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1 Introduction

International carbon leakage may undermine a country’s attempt to cope with climate
change. That is, greenhouse-gas (GHG) emission regulations in one country decrease
emissions in that location but may increase emissions in other countries. In the Kyoto
Protocol, developed countries, called the Annex I Parties, committed to decreasing their
GHG emissions. However, developing countries had no obligation to reduce emissions.
Thus, carbon leakage was expected between developed and developing countries. In the
Paris Agreement, both developed and developing countries submitted GHG reduction
targets. However, their targets are diverse because of the lack of coordination among
countries. This would also mean a risk of international carbon leakage.

When a country introduces carbon pricing, domestic firms lose their competitiveness
in markets and in turn their market share. Although GHG emissions from domestic
firms decrease, those from foreign rivals are likely to increase. This is a typical channel
of international carbon leakage.! In particular, it is possible that the latter dominates the
former and global emissions increase. However, firms try to mitigate losses from carbon
pricing, typically, using two strategies. One is to abate GHG emissions. Firms may adopt
or invest in alternative technologies that reduce emissions but are more costly. This may
mitigate international carbon leakage. The other strategy is to locate production plants
abroad. This is another channel of international carbon leakage,? which has been studied
extensively.?

Under these circumstances, policy makers are inclined toward carbon border adjust-
ments (CBAs) when adopting carbon pricing within the jurisdiction. They believe that
CBAs can internalize the environmental costs of production and hence can be more ef-
fective than carbon pricing alone to deal with global warming. However, various CBAs
have been proposed. Some proposals include regulations on only imports. For instance,

the American Clean Energy and Security Act of 2009 proposes a cap-and-trade system

!See Copeland and Taylor (2005), Ishikawa and Kiyono (2006), and Ishikawa et al. (2012, 2020), for

example.

2Changes in the price of fossil fuels can also lead to international carbon leakage (Bohm, 1993; Felder
and Rutherford,1993; Kiyono and Ishikawa, 2004, 2013; Hoel, 2005; Eichner and Pethig, 2015b). A
decrease in fossil fuel demand caused by GHG emission regulations in one country lowers the global price

of fossil fuels, boosting fossil fuel demand and, hence, GHG emissions in other countries.
3See Markusen et al. (1993, 1995), Hoel (1997), Kayalica and Lahiri (2005), Zeng and Zhao (2009),

Dijkstra et al. (2011), and Ishikawa and Okubo (2011, 2016, 2017), among others. See also Erdogan

(2014) for a survey on foreign direct investment (FDI) and environmental regulations.



requiring importers to purchase emission permits, as domestic producers must do.* The
European Green Deal includes a CBA mechanism aiming to “counteract carbon leakage
by putting a carbon price on imports of certain goods from outside the EU”.> The EU
has announced the introduction of carbon-content tariffs by 2023 at the latest. However,
other CBAs also allow exemptions from carbon pricing for exports to eliminate the cost
disadvantage in foreign markets. Elliott et al. (2010) call an emission tax that involves a
tax rebate for exports as well as a tax on imports a “full” CBA. Examples include the SB
775 California Global Warming Solutions Act of 2006. Facing different CBA schemes,
a legitimate question is determining how their effects vary. This question has not been
fully addressed in the existing literature.

Against this background, this study explores the effects of carbon pricing and CBAs
on firm behavior and GHG emissions. To this end, we examine a unilateral tax on
GHG emissions and border tax adjustments (BTAs) in a simple international oligopoly
model. Specifically, we compare the following three policy regimes: i) carbon taxes alone
(Regime «); ii) carbon taxes accompanied by carbon-content tariffs (Regime f); and
iii) carbon taxes coupled with carbon-tax refunds for exports and carbon-content tariffs
(Regime 7). Regime « is the case with no BTAs, Regime ~ is the case with full BTAs,
and Regime [ is the case in between (i.e., partial BTAs).

Our oligopolistic setup captures the feature of firms that emit significant GHGs such
as blast furnace steelmakers and chemical manufacturers. In our analysis, we explicitly
account for emission abatement activities and production locations. We assume that
firms can abate emissions by adopting a clean technology. Regarding firm locations,
we consider two cases: fixed and endogenous locations. Thus, our setup is simple but
rich enough to analyze firms’ reactions to carbon pricing and BTAs that may cause
unexpected distortions in addition to cross-border carbon leakage.

With fixed firm locations, we assume that two firms are located in different countries.
In this case, cross-border carbon leakage is just leakage between the two firms. With
endogenous firm locations, however, cross-border carbon leakage is not necessarily leakage
between the two firms, because both firms may choose a non-taxing country as a result
of the carbon tax. In our model, BTAs mitigate cross-border carbon leakage if the
firm locations are fixed. In particular, full BTAs eliminate cross-border carbon leakage.

However, the elimination of carbon leakage does not necessarily result in less global GHG

“https://www.congress.gov/bill/111th-congress /house-bill /2454
®https://ec.europa.eu/info/law /better-regulation /have-your-say /initiatives/12228-Carbon-Border-

Adjustment-Mechanism



emissions. For a given carbon tax rate, partial BTAs lead to lower global GHG emissions
(i.e., Regime () than with no BTAs (i.e., Regime «), while they can be more with full
BTAs (i.e., Regime ) than with partial BTAs. If the firm locations are endogenous, the
pollution haven effect can also cause cross-border carbon leakage. Thus, carbon leakage
can occur even with full BTAs.

In what follows, Section 2 describes the relationship between our analysis and the
previous CBA literature. Section 3 develops the basic model. Section 4 explores the
effects of a carbon tax on emissions with and without BTAs when firm locations are
fixed. Section 5 extends the analysis to the case with endogenous location choices.

Section 6 briefly discusses the welfare effects of the carbon tax. Section 7 concludes the

paper.

2 Relation to Previous Literature

The rationale of CBAs can be traced back to the discussion about the optimal mix of
environmental and trade policies in dealing with pollution. Markusen (1975) argued that
two taxes among production, consumption, and trade taxes are sufficient to obtain the
first-best result. Since then, CBAs have been shown to be more effective at avoiding
or mitigating carbon leakage compared to some other environmental instruments (Vee-
nendaal et al., 2008; Elliott et al., 2010; Bohringer et al., 2012; Fischer and Fox, 2012;
Yomogida and Tarui, 2013; Ma and Yomogida, 2019), though CBAs’ practicality and
compatibility with the World Trade Oranization (WTO) rules are still under debate
(Ismer and Neuhoff, 2007; Lockwood and Whalley, 2010; Kortum and Weisbach, 2017;
Cosbey et al., 2019).

We contribute to the CBA literature by examining and comparing policy distortions
under different policy regimes. The previous studies focus primarily on how carbon leak-
age occurs without CBAs and how (full) CBAs can reduce global emissions effectively.
For example, Yomogida and Tarui (2013) employ an international oligopoly model and
investigate the optimal emission tax with and without BTAs. They show that an emis-
sion tax is more effective with BTAs than that without BTAs because the policy achieves
higher national welfare for the taxing country and better environmental quality. In par-
ticular, carbon leakage disappears under identical emission intensities across countries.
By contrast, we investigate and compare not only emissions but also firms’ decisions on
locations and abatement investments under the three different policy regimes.

According to the weak version of the Porter hypothesis in Jaffe and Palmer (1997),



stricter environmental regulations would induce firms to engage in abatement activities.
Interestingly, we show that the relationship between the carbon tax rate and emission
abatement activities may not be straightforward; in other words, a sufficiently high tax
rate does not necessarily induce abatement investment. We also show that even if the
Porter hypothesis holds, abatement investment can make a carbon tax backfire. That is,
a firm’s abatement can increase global emissions and an increase in the carbon tax can
increase global emissions with a firm’s abatement activities.

Copeland (1996) points out that a pollution-content tariff is part of the optimal policy
mix in the presence of variable abatement technologies in the foreign country. We find
that if firm locations are fixed, the carbon-content tariff is more effective in reducing
global emissions than a carbon tax alone, but the tax refund may weaken this effect.
Conversely, if firm locations are endogenous, they tend to produce in the non-taxing
country to avoid the losses from carbon taxes. Thus, BTAs basically discourage firms
from choosing locations in the non-taxing country. Furthermore, this effect is stronger
with the tax refunds than without them.

With endogenous location choices, our analysis is related to the pollution haven effect.
Although the hypothesis has extensively been studied, only a few studies investigate it
with CBAs. Ishikawa and Okubo (2017) use the footloose capital model to show that a
carbon tax with BTAs has no impact on firm locations while decreasing the production
of each firm in non-taxing countries. Therefore, no carbon leakage occurs under BTAs.
Ma and Yomogida (2019) develop a North-South duopoly model and examine how the
North’s unilateral carbon tax affects the North firm’s location and technology choice.
They demonstrate that BTAs could encourage the firm to make an FDI with a clean
technology, leading to a decrease in global emissions (called “negative” carbon leakage in
their paper), and the North may have an incentive to induce such clean FDI to maximize
its welfare.

Ma and Yomogida’s (2019) study is most closely related to ours, because they ac-
count for the North firm’s decisions on both production location and technology adoption.
However, their focus is on indicating the negative carbon leakage mentioned above and
deriving optimal carbon tax. More importantly, asymmetric features for both the coun-
tries and firms are crucial to their results. By contrast, we maintain symmetric country
and firm characteristics, except that one country unilaterally introduces a carbon tax.
In particular, we show that even if both firms choose the non-taxing country as their

production base without emission abatement at some tax rate, a higher tax rate can



lead one of the firms to not only adopt the clean technology but also produce in the
taxing country. We also obtain negative carbon leakage under certain conditions with
endogenous locations.

The qualitative features of carbon taxes coupled with full BTAs are similar to those
of consumption-based policies such as consumption taxes. Studies examining the effi-
ciency of such policies in mitigating carbon leakage include those by Jakob et al. (2013),
Eichner and Pethig (2015 a,b), and Béhringer et al. (2017).5 Their focus is basically on
constructing more practical policies which can achieve the same effectiveness as CBAs
in mitigating carbon leakage, considering that the administration costs of CBAs would
be too high to be compensated by the benefit from them. However, our concern is how

a carbon tax with different BTAs affects firm behaviors and the consequent emissions.

3 The Basic Model

There are two symmetric countries, country h (Home) and country f (Foreign), and
two symmetric firms, firms 1 and 2. The firms produce a homogeneous good with the
same fixed costs (FCs) and constant marginal costs (MCs). Both FCs and MCs are
normalized to zero. The home and foreign markets are segmented and the firms engage
in Cournot competition in each market. Trading the good between the two countries
requires transportation costs of 7 per unit of the traded good. We assume that both
firms have a positive supply in each market.

The goods demand is identical between the two markets. Specifically, the inverse

demand function is”

xXl—
Pi(Xi):a_ll_&_;Z:hyfa (1)

where h and f, respectively, represent Home and Foreign; X; and p; are, respectively,

the demand and consumer price in country ¢; and a and € are parameters. Note that
€ is the elasticity of the slope of the inverse demand function, which is assumed to be

constant:
Xip" (X;)

T

SConsumption-based policies are often investigated when consumption causes pollution. In the con-

text of international trade, see Ishikawa and Okubo (2010, 2011) and Tsakiris et al. (2018), for example.
"This demand function is often used in the monopoly and oligopoly literature. It is well known that

the elasticity of the slope of the inverse demand function, ¢, plays a crucial role in various analyses of

monopolies and oligopolies. See Mrézova and Neary (2017).



The (inverse) demand curve is concave if ¢ < 0 and convex if ¢ > 0. If ¢ = 0, then (1)

becomes the linear demand function,
pi=a—X; i=h,f. (2)

In the following analysis, we impose the following assumption, which implies that the
outputs are always strategic substitutes; that is, p' +p”z; < 0, where z; is the supply of

firm j (j = 1,2), always holds.®

Assumption 1 ¢ < 1.

The goods production is dirty in the sense that one unit of production emits one unit
of GHGs. The firms can adopt a clean technology by incurring an FC of F(> 0). We
call the adoption of a clean technology the abatement investment. The clean technology
does not affect production costs but the emissions per unit of production reduce to k
(0 < k < 1) units. The clean technology is unique and k is exogenously given and
fixed. A smaller k£ means a more efficient abatement. To control emissions, the home
government unilaterally sets a specific carbon tax rate of ¢ on domestic production. The
home government may introduce BTAs.

We now specifically examine three policy regimes. In the first regime (Regime «), the
home government imposes a carbon tax on domestic production; in the second regime
(Regime (), the home government also imposes a specific carbon-content tariff on the
imports of the good; and in the third regime (Regime 7), in addition to the carbon tax
and the carbon-content tariff, the home government refunds the carbon tax on exports.
The carbon tax, tariff, and refund rates are the same. There is no BAT under Regime
«a. In Regimes 8 and -, we consider two different BTAs, partial and full, respectively.
Basically, in the presence of a carbon tax in Home, production in Home is protected by
a tariff in Regime 8 and benefits further from an export subsidy in Regime ~.

The profits of firm j (j = 1,2) depend on its technology and location choices, and the
policy regime. If it does not engage in abatement, the profits from producing in Home

and Foreign are, respectively, given by

TN = (pp — )ajan + (pf —t — T+ ¥)T )y,
N = (pp— 17— Btmjm + prjsy,

8For details, see Furusawa et al. (2003) and Mrazovéa and Neary (2017), for example.



where the first term and the second term are the profits from the home and foreign
markets, respectively. The superscripts of 7 indicate firm location (H for Home and F
for Foreign) and abatement status (NN for no abatement and A for abatement). The sub-
scripts indicate the firm, production location, and consumption location. For example,
“jhf” represents firm j’s output produced in Home and consumed in Foreign. We have
B =~ =0in Regime o; f =1 and v = 0 in Regime §; and § =y =1 in Regime ~. The

profits of firm j with abatement are

A = (pn — kt)xjnn + (py — kt — 7+ ykt)zjny — F,
7TJFA = (pn—7— Pkt)xjfn +psxjfs — F,

If firm j incurs the fixed costs of the abatement investment F', then its carbon tax per
unit of output becomes kt.”?

10" In Regime «, for

We next state two lemmas that are useful for our analysis.
example, an increase in the carbon tax rate increases only firm 1’s effective MCs. Then,
the following lemma tells us the effects of an increase in the effective MCs on outputs

and profits.

Lemma 1 An increase in the effective MCs of firm j (7 = 1,2) to serve a market
decreases its supply and profits in the market, and increases the supply and profits of the

other firm. Total supply in the market decreases.

In Regimes B and «, an increase in the carbon tax rate increases the effective MCs
of both firms to serve Home. Without emission abatement, an increase in the effective
MCs to serve Home caused by an increase in the tax rate, At, are the same for firms
1 and 2. With only firm 1’s emission abatement, an increase in firm 1’s effective MCs
becomes Akt, which is less than the increase in firm 2’s effective MCs At.!! Then, the
following lemma tells us how a simultaneous increase in the effective MCs affect outputs
and profits in Home. The condition in the lemma depends on the share of firm j in

12
Home, ojp.

9 Appendix A summarizes the effective MCs.
10The proofs are given in Appendix B.
L1f hoth firms engage in abatement, an increase in the effective MC equals Akt. The effects of an

increase in ¢t on supply and profits in this case are qualitatively the same as those with no abatement.
Ishikawa and Komoriya (2007, 2009) derive similar conditions.



Lemma 2 Suppose that the effective MCs of firm 1 to serve Home increase by Akt and
those of firm 2 increase by At. Then, firm 1’s (firm 2’s) supply in Home decreases if
and only if (1 —eo1p) — k(2 —eoap) < 0 ((2 —co1p) — k(1 —eogp) > 0). Firm 1’s
(Firm 2’s) profits in Home decrease if and only if (e (o1, + 2091,) —4)k+ (2 — o) <0
((2 —eoon) k+ (2601, + €09, —4) < 0).

Note that the condition for the decrease in supply becomes (1—co1) — (2—e09,) < 0
((2 —eo1p) — (1 — €ogp) > 0) if neither firm adopts the clean technology or if both
firms adopt the clean technology. Additionally, note that an increase in ¢t may increase
the supply of one of the two firms. For example, with linear demand (i.e., ¢ = 0),
(1—e01p)—k(2—e09,) > O holds ifand only if k < 1. With k = 1, (1—e01,)—k(2—c02;) >
0 holds if and only if (1 — 207;) > 1.13 The economic intuition is as follows. The
direct effect of an increase in the effective MCs is lower output. However, there is an
indirect effect: a decrease in the output increases the output of the other firm because of
strategic substitutability. The output increase caused by the indirect effect can dominate
the output decrease by the direct effect. This is the case only if the firms have different
effective MCs.

4 Fixed location

In this section, we investigate the case under fixed firm locations. We assume that firm
1 is in Home while firm 2 is in Foreign. There are two stages of decision. In the first
stage, taking home environmental policies as given, the firms decide whether to adopt
the clean technology (i.e., to invest in emission abatement). In the second stage, the
firms compete in both the home and foreign markets.

If the environmental regulation is not very stringent, then the firms have no incentive
to abate emissions. However, if the carbon tax is high, the firms may invest in emission
abatement to reduce their tax payments. We are particularly interested in how the three

policy regimes affect firms’ decisions and the consequent emissions.

4.1 Carbon tax without BTAs (Regime «)

In this regime, the home government sets only a carbon tax on domestic production.

When there is no BTA, firm 2 has no incentive to adopt the clean technology because its

13¢(1 — 201) > 1 holds only if both £ < 0 (i.e., the demand is concave) and o1 > 1/2 hold.



abatement does not affect its effective MCs for exports. The profits of each firm without

emission abatement are, respectively, given by

RIFNNG (N _pypie y (NN g r)giie,
71_QHFNNa — (thNa_T)xé\}Z}\lfa_‘_pﬁ[VNaxé\}]}fa'

The superscripts of m; (7 = 1,2) indicate firm 1’s location, firm 2’s location, firm 1’s
abatement status, firm 2’s abatement status, and the regime. For example, “HFNNa”
represents the profits when firm 1 is in Home, firm 2 is in Foreign, and neither firm is
engaged in abatement in Regime «. The superscripts of x and p; (i = h, f) indicate firm
1’s abatement status, firm 2’s abatement status, and the regime. The profits of each firm

with firm 1’s abatement are, respectively, given by

RPN Y R 4 (N ke
7_[_%-IFANoz — (pﬁNoz _T)'CC?;XQ _’_p?NaxéA;\}a'

With t = 0, TF{{FNNQ — wf{FAN“ = F, implying firm 1 has no incentive for emis-

HFNNao HFAN« HEFNNo <
1 1 1

sion abatement. Although both 7 and w

i FAN can hold for some (> 0). With pf/FNNa < mHFANa firm 1 engages in emission

are decreasing in ¢, 7

abatement.

Note that 7HFNNa — £ HE ANe can hold multiple times. To illustrate this possibility,
we consider the case under linear demand (2).14 To ensure both x1,; > 0 and zap; > 0
in the following analysis, we assume a —2(t+17) > 0, i.e., t < “7727 =t in the case under

linear demand. We obtain
4t
g%(t) = (rfiFANe ) — gHENNe 5(1 —k)(2a — 2t — 7 — 2kt),

2
which is an inverted parabola with the vertex at ( 42(ij£), (1_1];)((1%‘:;)7) ), implying that

2
rlFNNa — rHFANG polds twice if F < U5 We let 195 and 97 (195 < #5L)

denote the tax rates, at which g/ F'NNe — gfHFANa Lolds. Noting 7, firm 1 with F <

(1—k)(2a—7)?2
18(1+k)

It is intuitive that firm 1 does not engage in emission abatement if F' is too high.

would abate its emissions if #¢° < ¢ < min{t$*,7} holds.!®

Interestingly, however, firm 1 also loses its incentive for emission abatement if t‘f‘L <t<t

holds. Although both 7f/FNNe and 7HF ANa decrease in ¢, the incentive depends on the

“The following argument is valid with general demand.

15The following is a necessary condition for t$ < %: 42&1;) <t(ie, k< ﬁ)

10
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Figure 1: Abatement decisions in Regime «.

gap between i FNNa and pfIFANe (o ¢%(t) — F). Thus, the relationship between the
carbon tax rate and emission abatement is not very straightforward.

To explore this, let us consider

dga(t) 4 fel o o o
o= 3[( NN NN )—k( AN AN )]

= 5l T1hn + Tipg Tipp + Ting

dt 1hh
marginal benefit from emission abatement is positive when ¢ is sufficiently small. Note

that (:c{‘hNha—l—xf,i\}"‘) > (a:{\,[f,\{a—kxﬁj}m) holds if t > 0. When ¢ is large, k(x‘f,%o‘—l—x‘f}{\}o‘) >

(wﬁ]}[a—l—xﬁf}[a) holds. dg;t(t) < 0 implies that firm 1 may lose its incentive for abatement.

We can rephrase this argument intuitively as follows. Emission abatement lowers the tax

dg®(t) >0 because both 2/ = z{f* and z}¥* = 2} hold at t = 0. Thus, the

per unit output but increases the tax base. The former is a positive effect of emission
abatement while the latter is a negative effect. The positive effect dominates the negative
effect if ¢ is small, and vice versa if ¢ is large. Thus, firm 1 may not have an incentive for
emission abatement if ¢ is large.

Figure 1 illustrates this result. When F' = F,, firm 1 does not adopt the clean
technology. When F' = Fp, firm 1 adopts the clean technology if the tax rate is in
the middle range (i.e., t‘f‘s <t < t§¢r). When F = F,, firm 1 would adopt the clean
technology if the tax rate is high (i.e., t¢° <t < 7).

Another interesting point is that a carbon tax may backfire. Without emission abate-

ment, an increase in the carbon tax decreases firm 1’s emissions, F/;, but increases firm

11



2’s emissions, F, (see Lemma 1). Thus, cross-border carbon leakage occurs but global
emissions, F, decrease. However, if firm 1 adopts the clean technology at the lowest tax
rate which leads to i FNNa — pHFANa then firm 2’s emissions necessarily decrease
while firm 1’s emissions can increase. The reason is as follows. As firm 1’s abatement
investment raises its total output, its total emissions can increase even though emissions
per unit of firm 1’s output decrease.!® If the increase in firm 1’ emissions dominates
the decrease in firm 2’s emissions, global emissions increase as a result of the abatement
investment. We can confirm this result with liner demand (2). For a given ¢, we have

1
BTN — pIfANe = 2(a—2t+7) + (a = 2(t + 7))

‘gwhom+7yua—%M+ﬂ»>

_ éﬂ—@@a—%—r—%ﬂ<0
& (20 — 4t — 71 —4kt) < 0.

BHPNNe _ pHPANS — 2(3(90 — £ = 7)) — 2((~40) K + (20 + 26 — ) K + (20— 7))
- éﬂ—@@a—%—r—%0<0

< (2a —2t — 7 — 4kt) < 0. (3)

We can easily find the parameter values (a, 7, and k) and t(< ) for which EHFNNa <
EHFANagnd /or EAFNNa o pHFANa )4,

It is also noteworthy that BfIFNNa pHFANa anq pHENNa are decreasing in ¢, while
EHFANa can be increasing in t. At first glance, it seems counter intuitive that an increase
in t increases global emissions, regardless of the presence of the abatement investment.
The economic intuition behind this result is as follows. An increase in ¢ decreases firm
1’s output and increases firm 2’s output. When k(> 0) is small, the decrease in firm
1’s emissions caused by an increase in the carbon tax is small because it is equal to k
times the decrease in firm 1’s output. Thus, it is dominated by the increase in firm 2’s
emissions caused by an increase in the carbon tax, which is simply equal to the increase
in firm 2’s output. In the case of linear demands, EfFAN
if k> 3.

Thus, we establish the following proposition.

is decreasing in ¢ if and only

161f k = 0, firm 1’s emissions necessarily decrease. Thus, from the continuity argument, firm 1’s

emissions decrease as long as k is close to zero.

12



Proposition 1 A carbon tax can induce firm 1 to invest in emission abatement if the
inwvestment cost is not too high. Even if firm 1 has an incentive for emission abatement
for some carbon tax rates, it may lose the incentive for higher tax rates. For a given
t, firm 1’s emission abatement decreases firm 2’s emissions, but may increase global
emissions as well as firm 1°s emissions. If firm 1’s emission abatement is highly efficient
(i.e., k is small), an increase in t increases global emissions in the presence of firm 1’s

abatement.

4.2 Carbon tax with carbon-content tariff (Regime [3)

In this regime, a carbon tax is accompanied by a carbon-content tariff at a tax rate equal
to the carbon tax rate. The carbon-content tariff affects only firm 2’s effective MCs for
exports. Without emission abatement, introducing the tariff for a given ¢ increases firm
1’s output for the home market and decreases firm 2’s output for the home market
(recall Lemma 1). Since the decrease dominates the increase, the total output for the
home market falls. Thus, for a given ¢, a carbon-content tariff raises firm 1’s emissions

and reduces both firm 2’s emissions and global emissions, i.e., EfIFNNB > PHFNNa

E;IFNNB < E{IFNNC“, and FHFNNS o pHENNa  Note that compared with Regime o,
cross-border carbon leakage declines because emissions from firm 2’s output for the home
market decrease.

Next we consider emission abatement. The profits of each firm with only firm 1’s

abatement investment are, respectively, given by

HFAN AN AN AN AN

a PN = (N — ka4 N -kt — )y -
HFAN AN AN ANpB AN,

T fo= (py, p —T—t)lEthB—i-pf Bfof'B.

The profits of each firm with only firm 2’s abatement investment are analogous:

HFNA NA NA NA NA
™ o= oy = e+ (P Pt T)$1hfﬁ’
RHFNAS _ (NAB g NAS | NASNAS

The profits with abatement investment by both firms are, respectively,

HFAA AA AA AA AA
m - (py, g —kt)xlhhﬁ-i- (p} p —k:t—T)xlhf’B — F,
ﬂ'gFAAﬁ = (p;?AfB  — kt)x?ﬁf —l—p?A’Bx';f}ﬁ - F.

The carbon-content tariff affects firm 2’s effective MCs, implying that firm 2 may

also have an incentive to invest in abatement if ¢ is sufficiently high. Whereas firm 1’s

13



abatement lowers its effective MCs for its total production, firm 2’s abatement decreases
its effective MCs only for its exports. Thus, it is more likely that firm 1 has stronger
incentive to abate its emissions than firm 2. We can determine if this is actually the case

by checking the following sign:

_ HFAN HFNN HFNA HFNN
Aﬂ-lﬁQ = (m f- ™ ﬁ) — (my P Ty ’8)
AN AN NN NN
= [(p}, - kt)xlhhﬁ - (pp, = t)xmhﬁ]

g™ =kt =y — ot = 1)agy]
o™ =7 = kt)agg” — " =7 = )y
If 7 is sufficiently small, the first and the third square brackets are almost equal. As
the second square bracket is positive, we obtain A’l‘("f2 > 0. Thus, the threshold tax rate
between no abatement and abatement is lower for firm 1 than for firm 2 if 7 is sufficiently
small.
Moreover, Appendix C proves that Aﬁ’fz > () holds regardless of the size of 7 if € > 0.
To elaborate on the firms’ abatement decisions, we focus on linear demand (2). First,

we can confirm

4t
Aﬂlﬁzz 5 (1—k)(a—t+7—kt)>0
for 0 < t < (< ﬁ—;) Thus, letting tfs denote the lowest t that satisfies 77{{ FANS _
aFNNB firm 2 does not abate emissions (i.c., ot VA < B ENNGY 5 ¢ < 199 We can

determine firm 1’s incentive to invest in abatement given no abatement by firm 2 from

the following:
4t
¢ (t) = (e FANP Ly — g TENNG 5 (L= k)(Qa—t—7—2kt),

2a—1 (1—k)(2a—7)2
(2k+1) ) 9(2k+1)

2 —
ﬂfl FNNB _ 71{{ FANB 10lds twice at tf Sand t?L if < %. Noting t, therefore,

2 —
firm 1 with F' < % would abate its emissions if tfs <t< min{t'fL, £} holds.'”

Note that once firm 1 adopts the clean technology, firm 2 may change its strategy; it

which is an inverted parabola with the vertex at (2 ), implying that

may also adopt the clean technology. Thus, we need to check firm 2’s incentive to invest

in abatement given firm 1’s investment. We have

4
BA(t) = (nlIFAAB | [y _ pHFANS _ g(l k) (a—t—27),

"The following is a necessary condition for t/* < Z: 2(22‘211) <t (ie, —a—71— 4kt + 2ka > 0).
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which is an inverted parabola with the vertex at (a_227, (l_k)(g _2T)2>. Thus, if F <

w, then there exists the tax rate, t§(< t), at which waAAB = ﬂfFANB holds.'®

We can readily verify that ¢°(t) = hP(t) holds at t = & (a +7) (= t), which is greater
than both 2(22“,;71) and %527, This implies that ¢°(t) > hA(t) for t < t and the slopes of
g% (t) and hP(t) are negative at t. Thus, we obtain tfs < tg, which means there exists a

range of ¢t under which firm 1 would adopt the clean technology but firm 2 would not.
In the presence of firm 1’s abatement investment, firm 2 would also invest in emission
abatement if tg <t< min{t/fL,f}.

Conversely, we need to check whether firm 1 would still adopt the clean technology
even if firm 2 also adopts the clean technology. For this, we examine firm 1’s incentive

to invest abatement given firm 2’s investment. We have

4t

mP(t) = (nfFAAS | py — pHENAS _ 5 1=k (20 =2t —7—kt).
Since mP(t) = RP(t) holds at t = o, mP(t) > hP(t) for 0 < t <t < 1. This

implies that both firms engage in abatement if firm 2 adopts the clean technology. Thus,
unless F' is very large, there is a threshold of ¢ below which only firm 1 adopts the clean
technology and above which both firms do so.

Just as in the case with a carbon tax alone, as a result of only firm 1’s investment in
abatement, firm 2’s emissions decrease but firm 1’s emissions and global emissions can

increase. With linear demand, we obtain

1
EHENNG _ pHEANG g(17/&)(2(%?)1%7f4kzt)<0
< (2a—3t—T1—4kt) <0
1
EHFNNB _ pHFANB g(l—k)(2a7t77'74k:t)<0

< (2a—t—1—4kt) <0,

for a given t. However, compared with (3), ETFNNB « pHFANS g Jess likely. Moreover,
Ef FANB and BHFANB are decreasing in ¢, while ElH FANB i decreasing in ¢ if and only
if k> ;.

Firm 2’s emission abatement does not affect the outputs for the foreign market,
meaning the emissions stemming from firm 1’s output for the foreign market are constant
while those from firm 2’s output for the foreign market decrease. Firm 1’s output for the

home market decreases while firm 2’s output for the home market increases. Although the

2
BIf F < %, then there exist two tax rates which lead to ﬂfFAAB = ﬂfFANB. However, the

higher tax rate is always greater than t.
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Figure 2: Abatement choices with fixed locations.

emissions stemming from firm 1’s output for the home market decrease, it is generally
ambiguous whether those from firm 2’s output for the home market decrease. With

linear demand, we can readily verify Efl FAAB Ef{ FANB , Eg FAAB Ef FANG , and

EHFAAB - pHFANG, HFAAB and BHFAAB 4re

Moreover, with general demands, F;|
decreasing in ¢, while Ef FAAp may or may not be decreasing in ¢.'°

Next, comparing between Regimes a and 3, we examine how the presence of the
carbon-content tariff affects firm 1’s incentive to invest in abatement. For this, we check

the sign of the following:

Aﬂ‘?ﬁ = (ﬂ_{‘[FANOz _ W{{FNNO:) _ (W{{FANﬁ _ W{JFNNB)

AN AN NN NN AN AN NN NN
= (piVe — k)N — (p N — )N — (N — k)2 — 0P — D).

(4)

If this is negative, the range of ¢ at which firm 1 invests in abatement would expand; that
is, firm 1 has an incentive to abate emissions for lower carbon taxes with the carbon-
content tariff than without it. Compared to the case with a carbon tax alone, for a given
t, firm 1’s output for the home market increases while its output for the foreign market
remains unchanged. Thus, it is more likely that firm 1 abates emissions for lower carbon
taxes. Appendix C shows that Aw?ﬁ < 0if € > 0. Figure 2 illustrates a possible case
where 7% < 195 < 5 <7 < 9L holds.

We now compare the emission level between Regimes o and S when only firm 1

EHFANa EHFANB).

invests in emission abatement (i.e., we compare and The carbon-

content tariff does not affect the emissions stemming from the outputs for the foreign

9With linear demand, Ef FAAB ig independent of t.
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market. With respect to the outputs for the home market, firm 1’s output increases but
firm 2’s output and the total output decrease. This result implies that for a given t,

EfIFAN’B > E{{FANQ’ E2HFAN,8 < E2HFANa, and EHFANB ~ pHFANo 1414,

Thus, we obtain the following proposition.

Proposition 2 A carbon tax accompanied by a carbon-content tariff can induce both firms
1 and 2 to invest in emission abatement if the investment cost is not too high. Firm 1
has more incentive to invest in emission abatement than firm 2 if 7 is sufficiently small
or if demand is convex (i.e., if € > 0). The introduction of the carbon-content tariff
for a given t, if it does not change the abatement decisions, increases firm 1’s emissions
but decreases firm 2’s emissions and global emissions. An increase in t decreases global
emissions if neither firm or both firms adopt the clean technology, but can increase them
if only firm 1 adopts it. Firm 1 has more incentive to invest in emission abatement with

a carbon-content tariff than without it if demand is convex (i.e., if € >0).

4.3 Carbon tax with tax refunds at the border and a carbon-content

tariff (Regime 7)

When we introduce carbon-tax refunds, the effective MCs to serve the foreign market are
independent of the home carbon tax. Thus, firm 1’s disadvantage in the foreign market
is offset.

We consider emission abatement in this regime. The profits of each firm with only

firm 1’s abatement investment are, respectively, given by

HFAN AN AN AN AN
m Vo= T kx0T = ey, — F
m TN = N =7 =)y 4+ Ny

The profits of each firm with only firm 2’s abatement investment are analogous:

HFNA NA NA NA NA
m o= (T Oy (T Ty
Wf FNAy  _ (thAV -7 — k:t)xé\;’z7 + pﬁcVAvxé\%‘ﬂ - F

If both firms invest in emission abatement, then each firm’s profits are

HFAA AA AA AA AA
m o= T kay + (T = m)ay ) — F
7T§ FAAy - _ (p,‘?A'Y -7 — kt)xfﬁ? + ]9?’47:1,"24]2&}7 - F.
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Whereas firm 1’s abatement decreases its effective MCs only for its domestic produc-
tion from t to kt, firm 2’s abatement decreases its effective MCs only for its exports from
t+ 7 to kt + 7. If the following sign is positive, firm 1 has more incentive to abate its
emissions than firm 2; that is, the threshold of the tax rate between no abatement and

abatement is lower for firm 1 than for firm 2:

_ HFAN HFNN HFNA HFNN
AFYQ = (7T1 T - ™ 7) - (7T2 T - Ty 7)
AN AN NN NN
= [, T - kt)l&hhw — (pp, 7 - t)$1hh7]

NA NA NN NN
—p, " =T — /ct):chh'Y —(p, T T — t)a:th'Y].

Appendix C shows that An]y, > 0 if € > 0.2
With linear demand (2), we can determine firm 1’s incentive to invest in abatement

from the following:
4t
g'(t) = (7 FANT 4 By — g TENNY o =) (a+7—kt),

2
which is an inverted parabola with the vertex at (%, %), implying that

2
al ENNY 7 HEANY 1olds twice at ¢]%and 77 (17° < 75) if F < (1716)9%. How-

ever, tYL > t holds because t < “;TT Thus, with F < %, firm 1 abates its
emissions if t?s < t <t holds.

As in Regime 3, we need to check firm 2’s incentive to invest in abatement given firm
1’s investment. With linear demands, we have

4t
W (t) = (rd FAY 4 ) — g EANY - o=k (a—t—27r)= KA (4).

—k)(a—27)?2 _
If F< %, then there exits a tax rate of ¢3(< ) at which WfFAA’B = WfFAN’B

holds. We can readily verify that ¢7(¢) = h7(¢) holds at ¢ = %(< 0), which implies
that ¢g7(t) > h7(t) for t > 0.2 Thus, we obtain t’fs < tg, which means there exists a
range of ¢t under which firm 1 would adopt the clean technology while firm 2 would not.
In the presence of firm 1’s abatement investment, firm 2 would also invest in emission
abatement if ¢ < ¢ < min{t]" #}.

Conversely, we examine firm 1’s incentive to invest in abatement given firm 2’s in-
vestment. With linear demands, we have

4t
m(t) = (i FAY 4 py g ENAY 5 A=k (a—t+7).

20With linear demands (2), Any, = 4tr(1 — k)/3 > 0.
21The threshold tariff rate between no abatement and abatement for firm 2 is the same for Regimes

B and 7, ie., t] = t5 (see Figure 2).
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As m7(t) > h7(t) holds for ¢ > 0, both firms engage in abatement if firm 2 adopts the
clean technology.

Thus, unless F' is very large, there is a threshold of ¢ below which only firm 1 adopts
the clean technology and above which both firms adopt the clean technology. With

linear demands, we can also verify that Ef FANY and EHFANY are decreasing in t, while

Efl FANY i4 decreasing in t if and only if k£ > %

We now compare Regime v with Regime « for a given ¢t. In Regime ~, the supplies
to both the home and foreign markets by firm 1 are larger, while those by firm 2 are
smaller. The total supply to the home market is smaller, while that to the foreign market
is larger. In general, it is ambiguous whether global emissions decrease. In the case of
linear demand, for example, the shift from Regime « to Regime ~ does not affect global
emissions if neither firm adopts the clean technology in both regimes but decreases them
if only firm 1 adopts the clean technology in both regimes.??

Note that firm 1’s abatement investment decreases its effective MC for the total
output in Regime « but decreases that for the output only for the home market in
Regime ~. Thus, the threshold tax rate between no abatement and abatement for firm
1 is likely to be larger in Regime + than in Regime «. For example, we can confirm this
result in the case of linear demand because

(W{{FANW B 7Tf{FNNy) _ (nlIFANa _ [HFNNay _ % (k—1)(a—2t — 27 — kt),
is likely to be negative.

We also note that introducing a carbon tax under Regime « results in carbon leakage
from firm 1 to firm 2 while that under Regime « results in no carbon leakage.?3 Inter-
estingly, however, a carbon tax under Regime ~ is not necessarily superior in terms of

reducing global emissions compared to a carbon tax under Regime «a.

Thus, we obtain the following proposition.

Proposition 3 Introducing a carbon tax with a border carbon-content tariff and the
carbon-tax refunds for exports eliminates the cross-border carbon leakage caused by a
carbon tax with no BTA. For a given t, global emissions may not be less under the

former carbon tax than under the latter carbon tax.

221f k is sufficiently small, the latter result holds for general demands.
23Since firm 2’s emissions actually decrease, “negative” carbon leakage occurs.
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Next, we compare Regime ~ with Regime S. Since the tax refunds are basically an
export subsidy, firm 1’s supply to the home market remains the same but its supply to
the foreign market increases. Compared with Regime 3, firm 1’s output for the foreign
market increases while firm 2’s output for the foreign market decreases. Since the former
effect dominates the latter effect, the total output for the foreign market rises. Thus,
without emission abatement, we have Ef{ ENNY Ef{ FNNB EZH FNNv E;I FNNB - and
FEHFNNy ~ pHENNB for o given t. Similarly, with the abatement investment by both
firms, E{{ FAdy o E{I FAAB, Ef FAAy E;I FAAB and BHFAAY 5 pHFAAB g1 o oiven
t. However, global emissions can be lower in Regime ~ if only firm 1 adopts the clean
technology. In the foreign market, the total supply increases but firm 1’s supply (i.e., the
supply subject to the carbon tax) increases more than the total supply. Consequently, it

is ambiguous whether the total emissions increase. With linear demands (2), for example,

we obtain

kt 1
EHEANy _ pHFANG _ Tk =) >06k> .

When k is small, the increase in the total supply in the foreign market is small, but some
of firm 2’s supply is replaced by firm 1’s supply which is subject to low per-unit emissions.
Thus, for a given t, introducing tax refunds can decrease total emissions. Thus, again, a
carbon tax under Regime v which generates no carbon leakage is not necessarily superior
in terms of reducing global emissions compared to a carbon tax under Regime 3, which
generates carbon leakage.

Compared with Regime 3, whether or not firm 1 engages in emission abatement, firm
1’s effective MCs for exports become 7 alone. Introducing tax refunds does not affect
the other MCs. Thus, for a given ¢, we obtain

(TrfIFANﬁ B ﬂ_{{FNNﬂ) B (ﬂ_fIFAN'y B ﬂ_fIFNN'y)

AN AN NN NN
= (pf B—kt—T)xlhfﬁ—(pf ’B—t—T).%’lhf'8>0,

implying that the threshold tax rate between no abatement and abatement for firm 1 is
larger in Regime v than in Regime 3 (see Figure 2).2* This result is intuitive because the
tax refunds decrease the benefit of emission abatement. Thus, the tax refunds discourage
firm 1’s abatement investment. We can also verify

HFAA HFAN HFAA HFAN
(73 F- Ty ﬂ) — (my T ) V) =0,

which means the threshold of the tariff rate between no abatement and abatement for

firm 2 is the same in Regime v and Regime £.

24This result does not depend on linear demand.
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Thus, we obtain the following proposition.

Proposition 4 Introducing carbon-tax refunds for exports in addition to the border
carbon-content tariff makes the threshold tax rate between no abatement and abatement
for firm 1 larger but does not change that for firm 2. For a given t at which neither firm
or both firms adopt the clean technology, global emissions are larger with the carbon-tax
refunds than without them (i.e., EHFNNY > RHENNG gpq pHEAAy o pHFAAB polq),
Howewver, for a given t, at which only firm 1 adopts the clean technology, global emissions
can be lower with the taz refunds than without them (i.e., EAFANY < EHFANS cqn hold)

if k is small.

5 Endogenous locations

In this section, we investigate the case where the firms also choose their locations. The
decision stages are modified as follows. In the first stage, taking home emission policies
as given, the firms choose their locations and technologies simultaneously. In the second
stage, the firms compete in both home and foreign markets. We assume that the firms
do not incur any cost to choose their locations.?®

Since there are two locations and two technologies, each firm has four strategies
in the first stage: HN (Home and no abatement), HA (Home and abatement), F'N
(Foreign and no abatement), and F'A (Foreign and abatement). The complete analysis
of endogenous location and technology choices is rather complicated because there are
many possible cases to consider. Thus, in this section, our purpose is not to provide the
complete analysis in the presence of endogenous location and technology choices but to
show interesting location patterns.

First, we can make the following claim.?5

Lemma 3 The two firms would not choose the same location with no carbon tazx if

demand is convex (i.e., € >0).

We assume that the two firms choose different locations without a carbon tax. We also

25We can introduce a set-up fixed cost; however, if it is the same for Home and Foreign, then the

essence of our analysis would not change.
26The proof is given in Appendix D.
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assume that if the two firms choose different locations, then firms 1 and 2, respectively,
choose Home and Foreign. Obviously, no firm would invest in the clean technology
without a carbon tax.

In the following, we first show that there can be a threshold tax rate at which both
firms choose Foreign. In Regime «, the carbon tax that is above the threshold rate is
not effective. In Regimes 8 and v, we show that even if both firms choose Foreign for

some tax rates, they may choose different locations for higher tax rates.

5.1 Carbon tax with no BTAs (Regime «)

The location pattern in which firms 1 and 2, respectively, choose Home and Foreign
remains to be realized as long as t is sufficiently small. When ¢ is relatively large, firm
1 may choose the Foreign location or engage in abatement in Home. Without firm 1’s
abatement, the threshold tax rate at which firm 1 chooses Foreign is less than 7, because
firm 1’s effective MCs are t for the home market and ¢ + 7 for the foreign market with
(HN,FN), but are 7 for the home market and 0 for the foreign market with (FN, FN).?
With firm 1’s abatement, the threshold tax rate at which firm 1 chooses Foreign is higher
than without it, but is less than 7/k. However, if k is sufficiently close to zero, firm 1 is
unlikely to choose Foreign even with high tax rates. Thus, in the following analysis, we
focus on the case where the first-stage equilibrium switches from (HN, FN) to (FN, FN)
when the tax rate becomes higher.

If both firms choose Foreign, they have no incentive for emission abatement and

become identical. The profits are

FFNNa« NNa
Uy = (pp

- T)x%c],fa —l—pﬁcVNax%c]}[a, ji=1,2.

As long as both firms are located in Foreign, the emission levels EJF FNNagnd pFFNNa
are independent of ¢. At the threshold tax rate at which firm 1 chooses Foreign, emissions
stemming from the production for Home decrease because firm 1’s effective MC to serve
Home increases from ¢ to 7. Emissions stemming from the production for Foreign increase
because firm 1’s effective MC to serve Foreign decreases from 7+ ¢ to 0. Appendix E

shows the following lemma.?®

27Given that firm 1 chooses Foreign at the threshold tax rate, firm 2 would not choose Home at this

tax rate, because the two firms are symmetric.
28]f the threshold tax rate is sufficiently close to 7, then global emissions increase because EZFNNe

EFFNNe holds at ¢ = 7.
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Lemma 4 FHINNe o pFENNa for ¢ > 0 if demand is convex (i.e., € > 0).

With linear demand, for example, we can verify

EFFNNa _ EHFNNa _ %

Thus, if € > 0, the pollution haven effect leads to positive carbon leakage between Home
and Foreign and increases global emissions.

We obtain the following proposition.

Proposition 5 The following equilibria are possible with a carbon tax: (HN,FN) with
low tax rates and (FN,FN) with high tax rates. Global emissions are greater with
(FN,FN) than with (HN,FN) (i.e., EFFNNa 5 pHENNe) if demand is conver (i.e.,
e>0).

5.2 Carbon tax with a carbon-content tariff (Regime /)

We now introduce the carbon-content tariff in addition to the carbon tax. The carbon-
content tariff increases the effective MCs to export to Home from Foreign, implying a
weaker incentive to choose Foreign as the production location. We can confirm this result

from the following relationship:

(nFFNNe _ pHFNNay (ﬂ_fFNNB _ W{{FNNB)
NN NN NN NN NN NN NN NN
= (pp “— T)xlfha — (o " = Dz — ((py, F—t- T)%fhﬂ — (), 7 t)xlhhﬁ)a
which is positive for a given t. Thus, the (lowest) tax rate at which firm 1 is indifferent
between Home and Foreign in Regime g, tfes, is greater than that in Regime «, t’f‘es .
Moreover, EHFNNB  pHENNa 6]ds for a given t, because the outputs for the home
market decrease but those for the foreign market do not change. Lemma 4 is valid in
Regime f; that is, EFFNNG <« EFFNNB for t > 0 (i.e., global emissions with (FN, FN)
are greater than those with (HN, FN)) if ¢ > 0. With linear demand, for example, we

can verify
EFFNNB _ pHFNNB _ t

g.
Thus, if € > 0, then the carbon-content tariff is effective at reducing global emissions

because it makes firm 1 less likely to locate itself in Foreign.
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In the rest of this subsection, we specifically show that an increase in ¢ can switch
the equilibrium not only from (HN,FN) to (FN,FN) but also from (FN,FN) to
(HA,FN). To this end, we assume a linear demand.

If both firms choose Foreign as their production locations, then the firms are identical.
In Regime «, both firms are independent of ¢ if they produce in Foreign. In Regime 3,
however, the profits decrease as t increases. At a certain tax rate, tf , the firms have
an incentive to abate emissions. However, only one of the two firms would adopt the

clean technology at tf . To see this, we simply assume that if only one firm adopts the

clean technology, it is firm 1. Suppose waNNB = WfFANB holds at tf . Then we can
verify 7r5 FAAB 7r5 FANG ot 9 , implying only one firm (firm 1) would invest in emission

abatement at t? . The other firm (firm 2) would invest in emission abatement at a higher
tax rate, tg .
It should be pointed out that firm 1 has an incentive not only to adopt the clean

tfH fFNNﬁ = 77{1 FANB 161ds. More

technology but also to produce in Home at , where 7

importantly, tf “+ < t'f can hold. Since we obtain

4
WfIFANB — ﬂfFANﬁ = (k2t2 + (1 —ak)t+ 72) ,

9
ﬂfl FANG Ff FANB y61ds for any t(> 0) if 7 > ak.?Y Thus, as t rises, the equilibrium
can shift from (HN, FN) to (FN,FN) and then to (HA, FN). Figure 3 (a) illustrates
this case.30

We examine how the equilibrium shift from (F'N, FN) to (HA, FN) changes emis-

sions. We obtain

EHFANB _ pFFNNB _ _ (1—-Fk)(2a — 1)+ k(4k — 3)t
3 )

Noting a — 2(t +7) > 0, EHFANS « pFFNNB holds for a given t. Thus, the relationship
between the tax rate and the emission level is non-monotonic.

It is noteworthy that the equilibrium may switch from (HA, FN) to (FA,FN) as
t further increases. This case is illustrated in Figure 4.3 The equilibrium switch from

(HA,FN) to (FA, FN) increases firm 1’s emissions by %Zt and decreases firm 2’s emis-

g HEANG o pEFANS Kolds for any ¢ if (1 — ak)® — 4k*72 < 0.

30In Figure 3, we set parameter values as follows: a =9, 7 = 1, k = 1/9, and F = 4.5. Then we obtain
1=35,19%=0.127, 175 = 0.706, 17" = 1.304, t7° = 1, 1]° = 1.154, t]°" = 1.174, and t§ = t] = 2.573.

3In Figure 4, we set parameter values as follows: « =9, 7 = 1, k = 1/6, and F = 4.5. Then we
obtain £ = 3.5, t7°° = 0.127, /% = 0.76, 177 = 1.521, t?°TF = 2.292, and t§ = 3.184. t/*TT is the
threshold tax rate between (HA, FN) and (FA, FN).
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Figure 3(a): Regime 3: (HN, FN) — (FN,FN) — (HA, FN).
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Figure 3(b): Regime v: (HN, FN) — (FN,FN) — (HA, FN).
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Figure 4: Regime 8: (HN,FN) — (FN,FN) — (HA,FN) — (FA,FN).

sions by %, leading to

pHFPANS _ pFPANS _ kt(1 — Qk).
3
Thus, EAFANS « RFFANB 116lds for a given ¢ if and only if & > % The change in global
emissions depends on firm 1’s abatement efficiency. If the decrease in firm 2’s output is
replaced by firm 1’s output produced with high abatement efficiency, global emissions
decrease.3?

The analysis above establishes the following proposition.

Proposition 6 The following equilibria are possible if a carbon tax is accompanied by a
carbon-content tariff: (HN, FN) with low taz rates, (FN,FN) with medium tax rates,
and (HA, FN) with high taz rates; and ETFNNB « pFENNG o pHFANS - The carbon-
content tariff weakens firm 1’s incentive to locate itself in Foreign (i.e., tfes > t‘f‘es). A
further increase in t may switch the equilibrium from (HA, FN) to (FA,FN). In this

case, EHFANS ~ EFFANB con hold if k is small.

32This result corresponds to negative carbon leakage in Ma and Yomogida (2019).
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5.3 Carbon tax coupled with tax refunds at the border and a carbon-

content tariff (Regime 7)

We now introduce carbon-tax refunds in addition to the carbon-content tariff. As
in Regime [, the equilibrium can switch from (HN,FN) to (FN,FN) and then to
(HA,FN) as t increases. Figure 3 (b) illustrates this case.

As firm 1’s effective MCs for its exports become just 7, its incentive to choose Foreign
for production location weakens. That is, {]° > t7°° > 95 (see Figure 3).33 We can

confirm this result because the following holds for a given t¢:

FFNN HFNN FFNN HFNN
<7T1 f - T 6) - (7T1 T - ™ 7)
NN NN NN NN
= (pf 7—T)aclhjﬂ—(pf B—t—T)xlth>O.

Although #]° > t7°, the total emissions with (HN, FN) are larger in Regime ~ than in
Regime f for a given t (i.e., EFFNNY > RHENNB for a given t).

When both firms choose Foreign for their production locations, Regime « and Regime
B are equivalent. Thus, waN]W = WfFAZW at tf holds. However, regarding the thresh-
old tax rate at which firm 1 has an incentive not only to abate emissions but also to

locate itself in Home, t¥e+ < tf “* holds because we have
FFNNB HFANSB FFNN~ HF AN~
(my -m ) — (m -m )

AN AN AN
= (1] —T)xlhfw—(pf 6—kt—7)x1hfﬂ>0

for a given ¢ (compare Figure 3 (a) and (b)).
Note that as in Regime 3, the equilibrium may switch from (HA, FN) to (FA, FN)

as t further increases (see Figure 5).3* With linear demand, we can readily verify

EHFNNy  _ pFFNNy(_ pFFNNG)
pHFANy _ pFFNNy _ (1- k)(2a3— 7 — 2kt) <0,
pHFANy _  pFFANy

We obtain the following proposition.

33We can readily verify t]¢ = 7 with linear demand.
3In Figure 5, we set parameter values as follows: a =9, 7 = 1, k = 3/4, and F = 1.3. Then we

obtain £ = 3.5, t]° =1, £7° = 1.296, t7°" = 1.606, t;°"" = 2, and ] = 2.758. t]°"" is the threshold tax
rate between (HA, FN) and (FA, FN).
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Figure 5: Regime v: (HN,FN) — (FN,FN) — (HA,FN) — (FA,FN).

Proposition 7 The following equilibria are possible if a carbon tazx is coupled with a
carbon-content tariff and carbon-tazx refunds for exports: (HN,FN) with low tax rates,
(FN, FN) with medium taz rates, and (HA, FN) with high tax rates. However, intro-
ducing carbon-tax refunds reduces the range of the tax rate within which firm 1 produces

in Foreign. That is, 1§¢5 < tfes < 1] and )" < t’feJr hold.

6 Welfare analysis

In this section, we briefly discuss the welfare effects of home carbon taxes. To this
end, we assume that firms 1 and 2 are, respectively, the home and foreign firm. Home
welfare consists of consumer surplus, firm 1’s profits, tax revenues, and damages from
global warming. Similarly, foreign welfare consists of consumer surplus, firm 2’s profits,
and damages from global warming. The purpose of this section is not to investigate the
optimal policies but rather to discuss each welfare component. We have this goal because
the optimal policies depend crucially on how to evaluate damages from global warming,
which in turn depends crucially on a damage function. For example, if the evaluation

of GHG emissions is large enough to dominate other positive welfare components, then
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zero emissions are obviously optimal.

We can claim the following with respect to each welfare component. From Lemmas
1 and 2, the home carbon tax harms firm 1 unless it adopts the clean technology. The
introduction of BTAs for a given tax rate benefits firm 1 if it produces in Home. Global
warming is mitigated if and only if global GHG emissions are reduced. A higher tax does
not necessarily result in lower emissions because the firms may switch their technologies
and/or production locations. Unless firms change technology, less outputs lead to less
emissions. However, less outputs hurt either home or foreign consumers, at the very
least. The welfare effects of adopting the clean technology are less obvious.

Next, we discuss each case in more detail. First, consider the case where firm loca-
tions are fixed. In Regime «, without emission abatement, a tax increase harms firm 1
and both home and foreign consumers and benefits firm 2. Tax revenues may or may
not increase. Although cross-border carbon leakage occurs, global warming is mitigated.
If the positive impact of a decrease in emissions is large enough to nullify the nega-
tive effects, home and foreign welfare improves. Firm 1’s abatement investment at the
threshold tax rate benefits both home and foreign consumers and harms firm 2.3% The
effects on tax revenues and global warming are ambiguous. If global warming improves,
home welfare necessarily improves. Note that the effects of a tax increase on the firms,
consumers, and home government with emission abatement are qualitatively the same
as those without emission abatement, but the effects on global warming can differ for
the cases with and without emission abatement. In particular, a tax increase can worsen
global warming under the clean technology. If this is the case, a tax increase necessarily
worsens home welfare.

The shift from Regime « to Regime f for a given tax rate (i.e., the introduction of the
carbon-content tariff) is harmful to the home consumers and firm 2 but is beneficial to
firm 1 and the home government. As global emissions decrease, home welfare improves
as long as the tax rate is low.?® In Regime 3, an increase in the tax without emission
abatement hurts firm 1 and both the home and foreign consumers and improves global
warming. Cross-border carbon leakage still occurs, but compared with Regime «;, it is
lower under a given tax rate. Tax revenues may or may not increase. Firm 2 loses in
the home market but gains in the foreign market. In general, it is ambiguous whether

firm 2 gains or loses. The effects of firm 1’s abatement investment at the threshold

35Firm 1 is indifferent between abatement and non-abatement at the threshold tax rate.
36For the welfare effect of an import tariff under an international oligopoly, see Brander and Spencer

(1984) and Furusawa et al. (2003).
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tax rate are qualitatively the same as those in Regime . An increase in the tax with
firm 1’s emission abatement harms both the home and foreign consumers but mitigates
global warming. The effects on firms 1 and 2 and tax revenues are ambiguous. Firm 2’s
abatement investment benefits home consumers and harms firm 1. Tax revenues may
or may not decrease. It is also ambiguous whether global warming improves. When
both firms adopt the clean technology, a tax increase harms both the home and foreign
consumers and improves global warming. Tax revenues may or may not increase and the
firms may or may not gain.

The shift from Regime 8 to Regime ~ for a given tax rate (i.e., the introduction of
the carbon-tax refunds for exports) benefits firm 1 and foreign consumers but hurts firm
2 and the home government. Global emissions may or may not increase.?’” In Regime
v, cross-border carbon leakage does not occur and the home carbon tax has no effect
on foreign consumers. Without emission abatement, an increase in the tax hurts firms 1
and 2 and home consumers, and improves global warming. The tax revenue may or may
not increase. Firm 1’s abatement investment at the threshold tax rate is harmful to firm
2 but beneficial to home consumers. The effects on the tax revenue and global warming
are generally ambiguous. If global warming is mitigated, then Home is better off. An
increase in the tax with firm 1’s emission abatement harms firm 2 and home consumers
but mitigates global warming. The effects on firm 1 and tax revenues are ambiguous.

The shift from Regime « to Regime 7 for a given tax rate (i.e., the introduction
of the introduction of the carbon-content tariff and the carbon-tax refunds for exports)
benefits firm 1 and foreign consumers but hurts firm 2 and home consumers. The effects
on the home government and global warming are in general ambiguous.

We next consider the case with endogenous firm locations. We address the case in
which a tax increase changes the Nash equilibrium in the first stage from (HN, FN) to
(FN,FN). We also assume linear demand. In all regimes, the effects of a tax increase
with (HN, F'N) are the same under fixed locations and non-abatement. Moreover, in all
regimes, firm 1’s location switch from Home to Foreign at the threshold tax rate harms
firm 2, home consumers, and the home government; but benefits foreign consumers; and
never improves global warming. Thus, Home is necessarily worse off.

The effects are qualitatively the same between Regimes # and . A tax increase with

(F'N, FN) harms home consumers and both firms; benefits the home government; and

37As the tax refunds are an export subsidy for firm 1, home welfare improves as long as both tax
refunds and the damage from climate change are sufficiently small. See Brander and Spencer (1985) for

the welfare effect of an export subsidy under international oligopoly.
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38 Firm 1’s location switch to Home and technology switch

improves global warming.
to the clean one at the threshold tax rate benefit home consumers and mitigate global
warming, but harm home government and foreign consumers. The effects on firm 2’
profits are ambiguous. We discuss the effects of a tax increase with (HA, FN) and

(HA, FA), as well as the effects of firm 2’s abatement investment, above.

7 Conclusion

We have developed a simple two-country, two-firm model to examine how carbon taxes
with BTAs affect outputs, emissions, and the locations of firms in the presence of an
emission-abatement technology (i.e., the clean technology). The two countries (Home
and Foreign) are identical except that only Home introduces carbon pricing. The two
firms are also identical. We specifically examined three policy regimes: i) carbon taxes
alone (Regime «); ii) carbon taxes accompanied by carbon-content tariffs (Regime 3);
and iii) carbon taxes coupled with carbon-tax refunds for exports and carbon-content
tariffs (Regime 7).

If the firm locations are fixed, the firms’ strategic reactions to a carbon tax is whether
or not to abate emissions by adopting the clean technology. According to our findings,
carbon taxes may not be effective in decreasing global emissions. Interestingly, a higher
carbon tax rate can result in greater global emissions, even with fixed firm locations.
Additionally, high tax rates decrease the incentive to invest in abatement. Another
important message is that cross-border carbon leakage is eliminated in Regime 7 (i.e.,
full BTAs) but global emissions can be greater than in Regime § (i.e., partial BTAs)
where cross-border carbon leakage is partially eliminated. Thus, from the viewpoint of
global emission control, carbon leakage is not necessarily bad. Moreover, the carbon-
tax refund recovers the competitiveness of the home firm in the foreign market but
discourages it from making abatement investments.

Under endogenous firm locations, both firms are likely to produce in Foreign in the
presence of a tough carbon tax in Home. Thus, global emissions can increase. BTAs
induce firms to invest in emission abatement and discourage firms from producing in
Foreign. This effect is stronger under Regime v (i.e., full BTAs) than under Regime
B (i.e., partial BTAs). The effect of carbon pricing on global emissions can be non-

monotonic under BTAs.

380bviously, a tax increase with (F'N, FN) has no effect in Regime a.
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To avoid rather straightforward results, we assumed that the two countries and two
firms are symmetric. For example, if firm 2’s emissions per unit of output are much
greater than firm 1’s, carbon leakage from firm 1 to firm 2 should be blocked. In this
case, carbon pricing with assistance for firm 1 is the most likely desirable setup to cope

with climate change. Progress in research on carbon pricing is expected in the future.

Appendices

A. Effective marginal costs

The following table shows firm j’s effective marginal costs with and without abatement

under different policy regimes.

Polilcy Abatefnent MCyn | MCyny | MCypn | MGy,
Regime Choice
N t t+ T T 0
“ A kt kt+ 1 T 0
N t t+T7 t+71 0
P A kt kt+7 | kt+7 0
N t T t+71 0
K A Kt T | kt+r | 0

B. Proof of Lemmas 1 and 2

As the home and foreign markets are segmented, we focus on the home market. The
profits in the home market are
Tin = (ph — Mkt)Zinn,
Ton = (P — T — XoBkt)zosn,
where \; = 1 if firm j invests in the emission abatement; and A\; = 1/k if firm j does not
(j = 1,2). We have 8 = 0 under Regime «; = 1 under Regime § and Regime . The
first order conditions (FOCs) for profit maximization in the home market are
pn— Mkt — X, fx, = 0,
Ph — T — )\gﬁk‘t — Xh_al‘th = 0.
Thus,

T = X;, S (@inn)?, o = X, (wagn)?
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In the following, we drop the subscripts h and f.
We first prove Lemma 1. For this, we set Ay = Ay = 1/k and § = 0. Suppose that

only ¢ increases. Then, the following holds from the FOCs of profit maximization:

22X Xl X4 eX 1y dry \ (1 "
—X e e Xy, 22X e 4 e X gy dxo 0 .

Thus, noting € < 1, we obtain

dxq exg — 2X Eog — 2

- = _XE = X°¢ <0,

dt ex1 — 3X +exy 3—¢

dzo X —exo 1 —eo9

L2 = _XE = X°¢ > 0,

dt ex1 — 3X +exq 3—¢

dax Xe <0

dt ~  3—¢ '

We also have

dmy _.1dX . dry x(e(2—01)—4)
dt c a1t Tt 3_¢ <%
dmy —e1dX _. dry  x9(2 —e02)
ST _x—= 194 2 IX Eqpo2 — 2 0.
it ¢ g2t gy 3-:

Next we prove Lemma 2. For this, we set \; = f =1 and Ay = 1/k. Again suppose
that only ¢ increases. Then, the following holds from the FOCs:

—2X"¢ +€X_6_1331 —X¢ +€X_E_1ZL‘1 dxq _ k &t
X CreX ol X L e Xy dao 1 '

Thus, we obtain

dry _XaX—exl — 2Xk + kexy _ Xa(l —2k) — €01 + keoo
dt ex1 —3X + exy 3—¢ ’
dry _X58x1—2X+Xk:—k5x2:_X€(2—k)—501+k502
dt ex1 — 3X +exo 3—¢ ’
dX Xe(k+1)
- — P O
dt 3—¢ <%
which implies
d
% < 0= (1-2k) — o1 + kean < 0,
d
% < 0<= (2—k)—ce01+keos >0
We also have
dm, _.1dX . dxy (e (o1 +202) —4)k+ (2 —e0q)
B O - 154 2 IX " Cqq—t — 5
dt c a g T M 3_c » (3)
dms, . .dX . dxo (2 —co9) k + (2601 + co9 — 4)
202 _ox¢E 15 2 IX " Cpo—t —
dt c a2t g T 3_¢ - (6)
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which implies

d
d”; < 0= (c(01 +200) —4)k+ (2 —e01) <0,
dm,

i < 0<:>(2—60’2)k+(2601+602—4)<0.

Note that dc% <0ifboth% < 0 and € <0 hold, andd% <Oifb0thddit2 <0ande <0
hold.

C. The signs of Axl,, An}, and Arx}”

First, we show that AwlﬁQ > 0 holds if € > 0. For this, we derive

dAﬂlﬁQ B dﬂ'fIFAN’B dﬂ'f FNAB

dk dk dk

—2X7¢ +€X_E_1:131 —X—¢ +€X_E_1$1 dxq _ t dk
—X e Xy 22X f 4 e X gy dxo 0 7

we obtain

Noting

dri _ yxe fw2—2Xyef02—2
dk exy —3X +exo 3—¢’
deas . X -—ex L, vel—eo
dk exy —3X +exo 3—¢’
dX tX¢
dk —  3—¢
dr . .dX _. dz tx
d dX dx tx
% = —5X_5_1%x% + 2X_6x2d7k‘2 - 3 —26 (2 - 60_2) (8)
Thus,
AN ANS NA
dATE, el + o) — 4, ANs L s toy ) =4 ans _e(l+oy, %) —4, Nag
dk 3—¢ 1nh 3—¢ 1nf 3—¢ 2fh >

where oj; is firm j’s market share in country ¢ with the superscripts denoting each
NAB

firm’s status of abatement and the policy regime. We have :cfhlzﬁ = Tofp e and
a;‘hN p = aﬁA d without trade costs, and xf}gf > mé\%ﬁ and athﬁ < a{\,gAB with
7=0 7=0

dar? .
M2 < 0if e > 0,

trade costs. Thus, noting AﬂlﬁQ‘k =0, we have
1
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Next, we show that A7 > 0 holds if € > 0. From (5), we obtain

dAT], dﬂf{FAN'Y dwgl FNAy
dk N dk dk
AN NA
_ 5(1+J2h7)_4t AN7_€(1+01h7)_4t N A~
= 3_¢ T1ph 3_¢ Lotp -

. dAr?, .
Thus, noting A7r¥2|k:1 =0 and 33‘14}%7 > xé\;{?ﬂ, we have dZIQ <0ife>0.

Lastly, we show that Aﬂ'?ﬁ < 0 holds if € > 0. From (7), we obtain

dATSP d(p, " = kt)zie  dp,™" - kt)ay”

= L1nh
dk dk dk
ANB
(4o - 4, ANa _ e(l+oy; ") - 4txAN’B
3_ 1hh 3_ - 1hh -
As $,14’f\£[3 > zdle and JZAhNﬁ < ooV, d%gﬁ > 0 if ¢ > 0. Thus, noting Aﬁf‘ﬁ =0,

k=1
Ar? < 0 holds if £ > 0.

D. Proof of Lemma 3

With t = 0, we have

HFNN NN, NN NN NN
1 ‘t:o Py Tipn T (PF T — T) Tk
FENN _ (NN NN , NN_NN
m ‘tzo = (pn —7')1’1fh +Dpr Tigppe

: : HF _ _HFNN| _ _FFNN : HF _
We examine the sign of Amj ’t:O =m ’t:O ] }t:O' Noting Amj ‘t:O =0

dAWfIF‘t:O

at 7 = 0, we check the sign of . For this, we consider

X4 eX Ty, Xt 4eX Tl da; 1
Y R ) = dr (k= 1,25 # k).
— X f Xy, —2XF4eX oy, dxy, 0

In view of (7) and (8), we can readily verify

dm; dX dz; T,

J —e—1 2 €. 7 J .
— eX — +2X Fx; = 376(5(14—%) 4),
dm, .1 dX _. dxp x
ko _px el a2 L 9xE = "k (9 )
dr c dr Tk T Tk g =32 Eon)

We also consider
X C Xy Xt 4eX gy dxrq 1 d
= T.
— Xt 4eX ey, —2XF4eX 1y, dxs 1
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In view of (5) and (6), we can readily verify

dm, _.1dX . dx: 2z
1 — _ X 3 17 2 2X 3 s - 1 1 _
dr c T ar 3— 6( c02),
dmy _e1dX _e  dxo 2z
—2 = _ex el oX 2 = -2 (1 —coy).
dr dr 2 * 2 ar 3—6( o1)
Thus, we have
d AW{{F‘t:O dnlFNN  qnFFNN
dr N dr dr
HFNN HFENN
T1hh HFNNy | T1hf HFNN
= b (2- ——(e(1 —4
b (2 — egfFNN) 4 ML (o(1 4 offFNN) - 4)
9 FFNN
1fh (1— EaghFNN)
3—¢
o gENNy | T FFNN
= 3o Cmeom )+ T (2200 )
xﬁll;NN
HFNN
—3 (4 —e(1+ o3y ))-
—€
For 7 > 0, xﬁiNN > xﬁ?NN, UﬁFNN = JgeFNN and UELFNN = % hold. Therefore,
2—eoBINN 49— 2egBFNN = 4 — (1 + achNN). Besides, we have xfﬁLNN > mﬁf;NN
for 7 > 0 if € > 0. To see this, we check the sign of the following:
FFNN _ _HFNN FFNN _  HFNN
4 (ol — )]y (B )
dr n dr
- 1 2~ g NN
/ - /
(PEFNNY (3 —¢)  (pHFNNY (3 —¢)
HFNN
_2- eaty (XHFNN)E 1 (XFFNN)E _
3—¢ h 3—e " h

d(xFFNNixHFNN)
As 2 — o FNN > 1 and XHFNN > XFFNN then —1h I~ > () holds if € > 0.

Along with $fﬁLNN = :cﬁf;NN , we can obtain :cfﬁlNN > :cﬁ];NN for 7 > 0 if
7=0

"T:O =
€ > 0. Thus, A“{{F‘t:o >0 for7>0if e > 0.
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E. Proof of Lemma 4

To prove Lemma 4, we show that the total output (demand) is greater with (F'N, F'N)
than with (HN, FN) if ¢ > 0. From the FOCs of profit maximization, we have

SN = PN NN NN — (PN ) NN
xﬁ?NNa — (pJI;IFNNa_t_T)(X;IFNNa) ng?NNa — (p}-IFNNa)(X]{{FNNa)z-:,
:Z:{}l;lNNa — fo}};NNa _ (ngNNa _ T)(X}I;FNNQ) 7

q:f’fl}NNa — ng}}NNa —_ (p?FNNa)(XfFNNa)E,

Noting xggNNa_i_wgc{NNa — XZHFNNa (Z — h,f) and xlthNa_‘_l,FfFNNa XiFFNNa’

we have

HFNNa _ 4

) = 2ph -7,
(XJ{-IFNNa)le — 2p]I;IFNNa—t—T,
(X{FNNa)lfs — 2(p£FNNa _ T),
(X;WFNNa)lfs _ 2p?FNNo¢.
Using (1), we have
pHFNNa . HFNNo _ a(l—e)+t+7
h ! 3—¢ ’
pFFNNa a(l —¢) +27 pEFNNa a(l —e¢)
h 3—¢ s 3—¢

Substituting these into the above equations, we obtain

20 —t — 7') (1—¢)
YHFNNa  _ (
h 3—
20 —t — T) (1—¢)
YHFNNa  _ (
! 3—
X[FFNNo 2(a —7)(1 —5)
3—¢ ’
_1
xFFNNa _ (20(1—¢)\T=
f 3—¢

Thus, if € > 0, then the following holds:

3—¢
> X}IL{FNNa + XJJCLIFNNa _ pHFNNa

_1
EFFNNa  _  xFFNNa 4 xFFNNa 5 (2(@ —7)(1 - 5)) e
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