line is positive since G' < 0. Instead the first line compares the aggregation
and the discounting effects, and its sign is therefore ambiguous. The line is negative
for € = 1 but is increasing with €, so that it turns positive beyond some values of €.
For dn/8hZ P > 0 it is sufficient that the sum of this term with the two other lines
be positive, thus we can state that there exists some level of € such that this is the

case.

39



