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Abstract
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1. Introduction

An important environmental problem facing policykees concerns how to
reconcile sustainable growth with limited pollutionOn the one hand, endogenous
growth theory requires that most economic factasvgunlimitedly. On the other
hand, if pollution, an input or a by-product of put, were to grow to become
infinitely large, any life or economic activitiesowld hardly exist. To ensure
sustainable growth, it is therefore essential foiluion to be abated within a
survivable level in the long run. In the US, fotaeple, the estimated total annual
abatement expenditure represents between 1.5%.8%ddf GDP (Berman and Bui,
2001).

Recent studies dealing with the relationship betwpollution abatement and
environmental growth, such as van Ewijk and vam®é&ygen (1995), Bovenberg and
Smulders (1995, 1996) and Fullerton and Kim (2006&gt abatement as technology
or knowledge that could be accumulated and devdlap@ separate sector (i.e., the
environmental R&D sector]. Since knowledge is non-rival and has the
characteristic of a public good, the costs assediavith the use of abatement
knowledge as an input are zero, while knowledgeatme and accumulation, by
contrast, require rival inputs and are coStlyThis implies that, as stressed in
Bovenberg and Smulders (1995), in a perfectly cditipe market abatement R&D
could not be rewarded so that no innovation in abatemerintogies would be
undertaken without the government’s interventioitherefore, this strand of the
literature essentially assumes that abatement Rétvies are publicly conducted

by the government.

! Alternatively, some studies treat abatement spends a flow variable which cannot be accumulated.
See Gradus and Smulders (1993), Ligthart and vaRldeg (1994), Smulders and Gradus (1996), and
Bovenberg and de Mooij (1997).

2 See Smulders (1995) for a detailed discussion.

% One exception is van Ewijk and van Wijnbergen 899 which the accumulation of abatement
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In reality, however, we often observe that privael public abatement activities
coexist. Moreover, it is usually observed thattatreent technologies are developed
and produced in a private upstream sector, whieh #ells abatement equipment (or
blueprints) to downstream polluting industries (@WEQ000; Greaker and Rosendahl,
2008). In the US, the private abatement investrieleiven greater than the public
abatement investment (OECD, 2007, Tablé 3Based on these observations, it is
quite fair to say that a satisfactory model shdaddable to consider both possibilities
of public and private abatement R&D. This is wivataim to do in this paper. To
be more precise, we build up a theoretical fram&wuahnich enables us to compare
economic performance under the private and pubkteanent investment regimes.

Another key feature of our model is that we introel imperfect competition in
the intermediate good market. As mentioned abquéejate abatement R&D
requires incentives, which are not available iredqxt market because, if they were,
the competitive firms would not be left with anyagitrent for abatement R&D.
Hence, we should resort to a different market stine¢ such as an imperfectly
competitive market. In the 1980s, several stu(keg., Hart, 1982; Mankiw, 1985;
Blanchard and Kiyotaki, 1987) noted that market eowm the private sector plays a
crucial role in the performance of government policMore recently, Judd (2002)
has also argued that imperfect competition is a feature of dynamic modern
economies. The empirical evidence, on the otherdhauggests that polluting
industries are often equipped with monopoly poweccarello, 1996; Considine,
2001). To reflect the observed facts, a considerbbdy of studies have developed

environmental economic models which take marketenfgetions into account (e.g.,

capital is costless (a byproduct of the accumutattb human capital); thus private abatement takes
place even without policy intervention. As is eamtl, our model's structure is completely different

from theirs. Furthermore, van Ewijk and van Wijrden (1995) do not deal with public abatement

investment.

* See Hatzipanayotou et al. (2005) for more detaliedussions on private and public abatement in the
US and the UK.



Fullerton and Metcalf, 2002; Greaker and RosendA}08; Chang et al., 2009).

Following in the fogsteps of these studies, this paper develops anoamvental
endogenous-growth model that features market irapgoins. More specifically, the
market structure we consider is characterized Ilpgetlvertically-integrated sectors.
Abatement technologies are developed in an upstreaator, which sells the
abatement knowledge (ideas) to the intermediatéoisecThe intermediate sector,
which generates pollution, can generate a posiingdit by exhibiting monopoly
power, but it has to pay fees to the upstream séatdhe right to use the abatement
knowledge. The perfectly competitive downstrearat@eproduces a single final
output by employing intermediate inputs. Underhsacsetting, we are able to deal
with various regimes including public abatementr¢laéer, GA), private abatement
without tax recycling (PA), and private abatemeithvax recycling (PAR) regimes.
Moreover, we compare the relative superiority inm® of economic growth and
social welfare among various regimes. In particule highlight whether market
imperfections play an important role in determinthg relative superiority.

An interesting issue in this paper is whetherghegate provision of abatement
knowledge leads to a higher growth rate than puid@tement. Our analysis shows
that the answer crucially depends on two factoasyely, the monopoly power of the
polluting firms and the type of government spendingVe find that the greater the
degree of the firms’ monopoly power, the largerl Wi the benefit arising from the
private implementation of abatement. The reasorthis result is that the incentive
for the upstream sector to engage in R&D is précidetermined by the intermediate
firms’ profit. It is also found that growth will & enhanced if the government
distributes its tax revenues to boost (or direethgage in) abatement R&D. This
finding implies that if environmental tax revenwae used to provide public goods or

other private services, a subsidy on private R&Rtaiment will possibly be a good
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choice to achieve higher economic growth and seoifare.

The analysis of this paper is also related to mectudies on the effect of
environmental taxation on economic growth. The veotional wisdom in the
literature (e.g., Huang and Cai, 1994; Ligthart asath der Ploeg, 1994; Grimaud,
1999) is often that there is an unavoidable confletween economic growth and the
conservation of the environment in the economy. weler, in recent years a
growing body of literature that proposes a posigywewth effect of environmental
taxation has accumulated. For example, in theguently cited article, Bovenberg
and Smulders (1995) find that environmental taxati@s an ambiguous effect on
economic growth by assuming that environmental iyuas beneficial to input
productivity® In departing from this strand of the literatuceir analysis assumes
that the polluting inputs are purchased from abr@ada non-bargaining price.
Accordingly, a higher environmental tax will redutee pollution by way of an
accumulation of abatement R&D, but the pollutinguts will remain unchanged.
Since an environmental tax does not decrease tred & polluting inputs (and
thereby the marginal productivities of other inpuis undoubtedly spurs economic
growth through the positive environmental produtyieffect.

The remainder of this paper proceeds as follov&ection 2 describes the model
and solves the firms’ and households’ optimizagwablems. Section 3 deals with
three distinct regimes associated with differenaitaiment policies. Section 4
presents our numerical results and compares thetlgnates and the welfare levels
among the three regimes. The final section pressnme concluding remarks.

Technical derivations are relegated to the Appendix

® Other justifications contributing to a positivenfaiguous) environmental tax effect on economic
growth include a positive externality of abatemadtivities (Smulders and Gradus, 1996), an elastic
labor supply (Hettich, 1998; Chen et al., 2003, ititernational accumulation of environmental asset
(Ono, 2003), tax revenues recycled to subsidizzrimtdiate goods R&D (van Zon and Yetkiner, 2003;
Nakada, 2004), and the existence of an indetermiggilibrium path (ltaya, 2008).
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2. The model

The economy we consider is composed of three p#rts:households, the
production sectors, and the government. The ptamusectors are characterized by
a perfectly competitive market for final goods amdnonopolistically competitive
market for intermediate goods. Moreover, interragdifirms invest in abatement
R&D to improve pollution reduction technology. kwhat follows, we in turn
describe the structure of the economy.
2.1. Production sectors

In line with Benhabib and Farmer (1994) and Farmed Guo (1994), the
production side of the economy consists of two@scta perfectly competitive final
good sector and a monopolistically competitive nmiediate goods sector. There is
a continuum of intermediate goodg , i<[0,1], which are used by a single
representative firm to produce a final godd Following Dixit and Stiglitz (1977),
we specify that the production of the final goochiexs the following constant

returns-to-scale technology:

Y=U:yﬁ-9di}1‘lg, o< [0.1). (1)

As we will show later,# indexes the degree of monopoly of the intermedjaiad
firms.

Let 7, denote the profit of the final good firm angl be the price of théh
intermediate good in terms of final outfut.The maximization problem of the final
good firm can be expressed as:

1

N A :
My{:\XﬂY—oni dl} —quiyidl, )

® 1t should be noted that the final good is treatedhenumeraire in this paper.
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The first-order condition for this problem yieldset demand function of thgh

intermediate good:

1

y=() Y. 3)

It is quite clear from Eq. (3) that the demand fuort of theith intermediate good has
a constant price elasticitg/¢. When € =0, intermediate goods are perfect
substitutes in the production of the final goodpiying that the intermediate goods
sector is perfectly competitive. However, 0f< 8 <1, intermediate good firms face
a downward-sloping demand curve so that they camt emonopoly power. Since
the main concern of our paper lies in the mututdractions among environmental
externalities, abatement R&D, and market imperéed;j in the following analysis we
focus our attention on the case in whith 0 <1.

Based on the fact that the final market is peryectimpetitive, substituting Eq.

(3) into Eg. (2) and imposing the zero-profit cdrah yields:

6-1

Joa 7 di=1. @)
The technology for producing thih intermediate good is given by:

y. = A(N)k“g"1,”, A(N) >0, (5

yi
whereA is an environment-productivity functionN is environmental quality, and

K., I,

.» |, and g are the capital, labor and emission inputs usethéith intermediate
firm, respectively. To reflect the positive protion externality arising from the
environmental quality, Eq. (5) specifies that thipait level of the intermediate goods

rises with a better natural environment. The privfinction of theith intermediate

firm 7z, can then be expressed as:

" It is worth noting that in a monopolistically cogtjtive market, although the production function is
in an increasing-returns-to-scale form, this doesnecessarily imply negative profits as long as th
monopoly powem is large enough (see, e.g., Benhabib and Farr884)1 In fact, as will be seen
later in our numerical example, the profit-outpatio of an intermediate firm is around 2.8%.
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7 =Y, —rk —me ol —7,p;, (6)
wherer is the capital rental ratep is the real wagemn is the price of the polluting
input, and 7, denotes a tax (or price of permits) that the gowant levies on actual
pollution p,. We assume that this environmental tax evolves Wie aggregate
capital, i.e., 7, =7K, where 7 is a (constant) policy paramefer. It is also
assumed that the intermediate firm purchases pudlubput ¢ from abroad so that
the input pricem is treated as exogenous throughout the paper, (bg.polluting
input can be thought of as if it were petroleum).

2.2. Environmental quality
The pollution generated in the production procdsheith intermediate firm is

of the form:

__i%
m—(Hj, (7)

where H is the stock of abatement knowledge, and 1k > 0) is the elasticity of

pollution production with respect to “abated pdhgtinputs”. In Eq. (7), pollution

is specified to be positively related to pollutingput ¢ and negatively related to
abatement knowledgd. Accordingly, the total pollutiof® in the economy is the

sum of polluting emissions generated by all intedia firms:
.
P=hgm. (8)

Following Tahvonen and Kuuluvainen (1991), Bovegband Smulders (1995)

and Fullerton and Kim (2008), the natural environimis treated as a renewable

8 To prevent the aggregate pollution from growingrifinity (in which case nothing could survive),
we have to assume that the environmental tax goswestime. This is a commonly used assumption
in the literature on environmental and endogencosvih (see, e.g., Bovenberg and Smulders, 1995;
Nielsen et al., 1995; Ono, 2007; Fullerton and K2G08). Smulders (1995) provides a detailed
discussion on this point. As for the realistic cem, the effective tax rates on fuel oil, coal gag
increased gradually during the period 1988-2006nany European countries (Andersen and Ekins,
20009).



resource, and can hence be specified to grow goiétdan the following manner:
N=bN@1-N)-P, (9)
where a dot denotes the rate of change with redpetime, b is a parameter that
captures the degree of ecological regeneration,tlaaderm bN (1- N ) reflects the
regeneration capacity of the environment, whichhnigitially increase with a larger
N but will eventually decline whei exceeds a threshold value. Eg. (9) indicates
that a rise in the level of pollution is associateh a decline in environmental
quality in the next period. In the steady stable &nvironmental quality remains
constant over time since pollution equals the reggtion capacity of the environment
(P=bN(@-N)).

We restrict our analysis to a symmetric equilibritmwhich k =k, g =e,

l,=l,, p=p, -,=7, ¥,=Yy, and g =q for alli. As a result, from Eq. (1)

v y’

1
we haveY:U:yil“’di}l_e =y. With y=y and g =q, the profit of the final

good firm stated in Eq. (2) can then be expressedrp=(1-q)y. Given that the

final good sector is perfectly competitive, the regentative final good firm earns

zero profit (i.e., 7, =0) in equilibrium. Accordingly, the zero-profit cdition in
the final good sectorr, =0 requires thatq= 1 Furthermore, letK, E, and L,
denote the aggregate capital stock, aggregate iemisand aggregate labor hired by
the intermediate firms.  Then, we havd{:I;kidizk : E=I§qdi:e :
Ly=I:dei =1,. As a consequence, the intermediate firms’ frsler conditions

can be arranged as:

a—@a%:r, (10)



(1—9)(1—05)%:%  meHP (11)

(1—49)ﬁ|_i=w. (12)

y

Egs. (10)-(12) indicate that, given the environménguality and abatement
knowledge, firms equate the marginal revenue ofctiygital, pollution and labor to
their respective marginal cost. Of particular ndtee right-hand side of Eq. (11)

represents the marginal cost of pollution, and @osttwo parts. The first part is the

environmental tax implemented by the governmept The second part means that,

in addition to the taxation, in raising one unitpafllution the firm needs to purchase
gHP*™ units of the dirty input, and thus pay the castHP*™. It follows from Eq.
(11) that a larger abatement knowledge raises trgjimal cost of pollution; thereby
reducing the use of ft.
2.3. Households

There is a continuum of identical infinitely livdsbuseholds, each of which
derives positive utility from both consumptiod and environmental qualit.
Population is stationary and normalized to unity $onplicity. The representative
household utility is given by:

w=| :%j_lexp[—pt dt, (13)

where W is the discounted lifetime utility of the repretdive household,p is the
subjective time preference rate; is the intertemporal substitution elasticity, and
denotes the weight in terms of the utility attachedhe environment or, as proposed

by Fullerton and Kim (2008), the “consumption er#dity” in relation to the

environment.

° It is equivalent if the firm chooses the dirty in instead of pollutiorp. In this case, Eq. (11)
should be rewritten ag1-0)(1-«)Y /E=7,P*° /eH +m. Then, by imposingE=P°H we can

obtain the same result as reported in Eq. (11).
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Each household is endowed with a fixed amount lméral , which is allocated

to production between the intermediate goots)(and researchl(,). We assume

that labor is homogeneous and perfectly mobile ssceectors. A unique wage rate
must, as a result, hold. The representative haldebkceives income by supplying
labor and capital services to firms. In additinmeceives profitsz (in the form of
dividends) and lump-sum transfe& from the government. Finally, a capital
income tax rater, is levied on the capital rentals. Accordinglye tibudget

constraint faced by the representative househaldeaxpressed as:

K=@0-7)rK+oL+7+G-C. (14)
The optimum conditions for the representative hbakkwith respect to consumption
and physical capital are:

CoN"®? =4, (15)

AMi=p-QA-1)r, (16)

where A is the shadow price of the private capital stock.
2.4. Abatement R&D activity

As noted earlier, pollution abatement technologes regarded as knowledge
and can thus be accumulated over time. The creafiknowledge requires efforts
and time so that innovation and invention are aft;westment (Smulders, 1995).
In line with Romer (1990) and Jones (1995), we e&sthat new ideas are developed
by the labor input and the existing stock of ideaso be more precise, abatement
knowledgeH is specified to be created in the following manner

H=5L,H, (17)

where 6 is a productivity parameter and,, denotes the labor input for R&D
activities.

In our model, for long-run growth to be feasibledasustainable, the balanced
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growth path (BGP) in the steady state is charadrby:

Y C K H E
where environmental quality and pollution are litin a physical sense, and all

other economic variables grow at a common congtatibgenous growth rage

3. Public versus private abatement

Two possible facts concerning the R&D activitiesd ahe government budget
constraint are considered in this section. Fils,R&D activities can be conducted
by either private firms or the government. Secdhithe R&D activities are engaged
in by private firms, the government may or may sobsidize the R&D activities.
Based on these two kinds of possibility, our analysan be classified into three
different regimes: public abatement (GA), privatet@ment without tax recycling
(PA), and private abatement with tax recycling (PARSince the government budget
constraint varies with each of the three regimée BGP may display quite
contrasting results among these three regimes.whiat follows, we discuss three
types of regimes in turn.
3.1. Public abatement

Under the GA regime, the R&D activities are engagedy the government.
Under such a situation, the balanced budget consfizced by the government can
be expressed as follows:

G+ H=7,K+7,P, (19)
where new abatement knowledd¢ is produced according to Eq. (17), ang is
the price of abatement knowledge relative to figabds. Eg. (19) states that the
government receives its revenues in the form oftalapaxes 7, rK and pollution

taxes 7,P to finance its provision of lump-sum transfer pays to the household

11



G and public abatement investmeqt H .

Eq. (19) is consistent with the Fullerton and Ki2®@8) specification, in which
abatement knowledge is regarded as a public goddccan be used freely by firms.
Notice that since labor is perfectly mobile, thergmaal revenue product of labor

should be the same between two sectors. Thatis:

Y oH
@- G)ﬂl_—y— o oL, (20)

Using Egs. (17), (19), and (20) together with theidatold budget constraint
yields the resource constraint of the economy:
K=Y-C-mE. (21)

Imposing the conditions for a BGP and defining fo#owing transformed

variables: h=H /K, ¢c=C/K, w=w/K, and ¢ =G/K , the macroeconomy

along the BGP equilibrium can then be describethbyfollowing set of equations:

0" =@ 5 - ORAN PN L - o], 22)
9" =5(L-L,), (23)
L-0)L-a)sAN )P L) =P 4 amh P (24)
@L-0)BAN )P L —wL, (25)
¢ = AN)P L — g —mh P, (26)
P'=bN"(1-N"), (27)
L= 0)aAN )P WL v =g rw (L L), (28)

where the superscript™denotes the steady-state value.

The macroeconomic model expressed in the above ssygations determines

* *

seven unknowns, i.eh”, ¢’, P", N°, L, w',and g". Since the systemisina
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nonlinear form and is too complicated to enabléaexl-form solution to be obtained,
we present our results via numerical analysis.
3.2. Private abatement R&D

This subsection deals with both the PA and PAR regim Under these two
regimes, the R&D activities are undertaken by gavia@ms. Accordingly, we first
need to formulate how abatement knowledge is prediuo the R&D sector. To
achieve this purpose, in line with the standard R&&ryature including Romer (1990)
and Jones (1995), we assume that there are threeailg-integrated sectors in this
economy. The abatement technology is developedpanduced in an upstream
R&D sector, which hires labor to engage in innawatactivity and then sell the
abatement technology (blueprints) to the midstreéat@rmediate (polluting) sector.
The downstream final good sector produces a sing# dutput by employing a set
of intermediate inputs.

In the R&D sector, at each moment there existfR&D firm producing and
selling the license for the right to use the abatemechnology. It is the firm that
makes the latest development, namely, the stateesért technology forH .*° The

R&D firm hires labor L, to develop the abatement technology accordinghéo t

production function reported in Eq. (17). The préiditction of the R&D firm is:

7, =g H -(1-s)wL,, (29

9 |n the vast literature on R&D-based growth mod#is, products of R&D (knowledge or blueprint)
are not homogeneous but sector-specific. A bla¢pnay relate to a new variety or a better qualfty

a given variety, but in any case it will be usedabynique monopolist. This implies that there are
many firms in the R&D sector and the number of &rim determined by the zero profit condition. In
the present paper, however, the abatement techn@ag homogeneous good. Hence, for the R&D
sector to be able to extract all the profits of ititermediate firms (as will be assumed belownitst

be the case that at each moment there is onlyiondHat sells the abatement technology. We would
like to thank an anonymous referee for bringing thoint to our attention.

™ Since the technology is non-rival, the marginaitaaf supplying H to one more intermediate firm
is zero. This means that the R&D sector will gslproduct to each and all of the intermediatenéir
Therefore, in Eq. (29) the revenues of the R&D @eshould bexq,H where x denotes the number

of the intermediate firms. Notice that we haveuassd x=1 and thus s ignored in Eq.(29).
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where s is the subsidy rate for the labor employment ef@&D sector.

Following the literature on R&D-based endogenousmgn models (Grossman
and Helpman, 1991; Barro and Sala-i-Martin, 2004} important assumptions are
made. First, there is free entry into the R&D eesb that the R&D firm earns zero
profit.*> Second, the R&D sector has pricing power; it ghara price for its product
(blueprint) at which the intermediate firms are iffedent between buying the
blueprint (to produce the intermediate product) aatbuying it (to leave the market).
Accordingly, in each period the price of technology must be set to the level at
which the technology generated in the R&D sectdraexs all the profit of the
intermediate firms, which can be expressed by:

aH =] zdi=7. (309
Eq. (30) says that thécense fee for new abatement knowledge must be equal to the
net profit that a monopolistic firm can edfh. Notice that because we have a
continuum of (both R&D and intermediate) firms inetinterval (0,1), the total
payment to the R&D sector is the sum of all intedliate firms’ profits.

Under the PA regime, the government does not disesiR&D activities, and
hence this regime corresponds $&= I Eq. (29). Alternatively, under the PAR
regime, the government provides R&D subsidies, latte this regime is associated
with s>0 in Eq. (29). We now deal with these two reginretuin.

3.2.1. Private abatement R&D without tax recycling

12 As pointed out in Grossman and Helpman (19913, assumption implicitly supposes that potential
entrants or outsiders can, via inspection of thedgan the market, completely learn about the sifte
knowledge (due to the public-good characteristicknmwledge) to mount their own research efforts
and then replace the existing R&D firm.

3 In the standard R&D-based endogenous modelsnteeniediate firms make a one-off payment to
the R&D sector for the right to use the knowledgeeter after. However, in our model the
intermediate firms need to make flow payments #® the abatement knowledge in every period. In
subsection 5.1 we will discuss this point more étedl.

4 According to Kamien and Tauman (1986), a patentegelicense her invention to an oligopolistic
industry by means of a fixed fee or a per unit lgya It should be noted that in this paper the@mf
abatement knowledgean be regarded as a fixed license fee that amietdiate firm should pay to the
R&D sector in exchange for the right to use abatgrkrowledge.

14



Under the PA regime, the government neither irsvestR&D nor subsidizes it

(i.,e., s=0). Hence, the government budget constraint isrgbse

G=rK+7,P. (31)
Since the profit of the intermediate firms is alited to pay for the use of abatement
knowledge, no dividends are distributed to the bbokls. Accordingly, the
household budget constraint can be rewritten as:

K=(@0-7,)rK+oL+G-C. (32)
Based on the above conditions, it can be shownthigatesource constraint reported
in Eg. (21) still holds in the PA regime. At th&B equilibrium, the economy is
described by Egs. (22)-(27) together with the fellmy condition (mathematical

derivations are provided in Appendix A):

g = SA-A-0)a+f)-(1-0)d-a)e] | S@-g)mh’ P

33
1-0)p ’ ¢

3.2.2. Private abatement R&D with tax recycling

Under the PAR regime, the government subsidizesptivate abatement R&D
instead of directly conducting the R&D activitiesHence, the government budget
constraint becomes:

G+solL, =7, IK+7,P. (34)

After some manipulations, Egs. (33) and (34) cambdified as:

g = S[-QA-0)a+p)-1-0)A-a)e] . 5@-s)mh’ p*

; y o (35)
1-s)1-6)p 1-s")w

7 (L= O)aAN )P L P =g sw(L - L), (36)
The BGP economy can then be described by Egs.(222)-(35), and (36), where
eight unknownsh*, ¢, P*, N°, L, w, g°, and s° are solved in eight

y )

eqguations.
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4, Quantitativeresults

A numerical analysis is presented in this sectmtrace how the growth rate and
welfare level will react following a change in amv&éonmental policy under the three
regimes. To construct an illustrative example, etmose benchmark parameter
values that are within the plausible ranges usetheénliterature. Table 1 lists the
benchmark parameter values, and some interpresationcerning these parameter
configurations should be provided here. Firstirie with Fullerton and Kim (2008),
we specify the environmental productivity functias being of the formA(N) = N”
and set the following parameterg:=  07¢& = 024, b= 004, = 07. Second,
the valueso = 15 = 067, and p= 005 are based on the calibration exercises
in Lucas (1990) and Stokey and Rebelo (1995). TWunopoly power index
6 =0.35 is calibrated such that the resulting profit ratiaur economy is 2.8%, and
conforms to the profit ratio of a typical US indystsee, e.g., Basu and Fernald (1997)

and Guo and Lansing (1999).

Table 1 : Baseline parameters

Parameter Value Parameter Value
a 0.24 B 0.67
o 15 P 0.05
g 0.6 n 0.7
I 0.77 % 0.35
Tk 0.16 ¢ 0.06
T 30 o 0.01
m 1.8 L 15
b 0.04

Third, to reflect the model's plausibility we ch@os, = 016 (based on the

15 We choose the GA regime as our baseline econorey whlibrating.
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estimate reported by Auerbach, 1996) ape 0.06 as policy parameters. This in
turn implies that the government’s spending asogpgntion of output is around 8%,
and hence this numerical value lies within the saable interval in the literature (see
e.g., Gali, 1994). Fourth, the pollution tax relatto the capital stockr =7, /K is
30 so that the ratio between the tax revenues atmlibis about 17%°  Fifth, as for
the pollution conversion parameter, while Bovenbangl Smulders (1995) simply
assume thate is equal to 1, Fullerton and Kim (2008), howeveglax this
assumption and allows to vary from 0.6 to 0.9. A relatively low valud &
means that the elasticity of pollution productioithwespect to “abated polluting
inputs” is high. That is, raising the level of juing inputs will not only increase
pollution, but will also accelerate the generatjmmocess. More specifically, the
investment in abatement knowledge will be more irtgut if the elasticity is higher.
To highlight the role of abatement investment, e s= 0.6 as our parameter value.
Finally, the values of(m,5,L) are calibrated so that the balanced growth rate is
3.12%, which is close to the average growth ratehfe past 30 years in the US.
4.1. Comparison of three regimes

Table 2 presents the key endogenous variableibéhchmark case. Our goal
is to compare the steady state growth rate andwiléare level under the three
regimes. As shown in Table 2, in the GA regimes #steady state growth rate is
about 3.12%. In the PA regime, the governmentches the abatement spending to
a lump-sum transfer, and the intermediate firmsfareed to purchase the license fee
for abatement knowledge from the R&D firms. Undeich an arrangement, the
growth rate declines to 1.43% in response. Howelvdre tax revenues are recycled

to subsidize the R&D sector, the growth rate 06%05is ranked the highest among

16 Supposing thak = 1, in the steady state we ha®e 0.0042 andl = 0.7383. Accordingly, the ratio
of pollution tax revenues to output is (30)(0.0082)383 = 17%, which is in line with the value 1%.8
in Fullerton and Kim (2008).
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the three regimes. In addition, as shown in Tdhleahe rank of the abatement
knowledge among the three regimes is the sameaa®thhe balanced growth rate.
The intuition behind this coincident ranking follevirom the fact that, as indicated in
Eq. (17), an accumulation of abatement knowledgamimnguously enhances

economic growth.

Table 2: Comparison of three regimes

Environmental  Pollution Abatement Growth Welfare
quality knowledge rate (%)
GA 0.8809 0.00420 2.2964 3.116 -1.0372
PA 0.9007 0.00358 1.4722 1.427 -14.7173
PAR 0.8779 0.00429 2.5635 3.554 -0.6392

However, by comparing the value of pollution unttex three regimes, it may be
somewhat surprising that a higher abatement inva#tns associated with more
pollution. The economic intuition behind this riscan be explained as follows.
Other things being equal, a better environmens (fedlution) should be achieved if
the firm has access to more abatement knowledgewelkker, once the government
directly provides or indirectly subsidizes abatetndmowledge, the cost of
pollution-reducing activities will decline. Cheapa&batement knowledge gives the
firms an incentive to use more polluting inputs,iethworsen the environmental
guality. In our model, it seems that the lattdeef dominates the former, and thus
abatement knowledge and pollution receive the saamking among the three
regimes.

We now turn to compare the level of welfare undherthree regimes. We focus

on the welfare along the BGP, denoted Wy, which is calculated by using Egs. (13)
and (26:
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W* _ 1 { —1* Col—aN*q(l—O')__l}' (37)
1-0 (Q-0)g -p P

whereC, =[ ANN")P" " h*™ L*yﬂ —g'-mh'P”]K, is the endogenously determined
level of consumption on the BGP, aridl, is the initial (predetermined) capital stock.
Without loss of generality, we skt = 1 in our numerical model. We follow Barro
(1990) to assume that the economy jumps to the BghP from the beginning, which
means that given a predetermined initial amounctagital K,, the levels of all
endogenous Vvariables (including, ) are simultaneously determined.  This
assumption implies that the level of welfare expeelsin Eq. (37) does not consider
the transition dynamics and thus our quantitatesilts only apply to the BGP.

The numerical values of social welfare under timed regimes are reported in
the last column of Table 2. It is clear that thaking of the level of welfare among
the three regimes is the PAR regime, the GA regain the PA regime in that order.
The policy implication is that, given the baselipgrameter values, the growth rate
and welfare are the lowest if abatement actividaes conducted privately without
government intervention. Nevertheless, they colkd both enhanced once the
government engages in public abatement or providestives for private abatement
R&D. If the latter is the case, the growth ratel arelfare could achieve the highest
levels.

4.2. Parameters with policy implications

It should be noted that the numerical results miggr the growth rate and
welfare are examined only under the baseline pammelues. An interesting
concern is how our numerical results are relatetthéovalues of the parameters. To
this end, in what follows we propose three relevpatameters that need to be
considered by the policy-makers.

4.2.1. Market imperfection
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An early but insightful point of view by Schumpetél942) is that more
competition would erode the monopolistic rents, @nds reduce the incentive to
undertake R&D activities. We stand in line withstperspective and extend it to an
economy in which R&D investment is used to conttw pollution. To be more
specific, in our model the decentralized economfyess! from two market failures.
The first concerns the environmental externalitollution harms human health and
productivity, but is not accounted for by the pohlg firms. The second has to do
with the market imperfections regarding the supgdlintermediate goods. However,
these imperfections can become the motivation &apfe to engage in R&D in the
case where the polluting firms need to pay a liedee to use abatement technologies,
but not in the case where there is public provisibfree abatement knowledge. In
other words, only in the regime of private abaterm(®A and PAR) can the second
market failure (imperfect competition) remedy thestf market failure (the
environmental externality). Based on this obseéowmatmarket imperfections play a
critical role when integrating abatement investmeitlh private incentives.

Fig. 1 exhibits the effects of varying the monopplywer parameterd). A
rise in @ is associated with an increase in both the bathgoawth rate and the level
of welfare under both the PA and PAR regimes. Xman this result, by using Egs.
(29), (30) andz, =0 we obtain 7 = (1-s)wL,, , where a higher profit implies more
employment of research workers. As noted previpuble R&D firms can price
their ideas exactly to extract all the profit oétimtermediate firms. For this reason,
a higher 8 (as well as the profit of the intermediate firmseans that more
resources are contributed to hire labor in the R&dator, thereby stimulating the
balanced growth rate.

In the GA regime, on the contrary, the effectsé@fon the long-term growth rate

and welfare are almost negligible. The reasoritferresult stems from the fact that
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in the GA regime abatement investment is undertakdy by the government, and
thus has no direct relationship with the firms’ fiiro More specifically, the
numerical results depicted in Fig. 1 indicate tohagler both the PA and PAR regimes,
the greater the degree of imperfect competitiom, ldrger the benefit of private
abatement will become. Wheéfl is large enough, both the balanced growth rate
and social welfare for the PA regime may possibigeed those for the GA regime.
Moreover, if the government can recycle its taxeraes to provide incentives for
private abatement R&D, both economic growth andavelwill be further enhanced.
4.2.2. The type of government spending

We now discuss the parameter related to the pabtitor. In their recent study,
Fullerton and Kim (2008) show that government sjpaman transfer paymentsg | is
a non-environmental parameter with important ingilmns for environmental policy.
The effect of changings is depicted in Fig. 2. It is shown that, in respe to an
increase ing, the growth rate and social welfare decline inhbibite PAR and GA
regimes but remain unchanged in the PA regime. ihhation for this result is
straightforward. In the PA regime all tax revenaes returned to the households.
The abatement investment which stirs up economaoavigr comes only from the
monopolistic rents so thap has no role in economic activities.

However, under both the PAR and GA regimes, ecanagnowth becomes
closely related tog since the government uses its tax revenues toulstien (or
directly conduct) abatement R&D. A positive valfe ¢ indicates that part of the
revenues from the environmental tax must be spentransfer payments. The
greater need for transfer payments implies thad l@x revenue will be used in
abatement R&D, and hence will lead to a deterioratn the balanced growth rate.
As is evident, our results indicate that the cosidn in Fullerton and Kim (2008) is

valid under both the PAR and GA regimes but invalder the PA regime.
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4.2.3. The effect of an environmental tax

We now turn to investigate the effect of an envin@mtal tax policy. It is
shown in Fig. 3 that raising an environmental tar stimulate economic growth as
well as reduce the level of pollution. Bovenbergl &mulders (1995) have clearly
pointed out the two opposing forces whereby theirenmental policy affects the
long-term growth rate. First, a lower level of lpthg inputs decreases the
productivity of reproducible inputs, thereby lowegieconomic growth. Second, a
reduction in pollution improves the environmentadlity, which benefits productivity
and economic growth. As a result, Bovenberg andl&ans (1995) suggest that the
environmental tax has an ambiguous effect on ecangrowth.

In our model, however, by referring to Eq. (6), adlution inputs are purchased
from abroad at a given price so that a higher emvirental tax can simultaneously
reduce the pollutionp(= p, )but keep the polluting input®(=g unchanged.
Under such a situation, a tighter environmentaliggoho longer decreases the
productivity of capital and labor, because a lovesel of pollution in production is
offset by more abatement knowledge. Hence, oureinodly presents the second
environmental quality effect.

To highlight the importance of this environmentahtity effect, we consider the
alternative valuey = Oto indicate that production gains no extra bengbim a
better environmental quality. The numerical results are depicted in Fig. 4.caf
be seen that, in the absence of an environmentafretity, raising an environmental
tax has no effect on the long-term growth rate /hifreduces pollution. Comparing
Fig. 3 with Fig. 4 enables us to realize that whetbr not environmental policies

affect economic growth crucially depends on thes@nee of a positive environmental

71t should be noted that0 only removes the environmental externality itatien to production;
nonetheless the externality in regard to the hoaldshutility is always present.
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externality.

Now we deal with the welfare analysis. Fig. 3 &gl 4 show that the welfare
level is increasing with the environmental tax, amfjess of whether a positive
environmental externality is present or not. Ascdssed earlier, in the case of
y =0 a tighter environmental policy has no effect ongderm growth. However,
it can still influence the level of welfare becauséth the growth rate unchanged, a
higher environmental tax improves the environmegtellity and thus unambiguously
enhances the welfare level. If the representdimesehold does not care about the
environmental quality = J it is an obvious conjecture that environmentat t

cannot play any role either in governing the bagahgrowth rate or the welfare level.

5. Discussions and extensions

In this section we provide two detailed discussiohgrevious settings which
may need further debate. The first one conceresptioperties of the abatement
technology, and the second one has to do with wirynoodel makes a distinction
between pollution emissions and dirty inputs. bidition, we also conduct two
interesting extensions. In the first extension examine the effects of the
environmental tax under an alternative settingafution. In the second extension
we investigate the impact of an increase in tatiffst raises the price of pollution
inputs.

5.1. The properties of the abatement technol ogy/knowledge
5.1.1. What is the abatement technol ogy/knowl edge?

In our model, the concept of the abatement knogéed not much different from

that in the previous literature, such as Bovenlargd Smulders (1995, 1996) and

Fullerton and Kim (2008). It generally represetiits amount of resources that the
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economy has devoted to developing or applying e technical knowledge which
enables production to occur in a less polluting waks for practical concerns, the
abatement technology might, as an example, refehe¢oCQ capture and storage
(CCS) system, and therefore the value téf represents the available resources for
the adoption of the CCS technology. Within the elpd plausible way of thinking
how the abatement technology works might be to idenghat the intermediate firms
are endowed with a common abatement machine, atdHh is concerned with the
technology to operate it. As such, a higher l@feH is associated with a superior
technology, and hence leads the intermediate-gbodgo implement the abatement
machine better so as to further reduce pollution.
5.1.2. Non-rivalry

Gerlagh et al. (2008) establish an endogenous tgrovodel incorporating the
R&D, environmental policy and innovation policy.n their model, there are many
(intermediate) producers of abatement equipmenhe dpstream R&D firm creates
new ideas that expand the varieties of the interategroducers, and then sells the
new technology embodied in these rival goods. htiutdd be emphasized that our
setting is different from theirs because in our eldathe variety of the intermediate
goods is constant. The role of market imperfeciiorthis economy is to allow
intermediate firms to have a positive profit suleattthey can pay for abatement R&D.
New ideas, the products of R&D, are about the teldgy/knowledge used to abate
pollution, which are featured withon-rivalry due to the property of knowledge. It
is not specific for each intermediate good and tmudd be used by all intermediate
firms once produced. Due to non-rivalry, when tR&D firm produces the
state-of-the-art technology , it sells the same blueprint tach and all of the
intermediate firms. After paying foH , an intermediate firm has the right to use

that technology forever, but for the next periotials to pay another fee for the right
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to use newly-generated technology. In other wardsach period the firms pay for
new technologyH , but use the whole of the existing stock of tedbgyp H to
abate pollution.

5.1.3. Incentives and indivisible technol ogy

It is worth discussing the incentives (or necg3sib use the abatement
technology. First of all, we need to explain whyermediate firms must paJl of
their profits to buy the abatement technology. lime with the literature on
R&D-based endogenous growth including Romer (19803 Jones (1995), the
upstream R&D firms have the pricing power to deieerthe price of their blueprints.
Specifically, the R&D firms unilaterally determirlee price of their innovations, and
the intermediate firms then determine whether drtadouy blueprints. Therefore,
the R&D sector will charge a price that fully extts the profits of the midstream
firms.

We then turn to explain why the intermediate firomald not choose to use
divisible technology. This specification can bestjfied by the following two
economic rationales. The first rationale is thhe tgovernment enforces the
utilization of the latest abatement technology for, example, imposing stricter
pollution standards. This regulation forces thim§ to leave the market if they stop
using the latest abatement technol8ty.The second rationale is that we can assume
that the technology generated in each instancealm@eperty of indivisibility. This
assumption rules out the possibility that the imtediate firm chooses to use a
partiton of H. More specifically, for the intermediate firm,etie are only two

choices: to accept the price of the blueprint aseé the indivisible technology, or to

'8 It would be interesting to further examine theeeffof this kind of regulation on macroeconomic
performance. However, due to the space constramtwould like to leave this to a future study.
For an analysis on the implementation of the ogtjmash in a growing economy with pollution permits,
see, for example, Grimaud (1999).
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reject the price of the blueprint and stop using #fbatement technology (and thus
leave the markef)) The indivisibility of the abatement technologgrsis from the
fact that new technology and old existing technglage often highly correlated. If
a firm does not buy all of the new technology irs theriod, it will be very costly for
it to utilize (upgrade to) the newest technologythe next period. To simplify the
analysis, we assume that this cost is too highetacdnsidered. Hence, the firms
actually confront an all-or-nothing decision regagithe use of the technology.
5.2. The distinction between pollution emissions and dirty inputs

In our model, as mentioned above, a fixed impadepof polluting inputs (n) is
the key to screening out the traditional negatigkcy effect on long-term growth in
the literature. Hence, it is worthwhile discussimigy we need to make a distinction
between pollution emissions and dirty inputs, amdntroduce m into our model.
Theoretically, although numerous studies modelypiolh based on the concept of a
“dirty input”, there are several reasons for tnegtihem differently° First, pollution
(i.e., dirty air, messy water or noise) is not dilg used in the production process,
while the dirty inputs (i.e., petroleum or chem&alare. Second, abatement
knowledge can hardly play any role in the pollutteansformation process if we mix
the two. Third, and most importantly, pollutionrims human health but is not
internalized by the private agents and thus needset priced by the government,
while dirty inputs should be priced by the marketcause they are production factors
just like other clean inputs. Hence, we allow fgy and m to denote, respectively,

the price of pollution and dirty inputs.

% Once a firm stops using abatement technologyin@s goes on, the burden of the environmental tax
will become infinitely large, thereby leading thetérmediate firms to have a negative profit and
forcing them to leave the market.

% Some studies (e.g., Ligthart and van der Ploeg418mulders and Gradus, 1996; and Bréchet and
Michel, 2007), on the other hand, treat pollutienaaby-product of capital or final output. However
under such a situation, since an environmentaldgaied on pollution is equivalent to that levied on
physical capital or output, it might be difficuld tell whether economic growth is affected by an
environmental tax or by a similar capital (outptaty.
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To be more specific, supposing that there is nufiog input price, from Egs.

(5)-(7) and q= 1 (the zero-profit condition in the final good sajtave have:
m = ANK p " H 1, —rk —ol; —7,p,. (38)

One implication stemming from Eq. (38) is that,tive absence of any policy
interference t, =0), the cost of pollution becomes zero so that titermediate
firms will use an infinitely large level of poll@n. As a result, the environmental
quality declines to the bottom and the economy oasarvive even temporarily. To
this end, we introduce such a “non-policy” costpafiluting inputs to restrict the
pollution to within a finite level even in the albee of an environmental tax. To be
concerned with practicality, since firms usuallypont petroleum from abroad at a
price that they can not bargain for, we believe tha assumption of a given price of
polluting inputs is not very far from the real wabrl
5.3. An alternative pollution setting

There are some studies introducing a private abpbllution in order to prevent
pollution from growing to infinity in the absencd policy intervention; see, e.g.,
Jouvet et al. (2005) and Ono (2007). The main depabetween these studies and
our paper is that they do not make a distinctiomvben pollution emissions and dirty
inputs. Therefore, raising the environmental taads to a negative impact on
growth. In this subsection, we examine the effeftthe environmental tax under
such an alternative setting of pollution.

To simplify the analysis and highlight the negatgrowth effect, we temporarily
remove the role of abatement technology. By degotz as the private cost of

pollution, the profit function of an intermediaienfi can now be expressed as:
7 = AN, K)k“p'l," —rk —ol;, — (z+7,)p,. (39)

Notice that in A(N,K), it is assumed that, in line with the approachpaed in Ono
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(2007), the main force that drives economic groisttine capital externality.

With this specification, we then reexamine thewgloand welfare effects of an
environmental tax. The detailed process is pravide Appendix B. Table 3a
depicts the numerical results in association witlsufficiently greater ecological
regeneration and a sufficiently smaller environrageiternality on production (i.e.,
b=0.04 andy=0.77); As indicated in Table 3a, when is increased from 15
to 60, pollution directly declines in response iffird.000341 to 0.000209), which
generates two opposing growth effects. First, #ebeenvironmental quality is
beneficial to input productivity, and thus tendsstonulate the growth rate. Second,
fewer pollution inputs in the production functioomler the marginal productivity of
capital, which is harmful to the growth rate. Undar calibrated economy the latter
effect outweighs the former, so that the growtle rdéclines from 3.55% to 3.40%.
As for the welfare effect, the household’s utilggins from a cleaner environment but
suffers from a lower growth rate. Again, the lag#fect exceeds the former, leading
to a negative overall welfare effect of the envimamtal tax (from -2.7910 to
-3.6619).

Nevertheless, if the environmental externality induction is very important, it
is also possible that the beneficial effect of dtdseenvironment outweighs the
harmful effect resulting from the decrease in thagmal productivity of capital. As
exhibited in Table 3b, with a sufficiently small odagical regeneration and a
sufficiently large environmental externality on g@uation (i.e., b =0.004 and
y=0.99), the first effect may dominate the secoridctfand hence the environmental
tax tends to boost the growth rate. This reswias the fact that the environmental

tax can still stimulate the growth rate under #iternative pollution setting.
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Table 3a : An alternative pollution setting£ 0.04, y =0.77)

Pollution Growth rate (%) Welfare
=15 0.000341 3.547 -2.7910
=20 0.000319 3.527 -2.9048
7=25 0.000299 3.508 -3.0135
=30 0.000282 3.490 -3.1175
7=35 0.000267 3.472 -3.2173
=40 0.000253 3.456 -3.3131
7=45 0.000240 3.440 -3.4052
=50 0.000229 3.425 -3.4939
=55 0.000218 3.411 -3.5794
=60 0.000209 3.397 -3.6619

Table 3b : An alternative pollution setting £ 0.004, y = 0.99)

Pollution Growth rate (%) Welfare
=15 0.000313 2.978 -7.8225
=20 0.000294 2.997 -7.5862
=25 0.000278 3.012 -7.3901
=30 0.000263 3.024 -7.2265
7=35 0.000249 3.034 -7.0893
=40 0.000237 3.041 -6.9739
7=45 0.000226 3.048 -6.8765
=50 0.000216 3.052 -6.7943
=55 0.000207 3.056 -6.7248
=60 0.000198 3.058 -6.6662

5.4. The impact of a tariff

Our previous analysis focuses on the effects ef @hvironmental tax that is
levied on pollution emissions. Given our differeérgatment of pollution emissions
and dirty inputs, it would be interesting to inugate the impact of a tariff which

influences the prices of the polluting inputs. ffos end, in this subsection we

assume that the government implements a tariff rgteon dirty inputs. Therefore,

the profit function of theth intermediate firmz, stated in Eq. (6) is modified as:
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7 =qY, —rk —(A+z,)me -ol, -7,p, (40)
Accordingly, the termz,me needs to be added to the government budget contstra

under different regimes, i.e., Eqgs, (19), (31) é%), on the right-hand-side.

Table 4 : The impact of a tariff

GA PA PAR

P g*%) W P g®%) W P g*%) W
7,=0  0.00420 3.116 -2.900 0.00358 1.427 -14.717 0.00429 3.554 -0.639
7,=0.01 0.00417 3.108 -2.985 0.00355 1.413 -14.882 0.00425 3.536 -0.766
7,=0.02 0.00414 3.099 -3.070 0.00353 1.400 -15.048 0.00422 3.518 -0.892
7,=0.03 0.00411 3.091 -3.155 0.00351 1.386 -15.213 0.00419 3.500 -1.020
7,=0.04 0.00408 3.082 -3.241 0.00349 1.372 -15.379 0.00415 3.482 -1.148
7,=0.05 0.00405 3.074 -3.328 0.00346 1.359 -15.546 0.00412 3.463 -1.277

Table 4 reports the summary results of the chamge®levant variables in
response to distinctive tariff rates on dirty irgout It is found that, under all the three
regimes, raising the tariff on dirty inputs tendsr¢duce the growth rate, the level of
pollution, and the level of social welfare. Intuély speaking, raising the tariff has
several mixed effects. First, since the tariffer&d levied one instead of p, it
directly lowers the use of dirty inputs. On theeohand, this improves the
environmental quality, while on the other hancedluces the marginal productivity of
capital and thus harms the growth rate. Secondp@ease in the tariff boosts the
tax revenues, which means that more resourcesex@eat! to environmental R&D
under GA and PAR, generating an additional beradfigifect on growth and welfare.
Third, under PA and PAR, a higher tariff reduces gnofits of intermediate firms,
causing fewer resources to be directed towardsr@mviental R&D. It is obvious
that the net effect depends upon the extent oktliege effects. However, with our

parameter values, the negative growth-impedingcefédways dominates under all
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three regimes. As a result, we find that a dedimthe growth rate and welfare is

coupled with a rise in environmental quality.

6. Concluding remarks

This paper develops an endogenous growth modairfieg an environmental
externality, abatement R&D, and market imperfetionThe salient trait of the
model is that it is able to deal with three distiregimes including public abatement,
private abatement without tax recycling, and pevabatement with tax recycling.
Some main findings are obtained from our numeraalysis. First, there exists a
trade-off between economic growth and environmeoptality in a “regime selection”
sense. Second, the benefit arising from the private comdifcabatement becomes
larger the greater the degree of the firms’ mongpolwer. This potentially implies
that antitrust policies might in some way reducewgh and welfare in a private
abatement R&D model. Third, if the government mdey the environmental tax
revenues to subsidize private abatement R&D, tloevily rate and welfare will be
higher than in almost all other regimes. Fourtie beneficial effects of public
abatement policies will be eroded when governmpenhding on transfer payments
increases.

The effects of environmental tax policies are ats@stigated in this paper. We
show that a rise in the environmental tax couldsgmg simultaneously reduce
pollution and stimulate growth if the intermediditens import polluting inputs from
abroad at a fixed price. However, care shouldaiert regarding the implications
because such a desirable result is in part dugetagidity of the polluting input price.
If the import price can be adjusted endogenoubkbyabove result should be modified
as well.

Although our model indicates that an environmetdal policy is beneficial to
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economic growth, we would like to mention that thesult should be accepted with
some caution. In fact, our main intention is remphasize the beneficial effect of
an environmental tax on economic growth, but tdlgipt the importance of distinct
pricing between pollution emissions and pollutinguts. Doing so will be helpful
for us to clarify the two channels through whichearvironmental tax influences the
long-term growth rate, i.e., the (negative) tramhtl productivity effect and the
(positive) Bovenberg-Smulders environmental quaditect.

Some remaining extensions could be consideregtimd research. First, in this
paper R&D firms can extract all of their buyers’ofit via their unilateral
determination of the license fee. It would be riesting to consider the case where
the license fee for abatement knowledge is declied Nash-bargaining process
between R&D firms and intermediate firms insteadpfR&D firms only. Second,
the price of polluting inputs is not internalizedthis paper. It would be natural to
extend our model by proposing a channel to endagetiie polluting input price.
For instance, we could introduce an additional dsilrnesnergy sector, or assume a
nonlinear adjustment cost of polluting inputs. 3d&eextensions inevitably

complicate the model, but they deserve future study

Appendix A
This appendix provides a detailed derivation of .H88) and (35) in the main
text. In the PA regime, by substituting the intedwate firm’s first-order conditions
reported in Egs. (10)-(12) into the profit functiove obtain:
7 =[1-@-0)(a + B) - A-0)1-a)s]Y — A-£)mHP". (A1)
Based ong=H/H and Eq. (30), we haved /H =z/g,H . Then, putting Egs.

(12), (17), (20) andH /H =z/q,H together, we can derive:
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_H_or

9= =" (A2)
Substituting Eq. (A1) into (A2) yields:
g- S[- A-0)(a + B) - 1-0)A-a)s] | _S-g)mHP® (A3)

1-0)p ’ o
By substituting the relevant variables along thiadeed growth equilibrium into Eq.

(A3) and being reminded that=H /K and w=w/K, we can obtain Eq. (33) in
the main text.
In the PAR regime, from Eqgs. (17), (30) and theog®ofit condition we have

g=or/(1-s)w . Similar to the derivation of Eq. (33) in the Rfgime, we can obtain

Eq. (35) in the main text.

Appendix B
This appendix deals with the growth and welfafea$ of an environmental tax
under the alternative pollution setting proposedJoyvet et al. (2005) and Ono

(2007). Given the profit function reported in E@9), the intermediate firm'’s

first-order conditions withg =1 and the symmetric conditions are given by:

1-0)a AN, K)K“'P'L/ =T, (A4)
(L-OWANN,K)K“P'L/ = z+7,, (A5)
(1-0)BAN K)K*P'L/ " =0. (A6)

To ensure sustainable growth, we must assumeithatidition to the environmental
externality, the productivity functionA(-) also contains the capital externality (as in
Ono, 2007). Specifically,A(:) is specified to be of the form:

A(N,K)=XN"K¥*, (A7)
where X is a productivity parameter. Moreover, it is reqd that the private cost

of pollution z evolve with capital, i.e.,z=ZK where Z is a constant. The tax
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revenues are all returned to the households arsl ttieiresource constraint can be
easily derived ask =Y -C.

Under such a situation, Egs. (22) and (26) shbalchodified as:
* 1 *) *ﬁ’
g =;[(1—1'K )(1-0) XN"PLf —p ], (A8)
¢ =XN"P"L/-g". (A9)
It should be noted that, given the fact that waaee the abatement technology

sector, all the endowed labor supply is devoted to the intermediate good, implying

that L = L, is true. The macro economy along the BGP can beedescribed by
L= L, . Egs. (A4)-(A6), (A8), (A9) and (27), which determa seven unknownsc’,

P", N", L,, w, r and g". As for the parameter values, we sgt=60,

L=1, X=0.772, v=0.05 (see Agnani et al., 2005) such that the balancedtt
rate is 3.5%. Furthermore, the monopoly power xnideadjusted tod = 0.005 to
match the profit ratio 4%. In Table 3a, the pararseregarding the environment are
set the same as in Section 4 @sy)=(0.04,0.77. In Table 3b, however, to
highlight the importance of ecological regenerationl the environmental externality
in production, we adjust the two parameters (hg)=(0.004,0.99. All other
parameter values not mentioned above are the sathese used in Section 4. With
these parameter values, Tables 3a and 3b show hewcdlibrated values of
macroeconomic variables will react in associatiothvthe environmental tax

under different extents of ecological regeneratind the environmental externality.
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Figure 2. The effect of increasing other governnspending
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Figure 3. The effect of an environmental tax<0.77)
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Figure 4. The effect of an environmental tax=0)
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