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Abstract

Recent political discussions about the possible advantages of first-mover behaviour in terms of
environmental policy again called attention to the well-established controversy about the effects
of environmental regulation on international competitiveness. Conventional theory claims that
the trade-off between regulation and competitiveness will be negative while the revisionist
view, also known as the Porter Hypothesis, argues for the opposite. Several previous attempts
that analysed this quarrel by means of strategic trade game settings indeed support the former
claim and conclude that, to increase a firm’s competitiveness, ecological dumping is the most
likely outcome in a Cournot duopoly configuration. However, these results were derived from
one period games in which so-called innovation offsets are unlikely to occur. The present paper
considers a two-period model that includes an intertemporally growing firm-level knowledge
capital. In doing so the accumulation of knowledge is modelled in a unilateral and a bilateral
variant. It is shown that for both scenarios in period 1 the domestic government will set a higher
emission tax rate compared to its foreign counterpart. Furthermore, we identify conditions for
which the domestic tax rate will be set above the Pigouvian level in period 1 in both model vari-
ants.
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1. Introduction

Usually, the establishment of environmental policies is subject to a considerable debate
concerning their impact on the competitiveness of thus affected firms, industries or even
whole nations. The elusiveness of the notion competitiveness notwithstanding, the aca-
demic dispute on this quarrel has spawned two diametrical opposed views. The classic
view argues that environmental regulation inevitably creates costs of compliance which
accordingly lower any previously held comparative advantage in using the environment
as a factor of production (Palmer et al. 1995). By contrast the revisionist perception,
also known as the Porter Hypothesis, posits that stringent incentive-based regulation
indeed may produce a welfare-maximising win-win situation in which both the envi-
ronment and the economy benefit (Porter 1991, Porter & van der Linde 1995a, 1995b).
Although the latter view has its argumentative merits it lacks a thorough theoretical
fundament. However, it is widely held that the revisionist view is founded on the belief
that market-based environmental regulation provokes a thorough search for innovative
solutions to the problem of increasing compliance costs. In this sense an increase of
competitiveness is an increase in productivity: successfully induced innovations trigger
a decrease of a firm’s marginal costs (Simpson & Bradford 1996). Hence, a decline in
marginal costs is the sufficient condition for a higher competitiveness while a cost-
reducing innovation serves as the necessary condition. The notion of stringency, in turn,
commonly refers to an environmental policy set above the according Pigouvian level.
Consequently, the questions if and how innovations under a scenario of stringent regula-
tion emerge prove to be essential for a sound analysis of the Porter Hypothesis.

Empirical evidence for Porter’s assertions is mixed: while older studies mostly find ei-
ther no or only a small negative correlation between stringent regulation and some
proxy for competitiveness (see the surveys by Jaffe et al. 1995, Jeppesen et al. 1999 and
Mulatu et al. 2001)? more recent evidence suggests that a positive link between regula-
tion and patenting (Lanjouw & Mody 1996), private R&D expenditures (Jaffe & Palmer
1997), productivity (Berman & Bui 2001) and technical efficiency (Murty & Kumar
2003) exists.

Analytical evidence is also ambiguous. The basic argument against the assertions of the
Porter Hypothesis is that the possibility of a systematic free or even paid lunch is highly
unlikely (Palmer et al. 1995). Indeed, the widely used strategic environmental policy
models, which are based upon the seminal strategic trade models (Spencer & Brander
1983, Brander & Spencer 1985), usually find that ecological dumping is the most likely

2 It has to be noted that most of the older studies rely on evidence from times when mainly command
and control regulation was issued. However, such data cannot be readily used to analyse the Porter
Hypothesis as Porter calls for market-based policies (Wagner 2003).
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outcome (cf. Barrett 1994, Rauscher 1994). In doing so they draw some important con-
clusions: usually a range of ambiguous effects (e.g. rent-shifting vs. innovation effects)
shape the ultimate outcome of such a game (Ulph & Ulph 1996). Depending on the
properties of the utilised functions results differ largely: while for some constellations
so-called innovation offsets are conceivable they do not take place in other cases (Simp-
son & Bradford 1996). This hints at the sensibility of such models for analysing the
regulation-competitiveness interdependency.

The Porter Hypothesis is derived from the basic insight that competitiveness, and its
sibling the national competitive advantage, is created and not inherited like a classic
endowment with production factors (Porter 1990). Sure enough this view is not com-
pletely new. Based on the “Kaldor paradox”* Fagerberg (1988, 1996) identifies techno-
logical advance as the main driver for a nation’s competitiveness. Applying this finding
to a dual dimension approach (cf. Dollar 1993, Ezeala-Harrison 2005) then leads to a
framework in which firm-level competitiveness is based upon technological or knowl-
edge advantages and national competitiveness is bolstered by an institutional framework
that encourages and supports the generation of new profitable knowledge.

The Porter Hypothesis follows this rationale and asserts that market-based environ-
mental regulation establishes an exogenous pressure which induces the affected firms to
conduct R&D to offset the compliance costs (Porter & van der Linde 1995a, 1995b).
The basic idea that environmental regulation induces innovation has been widely ac-
knowledged (Zerbe 1970, Magat 1978, Downing & White 1986, Milliman & Prince
1989, Jung et al. 1996, Fischer et al. 2003) while the notion of innovation offsets so far
seems only possible when one attenuates the restrictive assumptions of neo-classical
theory (Ayres 1994, Gabel & Sinclair-Desgagné 1999). In the revisionist view such
innovation offsets constitute the first cornerstone of the hypothesis. The second and so
far widely neglected cornerstone is the first-mover effect. It states that a domestic firm
which is affected by a novel and stringent environmental regulation needs to adjust im-
mediately to this exogenous pressure while its foreign rival at this point still operates
under a comparatively lax regulation. Intuition suggests that such an early adjustment
indeed increases costs in the short-run but these may as well decrease in the long-run.
We hypothesise that such an outcome can only be brought about when the notion of
knowledge accumulation is considered*: By leaving the boundary of a one-period game
early R&D expenditures may also influence later knowledge capital if one assumes that

Since the occurrence of the “Kaldor paradox” measures like unit labour costs have been viewed as an
inappropriate indicator for competitiveness (Kaldor 1978).

Another way to achieve a fulfilment of the Porter Hypothesis is to view the black box of firm decision
making as defective. The latter e.g. requires agency problems, bounded rationality or path dependen-
cies.
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intratemporal knowledge capital does not get entirely lost intertemporally. Moreover,
the accumulation of knowledge capital appears to be especially suited for capturing the
properties of process-integrated innovations which are especially advocated in the Por-
ter Hypothesis. However, it is obvious that the benefits of long-term knowledge accu-
mulation and possibly ensuing innovation offsets cannot be properly analysed in a one-
period setting because the accumulation of knowledge involves a technological trajec-
tory which cannot be fully captured in one period. Since each period yields instantane-
ous conditions for optimality at a certain point in time the time path is neglected. Hence,
future cost reductions that stem from early investments will be underestimated.

Thus, to evaluate whether a first-mover effect is a decisive constituent one needs to ex-
tend the popular one-period model by at least a second period (Taistra 2000, Feess &
Taistra 2000, Feess & Muehlheusser 2002)°. For instance, in their two-period model
Feess and Muehlheusser (2002) show that an environmental service sector that is sub-
ject to an intertemporal learning curve effect benefits from early and even stringent
regulation. Given that this model misses the basic consideration of the Porter Hypothe-
sis — the polluting firms shall be induced to invest in process-integrated R&D - it never-
theless hints at the importance of incorporating growing knowledge.

Our model follows the previous arguments: we construe a two-period model in the line
of strategic environmental policy games. Thereby we allow for an analysis of the first-
mover effect by introducing a growing firm-level knowledge capital. Our investigation
commences with a basic model with unilateral knowledge accumulation and subse-
quently allows for bilateral knowledge accumulation. In doing so our aim is twofold:
First, we analyse whether the domestic government will set a higher tax rate than its
foreign counterpart in period 1. Second, we identify the conditions under which the do-
mestic tax rate is set above the Pigouvian level in period 1.

Section 2 explicates the configuration of our model and introduces its basic version with
unilateral knowledge accumulation. Section 3 then extends the analysis by allowing for
bilateral knowledge accumulation. Section 4 presents our conclusions.

2. The Basic Model with Unilateral Knowledge Accumulation

We consider a two-period Cournot game in which an duopoly produces a homogenous
consumption good. The two firms are located in two different countries. Production of
the good entails the creation of environmentally harmful emissions. Each country also

> The model by Taistra (2000) and the ensuing model by Feess and Taistra (2000) — both are discrete
models — have a major shortcoming: The decision of the foreign government to adopt the domestic en-
vironmental policy is not strategic as it depends on an exogenous probability.
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harbours an governmental agency that aims at maximising welfare by internalising the
external effect of pollution. To do so it sets a tax rate per units of emission.

The game comprises two periods, each containing three stages. Due to the specific se-
guence of the game it can be solved via backwards induction beginning with stage 6
(that is the third stage in period two). In the respective third stages the firms choose
their equilibrium quantities. They take the choice variables of the other stages as given.
The output is then sold on a third country’s market which allows for the omission of
consumer surplus in the welfare functions.® In the second stages firms choose their level
of emission-reducing expenditures. As will be shortly explicated the basic model differ-
entiates between the domestic and the foreign extent of knowledge capitalisation. That
is, by deciding on the optimal amount of according R&D expenditures the domestic
firm also set its intratemporal and partly determines its intertemporal knowledge capital
while the foreign firm may only invest intratemporally. In the first stages the govern-
ments choose a welfare maximising tax rate. Figure 1 summarises the sequence of the
game.

1
1
Period 1 : Period 2
1
1
® — ——— + °
1
Stage 1 Stage 2 Stage 3 1 Stage 4 Stage 5 Stage 6
Govern- Firms’ R&D Firms’ ! Govern- Firms’ R&D Firms’
ments’ Tax Decisions Output : ments’ Tax Decisions Output
Decisions Decisions | Decisions Decisions
1

Figure 1: The sequence of the game

2.1. Notations and functional relationships

Unless otherwise noted in section 3 the following assumptions hold for both versions of
the model. Generally, the model is symmetrical except for the asymmetric treatment of
knowledge parameters. These asymmetries are needed to motivate a domestic first-
mover behaviour. An entirely symmetrical constellation would not allow to analyse the
Porter Hypothesis whose realisation necessitates a difference in at least one decisive
parameter. Put in other words, an optimising policymaker needs a lever to initiate a re-
spective action, in the present model the choice of an emission tax rate. Except for the
necessary inclusion of a particular asymmetric modification the assumption of symme-
try prevails which shall allow to single out the decisive effects.

¢ Omitting consumer surplus is a common assumption in strategic environmental policy games (cf.
Simpson & Bradford 1996, Ulph & Ulph 1996).
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In the following superscripts i,j refer to domestic (d) and foreign (f) while subscripts
t=1,2 refer to period one and two, respectively.

Inverse demand: Firms face the downward-sloping inverse demand function P(qt‘,qtj)
for the consumption good on the third country market.

P'()<0; P"()<0 L)

Emissions: The emissions of firm i in period t are denoted e/ and given by the function
el (qt‘ , Kf). Hence, they depend on gq;, the produced quantities of the consumption good
by firm i in period t and «;, firm i’s knowledge capital in period t. Emissions are as-
sumed to be solely local. The following properties apply:

oel/ogi >0 2% /a(gif =0 ?)
oel jox' <0 o%! /o] >0 3)

Assumptions (2) and (3) define that emissions are linear in quantities and strictly con-
vex in knowledge capital. The linear property arises to avoid ambiguities in the com-
parative static analyses of the following stages. Due to the convexity property returns
form growing knowledge capital in reducing emissions are diminishing.

Costs: Each firm has the cost function C'(q!,t/,!) with g/ denoting firm i’s quantity
of the output of the consumption good in period t, t, denoting country i’s tax rate in
period t and x| denoting firm i’s knowledge capital in period t. The following proper-
ties apply:

oc'fogi >0 °C'/olglf =0 (4)
oci/at >0 a%C'/altif <o 5)
oC'/oxi <0 a°C'/alk! f >0 (6)

By the previous assumptions costs are linear in output, concave in taxes and strictly
convex in knowledge capital. Assumption (4) implies that the production process is sub-
ject to constant returns to scale. The concavity property in assumption (5) captures a
linear as well as a concave relation between costs and the respective tax rate. The latter
may arise if (5) also includes the indirect effects of an increasing tax rate (that is, the
marginal effect of a growing tax rate on costs is decreasing since, as will be proofed
later, an intensified tax policy results in less quantities which reduces production costs).
The convexity in (6) follows from (3).
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Knowledge Capital: The knowledge capital x| accrues from R&D expenditures 1.. In
this basic version of the model knowledge accumulation only occurs in the domestic
country. This rather restrictive assumption may be explained by different approaches to
emission reduction. The foreign firm is only capable to invest in an end-of-pipe tech-
nology. In each period costs of installation, maintenance and disposal of the device (e.g.
a filter) occur. The domestic firm, however, invests in a process-integrated technology.
In so doing it is able to accumulate knowledge about the novel technology over time,
that is, the domestic firm improves its technology continuously. Note that, strictly
speaking, the foreign firm does not invest in something like knowledge capital since an
externally procured end-of-pipe device does not qualify as an outcome of any knowl-
edge-based activities on behalf of the foreign firm.” Thus, in this basic version 1| can
also be interpreted as emission-reducing expenditures because ultimately the process-
integrated technology as well as the end-of-pipe approach aim at curtailing environ-
mental harm.

For period 1 «; = K‘ll(|l|) applies for both firms:

Ki=a-l (7)

The parameter o >0 measures the effect of R&D expenditures on knowledge capital in
period 1 (that is, the success of R&D expenditures).

For period 2 «{ =« (K‘ld () |§) applies for the domestic firm while the foreign firm
faces «, =x, (sz ):

Ky =)+ BN k) =) ®)

The parameter B >0 measures the domestic effect of R&D expenditures on knowledge
capital in period 2. (8) therefore implies o« /dl¢ = B and ok /ol =« . Furthermore,
we assume « > £ (early units of R&D are more effective in creating knowledge capital
than later units which is tantamount to decreasing returns of knowledge capital). Hence,
the foreign firm in period 2 still benefits from a knowledge effect with the strength «,
but it is not able to utilize period 1 knowledge capital since it invests in an end-of-pipe
technology. The domestic firm, however, can access accumulated knowledge, whose
strength is then measured by a + .

Environmental Harm: Environmental harm is captured in the damage function D(et‘):

" To avoid undue verbiage this differentiation will be suppressed throughout the text. Therefore, for the
foreign firm the notion of knowledge capital is restricted to manners of end-of-pipe abatement.
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oD/oel >0  8°Djalelf >0 )

Assumption (9) says that environmental damage is convex in emissions which, of
course, includes the possibility that marginal environmental damage is linear.

Obijective functions:

Third stages (Firms maximise their profits TT; and thusly obtain optimal quantities.):
max I} = P(g}, g/ )-of = C'(], 1}, &) (10)

Second stages (Firms maximise their profits IT; and determine their equilibrium R&D
expenditures.):

max 1, = P(q/, o/ )- a; =C'(a;. ), ! )~ 1] (11)
First stages (Governments maximise national welfare ®; and choose the optimal tax
policy.):

max @' = P(g/,q/)-q! —C'(g/,t!,x!)- 1! — D(e!())+t () (12)

Stability: Stability requires the determinant of the Hessian (where s, denotes the respec-
tive strategic variable in country i in period t) to be positive which is tantamount to own
effects dominating cross-effects:

2 ) REGE § AR § RGR §

- - >0  withs; =q/, 1/t (13)
oo ol osis o R

H.[=

Strategic Substitutes:

a1} /ogiag) <0 (14)

Due to the previous assumptions (14) restates the conventional Cournot result that do-
mestic and foreign quantities are strategic substitutes.

Furthermore, we assume that all respective second-order conditions are satisfied. This
implies that emissions are sufficiently convex in knowledge capital.8 Thus, all objective
functions are strictly concave. Finally, a stringent tax policy or tax rate henceforth refers
to a tax rate that is set above the according intratemporal Pigouvian level.

8 See the discussion of the comparative static analysis in section 2.2.
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2.2. Decisions in period 2

In stage 6 both firms choose their output quantities. They do so by differentiating (10)
with respect to quantities. This yields the following first-order conditions which implic-
itly define the Nash-Equilibrium in quantities (assuming that an interior solution exists):

at, PO i, P() o' _

oq,  oq Y aq

0 (15)
(15) implies the reaction functions @, = q;(qz‘) Equilibrium quantities can therefore be
written as q = q'z(rc; K t;tz‘)

The effects of the other strategic variables on quantities can be analysed by totally dif-
ferentiating the first-order conditions with respect to the domestic tax rate (see Appen-
dix A 1 for details). The results replicate the common findings dq /dt! <0 and
dg, /dt’ > 0. By an increase in the domestic tax rate domestic costs increase which
entails an output cutback. And whenever domestic quantities decrease foreign quantities
partly fill the gap and increase.

To assess the effects of increases in domestic R&D expenditures on quantities the first-
order conditions need to be totally differentiated with respect to domestic R&D expen-
ditures (see Appendix A 2 for details). Via the cost-reducing effect of domestic R&D
expenditures domestic quantities increase (dg,’ /dltd >0). And since everything that
decreases domestic costs also increases domestic quantities and consequently decreases
foreign quantities dg," /dI? is negative.

Thus, (by virtue of the assumed demand structure) the conventional Cournot results are
obtained, namely that oq}/aC} <0, aqj/8C) >0 and 8q)/oC) +éq,/6C) < 0. Hence,
even when the respective rival’s reaction is optimal total industry output declines. This
is a direct consequence of the well-established stability condition for reaction functions:
the absolute value of the slope of G,' has to be lower than the absolute value of the
slope of g (Tirole 1988, p. 220).°

In stage 5 the firms decide on their R&D expenditures. Differentiating (11) with respect
to R&D expenditures yields the following first-order conditions which implicitly define
the Nash-Equilibrium in R&D expenditures (again, assuming an interior solution):

!

% A sufficient condition for stability in reaction functions is G

<1 (Tirole 1988, p. 220 (footnote 15),

Dixit 1986, pp. 109-111).

10
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d d d d f d d d
andz _ aP(d). 0y (_)_acd _aq2d ‘axg +P,_aq2d _axg .qg_acd _axg 120 (16)
ol ¢ aq; oqt ) okt ol oxt ol ord ol
ol 4 oC!
:}P'. 2 . — . :l
6/{3 % -/ 81(3 P

(16) shows that in equilibrium the cross effect of domestic R&D expenditures (via do-
mestic knowledge capital) on foreign quantities minus domestic cost reductions due to
lower emissions equal the last Euro spent on R&D expenditures. From the domestic
firm’s point of view this means that it invests in R&D until the ensuing cost reductions
are compensated by the decline in relative revenues which result from falling market
prices (P’ <0). The market price falls because the negative cross effect (dq] /ox} < 0)
implies an increase in domestic quantities.

The foreign firm’s foc is equivalent to (16) except for a different knowledge parameter:

f d f
aHfZ :P"équ .qu.a_acf -a:l (17)
a1, oK) oK)

Due to « > £ the domestic firm has an incentive to reduce its R&D expenditures in
period 2. The foreign firm, however, has to keep up its level of according expenditures
(if it aims at reducing the same amount of emissions as in the first period). Therefore, if
both firms would want to avoid the same amount of emissions the domestic firm bene-
fits from comparatively lower costs since it can access its knowledge capital from pe-
riod 1.

Moreover, domestic and foreign R&D expenditures are strategic substitutes because an
increase in domestic (foreign) R&D increases domestic (foreign) quantities via the cost-
reducing effect and accordingly decreases foreign (domestic) quantities. Therefore, eve-
rything that decreases costs in one firm decreases the other firm’s quantities which also
lowers the latter’s incentive to further reduce its costs (Ulph 1994, p. 214). Conse-
quently, strategic substitutes imply downward-sloping reaction functions which, in turn,
determine the sign of the cross derivatives 6°ITS /a12al, and 6°I13 /a1, a1 .

Lemma 1. Downward-sloping reaction functions imply negative cross derivatives
OIS /aldal) and 8118 /ol a1} .

Proof. (see Appendix A 3)

11
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Thus, reaction functions can only be downward-sloping if &°I1%/a1Sal,) <0 and
&I18 /a1 fa18 <0 holds. This result has important implications for the following com-
parative static analysis.

Whether an increase in the tax rate actually induces R&D expenditures can be analysed
by totally differentiating the second stage first-order conditions with respect to the do-
mestic tax rate. This gives rise to the following equation system:

oIy OIL | [aid] [ o’ce
oy oo | et | |afet )
o1t et | |d | | 8%C’
arfard a0 | [ dt ol ot!
Using (13) and solving (18) with Cramer’s Rule yields:
ao’ct oI
olfetd oa1fal]
o’ct ol o’c’ ofmy o'Cc' oI}
R (A ot o1/ f alet! afa b0 s
dttd - |H|| - |Hl|
ol | R ok
oiey ot
ol o [azn;’ oc’ on! e J
2 f Apd f d d A¢d
i :a|tfa|td ol at? _ a(|td) alfat? oalfal! ollat] b0 s
dt’ H,| H,|

Given that domestic and foreign R&D expenditures are strategic substitutes, which en-
tails 6211 /a1 %61," <0, ambiguities arise due the sign of 8°C®/a1at! . If emissions are
sufficiently convex in knowledge capital it will be negative, if not it will be positive.™
In the latter case dI® /dt’ < 0. However, for the following we will assume the opposite
and therefore allow for tax induced innovation which is a necessary assumption to fur-
ther pursue the assertions of the Porter Hypothesis. The sign of dl,' /dt’ is unambigu-
ously positive since 6°C"/al at? is negative because everything that increases costs
for the domestic firm increases the foreign firm’s incentive to further reduce its costs.
The ambiguity in °C®/a1 6t" does not matter due to the stability requirement (i.e.
own effects dominate cross effects).

19 sufficiently convex emissions imply that the effect of reduced tax payments due to diminishing emis-
sions is not again overcompensated by rising costs due to increased output.

12
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Finally, in stage 4 the governments fix their period 2 tax rates. Using the fact that by
Shepard’s Lemma oC'/ét] =] ** and differentiating (12) with respect to the tax rates
yields the following first-order conditions:

oD a4 aq; aq, ol, aq, ol
2 _p'. +P(:)- + P22 d.gyp .2 .22 gd.
S 8tdq2 ()8’[2 afatquﬂ a;‘atquﬁ
act ol oy oD (el aqd  oe! ox!
B B AU Rb e g S 20
oKy ot ot el \agd ot oxy ot
d d d d
e 6e2d.6q§ +6e2d .azcdz _0
aqd atd okt ot
ob, o, 0 aq, ., oqf ol , aqf ol
0 e gt p() N O O g D O o,
ot ot at) oKt ot oK, ot
f f f f f f f
_acf _alzf .a_alzf ~ 6[3. aezf _aq? . aezf .8K$ 1)
oK, ot oty oel \aq) ot) ox) ot

f f f f
it ae2f .aq? N ae2f _axi 0
oq, ot, Ok, o,

Solving foc (20) for the tax rate yields the optimal domestic regulation schedule in pe-
riod 2:

(22)

td = —+ .
©oey (oe! oqf Lo o) | _p oq, aly y
oq, o Ok, ot

Solving foc (21) for the tax rate yields the optimal foreign regulation schedule in period
2:

1 Using Shepard’s Lemma implies that the production function is strictly quasiconcave.

13



Strategic Environmental Policy and the Accumulation of Knowledge

D | 1 1 e oty
oe, | oe! da, +8e2f 0K, _pr.ﬁ.ﬂ.q; o
aq) ot  ox) o)

t) = (23)

Several strategic effects distort the Pigouvian level at which the tax rate equals marginal
damage. These effects will be explained on the basis of the domestic regulation sched-
ule. In  combination  with  the unambiguously  negative  multiplier

d d d d

3&.%+ o, Ok, (an increase in the tax rate decreases domestic gquantities as
oqy oty oy oty

well as emissions, hence both terms are negative) each effect shifts the optimal tax rate

either upward or downward.

Rent-shifting effect

f d
The positive term — P'-aij-q;j - P()aij shows that an increase in domestic costs

2 2
due to a higher tax rate entails increased foreign quantities which in turn results in de-
creasing domestic quantities. However, since total industry output falls the equilibrium
price for the commodity increases which benefits the foreign firm (that is to say, domes-
tic revenues decline). Thus, the rent-shifting effect exercises a downward pressure on
the tax rate.

Indirect rent-shifting effect

f f
The positive term — P’ S&al—zq;’ - # augments the rent-shifting effect through the
K

ramifications of 61, /at? > 0. A rise in the domestic tax rate increases foreign R&D

expenditures because an increase in domestic costs (that is the direct effect of an in-
creasing tax rate) decreases domestic quantities and therefore increases the foreign
firm’s incentive to further invest in cost-reducing measures. Consequently, the down-
ward pressure on the tax rate is intensified.

Indirect innovation effect

14
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The negative term —P'-——2_.~2..qS - B describes how the quantity-increasing effect
K.

of domestic cost-reducing innovations decreases foreign quantities. Since domestic
quantities increase the domestic firm benefits from an increasing market price. Conse-
quently, this effect countervails the rent-shifting effects and exacts an upward pressure
on the tax rate.

Innovation effect

et a
;o

mestic knowledge capital. This effect shifts the tax rate upwards.

The negative term - 8 signifies the reductions in costs due to increased do-

Innovation cost effect

" I : : : : :
The positive term gTﬁ describes the direct cost-increasing effect of R&D expenditures
2

(that is, the impact of R&D on emissions is neglected) and consequently produces a
downward pressure on the tax rate.

2.3. Decisions in period 1

In stage 3 firms set their optimal output quantities. The first order conditions in stage 3
are simply the period 1 equivalents from the results in stage 6.

AP0 gt p()- 2 =0 2
oq,  oq, aa,

The previous results apply accordingly.

In stage 2 firms again choose their equilibrium R&D expenditures. The foreign firm,
being unable to benefit from knowledge accumulation, maximises its second stage ob-
jective function with respect to period 1 R&D expenditures yielding the straightforward
replication of foc (17) from stage 5.

oy _ o o .

— -a -a-1=0 25
ol ol % o, (23)

The domestic firm, however, sets its R&D expenditures by maximising intertemporal
profits (11.1):

15



Strategic Environmental Policy and the Accumulation of Knowledge

' =11, + 11, = P(g), o/ )- of —C'(al, &), &) )— 1} + P}, 0! ) 4 —C'(al th, wh ) - 1(12.2)

d f d d
aHd = P'. aqld . qf (04 =+ P(.). aqld . — 6Cd o4
ol 0K, 0K, 0K, (26)
f d d
+P’-2qzd -qg -a+P(-)- aqzd -Ot—acd -a-1=0
K K5 K,

In contrast to the foreign firm’s foc (26) includes the intertemporal equivalent to (16) in
the second row. Therefore, the satisfaction of condition (26) necessitates that both in-
tratemporal and intertemporal effects equal the last Euro spent on R&D expenditures in
period 1. Furthermore, the knowledge effects benefiting the domestic firm are now
measured by « . Since period 1 R&D expenditures lead to cost reductions in both peri-
ods the domestic firm faces an incentive to invest relatively more in period 1 R&D to
benefit from the first-mover effect of early commencing with the accumulation of
knowledge capital.

In stage 1 the governments set their initial equilibrium tax rates. Again, due to the lack
of intertemporal effects the foreign government maximises intratemporal welfare in
period 1 while the domestic government maximises intertemporal welfare.

f d f d d
&ifl:p'.aqlf -q +p(.).aqlf +p'.aq1d .allf -q ca+P L gl g
oty ot, oty ok, ot ok, ot
oqy ol _oct ay el

+p. =2 .- 1. f.a
oxd ot/ & ox ot/ ot

oD (oe' oqf o ox') . (oe] oq] oel ok
Tt v e S R Tt T A |0
oe, \oq, ot ok, ot 0q, ot Ok, ot

(27)

(27) then leads to the optimal foreign regulation schedule in period 1 which is, except
for one modification, the equivalent to the result in period 2:

d f
_ PI . aql . f P(')' 8(11

ot %~ ot
, ogt a1t
4 A
oD 1 , 0, ol g
t' = + J =P =50, @ 28
Lol (oo 0] oel ox oy ot! 29)
aqlf atlf aKlf atlf P’ aqld ﬂ "o
o' ot/ %
1 1
oc’ ol ol
oK' ot/ ot
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Note that when fixing its tax rate the foreign government has to consider an intertempo-
ral indirect rent-shifting effect which favours the domestic firm due to its capability to
accumulate knowledge.

Intertemporal indirect rent-shifting effect
» , oqy ol : :
The positive term — P ‘6_“'?'% -a captures the intertemporal cross effect of in-
K 1
duced innovations. An increase in foreign period 1 taxes affects domestic R&D expen-
ditures in period 1 and therefore also the domestic period 2 knowledge capital. Hence,

this effects lowers the foreign tax rate.

The domestic firm faces the intertemporal welfare function (12.1):

® =)+, = P(q},¢/)- ¢! ~C'(ql,t}, ! )~ 1! ~D(e!())+t -&!()

i i Y P B i i i Al (12.1)
+ P(qzlqu ) q,-C (qzitz”(z)_ I, - D(ez('))+t2 'ez(')
Optimisation of (12.1) leads to the following foc:
d f d f f f d
aCDd = P'.aqz qld + P() aqtlj +P'- 8q1f .alld qld -a+ P'.aq_ld.al_z.qld -a
oty ot ot ok, Ot ok, Ot
_act alf .a_élf oD (oe] oqf . oe; Ok
oK’ ot ot oe! (og! ot ox! ot
(29)

e 8e1‘;.6q§ 881‘:.6165 P oq, ol 4 ~aoc’ ol
g, oy Ok O4

oD oe; oq; ol oe; ol
ot e e =0
e, 0q, Ok, Ot ok, O

Rearranging (29) yields the domestic government’s equilibrium regulation schedule:
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oD 1 -pP—== .- .0 -«
o - — - oxd ot %
oe, (oel oqf = oOel Ok ) )
d Aed + d d 8Cd 8Il OCd 5|1
0q, ot Ok, Ot +t—— ot
Ok, Ot Ok, Ot
ol?
I
o8

oD oe! ogd oed ) ald
+a—d—t3' 2. 0
e, 0q, Ok, Ok, ) ot

The optimal domestic tax rate in (30) has three additional effects compared to its for-

eign pendant. Both aforementioned innovation effects are augmented by intertemporal

f d
. - . . |
counterparts. The intertemporal indirect innovation effect — P'-?—g-gt—g-qg - em-
K 1

phasises the intertemporal quantity-shifting in favour of the domestic firm. Furthermore,

d d
I

oc - -a—ldu demonstrates
oKt ot

t! = (30)

and more importantly, the intertemporal innovation effect

that an increase in period 1 taxes facilitates the cost-decreasing accumulation of knowl-
edge. Thus, the impact of early induced innovations persists.

d d d d
The policy adjustment effect a—Dd—tS : 6e2d : aqzd + aezd -alld -a | only becomes
oe, 0q, Ok, Ok, ) ot

effective whenever the optimal tax rate in period 2 differs from the according Pigouvian
level (at the Pigouvian benchmark (aD/ﬁe;’ —tg‘) becomes zero) or when an in total
nonzero effect appears in the brackets. Although the second term in the second paren-
thesis shows how intertemporal knowledge accumulation lowers domestic emissions in
period 2 the very same dependency may ultimately increase total domestic emissions
due to increased domestic output as described in the first term.*? Both effects then have
different impacts on the optimal regulation schedule since the maximisation of welfare
includes (1) the reduction of environmental harm — i.e. a downward (upward) pressure
on the optimal tax rate in period 1 in case of a stringent (lax) tax policy in period 2 —
and (2) the collection of tax revenue — i.e. an upward (downward) pressure on the opti-

2° A dominance of the first term requires demand to be sufficiently flat so that an increase in quantities
entails a relatively small decline in marginal revenue.
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mal tax rate in period 1 in case of a stringent (lax) tax policy in period 2. This effect can
therefore be interpreted as the policy adjustment process that follows from the firms’
measures to reduce their emissions in period 1: Less emissions means less environ-
mental damage which, from an equilibrium perspective, entails a lower tax rate in pe-
riod 2 compared to period 1.2

Consequently, the domestic government faces a further incentive to tighten its environ-
mental regulation in period 1: Given that intertemporal innovations effects exist induc-
ing innovations early puts the domestic firm intertemporally in a better position. This
effect may then be intensified by a downward adjustment of the tax rate in period 2. The
domestic government can choose this option if environmental harm has already been
reduced in period 1. Furthermore, an adjusted tax rate reduces regulation costs of the
domestic firm in period 2 which increases its competitiveness.

The previous discussion culminates in the questions (1) whether the domestic tax rate in
period 1 will be higher than its foreign counterpart and (2) whether the domestic tax rate
in period 1 will be set above the Pigouvian level. These questions will be addressed in
the following propositions.

Proposition 1. The domestic government will set a higher tax rate in period 1 than the
foreign government.

Proof. (see Appendix A 4 for details)

Since the domestic tax rate in period 1 will be higher compared to its foreign counter-
part the question of stringency remains. To highlight the difference of the two periods
we investigate the second question in two steps. First, we analyse the domestic govern-
ment’s behaviour in period 2. Second, we turn to the stringency of its tax policy in pe-
riod 1.

It turns out that the domestic first-order condition (20) contains two necessary condi-
tions which have to hold to allow for a stringent domestic tax policy in period 2. Fur-
thermore, these conditions constitute a hierarchy which follows the rationale of the in-
novation effect in the Porter Hypothesis. First, the benefits from cost-reducing innova-
tion must outweigh according R&D expenditures which is tantamount to the existence

3 To be sure, the adjustment effect emanates because the whole game is about finding the optimal envi-
ronmental policy. Contrary to such an optimisation approach the agency may want to gradually
strengthen its policy to maintain the incentive to reduce emissions (or substitute input factors).
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of an innovation effect. Second, innovation offsets have to occur which is tantamount to
the predominance of the innovation effect over any rent-shifting.'

Proposition 2. The domestic government will set a tax rate above the Pigouvian level in
period 2 if the existence condition for an innovation effect and the predominance condi-
tion for an innovation offset hold.

Proof. (see Appendix A 5)

It is evident that the domestic government will only set a stringent tax policy in period 2
for a sufficiently high value of the knowledge parameter. This result may then be inter-
preted as the replication of the common finding that a stringent tax policy remains
unlikely in a one-period game.

The intertemporal analysis, however, emphasises the ramifications of unilateral knowl-
edge accumulation. The two additional intertemporal innovation effects imply that the
conditions for t’ >adD/de’ are weaker than in the former case since early R&D re-
duces domestic costs in both periods. However, an additional condition has to be intro-
duced to capture the impact of the policy adjustment effect. This condition does not
directly interfere with the aforementioned hierarchy of necessary conditions.

Proposition 3. The domestic government will set a tax rate above the Pigouvian level in
period 1 if the policy adjustment condition, the existence condition for an innovation
effect, and the predominance condition for an innovation offset hold.

Proof. (see Appendix A 6)

The intertemporal analysis shows that the unilateral ability of the domestic firm to ac-
cumulate knowledge results in weaker conditions for the existence of an innovation ef-
fect and for the predominance of the innovation effects over the rent-shifting effects.
This means that innovation offsets in the spirit of the revisionist view are more likely
when knowledge accumulation is considered. Moreover, the policy adjustment condi-
tion provides a further comparative cost advantage for the domestic firm in period 2
since its regulation costs decrease due the downward adjustment of the optimal domes-
tic tax rate.

" An innovation offset is defined as an overcompensation of the benefits of innovation over all according
costs. The latter also contain indirect costs such as losses from a decreasing market share that is caused
by tax-induced rent-shifting.
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Of special importance is the value of « . If the knowledge parameter is sufficiently high
the necessary conditions for a stringent tax policy in period 1 appear to be not overly
restrictive.

In the following section this conclusion will be challenged by introducing bilateral
knowledge accumulation with asymmetric knowledge parameters.

3. Bilateral Knowledge Accumulation

In this section both firms are able to accumulate knowledge that accrues from R&D
expenditures. Hence, both firms now dismiss end-of-pipe abatement and invest in proc-
ess integrated technologies to reduce their emissions. However, to motivate a domestic
first-mover behaviour an asymmetric factor has to be introduced. By differentiating the
knowledge parameters on the basis of their strength into foreign and domestic types this
fundamental requirement is met. To keep the different versions of the model coherent,
the domestic knowledge parameters are assumed to be higher than their foreign pen-
dants (see below for details).

3.1. Basic Modifications

Since both firms are able to benefit from knowledge accumulation (8) becomes:
Ky =ri()+ B0, @)

Another novelty is the differentiation of the knowledge parameters which is needed to

allow for an asymmetry in the otherwise symmetric game. For the following we shall
assume a'>a'>p°>p"  with o'a",p%,8">0. It follows that

a’ + 4% >a' + B". Therefore, (7) changes to:

Ki=a'l] (7)

3.2. Decisions in period 2

In stage 6 firms choose their optimal period 2 quantities. Differentiating (10) with re-
spect to quantities yields:

81_[{2 _i(')‘ i +P(~)—6—C.i=

AN i i 0 (31)
oq, ogy - oq;
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For the comparative static analysis the results from section 2.2. apply.

In stage 5 R&D expenditures are set by differentiating (11) with respect to R&D expen-
ditures. This yields the following first-order conditions which now comprise the modi-
fied knowledge parameters:

aHg ’ aqu d d acd d

=P qd.pY— .BY =1 32
als oK % -/ oKs P (32)
81_12f _P" aqg _qf 'ﬂf _aCf 'ﬂf =1 (33)
al, oK, oK,

Following the argument in section 2.2. domestic and foreign R&D expenditures con-
tinue to be strategic substitutes. Now, however, four reaction functions emerge because
both firms are able to accumulate knowledge intertemporally. Consequently, whenever

intratemporal and intertemporal reaction functions are downward-sloping the signs of
the cross derivatives 9°I15 /01501, and &°I15 /a1, a1 as well as the signs of the in-

tertemporal derivatives 9°I1 /6161 and 6°I1°/a1al¢ can be determined.

Lemma 2. Downward-sloping reaction functions imply negative cross derivatives
o115 /alfal, and 8°T15 /61,417 and positive intertemporal derivatives 6°I1° /61541
and &°11%/o1761¢ .

Proof. (see Appendix A7)

Again, differentiating (12) with respect to tax rates yields stage 4 first-order conditions
which can be rearranged to obtain the equilibrium tax policies in period 2:

f
_P'a&qg _P() aqz

ot at?
_p'.%.ﬁ. ¢. B¢
, oD 1 ot oatd 7
g0 oD . 2 b (34)
Z_ad d d d d af ald
€, 0, _aqz +862 _a’(z _P'.&._Z.qg.ﬂd
oqf oty oxy ot ox; ot
oct A, Al
oxd ol at!
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d f
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These optimal regulation schedules give rise to the well-established strategic effects that
were discussed in section 2.2.

3.3. Decisions in period 1

Optimisation of (10) in stage 3 leads to the following first-order conditions:

oIty _ aP() 4 P() oc' _

T ——5=0 (36)
og, ooy, oa;

In stage 2 both firms now maximise intertemporal profits (11.1) which yields:

i o i . P
al_ll :P'aillqial_FP()aL%lal_acl .a'
ol, 0K, 0K, 0K, @7
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This result can be interpreted as its counterpart in the original model.

Finally, due to the introduction of bilateral knowledge accumulation both governments
maximise intertemporal welfare (12.1) in stage 1:

d f d f f f d d
acpd =P"aqﬁ 'q1d+P(')'aqi +P,‘aq1f '6I1d e +P aqld alld o - alﬁ
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od' . og! aq ., aqt ol , oqd ol ol
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The optimal tax rates consequently are:
(40)
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(41)
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It is evident that both optimal regulation schedules in the first modification of the model
have the same qualitative properties. Both firms now are able to accumulate knowledge
intertemporally and therefore benefit from the intertemporal innovation effects. Fur-
thermore, this modification leads to the incorporation of the intertemporal indirect rent-
shifting effect known from (28) in both equilibrium regulation schedules. Again, the
same questions as in the basic version come to the fore: Will the domestic government
set a unilaterally higher tax rate in period 1 and will it be set above the Pigouvian level?

Proposition 4. The domestic government will set a higher tax rate in period 1 than the
foreign government.

Proof. (see Appendix A 8)

Proposition 5. The domestic government will set a tax rate above the Pigouvian level in
period 1 if the policy adjustment condition, the existence condition, and the predomi-
nance condition hold.

Proof. (see Appendix A 9)

The introduction of bilateral knowledge accumulation — while the asymmetry is main-
tained through different knowledge parameters — demonstrates that the original results
are weakened. Qualitatively, the effects are equivalent except for the additional rent-

25



Strategic Environmental Policy and the Accumulation of Knowledge

shifting effect. Quantitative differences arise from the specific magnitudes of the
knowledge parameters. Still, the domestic government will set a higher tax rate than its
foreign counterpart. Whether this tax rate exceeds the Pigouvian level is not easy to
clarify since the governing effects are ambiguous. But if «° is sufficiently high a do-
mestic tax rate above the Pigouvian level becomes optimal.

4. Conclusion

The previous results give rise to a revaluation of the conventional prediction of strategic
environmental policy games, namely that tax policies most likely will be subject to the
forces of ecological dumping. We assert that this outcome is the inevitable consequence
of using a one-period game to investigate an inherently dynamic topic. Introducing a
two-period game, however, allows for taking the dynamic properties of knowledge crea-
tion into account. To be sure, we concede that an approach which analyses only initial
R&D expenditures very likely will lead to the prediction that governments should install
a lax tax policy. But our results suggest that the incorporation of the benefits from
building upon and improving previous knowledge may result in a stringent first-mover
policy.

This prediction is of course contingent upon the respective environment. It has been
shown that a scenario with unilateral domestic knowledge accumulation facilitates the
policy recommendations: If for whatever reason the foreign firm is incapable of apply-
ing a knowledge-based approach to its efforts in reducing emissions the domestic firm
may very likely benefit from intertemporal innovation effects which renders a stringent
first-mover tax policy the optimal choice for the domestic government. Even in a world
with bilateral knowledge accumulation this recommendation can be maintained if the
domestic firm has higher knowledge parameters. The transnational difference between
the latter may for instance describe that the domestic firm is savvier regarding its
knowledge-based activities.

Although we believe that the previous results shed new light on the regulation-
competitiveness debate we acknowledge that our model lacks some important features.
First, we did not include knowledge spillovers to avoid further ambiguities. It is, how-
ever, reasonable to predict that the domestic policymaker has an incentive to curb the
stringency of its regulation if domestic knowledge can be imitated without or with only
insignificant costs by foreign competitors. A domestic firm facing a stringent regulation
may therefore be worse off if it is not able to sufficiently appropriate the benefits from
its R&D efforts. Second, problems may arise if policymakers have imperfect informa-
tion. In this case the governments may not know about the difference in the knowledge
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parameters and therefore have to base their policy choice on possibly crude estimations
of the underlying dependencies. Consequently, they may either under- or overestimate
the benefits from learning and set a too lax or too stringent tax rate. Third, as usual in
strategic environmental policy models we entirely omitted considerations of different
attitudes towards risks. Undertaking R&D is a chancy endeavour and it is by no means
guaranteed that it results in a marketable innovation. Nevertheless, an educated guess is
that a venturesome firm will react quite differently to a stringent emission tax compared
to a risk-averse rival.

These shortcomings notwithstanding, our results show that a stringent tax policy is the
optimal choice whenever (1) only the firms located under the policymaker’s jurisdiction
are able to accumulate knowledge over time or whenever (2) the differences between
the transnational knowledge parameters are significant. Moreover, the latter bears an
interesting implication. Given that the difference between " and o' needs to be sig-
nificant to guarantee the predominance condition to hold it follows that an increase in
a’ increases marginal domestic welfare. Hence, a stringent tax policy will remain inef-

fective if firm level knowledge-based capabilities are insufficient.

Appendix

Al

Totally differentiating the first-order conditions with respect to the domestic tax rate leads to the follow-
ing equation system: ™

ormy oIy | [dg! FHek
olo! ) oaloa’ || dt? | _| aglot! (42)
orm1! ottt || dg/ o°C'
aqtf aqtd a(q[‘ )2 dttd aqtf attd

Using (13) and solving (42) with Cramer’s Rule yields:

orct o |

aglet’  oqloq,

o*ct ot/ o’c’ o'm,; o*c' oIy
@_‘6%‘6’[," a(qtf )2 B Gq;’atf a(qtf )2 5qtf8ttd aqf’aqth )
at? H,| - H,|

1> Since these effects are equivalent in both periods the following holds throughout the game (hence sub-
scripts t).
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o’riy  o°C®

ogtf  oalet!

o’ a%C! ofm; e*c' o' o*c’
dg! |0 eqd aqfety| \o(gf)f oalet! oaoq’ oot
dtfd ) ‘Hq‘ ) ‘HQ‘

>0 (43b)
Due to the assumptions about the cost and emission functions 6°C*/ag’at® >0 and 4°C ' /ag, at! =0.

A2

Totally differentiating the first-order conditions with respect to domestic R&D expenditures yields the
following equation system:

ofmy o’ | [dg? FHek
a(qf )2 oq; g, || _|aglalf (44)
o1l ot | |dg, o°C'
ac‘tf aqtd 6(qtf )2 dltd aqtf aItd

Using (13) and solving (44) by Cramer’s Rule yields:
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<0 (45b)

Due to 0x”/ol® >0 and the assumptions about the cost functions &°C?/agfal! <0 and
d*C'/agfal! =0.

A3
Totally differentiating first-order conditions (16) and (17) yields
orrd fo(12f dig +o7mg fardal dif =0 (462)
o) fo(1) F i) +eof Jarfard dig =o, (46b)
which can be solved to
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<0 for °115 /alfal) <0 (46¢)

<0 for °115 /ol ol <0 (46d)
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A4

Were the game completely symmetric the symmetry of Hf and 1‘[1f would imply that in equilibrium

t! =t . This requires that the foreign government’s foc (27) is satisfied:

o, ob ., e

At =0 (“47)
a oty o

However, the domestic government’s foc (29) is only satisfied when the additional intertemporal innova-
tion effects (I1E)* are taken into consideration.

oy oD ., o

&L LIE=0 (48)
o oy oy

Since the IIE are positive this means that domestic marginal welfare is still increasing at the symmetric
equilibrium in (47). Therefore, t’ >t .

AS

Due to the setting of the model, deriving clear-cut results is not possible. However, the differences be-
tween intra- and intertemporal results allow for a qualitative prediction. To highlight these differences we
begin with the domestic firm’s foc in period 2. Rearranging 20) yields:

d d d d f d

Coed ) lagd ot ox! ot ot} at?
-) ) (49)
+ p'.%.%.ﬂ.qg +(p'.aq2;.ﬂ.qg _acd.ﬂ_lJalgzo
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At the Pigouvian level the term in the first parenthesis becomes zero. Therefore, in its stringent variant
t > aD/ae§j multiplication of the first and the second parenthesis, which contains the numerator of the

familiar negative multiplier, yields a negative term. Consequently, to satisfy the according foc the subse-
quent positive terms (these are the innovation effects) need to be sufficiently strong.

The existence of an innovation effect requires a positive balance of the effects that the domestic tax policy
exercises on domestic R&D expenditures. Hence, the sign of the sum of the effects in the last parenthesis
has to be positive which implies the following necessary condition:

aq, ¢ oC*
oK A oK

P’ f>1 (50)
Satisfaction of (50) demands that the cost-reducing (part of the innovation effect) and the cross-quantity-
shifting effect (part of the indirect innovation effect) exceed the last unit of induced R&D expenditures. It
is revealing that (50) emphasises the impact of £: The larger the knowledge parameter the stronger the
innovation effects of own R&D expenditures.

'8 These are the tax-increasing intertemporal indirect innovation effect and the intertemporal innovation
effect.
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The predominance condition for an innovation offset is captured in the second necessary condition:

aq, ac*
<|P -2 pqf - 1
( oK} Pl = oxs L ]at
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(51)

P afz -q; +P():

2

(51) demands that the absolute value of the tax-decreasing effects needs to be less than the absolute value
of the induced innovation effects (given that (50) holds]. Hence, by (50) and (51) an intratemporally
stringent regulation may only be issued for a sufficiently large g3.

To eventually obtain t¢ > oD/deS , which means that the first parenthesis in (49) has a negative sign, the
sufficient condition is od /atd 0 which is the domestic foc in stage 4. If the necessary conditions hold
(tg — 0D/ e ) becomes positive if o0 /otd =0

A6

To evaluate the intertemporal effect the results of stage 1 need to be considered. Rearranging (29) yields:
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(52) reveals the policy adjustment condition:
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Condition (53) implies that the emission-reducing effect of induced domestic innovations must not be
overcompensated by an emission-increasing effect. The latter may occur when relative emission reduc-
tions are dwarfed by a rise in total domestic emissions due to increased domestic quantities (see footnote
13). Assuming a predominance of the emission-reducing effect gives rise to a laxer domestic tax policy in
period 2.

However, (53) might not be important at all because either part of the remaining effects may be strong
enough to shape the regulation schedule. But since the use of general functions does not allow for such a
simplification (53) is binding.

The counterpart to the existence condition (50) is:

a f d a f d

P qld-qld-a—acd-a+P'- qzd-qg~a—acd-a>1 (54)
Ok, oK, 0K, 0K,

Condition (54) demands that the sum of all domestic innovation effects exceeds the last unit of tax-

induced R&D. By virtue of knowledge accumulation now both intra- and intertemporal innovation effects

become effective. Hence, (54) is weaker and therefore more likely to hold than (50).

Consequently, and according to the previous approach the necessary predominance condition is:
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, 09, aqt ., aq ol
p’. qi -q° +p(.). q,lj +P. qlf L S a
oYy ot Ok, Ot (55)
f d f d d
< P'aqld qfa_acd a_l,_P'aqzd qga_aCd a_l alild
Ok, 0k, 0K, oK, ot,

Again, by (55) the absolute value of the tax-decreasing effects needs to be less in magnitude than the
absolute value of the induced innovation effects (given that (53) and (54) hold). To allow for a larger
RHS « needs to be sufficiently large to exploit the effect of accumulated knowledge.” And since by
definition ¢ > g a stringent tax policy in period 1 becomes more likely when one allows for knowledge

accumulation. Thus, condition (55) is weaker in comparison to the predominance condition in the in-
tratemporal case.

In the intertemporal case the sufficient condition is the intertemporal foc: If the necessary conditions hold
a stringent domestic tax policy in period 1, that is a positive expression (tld —6D/aefl ) can be obtained if

the foc 6 /at! =0 holds.

A7
Totally differentiating the domestic intertemporal first-order condition yields:
o1 [a(12 f did + 821t fardald dig + o7 fardal) i, =0 (56a)
orrre fardard dif +o2m® a(1S f did +o2md fardar di} =0 (56b)
First, solving equation (56b) for dI yields:

ot /o(1¢ ) o _omjagal

dlld:_zd dAapd 02 2rqd JAdApd o2 (56c)
o’ /a1 ol o’ /a1 ol
Reinserting equation (56c) into equation (56a) yields:
ALY =71 farfal, ot jardard dif + oo /a(1f f o2 fardarf i (56d)

with A, =2°11¢ /a(1¢ f -(— o fa(1¢ )2)+ O°II¢ Ja1fal - o711 farSard <0
A, <0 is a stability condition which ensures that intratemporal effects dominate intertemporal effects.
Second, solving equation (56b) for dI} yields:

o’ jaljal! | o _o'mi*/alfal; ¥ (56¢)

dif =- -
oo fe(1eY T et fa(1ey

Reinserting equation (56e) into equation (56a) yields:
Al =—a2m fa(1f - a2 fargar di,f + o2 Jalgals - ot Jar ol di ) (56)
with A, =711 /o(1¢ f -07me /o(1¢ f -2 fardal - a2t fardang >0

A, > 0 is a stability condition which ensures that intratemporal effects dominate intertemporal effects.

" Note that the domestic firm need not consider an intertemporal indirect rent-shifting effect
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From (42d) the reactions of dI; with respect to foreign R&D expenditures from both periods can be
calculated:

d 2r7d d 2 A2yyd dapf
3:% _on /a('l)Aa /a1l <0 foro’mi®/aldal, <o (572)
2 1

diy —of1%/alfal, -1t ol el
dl;f A,

<0 foro®m’/alfal <0 and o°11°/a13al! >0 (57b)

(57a) merely replicates the result known from (46¢). (57b), however, additionally requires
o’11/a161! >0 to allow for a downward-sloping intertemporal reaction function. That is to say, R&D
expenditures in period 1 increase the marginal effect of period 2 R&D expenditures on intertemporal
domestic profits. The intuition behind this is straightforward: Due to the endurance of early knowledge
capital the effect of subsequent R&D activities is increased because the latter can build upon existent
knowledge.

The reactions of dlld with respect to foreign R&D expenditures from both periods can be interpreted
accordingly. The reactions can be inferred from (56f):

diy _-otm®/a(1z ) -a*n®/aral,

S <0 foro’1’/alfal <0 (57c)
di, A,

dif _efmf/alfaly -o'mit /aljal,
dl, A,

<0 ford’m1*/a1ial) <0 and o°11°/a1taly >0  (57d)

A8

As before, an entirely symmetric game would entail t! =t,". In equilibrium the foreign government’s foc

(39) has to be satisfied. Contrary to the setting with unilateral knowledge accumulation the foreign firm
now also benefits from intertemporal innovation effects:
o oD oe,

———+t" 2 +lEla" )=0 (58)
atlf atlf atlf ( )

Simultaneously, the domestic government’s foc (38) has to be satisfied:

d d
andl —a—?+t'.a%+nE(a“)=o (59)
a; oy o

Both IIE(af) and IIE(ad) are positive. However, since ¢ >« it follows that IIE(ad)> IIE(af).
Thus, at (58) tf is still increasing (that is, (59) is not satisfied), which proofs that t >t'.

A9

Similar to the proof of proposition 3 the domestic government’s period 1 foc (38) can be rearranged to
obtain:

32



Strategic Environmental Policy and the Accumulation of Knowledge

P,’aql all . d.a +P q

. d . f

(o _ D o8, % oe! a;cl aq1 0l P(_)'aqf
1 d d
oef ) \agf o' o o
L
ot!

—_— . a
o, at! oK, 2 (60)
aa! d aa. d I d
+ Pl. qld .qf _ad _aCd .ad +P" qu qg _ad _acd .ad -1 672
Ok, Ok, 0K, 0K, ot;

d d d
SD . 6efj .aqzd N aezd ald o' =0
e? 09, Ok, Ok, ) oY

It follows that three necessary conditions have to hold to allow for a stringent domestic tax policy:

d d d
b . 6e2d ‘ aqzd N 6e2d 6I7 2t >0 (61)
6e2 aq okt ok ) ot
Condition (61) again captures the policy adjustment effect and demands that the emission-reducing effect
of induced domestic innovations is stronger or at least equal to the emission-increasing effect of a rise in

total domestic quantities.
The existence condition is:

f d f ¢
P’-aql g - _xc -a* +P'-aq2 -q; - &« a >1 (62)

d d d d
Ok, Ok, Ok, Ok,

Condition (62) demands that the sum of all domestic innovation effects exceeds the last unit of induced
R&D expenditures. If this existence condition holds an innovation effect occurs.
The predominance condition is:

, g, aq) ., aqg) olf . oq) ol
p’. qi g +P(): qz+p. qlf L Soat 4P qu -—t~qg-a’
ot oYy ok, ot ok, ot (63)
f d f d
< P" aqld . f L0 oC + Pr and X ; | _acd _ad ~1/- ald
0K, 6/(1 0K, Ok, o,

Qualitatively the predominance condition (63) corresponds to (55) insofar as it also demands the tax-
decreasing effects to be less in magnitude than the induced innovation effects. However, due to (1) the

introduction of the intertemporal indirect rent-shifting effect and (2) o >« " there is a quantitative dif-
ference. If the difference between o and o' becomes marginal the additional rent-shifting effect may
produce an impact on a scale that violates the predominance condition which would obviate innovation
offsets. Consequently, (63) is stronger than (55).

The sufficient condition, in turn, is the according foc. That is to say for (tld —8D/ae1d)>0 to hold

od? /et =0 has to hold, too.
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