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Abstract

Environmental policy affects the distribution of market shares if intermediate goods
are differentiated in their pollution intensity. When innovations are environment-friendly,
a tax on emissions skews demand towards new goods which are the most productive. In
this case, the tax has to increase along a balanced growth path to keep the market shares
of goods of different vintages constant. Comparing balanced growth paths, we find that
tightening the policy stance spurs innovation, because it increases the market share of
recent vintages, and promotes environment-friendly technological progress. As a result
the cost of environmental policy in terms of slower growth is weaker.
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1 Introduction

How does a restrictive environmental policy influence the prospects of economic growth?
Answering this question is not a trivial task because in the long run technology and
equipment can change.! It is then necessary to answer a preliminary question: How
do the pace of innovation and its characteristics respond to tightening environmental
regulation?

This paper presents a theory of endogenous technical change and growth in decen-
tralized economies that answers the above questions. It focuses on the consequences that
environmental policy has on competition across sectors and among vintages of goods. It
shows that a tax on emissions acts as a (relative) reward to innovators, to the extent that
there is a (negative) correlation between the productivity of goods and their pollution in-
tensity. In this case, taxes on emissions increase the market share of the newer and more
productive goods and increase the relative pay-off to research and development (R&D) in-
vestment. As a result restrictive environmental policy fosters R&D and innovation, which
is beneficial to growth. We refer to this indirect channel of transmission of environmental
policy as its distortionary impact.

In the past fifteen years several papers have considered the question above. We there-
fore paid attention to differentiate our contribution from the existing body of literature.
We deliberately abstract from the functioning of the ecosystem, and from the influence of
environmental quality or pollution on welfare and on factors’ productivity.? This feature is
meant to strengthen our argument and to single out the independence of the distortionary
transmission channel from any externality resulting from improvements in environmental
quality. In fact most of the analyses which point to possible channels of transmission
through which strict environmental policy could be beneficial to growth, rely on crucial

assumptions concerning the influence of an expected improvement in environmental qual-

!The question may not be relevant for the design of environmental policy, given that the latter should
target social welfare. Yet the answer is interesting on its own, at least in view of governments’ reluctance
to engage in stringent targets for the reduction of CO4 emissions.

2As a consequence our theory does not provide any normative justification for environmental policy.
The analysis can easily be generalized to include welfare considerations for normative enquiry (Ricci,
2000). The results are very close to those of Aghion and Howitt (1998, ch.5). The only difference is that
in our model, as compared to theirs, the optimal output growth rate is larger, while the optimal emissions
growth rate is lower because both pollution control and output growth require R&D.



ity on households’ saving behavior (Mohtadi 1996, Michel and Rotillon 1995), on factors’
productivity (Bovenberg and Smulders 1995), or on human capital accumulation (Smul-
ders and Gradus 1996, Gradus and Smulders 1993). See Ricci (2006) for a survey of the
literature focused on channels of transmission of environmental policy on growth.

We retain the approach of multi-sector growth models, which explicitly describes in-
centives to engage in productivity enhancing activities (hereafter R&D). Our work is
therefore related to other papers that study environmental policy, or renewable resources
management, using R&D-driven endogenous growth models. Some of the papers focus on
the rate of technological change (e.g. Grimaud 1999, Grimaud and Ricci 1999, van Zon
and Yekiner 2003), others on the direction of technological change (e.g. Smulders and de
Nooji 2003, Bretschger and Smulders 2004). In every case environmental policy operates
through a direct channel of transmission. It increases the cost of emissions inputs or forces
firms to engage in abatement expenditure and therefore reduces return on capital. As a
result, the rate of investment falls and this slows output growth. None of these papers
however takes into account the effect of technological heterogeneity across sectors on envi-
ronmental policy. Closer to our paper are Elbasha and Roe (1996) and Bretschger (1998)
who argue that environmental policy entails a reallocation of inputs out of the production
sector and into the dynamic sector of the economy (i.e. R&D), provided that the latter
is one of the least pollution-intensive sectors of the economy. This indirect effect tends to
relax the trade-off between environmental policy and economic growth. To differentiate
our approach from these papers, we present a model where such reallocation takes place
only if the policy modifies the distribution of market shares across vintages. Very close
to our paper are the analyses by Xepapadeas and de Zeeuw (1999), Fleichtinger et al.
(2005) and Hart (2004a,b). We will compare our contribution to these papers at the end
of the introduction. Let us first describe our analysis in greater detail.

We extend the Schumpeterian growth theory® by assuming that innovations improve

the quality of capital goods in two dimensions: their productivity and their pollution in-

3Seminal papers are those by Grossman and Helpman (1991) and Aghion and Howitt (1992). Our
model is an extension of Aghion and Howitt (1998, p.85-92). As explained in Ricci (2002), the Aghion-
Howitt framework is the only dynamic general equilibrium model where the degree of heterogeneity of
profits across sectors is endogenously determined. This feature is crucial for our results.



tensity. New goods are characterized by higher productivity and, possibly, lower pollution
intensity than existing goods.* If innovations embody the same pollution intensity as the
goods they replace, emissions grow at the same rate as output. If instead innovations
have a cleaner technology, emissions grow at a slower rate than output.

First we analyze the case where the extent to which innovations are cleaner is exoge-
nous, i.e. independent of environmental policy. Although unrealistic, this assumption is
useful to isolate and examine in detail one channel of transmission through which environ-
mental policy affects the pace of technological change and the rate of growth. We show
that a tax on emissions has a distortionary impact on competition across sectors, when
goods are differentiated in their pollution intensity. The tax on emissions is beneficial
to the sales of firms using younger vintages, but detrimental to those using older ones.
The value of an innovation is relatively sensitive to early profits, i.e. when its vintage is
young. We find that when goods are differentiated in emission intensity, an increase in the
burden of emissions taxes raises the long-run rate of growth by fostering R&D activity,
even though - on impact - it may reduce the level of aggregate output.

Next we study the case where R&D firms endogenously choose the pollution inten-
sity of innovations. Emissions are an implicit input of production. Cleaner innovations
are relatively less productive, because they use a smaller amount of the complementary
emissions input. Therefore when an R&D firm considers whether or not to introduce
a cleaner technology in an innovation, it balances the loss due to reduced productivity,
with the gain resulting from the expected lower tax burden. Credible commitment by
the environmental policy-maker is crucial in influencing this choice. The more restrictive
is the expected stance of environmental policy, the more R&D firms adopt cleaner tech-
nologies. In fact, environmental policy affects the extent to which innovations embody
cleaner technologies, i.e. the direction of technological change.® As environmental policy
induces R&D firms to design cleaner goods, the marginal effect of R&D on productivity

growth decreases. This direct input effect runs in a direction opposite to the one resulting

4“We do not allow for increased pollution intensity of capital goods. While this assumption seems
uncontroversial for industrialized economies, there is evidence that even in developing countries the
intensity of industrial pollution “[a]t the [end-of-pipe], pollution intensity declines strongly with income”
(Hettige et al. 2000, p. 471).

5See Popp (2002 and 2005) and Jaffe et al. (2002) for relevant empirical evidence.



from the distortionary impact of emissions taxes (which tends to foster R&D). Solving the
model numerically, we find that the direct effect dominates. However, the distortionary
impact of taxation is active and relaxes the growth-environment trade-off.

Our argument is close to Xepapadeas and de Zeeuw (1999) and Feichtinger et al.
(2005), who analyze a single firm’s choice of the vintage composition of its capital stock.
They show that an increase in emissions taxes induces firms to reduce the average age of
their capital stock, and identify the conditions under which this response implies higher
productivity of capital. The theory presented in the following sections incorporates this
mechanism in a dynamic general equilibrium model, where the supply-of-capital side of the
economy is endogenous in both its quality (designs of innovations) and quantity (saving-
investment decision) dimensions. Our model nevertheless is simpler in some respects,
namely in assuming that capital is putty-putty while only technologies are putty-clay.

In a parallel and independent work Rob Hart has developed the same argument con-
cerning the distortionary impact of environmental policy (Hart 2004a,b). He studies the
case of state contingent technology standards, implying an exogenously determined max-
imum age of equipment in use.® In fact at each instant only the two youngest vintages
have positive sales. In contrast we characterize the distribution of market shares across
vintages as a fully endogenous process. Our paper also adopts simpler assumptions con-
cerning environmental policy. We characterize the policy by a tax on emissions. We
specify the policy rule as follows: raise the tax rate when emissions fall, so as to maintain
constant tax revenue as a proportion of national income. This rule calls for a continuous
tax increase, since the emissions intensity of output continuously falls at the aggregate
level. The independence of policy from sector specific discrete events and the concern in
providing a stable source to public budget make the commitment of public authorities to
this rule credible, differently of state contingent and sector-tailored technology standards.

Hart also assumes that R&D firms are constrained to choose their technology out of
a discrete two-point set. Under this assumption he can solve the model analytically and

establish conditions for a win-win environmental policy, improving both economic growth

6Hart (2004 a) considers environmental sales taxes that are individually tailored on vintages. The
optimal policy consists in raising the vintage-specific tax rate upon arrival of innovations, ultimately
banning sales of older vintages. Hart (2004 b) explicitly considers technology standards.



and environmental quality. Here we show that this result is not robust with respect to
the flexibility of R&D firms’ technological choice. According to our findings tightening
environmental policy does not foster growth because technological change becomes more
environment-friendly, and consequently the marginal contribution of R&D to productivity
growth falls. Hart’s finding of a win-win outcome results directly from his assumed rigidity
in the technological menu available to R&D firms.

Section 2 presents the model, while section 3 characterizes balanced growth paths.
Next we analyze the consequences of tightening environmental policy on innovation and
growth, maintaining the direction of technological change fixed. In section 5 we consider
the complete picture with environmental policy influencing both the direction of techno-

logical change, and the amount of inputs devoted to R&D activity. Section 6 concludes.

2 The model economy

We extend the Schumpeterian model of endogenous growth (Aghion and Howitt 1998,
p.85-92) to consider that production emits pollutants. Production takes place in three
stages. First, labor is competitively engaged in R&D activities aimed at designing higher-
quality intermediate goods. Successful innovations are characterized by higher productiv-
ity and, possibly, lower pollution intensity. Pollution intensity is a technological variable
of the intermediate good, which is chosen by the R&D laboratory when it introduces the
good on the market. Second, intermediate goods are supplied under local monopoly power
because designs are protected by patents. These goods are produced employing capital
rented from households. Their production also implies emissions of pollution on which a
tax is levied. Third, intermediate goods are combined with labor in the final sector to
produce a homogeneous good which can be consumed or invested.

We first present the production sector then study the behavior of the agents.



2.1 Production and the environment

A homogenous final output is produced employing labor, N, services from capital, K, and

polluting emissions, P, according to the aggregate production function
! 1 8 1-1-8\"
Y. :/0 (AN, (PjTKjT ) 4 . a, Be(0,1) (1)

where 7 is the (continuous) time index. There is a continuum of different technologies
used on the market, indexed by j € [0, 1]. Capital flows across technologies without fric-
tions. Instead each technology is rigid and can only be improved discontinuously through
innovation at the industry level.” Technology j defines the implicit labor productivity

index, A;, and the pollution intensity of capital, i.e. the emissions-capital ratio:

In a given industry, substitution of capital for emissions can take place only with the intro-

duction of a cleaner technology, say Z;- < Zj;. At the aggregate level however substitution
is feasible also through reallocation of capital towards less polluting technologies.

This representation of production and pollution is very close to the one proposed by
Aghion and Howitt (1998, ch.5), based on Stokey (1998). To see this let us first define an
intermediate good, x;, as capital services provided using technology j, and let us suppose

the following standard production function®

Ty = 5 (3)

Consider the case where labor supply is fixed (normalized to unit mass) and the labor

market clears, with an amount n of labor is employed in R&D activities. Substituting for

“This allows the model to account for endogenous heterogeneity and vintage structure, while avoiding
the key technical difficulty in vintage models, i.e. the analysis of scraping behavior, (e.g. Diaz et al.
2004, Azomahou et al. 2003).

8That more productive goods are more capital intensive is a standard assumption necessary for bal-
anced growth paths to exist (Aghion and Howitt 1998, ch.3).



P using (2) into (1), then for K using (3) we can write aggregate output as’
1
}/;_ = (1 — nT)la/ Z]TAij;lej (4)
0

and aggregate emissions as

1 1
P, = / Pydj = / ZPK ;. dj (5)
0 0

Variable Z plays a similar role as in Stokey, since its reduction allows society to limit
polluting emissions but implies a cost in terms of forgone production.

However unlike Stokey, or Aghion and Howitt, in this representation the technological
variable “pollution intensity” Z can only be modified gradually through costly R&D
activity. As a result pollution intensity is heterogeneous across industries. It will be
shown in the remainder of this paper that this difference has important implications for
understanding the economic impact of environmental policy.

Comparing representations given by (1)-(2) and (4)-(5) we can make two further re-
marks. First, polluting emissions can be interpreted as the external by-product of produc-
tion activities or as an implicit input of the production process. Second, the productivity
of capital (or intermediate goods) depends on the combination of the two technological
variables A and Z, and not only on the implicit labor productivity index A. This is so

because emissions are an input complementary to capital.

2.2 Prices and the green tax

The price of final output is normalized to unity. We denote by w the wage, by p, the
price of intermediate input j € [0,1] and by r the rate of return on savings. Moreover,

the government levies a tax per unit of emissions, h, on intermediate goods producers.

9A time index is added to technology parameters because they evolve (discontinuously) over time.



2.3 The final sector

From (4) the instantaneous profits of the fictitious competitive final firm are:

1 1
77Z}7' = (]- - nT)l—a/ ZjTAijjo‘tq—dj - w’?’(]- - n’?’) - / pijdej
0 0

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

1
Wy = (1 — Oé)(]_ - TZT)_Q/ ZjTAjTJ]?de (6)
0
and the (inverse) demand for intermediate inputs is given by, Vj € [0, 1]:

pjr = Zir Ajra(l —n, ) oot (7)

2.4 The intermediate goods monopolists

Consider the problem of the monopolist in sector j characterized by technology {A;, Z;}.
Time index 7 is dropped here because technology is fixed for the producer. It rents A; units
of capital from households and is subject to a green tax burden h,Pj,/x;, = hTAjZ; foB
per unit produced, from (2) and (3). Hence, the monopolist maximizes instantaneous
profits I1;; = [pjr — A;(r; + hTZ; /o )|xj;. Substituting the demand from the final sector,
(7), and proceeding for maximization, we obtain partial equilibrium sales, the pricing rule

and profits of the monopolist in sector 5:1°

1

i =(1—n,) (O‘—ZJ> B (8)

rr+ hTZ;/aﬁ

rT—l—hTZ;/aﬁ

ﬁjr - Aj a

1l—«

fl, = A, [TT + hTZ;/ﬂ &) (9)

10Results do not change if the green tax were levied on the final sector. The demand for good j is in
this case pjr = Aj[a(l —n.) 7 Zai " — hTZ;/aﬂ]. The monopolist maximizes ™ = (p;jr — A;jr. )z

Sales and profits are given by (8) and (9), the price is lower, i.e. pj; = A;[r-/a+ (1 — a)hTZ;/(w/a].



Notice that profits are:
_1
e increasing in the total productivity index Aijl’“ of good 7;
e decreasing in the marginal cost of firm j: m;, = [r. + hTZ;/aB]

The green tax depresses sales and profits and more so the dirtier is the good (the higher
Z;). This feature of the model is crucial to our results: the green tax has a heterogeneous

impact on profits across goods, when they are differentiated in pollution intensity, i.e.

ZjT#Zinorj#ia hT >0 = ﬂjT#ﬂiT

2.5 R&D

Here we introduce the innovation process, keeping essentially a macroeconomic perspec-
tive. More microeconomic structure is added in section 5.1 where the trade-off between
productivity and cleanliness of innovations is analyzed at the R&D firm level.

In the competitive R&D sector, every firm targets improvements of one particular
intermediate good. R&D activity is modelled as a Poisson process with instantaneous
arrival rate An;, where n; is the mass of labor employed in R&D in sector j7 and A > 0.

Only one type of R&D firm is assumed. Each innovation improves the quality of the
intermediate good in both dimensions, A and Z.!' Specifically, an innovation allows the
patent holder to produce the intermediate good characterized by the leading-edge tech-
nology, that is, the highest of all A’s, denoted by A, and the lowest of all Z’s, denoted by
Z, at the date of arrival of the innovation (an intersectorial spillover).!? Innovation gives

rise to a pure production externality: the rate of growth of the leading-edge technology

"This is the only operationally sensible assumption. The reader may consider it as an odd one,
and prefer the alternative approach assuming specialized R&D firms, each targeting improvements in
only one of the technologies, A or Z. In such a case however the value of innovation would depend
upon the incumbent technology for the non-improved parameter (e.g. the level of A for Z-innovations).
Hence the reward to R&D would be sector specific (state dependent). R&D would then concentrate on
most profitable sectors, and the distribution of technologies across the economy would not be stationary.
Furthermore, a successful R&D lab that has invested only in improving cleanliness would offer a patent
to produce an intermediate good with lower total productivity than the one supplied by the incumbent.
Its market share would be positive only for a sufficiently high tax and our assumption of local monopoly
for the innovator would no longer be justified.

12The leading-edge technology, i.e. the state of knowledge, is a public good as an input for R&D.

10



is proportional to the aggregate flow of innovations An = fol Anjdj:

= YAn, v >0 (10)

ﬁ>|| Ebl-

)

=Cn, (<0 (11)

NS

.
( is the index of the direction of R& D, because it measures to what extent innovations are
environment-friendly. If ¢ = 0 innovations have the same pollution intensity as the goods
they replace, and emissions associated with their use are larger because innovations are
more capital intensive. Instead, innovations are cleaner if ( < 0, that is, if their pollution
intensity is lower. If ( < 0 emission intensity is correlated to the productivity of goods,
and a tax on emissions indirectly discriminates goods according to their productivity.

The expected marginal impact of R&D employment on the growth rate of the leading-
edge total productivity index is YA + (A/(1 — «). It is clear then that ¢ measures the
direction of technological change: it determines whether and by how much a unit of R&D
is expected to improve total productivity and the cleanliness of goods.'?

Free entry in R&D ensures that at equilibrium the following arbitrage condition holds:
nr € (0,1) = w,=\V; (12)

where V; is the value of an innovation arrived at date 7. If R&D activity takes place at
all, then its marginal cost (the wage) equals its expected marginal return.

An innovation is worth the present value of the expected stream of profits:

Vom [ e A (A, 2, i
where II,(A;, Z_) denotes profits at date ¢ of a monopoly characterized by technology
{A,;,Z_}. The first discount factor takes into account the opportunity cost, i.e. the

return on savings. The second discount factor is the monopoly’s survival probability,

13 Targeting cleaner innovations does not affect the cost of R&D, nor the difficulty of R&D, as assumed
by Verdier (1995). Yet increasing the degree of targeted cleanliness reduces the total productivity of
innovations. This trade-off is equivalent to the case of explicit R&D cost, as explained in section 5.1.

11



because the next innovation in the sector will make its patent obsolete.

2.6 Consumers and the government

The representative consumer chooses the path of consumption to maximize the present

value stream of instantaneous isoelastic utilities, subject to a dynamic budget constraint:**

00 Cl—e
max R —
{5 Jo l—e

W =w, +r,W, —c, + T

where W is wealth and T are government’s transfers.'® The solution gives the Ramsey
rule:
rr—p
€

where g; denotes the growth rate of variable ¢. To rule out trivial paths of savings, the
solution must satisfy the no-Ponzi games condition lim e~ Jo 457y, = 0.
T—00

We assume that the government holds its budget balanced, i.e. h, P, = T.

3 Balanced growth path analysis

Along a balanced growth path, n and ¢ must be constant for A and Z to grow at constant
rates from (10) and (11). Furthermore, the law of motion of capital, K, = Y, —C,, implies
that capital, output and consumption grow at a common rate g = g.. Finally, according

to the Ramsey rule (13) g is constant only if r is constant. We have:

Proposition 1 A balanced growth path exists if the green tax increases according to the

following policy rule:
9z _ =C
afl  af

14With this formalization of the utility function we deliberately abstract from the direct impact that
environmental policy may have on savings behavior, via amenities and externalities. Of course, savings
react to changes in their rate of return.

15We have assumed a constant labor force and normalized its size. By doing the same for population
we get Cr = c;.

gn = An (14)

12



Along this path output growth is function of n and ( according to:

g= (7 + L) An (15)

l—«

Therefore, growth is positive only if:

¢ € ((a=1)7,0] (16)

Proof. We compute the value of an innovation using (8) and (9) for Z; = Z,, A; = A,

1—a - 1 & e
v, = A (02Z,)7 (1 —n) / e~ (rHAm)(t=7) [r+htgi/ﬂl dt (17)

a T

_ / % o= (A (t=7) (ﬁ%>‘ @t
T my

Where I, and m, denote initial profits and the marginal cost of an innovator at date 7, and
my =1+ htgi/ 9 is the marginal cost at future dates ¢ > 7 of the firm innovating at 7. The
latter increases over time, and profits are crowded out, if and only if the green tax increases.
The integral in the first expression is constant over time if the marginal cost of the leading-edge

monopolist, m,, is constant, i.e. if hTZi/ of

is independent of 7. This is ensured by (14).

For n to be constant the arbitrage condition (12) must hold at all times for the equilibrium
level of n. Under policy rule (14) the value of patents (proportional to the right-hand-side of (12))
grows at the same rate as Il,, i.e. gy = gz + ﬁ gz. The left-hand-side of (12) increases with
the wage. The latter is the productivity of labor in the final sector, i.e. w; = (1 — a)Y;/ (1 —n).

Hence g,, = g for n constant. Taking logarithms and differentiating (12), we get:

1
l—«

9=9w=9v =9gi+ 9z

(15) is derived using (10) and (11). =
Along a balanced growth path, the green tax increases at a constant rate if innovations
are environment-friendly. This is the case when the emissions-capital ratio of innovations

is lower than that of the goods they replace, i.e. when ¢ < 0.1® To understand this result in

16That the tax per unit of emissions increases along balanced growth paths with declining pollution
intensity of output is a result common to all models with emissions inputs. In fact, as P/Y declines, the
marginal product of emissions increases, and this is reflected in their implicit price.

13



terms of time-invariancy of the distribution of market shares across vintages, let us suppose
that the green tax is held constant although innovations are environment-friendly. In this
case the weight of the green tax burden over marginal cost for innovations would fall
over time. Then innovations would become increasingly competitive relative to existing
intermediate goods. As a result the market share of innovations would progressively
increase. This is incompatible with the concept of balanced growth.!”

The crucial feature of environmental policy in this economy is that it affects the relative
costs across goods of different vintages. Let H = h, Z i/ o define the burden of green tax
on innovations. Under policy rule (14) H and the marginal cost of the leading-edge good,
m = r + H, are constant. Thereafter the marginal cost increases with the age of the
technology, so that at some later date ¢t > 7 it is equal to m; = r + e~ H. Hence the
distribution of intermediate goods according to their technological age is characterized by

the marginal cost of the leading-edge sector relative to that of firms of age s:

m r+ H

ms r+ednsH

Older technologies are less competitive than new ones (also) because of their relative
dirtiness, implying a greater green tax burden. The ratio would indeed be constant in
the absence of environment-friendly technological progress (i.e. ( =0 and g, = 0) or in
the absence of taxation (h = 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 is illustrated in figure 1 for different values of g,. Under
policy rule (14), the distribution of market shares across goods of different age is time
invariant. Therefore the two competitiveness-loss functions (one backward looking, m/m,

the other forward looking, m./m; in (17)) are independent of 7 and coincide for s = (t—7).

17As 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).

14



3.1 The aggregate economy

We normalize aggregate variables on the leading-edge sector. From (4) we can write
aggregate output as:

Y, =(1-n)""Z Az°A (18)

The aggregation factor A measures the relative contribution to production of older goods:

VZ A a? o m\ T
A — JTeuT ITdi — \ / —(An+g)s [ 1% d 19
|z e () e ®

The aggregation factor is constant along a balanced growth path. It is computed by
taking into account the mass of existing goods of age s, their total productivity gap, and
their relative use. Initially, each technology is embodied in a mass An of goods, out of

"% of goods of age s survives at date 7. Older goods are less

which only a proportion e=*
productive than the leading-edge good, and their productivity gap is ruled by the growth
rate of total productivity, AZ'/(1=®) which equals g by (15). Finally, sales of older goods
are affected by environmental policy according to the competitiveness-loss function m /m.

Mutatis mutandis we define in appendix A.1 two aggregation factors, A for capital

and I" for emissions, to be able to write the aggregate version of (2) using (5) as:

P\
z.- (1) (20

Since the ratio I'/A is constant, the leading-edge pollution intensity also measures the

pollution intensity of aggregate output. If { < 0 pollution intensity declines continuously
for the economy as a whole, although the process is discontinuous at the level of the firm.

To conclude on the aggregate picture of the economy, we find that green tax revenue
grows at the same rate as output. In fact, green tax revenue grows at rate g, + gp which
equals g. To see this take logs and time-differentiate (20) using (11) and policy rule (14).
Hence, transfers to households grow at rate g to keep the budget balanced. This property
provides a simple implementation rule for policy (14): the tax level must be set so as to

maintain constant the weight of green tax revenue over output.
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3.2 General equilibrium

Dynamic general equilibrium is determined when the labor market clears and workers are
indifferent as to whether they work in final sector firms or in R&D firms. The equilibrium
level of R&D employment, n, equates labor productivity in the final sector (6) to the
expected marginal return on R&D, as defined by the arbitrage condition (12):

(1-a)(1—n)""Z A2°A = \V,

where (18) is used. Substituting V, using (17) and simplifying, the condition is:

e T

)\ o0 m l—«
(1 B n)faZTng _ 2 (T + H) jr/ e*(rJr)\n)(t*‘r) <_T> dt (E)

Q mi—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 (n,value) space.'®
The equilibrium level of R&D, n€, is determined at the intersection of the two schedules.

The left-hand-side is proportional to the marginal product of labor in the final sector.
Due to diminishing returns, the latter decreases monotonically and tends to infinity as
all labor is employed in R&D. 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 which is decreasing in n (see 17).'? Also the integral is strictly
decreasing in n. This is straightforward in the case of the discount factor and survival
probability. Furthermore, competitiveness-loss proceeds at a faster pace, because the
greater is the rate of innovation, the faster the green tax will increase, according to policy
rule (14). The expected flow of profits is therefore crowded out at a faster rate.

It follows that, if at n = 0 the expected return to R&D is greater than the cost, there

exists a unique equilibrium level of R&D activity, n® > 0. Substituting z, and A in (E)

18Both the LHS and the RHS in figure 2 shift downwards over time. However they cross at a constant
level of n (see 21).

9An increase in n has two negative effects on this profit rate (see 9). First, lower labor inputs in
the final sector reduce the marginal product of intermediate inputs, and thus depress demand (from 7).
Second, the faster the growth rate, the higher the interest rate (from 13) and thus the marginal cost.
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using (8) and (19), and simplifying, n® is defined as the implicit solution of:

n—e /OO e—(g'i‘)\ne)s E e dS — /OO e—(’l’-i—)\ne)t ﬁ e dt (21)
a(l —ne) J, M 0 my

4 The impact of environmental policy when the di-
rection of technological change is exogenous

Let us assume that the aggregate index of the direction of R&D, (, is exogenous, and in
particular independent of environmental policy. Under policy rule (14) g, = —Anl/af
always holds, and therefore the policy tool of interest is the level of the green tax burden
levied on the leading-edge producer: H. In fact, at any given date Z is known, so that the
policy-maker is able to set H = hZ"*? by controlling tax k. In doing so it can actually
set the burden of green tax levied on each vintage and can effectively manage the shape

of the competitiveness-loss schedule. We find the following result.

Proposition 2 A marginal increase in the burden of the green tax levied on innovations,
H, increases the level of R&D employment on the balanced growth path if and only if

mmnovations are environment-friendly. That is:

on®
OH

>0 iff (<0

Therefore the rate of growth of the economy, g, is increasing in H (see 15).

Proof. See appendix A.2. The proof shows that, at the original equilibrium level of n,
the left-hand-side of the equilibrium condition (E) falls more than its right-hand-side, if ¢ < 0.

These shifts of the schedules result in a new equilibrium with a higher n. m

A larger green tax burden directly reduces the innovator’s prospective profits and the
value of innovations. The heavier burden of taxation, however, also translates into a lower
demand for labor from the final sector, which reduces the cost of R&D. The proposition
establishes that the fall in wages outweighs the fall in the value of innovations, when these

are environment-friendly. As a result R&D activity increases at equilibrium.
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The asymmetric impact of the tax on the cost of and reward to R&D is due to the
fact that an increase in the green tax weighs more heavily on older technologies than on
more recent ones. In other words, market shares are skewed in favor of modern inter-
mediate goods, because they are cleaner. It must be emphasized that in our framework
environmental policy can foster R&D activity only if intermediate goods are differentiated
in their pollution intensity and only to the extent that the tax affects the distribution of
market shares across vintages.?’ From this point of view, our result differs from those
obtained in other multi-sector growth models, where environmental policy is favorable to
the dynamic sector because it curbs demand for factors from the production sector (e.g.
Verdier 1995, Elbasha and Roe 1996, Bretschger 1998, Hettich 1998).

Consider the reduced form of the equilibrium condition, (21). The downward shift of
the competitiveness-loss schedule affects both sides of the equation. The left-hand-side
represents the demand for labor from the final sector, which depends upon the distribution
of sales across vintages. The reduction in the market share of relatively old goods is
discounted according to their productivity gap, that is at rate g. The right-hand-side
represents the demand for labor from the R&D sector, proportional to the value of an
innovation. The latter depends upon the expected evolution of the market share of the
patent holder. An expected fall in the future market share reduces the value of the patent
according to discount rate r. Recall that along a balanced growth path r > ¢ (the no-
Ponzi games condition). Since the negative impact of an increase in the green tax burden
falls more heavily on older sectors and on future profits, » > g implies that the loss has
a heavier repercussion on labor demand from the final sector than from the R&D sector.
In other words, the current situation of the labor market depends less on expected future
events than on past events, as summarized by the distribution of technologies embodied
in the capital stock.

The main lesson we want to retain from this result is that environmental policies are

in general not neutral with respect to the cross-sectorial distribution of demand. Green

20That On/OH = 0 if ¢ = 0 is established in the proposition. Furthermore, H affects the dynamics of
the system only to the extent that it modifies the shape of the competitiveness-loss schedule. Suppose
for instance that the marginal cost consists exclusively of the green tax burden, so that m/m; = e~ 9rt
with g;, exogenous in this setting. In this case the equilibrium R&D employment is independent of H.
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taxes skew sales towards cleaner intermediate goods. When there is a negative correlation
between pollution intensity and technological age, the tax on emissions acts as a (relative)
reward for the most recent vintages. Therefore, if innovations are environment-friendly,
environmental policy fosters innovative activities and leads to faster productivity growth
(given (). The result can be interpreted along the lines proposed by Xepapadeas and de
Zeeuw (1999).2! An increase in the green tax reduces the average age of capital goods in
use, increasing the average productivity of capital. As in any endogenous growth model,
a higher return on capital fosters investment and increases the growth rate.

A complete study of the dynamics of the system is beyond the scope of this paper.
Such an analysis requires solving functional differential equations of mixed type, since
investment in R&D at any given point in time involves delays (productivity gaps and
market shares of existing goods) and advances (expectations on competitiveness loss for
innovations). As far as we know, recent mathematical results have been applied only to
a few special cases in economics (Benhabib and Rustichini 1991). Among these studies,
those that run numerical simulations find that on impact an unexpected permanent shock
makes the control variable (investment) overshoot its new long term level (e.g. Boucekkine
et al. 2005, Collard et al. 2004). These findings suggest that we can expect R&D
employment to increase on impact as a result of an unexpected increase in H. This is a
sufficient condition to establish that along a balanced growth path a marginal increase in

H reduces on impact the level of aggregate output:??

IY:
OH,

<0

This is in fact true if R&D employment, n., does not decrease on impact. Moreover, the
recession is deeper the more environment-friendly are innovations, i.e. the lower (.

Such a response from the economic system would not be surprising since we know from
(1) that emissions are inputs in the aggregate production function. Thus the higher their
relative price, the lower will be their employment and the lower the aggregate output for a

given distribution of technologies embodied in the capital stock. This input effect is active

21See Feichtinger et al. (2004) for a rigorous and thorough exploration of this argument.
22Gee the remark and (25) at the beginning of appendix A.2.
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even in the absence of differentiation in pollution intensity. However, with differentiation
the impact is magnified because the policy change affects older (i.e. dirtier) goods more

heavily. That is, for a given dH the average burden of green taxes is increasing in |(].

5 The impact of environmental policy when the di-
rection of technological change is endogenous

In this section the model is extended to allow R&D laboratories to respond to tighter
environmental policy by adopting cleaner technologies. Embodying cleaner technologies in
blueprints, however, is costly for R&D firms. Pollution is a complementary input to capital
for a given design, hence the use of lower emissions is, ceteris paribus, detrimental to a
patent’s value. Consequently, R&D labs adopt cleaner technologies only if the incentives
arising from environmental policy are strong enough. If this is the case then we can
establish a correlation between environmental policy and the direction of technological
change at the aggregate level: the tighter is environmental policy, the more environment-
friendly are technologies. We explain this in the first and second parts of this section.
As is evident from (15), cleaner innovations (a larger |(|) reduce the expected contri-
bution of any given amount of R&D to total productivity growth. This is nothing but
the direct channel of transmission of environmental policy on growth, i.e. the dynamic
version of the statement: Given that pollution is an input, polluting less means produc-
ing less. This effect runs counter to the distortionary impact of environmental policy on
market shares across vintages and thereby on R&D activity, described in the previous
section. It follows that the comprehensive impact of tightening environmental policy on
total productivity growth is a prior: ambiguous. By running simulations, however, we
are able to show that, under the current specification of the model, growth is reduced by

tighter environmental policy. The second part of the section explores this argument.
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5.1 Microeconomic background: the R&D lab’s choice of pollu-

tion intensity

Consider the problem of R&D firm 7 that has obtained an innovation in sector j, at
date 7, with attached implicit labor productivity A,. Suppose that it can choose to
adopt for its innovation any pollution intensity out of the technological menu (0, Z,],
with Z, = fol Z;+dj denoting the average pollution intensity in the economy at date 7.%3
Note that the cross-sectorial spillovers concerning the two technological parameters are
assumed to be similar in some respects. First and foremost, the set from which a successful
R&D lab can choose the technology to adopt is determined entirely by spillovers from
other sectors and is not sector specific.?* Second, while we assume that the leading-edge
implicit labor productivity index characterizes innovations, we leave the choice of pollution
intensity index up to the R&D lab. As illustrated below this choice is not trivial.

Let us denote by ZijT < Z, the choice of the innovating R&D firm 4 in sector j. If
it employs 7;;, researchers it produces an expected instantaneous improvement in total
productivity equal to )\ﬁijT/_lTZAif. This is the correct measure of the (private) output of
an R&D lab. The firm could obtain the same expected instantaneous improvement in total
productivity by employing less researchers, say 7, if it were to adopt the most polluting
technology Z, instead of Z-jT. The mass of researchers 7;;, is given by )\ﬁijT/LZAZ-;% =
AﬁiijlTZ#%a . We can thus define the opportunity cost of targeting cleaner innovations

in terms of the percentage increase in research employment to maintain the same output:

1

Ai'T ZT -« N R
nj = — =V <ZT/ZZ]7—>

Nijr Zijr

We are now ready to formulate the problem of the R&D lab. It needs to decide

2314t is fair to admit that imitation of the average technology is feasible. There is no concern on whether
non-innovating firms adopt average pollution intensity. In fact, if the incumbent patent holder in sector
j were to adopt the cleaner technology Z, it would reduce the total productivity of its intermediate
good. As a result it would face competition from previous, displaced producers in the sector. Only an
innovator can adopt clean technology, while keeping a safe margin over previous producers in terms of
total productivity, thanks to its monopoly of technology A (if (16) holds).

24This crucial feature is necessary to keep the model tractable and for a balanced growth path to be
feasible. In fact, only in this case the reward to R&D is independent of the sector, so that R&D activity
is uniform across sectors, and the distribution of technological gaps across vintages is stationary.
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the amount of “regular” researchers to be employed, 7;;-, and the degree of cleanliness
of the innovation it targets, Z,/ ZijT, taking as given all expected aggregate variables:
{r,w,n, gn}°, hr, A, Z.. The choice is made in order to maximize the expected instan-
taneous return on R&D employment, i.e.

_maZX AV (ZT/ZijT> Nijr Ve — v (ZT/ZijT) Njjr Wy

Nijry4i5T

with V, = / e~ Jrredse M EmedsTY (A 7,0 )dt
The first order conditions of this problem give:
AV, = w;

which is a restatement of (12), and:*

egh(t—T) hTZA-lj/aﬁ
YT —Bldt=0
ry + eon(t=m)p 710 &

9T

2 /OO — [Preds =X [P ngds et hTZAilj/fﬁ o
= = e Jr e e =
aZz]T T Tt + 69h(t_7) h/TZiljé.aﬁ

(22)
Improving the cleanliness of the innovation affects its value in two opposite directions. On
the one hand, profits accruing to the patent holder are reduced because the innovation’s
total productivity, ATZJ?, falls. On the other hand, if emissions are taxed, profits
increase because the burden of the green tax on marginal cost, hTZAjf_, is reduced. This
gain is in fact increasing in the expected growth rate of the green tax, g.
Condition (22) balances out the cost and benefit of lower pollution intensity in expected
present value terms. Its solution is such that the net present value of marginal investment
in cleanliness equals zero. The solution is:

- Zije = Z, if g = 0 and h, < Lor, 271,

- Zij’?’ < ZT if gp >0o0r h, > %TTZT_UO@ 26

%51n fact, the condition is Av (.) FLZ-]-T('?VT/(?ZZ-J-T —v () Nyjr [AVr —w,] ﬁ/ZAMT = 0, where the second
term equals zero according to the other first order condition.
%For Z constant (i.e. initially 7 = Z), gn > 0 implies that h, > %rfz;l/aﬁ at some finite date 7.

22



Hence, the dirty technology Z, is chosen only if the share of the green tax burden
over total marginal cost in the intermediate sector (hTZTl/ o /m) is always smaller than
the elasticity of intermediate output with respect to emissions inputs (/). This can never

be the case if the tax rate increases, i.e. g, > 0.

5.2 Macroeconomic implications

We now examine the relationship between the behavior of the representative R&D lab-
oratory and the evolution of key macroeconomic variables and policy instruments. The
analysis is restricted to balanced growth paths.

First consider the macroeconomic variable determining the direction of technological
change, i.e. (. This variable is defined in section 2.5 as the influence of the aggregate
flow of innovations on the pace of improvement in the leading-edge pollution intensity
technology. The latter is nothing else but the technology embodied in innovations, that
here is the pollution intensity targeted by R&D laboratories, i.e. Z.. To link the micro
and macro representations of sections 5.1 and 2.5 respectively, we set Z = Z..

We can now compute average pollution intensity along a balanced growth path, as:

1 00
Z, = /Zdej:)\n/ e A7 ds
0 0
1

)\n/ e N7 ds = )\n/ e NSeTIZSY ds = [ ——
0 0 1+¢

where we switch the space of integration as in appendix A.1. It follows that
Z
L ==—1 23
=7 (23)

Clearly when the representative firm chooses to adopt average pollution intensity - i.e.
the most polluting technology in the menu - the distribution of pollution intensity indexes
across vintages will converge to a uniform distribution, with all sectors sharing the same
pollution intensity. This is the case when ¢ = 0.

Moreover, the greater the distance of the targeted pollution intensity, ZT, from the

average one, Z., the more environment-friendly is innovation, and the larger the (absolute)
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value of variable (. Summarizing, we have:

- (- =0if g, =0and h, < L 2717,

- (G <0ifg,>0o0r hy > %Trz;l/aﬁ;

- 9I¢| Jagn > 0.77

Next notice that the degrees of freedom and reach of environmental policy are now
different from those of the previous section. In that case the direction of technological
change was fixed, so that the growth rate of the green tax, g, was set according to rule
(14). As a consequence, the policy-maker’s freedom was limited to setting the level of tax,
h., and hence the burden of green tax levied on innovations, H. Instead when innovators
choose the pollution intensity of their blueprints, the environmental policy-maker loses
control over H. In fact when Z, < Z,, a once and for all change in the green tax, h.,

entails a symmetric adjustment of the pollution intensity target, according to

dZ. h,
dh: 7,

—af

This response is such that the tax burden on innovations, H, = hTZATl/ *F i independent
of h,. In this case, the tool upon which the policy-maker has some leverage is g,. We
assume that a credible commitment on the growth rate of the green tax is possible. This
seems plausible because it only requires that the government keeps constant green tax
revenue as a proportion of GDP. As we have argued, expectations over g, determine the
direction of technological change, (. Hence, by allowing g, to be set freely, policy rule
(14) still holds but causality is now reversed.?’

We can now ask how the balanced growth path of the economic system is affected
by a stricter environmental policy. A commitment to a higher g, augments the incentive

to adopt cleaner technologies, a choice that lowers the total productivity of innovations.

2TFrom the term in brackets of the integrand of (22), it can be seen that a higher g;, implies a lower
H/r. Since h, is a policy tool, it follows that Z,isa decreasing function of gj,.

28 A proof of this result is available from the author upon request

29Credibility, full commitment, and state-independence of environmental policy play here a crucial role
in defining the dynamic equilibrium of the economy. It would be interesting to study the implications of
less constraining assumptions, but this is beyond the scope of this paper.
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This translates directly into a slower productivity growth. In fact, combining (14) and

(15) we can write
af
-«

g ="An — gn

It can be seen that, holding n constant, g falls as |(| (thus g;) increases. This is the
direct channel of transmission of environmental policy on growth. Nevertheless, when
gn > 0 innovations are environment-friendly and pollution intensity is heterogeneous
across goods. As a result, permanently tightening environmental policy modifies the
distribution of market shares across vintages and, through this indirect effect, affects the
equilibrium level of R&D employment, n. The rise in g; affects this distribution in two
ways: the relative weight of the initial tax burden (H/r) changes, and the tax burden
increases at a faster pace with age. The competitiveness-loss schedule shifts downwards
and favors innovations. The expected implication of this structural change is to foster
R&D activity, i.e. to increase n. Unfortunately, however, this last indirect effect cannot be
determined exactly. To establish how n responds to g, it is necessary to solve the dynamic
equilibrium, since R&D is a form of investment that reacts to technological opportunities
according to preference parameters, such as the willingness to smooth consumption.

In any case, even when a higher g, does foster R&D activity, the global impact of
stricter environmental policy on growth is a priori ambiguous. In fact, even if more
researchers were employed, the expected contribution of each of them to productivity
growth is reduced by the direct channel of transmission.

We solve numerically the system given by equilibrium condition (21), first order con-
dition (22) and policy rule (14). Solutions in terms of {n, Z,,(} are derived for balanced
growth paths prevailing for different policies g,. Figure 3 plots the results obtained for
the baseline case.?® It shows that the direct channel of transmission of environmental pol-
icy on growth dominates the indirect effect, so that growth rate declines monotonically

with g,. The results of the sensitivity analysis performed on all parameters suggest this

39The values of parameters are set at o = .4, 3 =.125, A= .5, y = .2, Ag = 1, h, = .02, p = .03, and
€ = 1.5. Most of these values are usual in the literature. The R&D parameters A and ~ are calibrated on
the growth rate. Parameter (3 is set so as to obtain a 5% share of pollution in production (), i.e. the
average ratio of energy expenditure in production to GDP in industrialized countries.
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result to be general.®! A win-win environmental policy, i.e. one improving environmental
performance while fostering economic growth, never arises in our simulations.

Our conclusion contrasts with Hart (2004a,b) where environmental policy is win-win.
The crucial difference between this paper and Hart lies in the assumption concerning the
technology menu from which R&D labs choose the pollution intensity of innovations. In
Hart R&D labs can only choose between two pollution intensities. Here instead R&D labs
face an almost unconstrained technology menu Z € (0, Z]. Hart’s assumption of a binary
choice set limits the potential cost of environmental policy by setting, in effect, a lower
bound on parameter (. By relaxing this restrictive assumption we show it to be crucial.
With more flexibility in technology choice, when environmental policy is tightened the
response of R&D labs in adopting much cleaner technologies is so strong that the direct

effect dominates the potential rise in R&D and innovation.

6 Conclusion

In the theory presented in this paper, economic growth results from the design of new,
more productive capital goods by profit seeking agents, namely the R&D firms. Emissions
represent implicit inputs complementary to capital. Hence, if new goods are designed as
cleaner, their productivity is below their potential level. This paper proposes a coherent
framework to analyze the choice at the R&D firm level and its macroeconomic implication.
If taxes on emissions are expected to grow, innovations are relatively clean. This has two
consequences. First, the contribution of innovation to growth in productivity is weakened.
Second, goods are differentiated in pollution intensity. The latter effect gives scope for
taxation to distort the distribution of market shares across goods of different vintages. In
particular, the green tax increases the market share of relatively modern goods (which are
the most productive and the least polluting), and this effect improves incentives to engage

in R&D activities. The crucial assumption underlying this result is that R&D is labor

310nly two parameters (o and €) have a relatively strong impact on R&D employment, as their values
entailing more R&D are associated with a smaller loss in terms of growth. However even pushing these
parameters to implausible extreme values (i.e. @ ~ .1 or € ~ 60), the increase in R&D employment never
compensates for the loss in emissions inputs. Results of the sensitivity analysis are available from the
author upon request.
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intensive.?? The identification and exploration of this second channel of transmission of
environmental policy represents a contribution of this paper, to the extent that they are
dealt with in a more exhaustive framework than in Hart (2004a,b).

To summarize, a restrictive environmental policy affects economic growth through two
channels of transmission that operate in opposite directions: the first channel lowers the
marginal impact of innovation on productivity growth, while the second channel spurs
innovation. The first channel dominates the second if R&D labs have scope for reducing
pollution intensity. This result constitutes another original contribution to the literature.
The second transmission channel is potentially important in appraising the costs and
benefits of a strict environmental policy when using a dynamic framework with induced
technological change. Its cost in terms of slower growth is in fact reduced once the distor-
tionary impact of policy on competition across vintages is taken into account. In other
words, any environmental goal (in terms of growth of polluting emissions) is attainable at
a lower cost (in terms of forgone economic growth) if inputs are differentiated in pollution
intensity. This case is a more plausible case versus the case of non-differentiated inputs.

It should nevertheless be understood that environmental policy finds its justification on
normative grounds, given the public nature of the environment and the negative external
effects of pollution on its quality. This paper has focused exclusively on positive analysis
for expositional purposes, but a restrictive policy stance cannot be dismissed on the basis

of its possible negative impact on economic growth.

32In fact, in this case the tax reduces the cost of R&D along with its pay-off.
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A Appendix

A.1 The aggregation factors I'y A and A

We compute sales of good j relative to the leading-edge sector, using (8), as:

_1 _ _1
ij . (Z]T> 1-a < m ) 11—«
T Z. m;

Aggregate demand for capital is computed from (3), defining T*:

_ LA 4.
K, = A,&T F—/ L Ly
0

T Tr

AT Z” are distributed stochastically (and
a priori discontinuously) over the space of goods [0, 1]. However at any date 7 we can reshuffle
goods according to their technological gap, i.e. their age s. Along a balanced growth path each
technology is initially adopted by An of firms, out of which only a proportion e~ of those

aged s survives at date 7. The productivity gap for firms of age s is: % = 7945 = =S,

and the pollution intensity gap is: ZT = e92% = M Under policy rule (14) older goods sell

less, according to the Competltlveness loss function, m/ms. Using (15) we have:

— 1 1 1
o0 Ay (Z, \T= [(m\T= 0o 7\ oo
= / Ane A T8 ( > <m> ds = An/ e~ (Antg)s <m> ds
0 A Z; mg 0 ms

Similarly we can compute aggregate emissions from (5):

1 /A %
PT:Z’?ﬂAT'fTA7 A:/ < JT)
0 Z‘r

A
(e e ¢ vl
= A= )\n/o e ()‘n+g+ M)S <;:L> ds (24)

We have the following properties :
Property 1 : T' < 1,if ( <0, from (14), (15) and (16).

r ZTjr

dJ

Property 2 : A>T if ( <0 since zj_l/aﬁ € [1,00).

Property 8 : A > A>T, if ( <0. Indeed using (14) :

1
o af
A _ /1 147j7' ZJT lia m 1-o dj _ /1 14;]'7' qu- lia m 1 ol + H < -r) dj
0o Ar \ Z, m; o Ar \ Z, m; r+ H

r H r
= r+Hr+r+HA = A—A—T+H(F—A)<O by property 2.
Property 4 : T=A=A= fl Ajr d] =(14+~)" 1 if ¢ = 0. In fact, if there is no differentiation

in pollution intensity (i.e. { = ()) then Z]T/ZT— 1Vj €[0,1], and gp = 0 by policy rule (14), so
that ;- /z, =1 Vj € [0, 1], which proves the result.
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A.2 Proof of proposition 2

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 result in a higher equilibrium level of R&D employment, n.

Preliminary: The LHS of (E) can also be written as Y,/ [(1 —n)A;] and therefore falls along
with output. Let us first differentiate output given by (18) with respect to H = hZ 1/ef holding
n constant. Using (8), (19), (24), definitions in appendix A.1 and property 3, we have:

ov
OH dn=0

< 0A  aAozx
_ _ -« —o T
= (1—-n)"*Z. Az [8 + 0 }

1 N 1
Zjr Ajr (T Zir \*P|
Zinfir (L) g (2 )T g oA
/0 Z, A, <x z. ) |m”

A%, A]T acJT Ajr Tjr aB
= — - A
a(l —a) m/ A T, m/ A 7 \ Z, dj

a(l —n)t=2z A,z
(1—a)lr+ H]

Az,
= al-a) TR
Az, [ H r —A %,
- Oé(].fOé) _A_mA_mA_A]_a(]_a)A<O (25)

Remark: } %‘dn:ﬁ} is increasing in |¢|. In fact { =0 = OA/OH = 0 by property 4 in appendix

. e L 1
Al = 01 %AA——J: (?—:) {1 — (%) ﬂ ijdj: 0. Instead ( <0 = (%:) s Vj but one,
1 Z, Ay (25 \© 7.\ a8 .
= hh 25 () 1= ()7 | mdi<o

Using (25) in LHS =Y,/ [(1 — n)A.| we obtain:

OLHS i A
OH ~ al—a)(1—n) (L)

The RHS of (E) is equal to AV;/ [A; (1 — @)]. First we compute the impact of a marginal change
in H on the value of innovations V; given by (17). This is:

T = 7147_ 2Z I—a (1 — (TJrATL)t - gnt ghtH 11—« dt
G| = Az e [ ) et [ oot

1
_ —xTAT/ e~ (rHAm)tont <m) Ttdt<o
0 my

where (8) is used. Hence RHS = AV, / [A; (1 — a)] equals:

1

ORHS AT e m\ T«
_ AT —(r+An)t gnt (0
oH (1- a)/o ‘ ¢ (mt> dt (R)

Core : The increase in H reduces more the LHS than the RHS of (E) if (L) is smaller than (R).
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Rearranging using (24) and (15), this condition requires that :
1

)mdt

1
a(l B n) fooo e—(g+An)scgns (ﬂ) 1-a ds

ms

J£2 emrHant cont <m

n me

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:

I o—(ran)t (@) a dt B Jee o—(r+an)t <@> = di

n me m
a(l—n) A/An J2° e (artan)s (%)gds

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

1 1
fooo e—(g+An)s ogns < m ) 1-a ds fOOO e—(r+An)t ognt (@

ms my

e > e (D)
2 e lgam)s (ﬂ) T ds Jo© e trtant (ﬂ) T at

Mg me

The two sides of (I) are equal if ( = 0 since this implies g, = 0 and m/m; = m/mgs = 1 Vi, s.
The difference between the two sides of the inequality lies in the discount rate of the integrands.
Lemma 1: The ratio of the two integrals is decreasing in the discount rate:

1
fooo e Otegnt (m@t) e dt
f(0) = L ,with d >0 =

e () a

Proof of the lemma 1: Define

9f(9)

BY; <0

(t) = eght(mﬂ) gont_THH
( )la r 4+ et H

to write the ratio of the integrals in (I) as:

f(&):/OOOQ(t,(S)\II(t)dt

where:
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is a normalized weight function, characterized by:

moc/ ue 0t m 1_adu—t/ e 0u m 1_aalu
8(5 0 nm 0 n

@

= Ji= Jo~ e (mﬂv)ﬁ du

fooo e—du (%) e du
Q - 0 -
such that: 25 >0 Vt<t and ((;5 <0 Vt>t

That is, an increase in the discount rate ¢ shifts weight from high values of ¢ to low values of ¢.
Hence f (9) falls with § because W(¢) is increasing for » > 0 and ¢ < 0:

ou(t) | emH

—— >0
a = r+ et H

Corollary: Inequality (I) holds as long as the discount rate on its left-hand-side, g + An, is lower

than the one on its right-hand-side, r + An, that is whenever r > g.
Lemma 2: At steady state equilibrium r > g.

Proof of lemma 2: This is the well known no-Ponzi game condition: the present value of
households’ wealth, W, is nil asymptotically. It is nothing but the transversality condition of
households’ intertemporal optimization problem. Since W grows with income:

lim e "W, = tlim e*(’"*g)tWO =0 & r>g

t—o0

Conclusion: We have established that in the neighborhood of the equilibrium defined by (E):

OLHS ORHS on°
< <0

oH OH = om0

r>¢g = (I)holds =
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Figure 1: Competitiveness-loss or “green crowding-out” effect
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Figure 2: The equilibrium condition (E)
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Figure 3: Endogenous direction of R&D: equilibria as function of gj.
Parameter values: « = .4, =125, A= .5,v=.2,p=.03,e =15 h=.02, A=1.
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