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Abstract
In a two-period model with two groups of countries that extract, trade and con-
sume fossil fuel, a climate coalition fights against climate damage by purchasing
or leasing deposits to prevent their extraction, and seeks to manipulate the fuel
prices in its favor. The deposit-purchase policy is inefficient since it leaves the first-
period climate damage externality non-internalized, which is in stark contrast to
the efficiency of the deposit-purchase policy in static models. However, for a proper
subset of economies the deposit-lease policy turns out to be efficient. It internalizes
the climate damage externalities and makes strategic action in the fuel markets in-
effective. Finally, we compare the deposit-lease policy and the deposit-purchase
policy. If strategic action pays in the fuel markets and the coalition imports fuel,
a transition from the deposit-purchase policy to the deposit-lease policy increases

[decreases| total welfare if the climate damage is large [small].
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1 Introduction

The climate problem is one of the most important challenges facing the world today. To
stabilize the world climate at safe levels the world global warming should be kept below
2°C. At the Paris Agreement governments agreed to pursue efforts to limit the temperature
increase to 1.5°C. Allen et al. (2009) have shown that there is a strong correlation between
the maximum level of global warming and cumulative greenhouse gas emissions. Rogelj et
al. (2011) and Walsh et al. (2017) have pointed out that staying below the 2°C global
temperature limit not only depends on cumulative emissions but also on the emissions path.
However, the recent withdraw of U.S at the Paris Agreement impressively shows that global
cooperation is hard to achieve due to strong free-rider incentives. That raises the question
whether unilateral action of a (sub-global) climate coalition is able to achieve first-best

solutions.

The economic literature has mainly analyzed demand-side climate policies. The prob-
lem inherent in demand-side policies is that they cause carbon leakage and may lead to
a green paradox. Carbon leakage occurs when a country’s unilateral emissions reductions
are offset by increased emissions in other countries. If the unilateral reductions are more
than offset then a green paradox arises. Felder and Rutherford (1993), Hoel (1996), Babiker
(2005), Copeland and Taylor (2005), Gerlagh (2011), Burniaux and Martins (2012) and
Baylis et al. (2014) provide interesting insights into various channels and determinants of
carbon leakage. Unilateral demand-side policies in intertemporal models with fossil fuel
supply have been studied by Hoel (2011), Eichner and Pethig (2011), Grafton et al. (2012),
van der Meijden et al. (2015) and van der Ploeg (2016). In different models with alternative
assumptions (renewable resource as a perfect substitute, homothetic preferences, extraction
costs, exploration investments etc.) these papers show that unilateral demand-side policies

are always second-best and hence the efficient allocation is missed.

Whereas the economic literature on demand-side policies is large there are only few
papers dealing with supply-side policies, and hence up to date supply-side policies are under-
researched and not well understood. Bohm (1993) pointed out that carbon leakage could be
reduced if a climate coalition would buy or lease deposits from non-signatories and preserve
them from extraction. Hoel (1994) determines the second-best mix of demand-side and
supply-side caps (or taxes). In numerical analyses Golombek et al. (1995) and Fachn et al.
(2017) further illustrate the second-best mix of demand-side and supply-side policies. Bohm
(1993), Hoel (1994), Golombek et al. (1995) and Fachn et al. (2017) apply static models.



Harstad (2012) extends Hoel’s (1994) analysis by trading fossil fuel deposits. Espe-
cially, he shows that a (sub-global) climate coalition can buy deposits such that the first-
best allocation is implemented. The deposit transactions kill two birds with one stone.
They internalize the climate damage externality and eliminate strategic action in the fuel
market. The internalization of the climate damage externality requires purchasing deposits
for preservation, and to eliminate strategic action deposits are purchased and extracted by
the coalition which anyway would have been extracted by the deposit sellers. Since it is
questionable whether in the real world a climate coalition purchases deposits for extraction
(to eliminate strategic effects), Eichner and Pethig (2017a) have investigated in a static
setting whether purchasing deposits with the only purpose to prevent them from exploita-
tion is sufficient to achieve first-best. They have shown that there exist proper economies
at which deposit purchases for preservation implement efficiency, and other economies at

which efficiency is missed.

Since the climate damages not only depend on cumulative emissions but also on the
emissions path (Rogelj et al. 2011 and Walsh et al. 2017) the starting point of the present
paper is a two-period model. Throughout the paper we assume that deposits are purchased
(or leased) for preservation and not for extraction.! We consider a world with two (groups of)
countries all of which extract, trade, and consume fossil fuel. All countries’ carbon emissions
from fuel extraction generate climate damage. However, only one group of countries makes
use of policies to mitigate climate damage. This climate coalition caps fuel demand and
supply in each period and purchases fossil fuel deposits to prevent their exploitation. The
coalition may behave as price-taker or may strategically act in the fuel markets. Harstad
(2012) models the deposit market as a set of bilateral trades to the mutual advantage of
the trading partners. "The market clears when there exists no pair of countries that would
both strictly benefit from trading some of their deposits at some price" (Harstad 2012,
p. 92).2 In our paper these deposit transactions are implemented by a Nash bargaining
solution. Our analysis reveals that the policy of purchasing deposits for preservation (deposit-
purchase policy) is inefficient both for price-taking and strategic action in the fuel market
(Proposition 1 and 2) which is in stark contrast to its performance in a static model (Eichner
and Pethig 2017a). The economic rationale lies in a non-internalized first-period climate

damage externality. The group of non-signatories "extracts too much too early".

'Harstad (2012, Section IV.B.) shows that his deposit purchases for preservation combined with deposit

purchases for extraction also achieve efficiency in a two-period model.
20n the consequences of market power at the deposit market in a static model we refer to Eichner and

Pethig (2017b).



To address the inefficiency we extend the coalition’s policy space by leasing deposits for
preservation. The deposit-lease policy turns out to be efficient if the coalition takes prices as
given in the fuel market (Proposition 3). In case of strategic action the deposit-lease policy
is efficient for a proper subset of economies which is characterized (Proposition 4). Next, we
compare the allocations and welfare levels in the games with deposit-purchase policy and
deposit-lease policy for parametric functions. The deposit-lease policy decreases first-period
extraction, increases second-period extraction and reduces total climate damage compared
to the deposit-purchase policy. For the case that strategic action pays in the fuel markets,
the deposit-lease policy results in larger total welfare if the coalition exports fuel. In case
of a fuel-importing coalition the total welfare is larger [smaller| at the deposit-lease policy
than at the deposit-purchase policy if the climate damage is large [small| (Proposition 5 and
6). Propositions 1-4 rest on the assumption that the coalition can commit to future policies.
However, we also employ that these propositions remain true if the coalition cannot commit

to future policies (Proposition 7).

The paper is organized as follows: Section 2 outlines the model and characterizes the
efficient allocation. Section 3 analyzes the game with the deposit-purchase policy. Section 4
investigates the game with the deposit-lease policy. Section 5 turns to a comparison of the
deposit-lease policy with the deposit-purchase policy. Section 6 assumes that the coalition

cannot commit to future policies and studies time consistent policies. Section 7 concludes.

2 The model

Consider a two-period model with two (groups of) countries M and N, where M is the
climate coalition that acts as one agent and N is a representative non-signatory. Each
country i = M, N derives the benefit B;(y;;) from consuming y;; units of fuel in period
t = 1,2. The benefit function is increasing and concave (B}, > 0 and B}, < 0). In period
t = 1,2 each country ¢ = M, N produces the quantity x; of fuel from domestic energy
deposits. The cost of extracting x;; in period 1 is C;(x;1) and the cost of extracting x5 in
period 2 is Ci(zy + i) — Ci(xn) (with C! > 0 and C7 > 0). Emissions are proportional
to fuel extraction and hence z; denotes both fuel supply and emissions. The coalition
suffers the climate damage® H [le +axn1 + Y (xan + N1 + T2 + xNQ):| (with H" > 0 and
H" > 0), where ¢ € [0, 1] is the ecological discount factor. The model is closed by the fuel

30ur climate damage function is in line with Michielsen (2014), van der Meijden et al. (2015) and van
der Ploeg (2016).



constraints

Ty +TNe=Yme +yne t=1,2. (1)

As a benchmark, we characterize the efficient allocation which follows from maximizing

B (yan) + Byi(ynt) — Cu(zan) — Cn(zn)
+0 [BMQ(Z/MQ) + Bna(yn2) — Cu(zan + zy2) + Cu(wan) — Cn(ont + 2n2) + CN(HJNl)}
—-H [$M1 +an1 + U (Tan + TN T $N2)} (2)

subject to (1). In (2), § € [0, 1] is the discount factor. Restricting our attention to an interior

solution and attaching an asterisk to the solution values of (2) the first-order conditions are

B?\/It(yj\/[t> = B?Vt(y}k\,t) t=12, (3a)
Bi\(y;) = Ci(x;) +0 [C;(x;kl + ) — C;(:E;kl)} + (1+4¢)H" i=M,N, (3b)
5322(?/:2) = 50;@; + x:Q) +¢YH i=M,N. (3c)

The allocation rules (3a) require consumption efficiency in both periods. The rules (3b) and
(3c) reflect overall efficiency in period 1 and 2, respectively. Extraction in period ¢ should
be increased until its marginal consumption benefits equal its marginal costs. In period
1 the marginal costs of x;; consists of four components. Enhancing x;; increases first the
extraction costs in period 1, C!(x;1), second the discounted extraction costs in period 2,
) [C£($“ + 249) — CZ-’(:I:“)}, third the marginal climate damage in period 1, H’, and fourth
the marginal climate damage in period 2, ¢»H'. According to (3c) expanding extraction
in period 2 increases the discounted extraction costs in period 2, 6C!(x;; + z;2), and the

marginal climate damage in period 2, Y H'.

3 Deposit-purchase policy

In this section we assume that the coalition buys deposits to prevent their extraction, deposit-
purchase policy for short. To be more precise, a fossil fuel deposit in the ground is described
by the fuel it stores and the cost of extracting the fuel. Each deposit stores a very small unit
of fuel and these deposits are ordered according to their extraction costs. In formal terms,
the cost of extracting the infinitesimally small unit of fuel in the z!* deposit is C!(x;). We

denote country i’s total endowment of deposits by [O, oo[ and the cost of extracting the

¢



deposits in some interval [g, E]Cé C [0, oo[
the deposits [O, oo[

to the coalition.

o 18 Ci(T) — Ci(z). Country N is the owner of

o and can extract the fuel stored in the deposits or can sell the deposits
N

3.1 The game

In the sequel we analyze the game. In Section 3-5 we assume that the coalition commits to
its future policies.? At the beginning of period ¢ = 1 the coalition and the non-signatory
contract. They bargain over deposits purchased for preservation and the deposit price p..
Next, in period ¢ = 1 the coalition chooses its first- and second-period fuel demand and
supply caps, and the first-period fuel market clears. In period ¢t = 2 the second-period fuel
market clears. The non-signatory is price taker in the fuel markets, whereas the coalition may
either take prices as given or behave strategically in the fuel markets.’> Fuel is internationally
traded, and in each period ¢t = 1,2 the fuel market equilibrates at the fuel price p;. The

game is solved by backward induction.

Fuel market equilibria in the first and second period. To derive the first- and
second-period fuel market equilibria we determine country N’s first- and second-period fuel
demand and supply. Country N’s fuel demand follows from maximizing the intertemporal

utility of its representative consumer

Uv = Bnilyn1) — K(zn1,&,€) — pi(ynt — an1) + pez
+6[Bn2(ynz) — K(zn1 + 2n2, &, €) + K(an1,£,€) — pa(ynz — Tn2)] (4)

with respect to yn; for t = 1,2. In (4), K(le,g,Z) and K (zn +:UN2,§,§) —K(:le,é“,E) are
country N’s extraction costs in period 1 and 2, respectively, after having sold the deposits
[ E]Cfv to country M, p; is the fuel price in period t = 1,2 and p.z is N’s revenue from
selling the deposits. The first-order conditions of maximizing (4) yield By, (yn:) = p: and

country N’s fuel demand in period t = 1,2 is®
YNt = B;\ﬁl(pt) =: Dy(py). (5)

Next, we turn to country N’s fuel supply. The sale of deposits [§ , E] ¢, for preservation

changed N’s endowment of deposits such that N’s initial marginal extraction cost function

4The case that the coalition cannot commit to its future policies is discussed in Section 6.
SStrategic action of country N would not qualitatively change our results. For a further discussion of

these assumptions we refer to Harstad (2012, p. 103 ff).

GB;V_tl is the inverse of the marginal benefit function Bly,.



C'y turned into the marginal extraction cost function K’. To avoid the corner solution
Tn2 = 0 we assume xy; < é such that the first-period marginal extraction cost is not
affected by the deposit transactions and wit holds K'(zy1,&,€) = Ciy(zn1).” The overall

marginal extraction cost function is given by

Cy(zn1 + Tn2) for zn1 + N2 <€,

_ = (6)
Cy(xnt + N2 +E§—§) for zni + a3 > 6.

K'(zn1 + N2, &, £) =

Taking advantage of the marginal cost functions Cly(zn1) and K'(zy1 +2n2,§, £), maximiz-

ing (4) with respect to 1 and x o yields

oU , ,

5 N = g = (1= 8O (zn1) — 0K (zp1 + 2n2) = 0, (7)
TN1

oUu ,

) N = (5[}?2—K($N1+$N2)} = 0. (8)
TN2

The first-order conditions (7) and (8) determine country N’s first-period fuel supply®

-9 / — 0
TN = 51 (p—ll — 5]92) = 01\71 <p11 — §2> ) (9>

and country N’s total fuel supply

O (p2) for py < Cy(9),
S for ps € [Cy (), Oy (9], (10)

Cy ' (p2) —&+¢ for po > CN(8).

Combing (7) and (8) we obtain the Hotelling rule for country N’s optimal first- and second-

TN1+ TN = S(pz;éyg) =

period extraction. In the sequel we refer to pll%‘sfz as Hotelling price.

Accounting for (5), (9) and (10) the fuel market clearing conditions in the first and

second period, respectively, are

-0
T + 51 (%) = ym + Di(p), (11)
_ -0
Tyr2 + S <p2,§, 5) =5 (%) = Ymz + Da(p2). (12)
(11) and (12) determine the fuel prices p; and p, as functions of yus1, Tas1, Yare, Tasz, € and
&, formally
o = Pl(yM1,$M1,yM2,iUM2>§§)> (13)
P2 = PQ(?/M1,$M1,?JM2,9EM2,§,E)- (14)

"The inefficiency of the deposit-purchase policy (see Propositions 1 and 2) is not affected by that as-
sumption.

!’
8Cy ! is the inverse of the marginal extraction function Cly.
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The properties of (13) and (14) with respect to yasi, a1, Yae and xpo are derived in the
Appendix Al.

It remains to specify the coalition’s choice of its first- and second-period fuel caps. The
coalition maximizes with respect to yar1, ar1, Yare, Taso its welfare
Uu = BMl(yMl) - CM($M1) —p1(yM1 - IMl)
+0[Brz(Yamz) — Cru(zan + 2a2) + Cr(zar) — p2(Yarz — Tar2)

—5 _
—H |zp + 51 (1%52) +@/1<37M1+37M2+S(P27§,§)>] (15)
subject to (13) and (14). The first-order conditions are
Uy
s B, —
Byt M1~ P1 _ _
H'S, PS5
_([1+1_5>P?J1M1_6 ]2+Hl(5 _1_(5 Py2Ml:0’ (16&)
aUM ! _/ X /
Oran p1— (1 =0)Cy(xan) = 0Cy (an + 2a2) — (1 + ) H
's' [ wS S ]
(1 2 o s e (B - 2 ez, <00 o
oUn
= (B, —
Y2 ( M2 p2)
H'S! S S
- (11+ 1_3) ) 12+H’( 5 1_15)] P’ =0, (l6c)
ou
H'S! ws/ s’
+ <11+ 1_(15) P}, +6 12+H’< - 1_15>] Py, =0, (16d)
where Iy := yap— 20, P, = ai];t, Py = gy—i fort =1,2, 5] = a(”?l%‘is”) and S := g—i.

Deposit contract. Finally, we turn to the deposit contract. The coalition wants to buy
deposits for preservation. The two groups negotiate over the number of deposits z = £ — §
from the interval ¢, E]Cﬁv and the deposit price p,. The outcome of negotiations is efficient.
That is, once an agreement is reached there is no room for re-negotiations such that both
parties can be made better off. As is well known the efficient contract can be implemented

by Nash bargaining.”

9Harstad (2012) also considers efficient deposit trade but leaves the bargaining process unspecified. For

the sake of more specific results we restrict our attention to the (cooperative) Nash bargaining.

7



For the deposit contract both parties have to know which deposits country N will
extract in the absence of deposit trading. Without deposit trading N’s total fuel extraction

which is denoted by ¢ follows from maximizing the welfare

Bni(yn1) — Cn(zn1) — iy~ — 1) + 0[Bna(ynz) — CN(E) + Cn(xn1) — p2(yn2 — E+ TN1)]

with respect to €. The associated first-order condition yields

Cn(€) =p == &=Cy'(p) (17)

Without deposit trading country N sells all profitable deposits from the interval [0, S]Cfv‘

Allowing for deposit trade country N keeps extracting its low-cost deposits and sells
only its highest-cost profitable deposits. Formally, with deposit trade its total fuel supply

Tn1 + T o is given by
Tyt 4 Tne =& — 2, (18)

where z is the number of sold deposits. Denoting by p, the deposit price, the welfare of

country N and M, respectively, is

Uv = Bwi(yn1) — On(zn1) — prlynt — on1) + p2z

+6 [Bm(ym) — On(§—2) + Cn(an1) —po(yne —E+ 2+ le)} ; (19)
Uv = Bun(ym) — Cu(xan) — p1(yan — oan1) — p22

+0 [Bara(yar2) — Cur(an + 2ara) — Crr(wan) — pa(yYare — T2

1 — 0p2

—H .TM1+51 (%)—Hﬂ(a:Ml—l—ngng—z)]. (20)

The coalition and the non-signatory simultaneously bargain over the number of deposits z
and the price p,. The Nash bargaining solves the following maximization problem
max S = (Uy — U (Uy — U (21)
Z7pz
subject to (19) and (20). In (21), b € [0, 1] represents the coalition’s bargaining power, and
Ug; and Uy, are the disagreement welfares of M and N, i.e. the welfare levels the countries

achieve in the equilibrium without deposit trading. The first-order conditions of (21) yield!®
pa = 6CN (€ — 2) + ¢ H'. (22)

To sum up, the coalition purchases the number of deposits z = & — § from the interval
[ E]Cfvv where £ = C'y!(p,) and = E—z=0Cyt <p2 — ¢7H,> Inserting £ and £in (13) and

(14) determines the fuel prices, and solving (16) establishes the equilibrium of the game.

0The derivation of (22) can be found in the Appendix A2.
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3.2 Allocative inefficiency

In this subsection we investigate whether the deposit-purchase policy implements the efficient
allocation if either the coalition behaves as price taker in the fuel markets or sets its fuel

caps strategically. Suppose the coalition takes the fuel prices as given, then it holds P! =

Yme
P, =P =P =0fort=12in (16). In view of (5), (7), (8), (16) and (22), the
equilibrium of the game is characterized by
B?Wt(yMt) = Bth(yNt) t=12, (238‘)

By () = Cylean) +06 [Chylaan + za) — Coy(xan)] + (1 +)H',  (23b)
———
=p1
B§V1(yN1) = O],V(IEN;[) + 0 [O],V(IEN;[ + l"NQ) — C;V([EN;[)] + @DH,, (23C)
——
=pr1
0Byp(yar2) = 0Cy(xar + war2) + Y H, (23d)
1)
=0p2
0Bys(yn2) = 0Cy(zn +an2) + Y H'. (23¢)
—

=0p2

Comparing (23a)-(23e) with the efficiency conditions (3a)-(3c) shows that the deposit-
purchase policy leads to consumption efficiency and overall efficiency in both periods for
the coalition. Whereas the deposit-purchase policy also attains overall efficiency for country
N’s second-period extraction ((3c) for i = N is equal to (23e)), the allocation rule for coun-
try N’s first-period extraction (23c) does not match with the efficient one ((3b) for i = N)
and hence the overall efficiency of country N’s first-period extraction is missed. To put
it differently, the deposit purchases for preservation induce country N to account for the
coalition’s climate damage when extracting in period 2. In contrast, the deposit purchases
do not provide the appropriate incentives for country N’s first-period extraction. When
choosing zy; country N ignores the first-period climate damage imposed on the coalition
(H' is missing in (23c)) and hence N chooses an inefficiently large first-period extraction.

Hence, we conclude

Proposition 1. Suppose the coalition tmplements the climate policy of purchasing
deposits for preservation and suppose the coalition takes the fuel prices as given. Then the

equilibrium of the game is inefficient.

Next, the coalition acts strategically in the fuel markets and manipulates the fuel prices
in its favor, formally P} = —P! >0, P} = —P? >0fort=12in (16). Then the

Ymt LMt YMt



equilibrium of the game is characterized by

By (yan) = SETY = Bl (yn), (24a)
——
=p1
! SEB /
BMQ(Z/M2) - TQ = BN2<yN2)7 (24b)
——

=D2

Bin(yan) = Cylzan) +0 [Cylaan + 2a2) — Cy(xan)] + (L+ ) H', (24c)

Byi(ynv1) = Ch(zni) 40 [Chlznt + zn2) — Cy(azn)] + vH, (24d)
N——
=p1
0Bip(yuz) = 0Cy(zan + xu2) + Y H, (24e)
0By (yn2) = 0CK(zn1 +an2) + v H, (24f)
———
=0p2
where
SE; = (]1 + f[_s(ls) Py +0 |+ H (wf — 1%5) P t=1,2.

In addition to the inefficiency discussed at price-taking there are additional distortions stem-
ming from the strategic effects SEP and SEF. Comparing (24a)-(24f) with (3a)-(3c) reveals
that the coalition’s strategic action destroys consumption efficiency in both periods which

aggravates the prevailing inefficiency of the game. Hence, we get

Proposition 2. Suppose the coalition implements the climate policy of purchasing
deposits for preservation and suppose the coalition acts strategically in the fuel markets.

Then the equilibrium of the game is inefficient.

The performance of the deposit-purchase policy in the present two-period model is in stark
contrast to its performance in a static (one-period) model. Whereas the deposit-purchase
policy is able to achieve efficiency for a proper subset of economies in a static model (Eichner
and Pethig 2017a, Proposition 2), the extension to two (or more) periods leaves the deposit-
purchase policy inefficient. In a two-period model the deposit-purchase policy is inefficient
due to a non-internalized first-period climate damage externality and due to (possibly pre-

vailing) strategic effects.

4 Deposit-lease policy

In this section, we extend country M’s deposit policy. In particular, the coalition can still

purchase deposits, which are then permanently preserved from extraction, but it can also

10



lease deposits in some interval [£ 1,51]% from country N. These deposits are preserved in
period 1 and can be extracted by the non-signatory in period 2. We denote the number of
leased deposits by z; = &, — ¢ 2 and refer to the deposit policy of the present section as

deposit-lease policy.*t

4.1 The game

Fuel market equilibria in the first and second period. With the possibility of leasing

deposits and assuming zy1 < §, (4) becomes

Uv = Bni(yni) — K<$N17§1751) —p1(Yn1 — TN1) + Parz1 + P22
+6[Bna(yn2) — K(zn1 + n2,€,€) + K($N1,§1,§1) —p2(yn2 — zn2)],  (25)

where K(le,él,gl) and K(xy, + :EN2,§,Z) — KN(leél,El) are country N’s extraction
costs in period 1 and 2 after having leased and sold the deposits [§ pgl]Cﬁv and [¢, E]Cﬁv to
country M, respectively, and p,; is the price of leased deposits. Maximizing (25) with respect

to yn1 and yyo yields country N’s fuel demand (5).

Turning to country N’s fuel supply, leasing deposits [{ ¥ EJC;V for temporal preservation
does not change N’s total endowment of deposits, because these deposits are returned to N
in period 2. Thus, neither the total marginal cost function K'(xy1 + n2,§, €) nor the total
fossil fuel supply function S(ps, ¢, §) are affected by the extension of country M’s deposit
policy. However, the lease of deposits does change N’s first-period endowment of deposits

such that N’s first-period marginal cost function is given by

Cy(zn1) for zn1 <¢,

_ (26)
C§V<ZL‘N1—|—€1—§1) for IN1 Z§1

K,<IN17§1751) =

Figure 1 illustrates the marginal cost functions Cl(zy1), K’(le,gl,El), Cy(zn1 +
rn2) and K(zyy + wn2,§,€). The straight line 0G represents the graph of Cly(7n1) and
Cy(on1 + wn2). After having leased the deposits [§ 1751]C§v and sold the deposits [£,&]cr
country N’s first-period marginal cost function K'(x ) is captured by the line 0ABD. Since
the leased deposit are given back to /N in the second period, its total marginal cost function
K'(zn1 + zn2) is represented by the graph OFFH. The marginal cost function K'(zx1)

|K'(xn1 4 2n2)] is discontinuous at xyq = £, [z + 2N = €]

1Since our model ends after the second period, the deposit purchases for preservation can also be inter-

preted as deposit leasing in the second period.
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Figure 1: Marginal cost curves of country N before and after deposit transactions

Making use of the marginal cost functions (6) and (26), and maximizing the welfare

(25) with respect to xy; and z 9 yields N’s first-period fuel supply

1-6

_s _
=5 (B2 6,8 ) =1 for 220 € [O4(6,), Ch(€), (2D

C;\Fl <’p1—5p2) for p11—_5§92 < (51)

Ot (BE) — & +€, for BEEE > OL(E)).

From (5), (10) and (27) the fuel market equilibria are given by

xM1+S1( 1_5]92 §1,f) = vy + Di(p1), (28)
Ty + S (p27§75> -5 (}%(?hél’gl) = yuz + Da(p2). (29)

(28) and (29) determine the fuel prices p; and ps as functions of yus1, Tas1, Yaro, xM2’§1’El’§

and ¢, formally!?

P = Pl(yMb9€M1,yM2,$M2,§17517§7E)7 (30)
P2 = P2(yM1,le;yM27xM27§17gla§)g)' (31>

12The properties of (30) and (31) with respect to I; and I are equivalent to those of (13) and (14).
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The coalition’s fuel caps v, a1, Yar2, Tarz follow from maximizing its welfare

Uv = BMl(yMl) - CM(l‘Ml) —pl(yMl - iUMl) — Pz1”21 — PzR
+3[Br2(ynrz) — Cyr(zann + 2a2) + Crr(zan) — po(Yare — Tar2)]

—H Tp +Sl (l%(;’h?§1721) +¢ ($M1 +£L’M2+S <p27§73>)] (32>

subject to (30) and (31). The resulting first-order conditions are

U

= B\, —p, —SEf = 3
ayMl M1 P1 1 OJ (3 a)
aU ! I !
MZ = p— (1= 8)C(zan) — 6C (zan + zar2) — (1 +10) H' + SEF =0, (33b)
SUM — 5 (B — ps) — SEL =0, (33¢)
Ynm2
ouU
P L= (Pz — Cy(@an + 2u2) — %Hl) +SEy =0, (33d)
T N2 5
where
H'S' s g
SEF - (11+ 1_3) PLos |y (%_ 1_15)] P i-12

Deposit contract. The deposit transactions now consist of the number of leased deposits,
21, and the number of purchased deposits for preservation, z. The negotiated deposit prices

are p,; and p.. Again, the bargaining problem is solved by applying the Nash solution.

To determine the deposit transactions z; and z, we need to know how much country
N would extract in period 1 and 2, if there were no deposit trade. N’s fuel extraction in

the absence of deposit trading &, and & — &, respectively, follows from maximizing
Bni(yn1) — CN(El) —pi(yn1 — 21) +0 [BNz(yNz) - CN(E) + CN(El) — p2(yna2 — g + 51)](34)

with respect to &, and £. The first-order conditions yield

_ -4 - / -0
GE =" = G- (M), (35)
Ch@=p = E=Cy'(p) (36)

The welfare levels Uy, and UR, that M and N achieve in the game without deposit transac-

tions serve as disagreement point of the Nash bargaining game.
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With deposit trading country N keeps extracting its low-cost deposits in each period,
leases the highest-cost deposits that would otherwise have been extracted in period 1 and

sells the highest-cost deposits that would otherwise have been extracted in period 2, formally

IN1 =

17”1 (37>
— 2. (38)

| ony|

TN+ Tne =
The welfare of N and M is then given by
Uv = Bwi(yn) — Cn(& — 21) — prlynt — & + 21) + pazi + pe2
+0 [BN2(?JN2) —On(€—2) + Cn(& — 21) —palyne —E+ 2+ & — Zl)} , (39)
Uu = Bun(yan) — Cu(@an) — pr(yan — @) — parzn — paz
+0 [BMQ(Z/MQ) — Cu (i + 2ar2) + Cnr(@an) — p2(yare — xMQ)}

—H [$M1+El_Zl+w<xM1+$M2+E_Z>]- (40)

The deposit contract negotiated by the Nash bargaining solution follows from
_jnax = Uy = UR)! (Uy = UR)"™ (41)
subject to (39) and (40). In the Appendix A3 we show that the first-order conditions imply
0pr = OCN(E—2) + oI, (42)
pr—0ps = (1-06)Cp(& —21) + H'. (43)

The coalition leases the number of deposits z; = &, — &, from the interval € 1,51]0&, where

= C;\,_l (%) and § = Cj/v_l (%), and purchases the number of deposits z =

€ — ¢ from the interval [¢, E]wa where £ = Oy (p,) and §= Oyt (pg — wTH/) Accounting
for €, &, £ and ¢ in (30) and (31) determines the fuel prices p; and ps, and solving (33)

establishes the equilibrium of the game.

4.2 Allocative (in)efficiency

In this subsection, we wish to answer the question whether the deposit-lease policy leads to
efficient equilibria. We begin with the coalition as price taker in the fuel markets. Making
use of SEX = SEL = 0, (42) and (43) in (5) and (33), the equilibrium of the game is

characterized by

Bg\/lt(yMt) = B?Vt(ny) = 17 27 (44&)
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(44a)-(44c) are equivalent to the efficiency conditions (3a)-(3c). The deposit-lease policy
enables the coalition to internalizes the climate damage externalities of country N’s fuel
extraction. The deposit contract is designed such that country N accounts for the climate
damage its first-period and second-period extraction imposes on the coalition. Thus, we

infer

Proposition 3. Suppose the coalition implements the climate policy of leasing deposits
for preservation and suppose the coalition takes the fuel prices as given. Then the equilibrium

of the game 1s efficient.

If the coalition acts strategically in the fuel markets, the equilibrium of the game is

characterized by

B (yann) —SEY = By (yn1), (45a)

, SEZ )
B (yarz) — 5 By (yn), (45b)
0By (yin) = 0C(xp +xi2) +¢YH = M,N. (45d)

In contrast to (24a)-(24f) that violate overall efficiency for country N in case of the deposit-
purchase policy, the possibility of leasing deposits leads to overall efficiency for both coun-
tries. However, consumption efficiency may be destroyed depending on whether the coalition

may improve or not by strategic action. Defining!?

E = {EconomiesE‘E possesses an allocation (7, ny Yne, Une) for t = 1,2 satisfying (3)} ,
, o e T H'*S"™
Eo = EGS‘Esatlsﬁ6802[12[1/\122[22—5/7 ,

we prove in the Appendix A4

Proposition 4. Suppose the coalition tmplements the climate policy of leasing and
purchasing deposits for preservation and suppose the coalition acts strategically in the fuel

markets. Then the equilibrium of the game is efficient if and only if £ € &o.

To grasp an intuition for Proposition 4 we analyze how the coalition’s welfare changes when

starting from price taking in the fuel markets, which is tantamount to the efficient allocation

13The definition of I} and 7; is given in the Appendix A4.
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according to Proposition 3, the fuel caps x ;1 and x,/» are marginally decreased or increased

OUw

dUy =
M Oxnn

dle

! !

H*S* o
[Pl o+ ept =L (pt o _5p? )+1/)H*S*P2

TM1 TM1 1 _5 < TM1 TM1 TM1

dZEMl

\ . H*Sy T

=~ ([P, + o2, ) duans — [ L (P, — 0P, ) +wHS P | o, (460)
d’l;;rl . ~ J/
dwpry

oU

dUM == 895 M dl’Mg
M2

=— |I[P,,, + 0P} + W57 (o 2 +yH*S* P! | dx
- 1+ a2 275 xare 1—9¢ T2 T2 Th2 M2

* ol * 2 H,*Si* 1 2 "x o' x D2
= = (LPh, + 130P2,, ) daas — | == (PL, = P2, ) + 0H"S" P, | dauss . (46D)

~
dwF2 hd

deQ

The comparative static effects of dx,;q and dxys result in welfare changes that trace back
to changes of export revenues or import payments in both periods. dwg; captures this terms
of trade effect of dx . In addition, there is a welfare effect that goes back to changes of the

climate damage. dwpy, represents the climate damage effect of dx .

We study the welfare changes exemplarily for a coalition that exports fuel in both
periods (/7 < 0 and I3 < 0). Recall that in Figure 1 the points B and F' are country N’s
marginal extraction costs of the efficient fuel quantities x3, and x7; + 2}, respectively.
We begin with checking whether dx,;; > 0 increases welfare. Increasing x;; reduces the
first-period fuel price (lem < 0) and hence N moves from point B in direction to point
A in Figure 1. As a consequence, country N’s first-period fuel supply, total fuel supply
and the second-period fuel price do not change (S;* = S™* = P2 = 0). Making use of
this information in (46a) the terms of trade effect is negative (dwg; < 0) and the climate
damage effect vanishes (dwgy; = 0) such that total welfare decreases and a strategic increase

of xp1 does not pay. Next, consider the welfare effects of dzyq < 0. In that case the

. . . . . . — o -
first-period fuel price, the second-period fuel price and the Hotelling price P4=—F* increase

(P}, dzy >0, P2 dapn > 0and (P}, —0P7 )day; > 0) and country N moves from
point B to point D in period 1 and from point F' to point H in period 2 (see Figure 1).
The price increases induce country N to expand its first-period fuel supply and total fuel
supply (S}* > 0,S™ > 0). In view of (46a) the terms of trade effect is positive dwp; > 0 and

the climate damage effect is negative. Reducing z,; is advantageous and hence strategic
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action pays for the coalition if the positive terms of trade effect overcompensates the negative

climate damage effect.

It remains to investigate the welfare effects of changing the coalition’s second-period
fuel cap. dxpe < 0 increases the second-period fuel price p, and does not affect the first-
period fuel price, which induces country N to leave its first-period fuel supply unaltered
(S7 = 0, remaining at point B) and to expand its total fuel supply (S’ > 0, movement
from point F to point H). Here, we get a positive terms of trade effect and a negative
climate damage effect. Strategic action does not pay if the negative climate damage effect
overcompensates the positive terms of trade effect. For dx,, > 0 prices in both periods
decline, such that export revenues decline and dwgs < 0 (movements from point B to point
A and from point F' to point E). Furthermore, the Hotelling price increases such that
extraction is shifted from the second to the first period, which implies dwys < 0. Thus, a
strategic increase of x5 does not pay. A rigorous analysis of all cases can be found in the

proof of Proposition 4 in the Appendix A4.

Two remarks are in order with respect to Proposition 4. First, if countries are iden-
tical which implies no exports and imports, then the equilibrium is efficient, i.e. I7 = I3
constitutes an economy E € £p. Second, the deposit-lease policy does not always imple-
ment the efficient allocation. In all feasible economies E ¢ &y strategic action pays and the

equilibrium of the game is inefficient.

5 Deposit-lease versus deposit-purchase policy

Here, we compare the equilibria and welfare levels of the games with deposit-lease and
deposit-purchase policy. For the sake of specific results, we turn to the parametric functions
b

Bi(yi) = oyir — 53/12“ Ci(x;) = %%2, H ($1 + ¢$)) =h (xl + ¢37)) (47)

fort = M, N,t = 1,2, where a, b, cjr, cn, h are positive parameters and where z; := xp+2 Ny
is total extraction in period ¢t = 1,2 and = := x; + x5 is total extraction in both periods.

Moreover, in the remainder of the paper it holds

Assumption 1. The relative weight of future climate damages exceeds the discount

factor, i.e., ¥/(1+ 1) > 0.

According to Assumption 1 the marginal climate damages do not grow by more than the

discount rate. Assumption 1 is supported by empirical evidence. The Interagency Working
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Emission Year 5% 3% 2.5%

2010 10 31 50
2020 12 42 62
2030 16 50 73
2040 21 60 84
2050 26 69 95

Growth Rate  24% 2% 1.6%

Table 1: Social Cost of Carbon Dioxide (2007$, discounted to the emissions year)

Group on Social Cost of Greenhouse Gases (2016) calculates the social cost of carbon dioxide
by taking the average of the results from three integrated assessment models (DICE, PAGE,
FUND) for three discount rates (2.5%, 3%, 5%), five socioeconomic and emission scenarios,
and five representative years (2010, 2020, 2030, 2040, 2050). Table 1 shows that these average

costs grow by less than the used discount rates, which justifies Assumption 1.14
For the parametric functions we define the sets!®
My = {(Oz, b, car, ey, h, 5,@/}))(0]\/[ =cn)V{eny >y ANh > QL)} , (48)
My = {(a,b,cM,cN,h,d,w)‘cN>cM/\EB>h>ﬁB} (49)

and denote the set of feasible parameters by M. At the deposit-lease policy the set M is
the parametric pendant of the set £ introduced before Proposition 4. The coalition does
[not| refrain from strategic action on the fuel market if and only if £ € M, [M \ M_].
Turning to the deposit-purchase policy the coalition does [not| manipulate the fuel prices
if and only F € Mp [M \ Mg|. However, recall that according to Proposition 2 at the
deposit-purchase policy both strategic and non-strategic action in the fuel market result in

inefficient equilibria.

We begin our comparison by assuming that strategic action in the fuel market does
not pay both at the deposit-lease and the deposit-purchase policy (E € M N Mp). Since,
the equilibrium of the game with leasing is efficient the associated equilibrium is indicated
by a *. The (inefficient) equilibrium of the game with deposit-purchase policy is marked by

a *. In the Appendix B we calculate the equilibrium allocation of both games and compare

4The Interagency Working Group on Social Cost of Greenhouse Gases (2016) argues that for deriving
the real social cost of future emissions, it “should be discounted at the same rate as that used to calculate

the social cost of carbon dioxide”.
5 My and Mp are derived, and h;, hp and hp are defined in the Appendix B.
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them in Table 2.

* *
Trr — T

* *
ITn1 — TN

* *
Taro — Laro

* *
Tno — Tno

* *
Ynvr — Y

* *
Ynvo — Yma

H* — H*

>0

<0

<0

>0

<0

>0

<0

Table 2: Deposit-lease versus deposit-purchase policy (non-strategic action in the fuel mar-

kets)

In the absence of strategic action in the fuel market the main difference between
the deposit-lease and deposit-purchase policy is that the first-period climate damage ex-
ternality is internalized at the deposit-lease policy whereas it is non-internalized at the
deposit-purchase policy. Table 2 reveals that in the transition from the deposit-purchase to
the deposit-lease policy the coalition leases deposits in the first period to reduce country
N’s first-period fuel extraction (x%, < %) and to reduce first-period total extraction!®
(x5, + TNy < X% + Txy) which internalizes the first-period climate damage externality.
The leased deposits are extracted in the second period such that country N expands its
second-period fuel extraction (x}, > z},) and total second-period fuel extraction rises
(579 + Tho > Thye +Th5). Hence, leasing deposits shifts extraction from the first to the sec-
ond period. In sum, the climate damage is reduced (H* < H*). Since it is socially optimal
to extract more fuel in the first than in the second period, the deposit-lease policy flattens
the extraction path. The coalition finances the leasing of deposits by increasing first-period
extraction (2%, — 2},;; > 0) which in turn raises the profit of the extraction firm in country
M and with it the coalition’s income. However, in any case the total welfare increases when
moving from the deposit-purchase to the deposit-lease policy.!” We summarize our results
in
Proposition 5. Consider the parametric functions (47) and suppose the coalition
does not act strategically in the fuel markets (E € MpNMpg). Then the transition from the
deposit-purchase policy to the deposit-lease policy reduces first-period extraction, increases
second-period extraction, reduces total extraction, reduces the climate damage and increases

total welfare.

Finally, we compare the deposit-lease policy and the deposit-purchase policy for the

case that at both deposit policies strategic action in the fuel market pays (F € (M\ Mp)N

i +aiy < @y + @k follows from yi = yiy < Yir2 = Yie
1"The changes of country M and N’s welfare levels depend on the coalition’s bargaining power - reflected

by the parameter b - in the Nash bargaining approach.
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(M \ Mp)). The (inefficient) equilibrium of the game with deposit-lease [-purchase| policy
is indicated by a hat [tilde]. In the Appendix B we calculate the equilibrium allocation of

both games and compare them in Table 3.

Ty —Zan | TNt — Znt | T+ 2n1 — (T +3n1) | O — Jan | Ut — U
>0 <0 <0 <0 <0
Taro — Tme | Tno — Tne | e + Ene — (Tare + Tna) | U2 — Unz | Une — Gno | H — H*
<0 >0 >0 > () >0 <

Table 3: Deposit-lease versus deposit-purchase policy (strategic action in the fuel markets)

Again at the deposit-purchase policy the first-period climate damage externality re-
mains non-internalized, but now there are additional distortions stemming from strategic
action. Table 3 shows that as in case of non-strategic action in the fuel market moving
from the deposit-purchase policy to the deposit-lease policy fuel extraction is postponed
from the first period to the second period and the climate damage is reduced. This effects
harks back to the internalization of the climate damage externality. The strategic effects
destroy consumption efficiency since at both policies the coalition aims to manipulate the
fuel prices in its favor. In the transition from the deposit-purchase policy to the deposit-
lease policy the climate welfare (which equals the negative climate damage) raises, which
ceteris paribus increases total welfare. Consumption welfare also changes. If the coalition
exports fuel (cp; < cy) the consumption welfare may shrink or raise. In any case, the wel-
fare gain due to increased climate welfare overcompensates a (possible) loss of consumption
welfare such that total welfare expands when moving from the deposit-purchase policy to

the deposit-lease policy.

If the coalition imports fuel (cp; > cy) it aims to reduce the fuel price. In that
case, the transition from the deposit-purchase policy to the deposit-lease policy reduces
consumption welfare. The reason lies in the vertical segment AB of N’s marginal cost
curve which corresponds to a vertical segment of N’s first-period fuel supply at the deposit-
lease policy. At that segment N’s supply is price-inelastic and the coalition ceteris paribus
achieves large price reductions without changing the total extraction. At the deposit-lease
policy the coalition’s strategic incentives (at the margin) are much stronger than at the
deposit-purchase policy. Stronger incentives result in larger (consumption) distortions and
hence the consumption welfare is smaller at the deposit-lease policy than at the deposit-

purchase policy. The change of total welfare consists of two countervailing effects - the
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total consumption welfare declines and the climate welfare increases. If the difference of
strategic benefits is small [large| and the gain of climate welfare at the deposit-lease policy
is large [small] then the total welfare increases |decreases| when moving from the deposit-

purchase policy to the deposit-lease policy. We summarize our results in

Proposition 6. Consider the parametric functions (47) and the coalition acts strate-
gically in the fuel markets (E € (M \ M) N (M\ Mg)). Then the transition from the
deposit-purchase policy to the deposit-lease policy reduces first-period extraction, increases

second-period extraction, reduces total extraction and reduces the climate damage.

(i) Suppose cpy < cy and suppose Assumption 1 holds, then total welfare is higher at the
deposit-lease policy than at the deposit-purchase policy.

(11) Suppose cyr > cn, then total welfare is higher [lower| at the deposit-lease policy than at
the deposit-purchase policy if the marginal climate damage is sufficiently high [low].

6 Time consistent second-period fuel caps

So far we assumed that the coalition can commit to its future policies. Now we dispense with
that assumption. If the coalition cannot commit, the second-period fuel caps of Sections 3-5
are time inconsistent. To derive time consistent policies we modify the timing of the game as
follows: At the beginning of period ¢ = 1 the coalition and the non-signatory negotiate over
deposits. Next, in period t = 1 the coalition and the non-signatory choose their first-period
fuel demand and supply, and then the first-period fuel market clears. In period ¢ = 2 the
groups M and N choose their second-period fuel demand and supply, and the second-period
fuel market clears. We go quickly through the game by backward induction.

In the second period the coalition maximizes with respect to yase, Ty its welfare
Uv = Bai(ya) — Cum(zan) — pri(yan — zan)

+0[Bar2(Yar2) — Coar(zarn + 2ar2) + Cur(@ar) — p2(Ynre — Tar2)]
—H |zpy + 2N+ ($M1 + 22 + S(p2, )] (50)

subject to the price function py = P?(Zar, Yar2, Tn1), which follows from the second-period
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fuel equilibrium condition (12).'® The first-order conditions are

aUM / ! ¢S, H2
= B, — — 90 | L H | — P = 1
Donra 5( Vo pz) 0|1y + ( 5 ) s = 05 (51a)
I _ (p2 — Cly(@an + Tar2) - gH') S|+ (¢S ) P 0. (51b)
T2 0 )

In the first period the coalition maximizes with respect to x;; and yy its welfare

Uu = BM1(yM1) - CM(SUM1) —pl(ym - $M1)
+0[Bur2(Ynr2) — Cuvr(@arn + xar2) + Cur(@ar) — p2(Yarz — Tarz)

-0
—H |y + 51 (%7 ) + 1 (37M1 + a2 + S(p2s ))] (52)
subject to p1 = PYxam,yan), p2 = Pz, yan), 2ae = XM2(2an, yan) and yap =
YM2 (201, yar ), which follow from xy; = S (p11—_5§72’ -), the fuel equilibrium conditions (11)
and (12), and the first-order conditions (51a) and (51b).' The first-order conditions are
oU H'S] 1 S’ St 5
ayMl — B§\41_p1_(]1+1_5)Pym_5 ]2+H/ 5 —1_5 PyMl
+0 (BMQ - p2) 1@%? +9 <P2 — Cy(Tann + Tar2) — %H) X%,Ql =0, (53a)
aUJW - / / /
e = D1 (1= 0)Cu(zan) — 6Cy (xan + 2a2) — (L+4) H
M1

H'S!
—|r LYypt -5
(1+1_5> TM1

st S
T A R e 2
2+H(5 1—5)| o

+0 (Bﬁvfz - Pz) Yo +6 (Pz — Cy(@an + 22) — %H/) Xn5=0. (53b)

TM1 TM1

It is interesting to observe that the second-period fuel caps are used to influence only the
second-period fuel price (and not the first-period fuel price), if M cannot commit. In con-
trast, the first-period fuel caps are used to manipulate both the first- and second-period fuel
prices, and M takes into account that its first-period fuel caps affect its second-period fuel
caps reflected by the terms YM2 VM2 X M2 and XM2 in (53a) and (53b).

Ym1? T TM1? T UYML TM1
At the beginning of period 1 M and N negotiate over deposits. The deposit con-

tracts under commitment also apply here. For the deposit-purchase policy the contract is

characterized by (22). In case of the deposit-lease policy the contract satisfies (42) and (43).

18Tn (12) we have replaced Sy (p11_5§’2,~) by xn1, since i already has been chosen at period ¢t = 1
and cannot be affected by the coalition at ¢ = 2. The first-order conditions (7) and (8) also apply when N

chooses x 1 in period 1 and x5 in period 2.
19For more details we refer to the Appendix A6.
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In the remainder of this section we investigate the (in)efficiency of the deposit policies,
if M cannot commit. We begin with the deposit-purchase policy. If the coalition acts as
price taker in the fuel markets (P2 = P2 =Pl =p2 =Pl =P2 =0in (5la),
(51b), (53a), (53b)), it is straightforward to show that the allocation rules of the game
coincide with (23a)-(23e) and the equilibrium of the game is inefficient. The reason for the
inefficiency lies in a non-internalized first-period climate damage externality. If the coalition
acts strategically in the fuel markets the inefficiency deteriorates. In case of the deposit-lease
policy one can show that price taking (f’me = f’fm = PylM1 = Pszl = PylM1 = PyZM1 =0 in
(51a), (51b), (53a), (53b)) leads to the allocation rules (44a) and (44c), and hence implements
efficiency. Finally, for the deposit-lease policy and strategic action in the fuel markets we

derive in Appendix A6 an analogue to Proposition 4. These results are summarized in

Proposition 7. Suppose the coalition cannot commit to its future policies,

(i) it pursues a deposit-purchase policy and suppose it takes the fuel prices as given. Then

the equilibrium of the game is inefficient.

(11) it pursues a deposit-purchase policy and suppose it acts strategically in the fuel markets.

Then the equilibrium of the game is inefficient.

(111) it pursues a deposit-lease policy and suppose it takes the fuel prices as given. Then the

equilitbrium of the game is efficient.
(iv) it pursues a deposit-purchase policy and suppose it acts strategically in the fuel mar-

kets. Then the equilibrium of the game is efficient if and only if E € & = { E €

- * * * H/*S',*
E\L satisfies 0 > I 2£1A0212 > — 570 }

7 Summary and discussion

This paper compares the policies of leasing versus purchasing deposits to prevent their
exploitation in a two-period model at which a (sub-global) climate coalition fights against
climate damage and aims to manipulate the fuel prices in its favor. In that two-period model
not only cumulative emissions but also the emissions path determines climate damages. It
turns out that the deposit-purchase policy always leads to inefficiency which is in stark
contrast to its performance in static models. The drawback of the deposit-purchase policy is

a non-internalized first-period climate damage externality. The deposit-lease policy performs
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better. It implements efficiency, if the coalition is price taker in the fuel markets, and it
achieves efficiency in a proper subset of economies, if the coalition acts strategically in the
fuel markets. Our results are independent on whether the coalition can or cannot commit
to future policies. So far our analysis provides an economic rationale for leasing instead of

buying deposits for preservation.?°

Next, we compare the economies that are inefficient for both the deposit-lease and
the deposit-purchase policy. We show that the deposit-purchase policy yields larger total
welfare, if the coalition exports fuel. In case of a fuel-importing coalition, the deposit-lease
policy results in larger [smaller| welfare than the deposit-purchase policy, if the climate
damage is large [small|, because leasing improves the possibility to manipulate downward
the fuel price in the first period. In any case the transition from the deposit-purchase policy

to the deposit-lease policy flattens the extraction path.

For the benefit of informative results we followed Harstad (2012) and Eichner and
Pethig (2017a) in seeking analytical relief by employing additive, quasi-linear consumer
preferences and, more importantly, by assuming that the non-signatory does suffer from
climate damage. Furthermore, our analysis can be extended into other directions. First, one
could introduce strategic action in the deposit market. Second, one could address aspects
of incomplete information and moral hazard with respect to the deposits. Third, one could
add a renewable resource. Fourth, a comprehensive comparison between leasing and buying
deposits for preservation needs a computable general equilibrium model that is empirically
calibrated. These issues are beyond the scope of the present paper but may be interesting

and important tasks for future research.

References

Allen, M.R., Frame, D.J., Huntingford, C., Jones, C.D., Lowe, J.A., Meinshausen, M. and
N. Meinshausen (2009): Warming caused by cumulative carbon emissions towards the
trillionth tonne, Nature 458, 1163-1166.

Babiker, M.H. (2005): Climate change policy, market structure and carbon leakage, Journal
of International Economics 65, 421-445.

20There is another argument for leasing, namely the threat of nationalization. As Harstad (2012) argues:
"after selling a deposit located within its national boundary, a country may have a strong in incentive to

nationalize the deposit and recapture its value."

24



Baylis, K, Fullerton, D. and D. Karney (2014): Negative leakage, Journal of the Association

of Environmental and Resource Economists 1, 51-73.

Bohm, P. (1993): Incomplete international cooperation to reduce CO5 emissions: alterna-

tive policies, Journal of Environmental Economics and Management 24, 258-271.

Burniaux, J.M. and J.O. Martins (2012): Carbon leakages: a general equilibrium view,
Economic Theory 49, 473-495.

Copeland, B. and M.DS. Taylor (2005): free trade and global warming: a trade theory

view of the Kyoto protocol, Journal of Environmental Economics and Management 49,
205-234.

Eichner, T. and R. Pethig (2017b): Buy coal and act strategically on the fuel market,

FEuropean Economic Review, in press.

Eichner, T. and R. Pethig (2017a): Trade in fossil fuel deposits for preservation and strate-
gic action, Journal of Public Economics 147, 50-61.

Eichner, T. and R. Pethig (2011): Carbon leakage, the green paradox and perfect future

markets, International Economic Review 52, 767-805..

Feehn, T., Hagem, C., Lindholt, L., Maland, S. and K.E. Rosendahl (2017): Climate
policies in a fossil fuel producing country - demand versus supply side policies, The

Energy Journal 38.

Gerlagh, R. and M. Liski (2017): Carbon prices for the next hundred years, The Economic

Journal, forthcoming.
Gerlagh, R. (2011): Too much oil, CESifo Economic Studies 57, 79-102.

Golombek, R., Hagem, C. and M. Hoel (1995): Efficient incomplete international climate

agreements, Resource and Energy Economics 17, 25-46.

Grafton, Q., Kompas, T. and N.V. Long (2012): Substitution between biofuels and fossil
fuels: is there a green paradox, Journal of Environmental Economics and Management
64, 328-341.

Harstad, B. (2012): Buy coal! A case for supply-side environmental policy, Journal of
Political Economy 120, 77-115.

Hoel, M. (2011): The supply side of CO with country heterogeneity, Scandinavian Journal
of Economics 113, 846-865.

25



Hoel, M. (1996): Should a carbon tax be differentiated across sectors?, Journal of Public
Economics 59, 17-32.

Hoel, M. (1994): Efficient climate policy in the presence of free riders, Journal of Environ-
mental Economics and Management 27, 259-274.

Michielsen, T.O. (2014): Brown backstops versus the green paradox, Journal of Environ-

mental Economics and Management 68(1), 87-110.

Rogelj, J., Hare, W., Lowe, J., van Vuuren, D.P., Riahi, K., Matthews, B., Hanaoka, T.,
Jiang, K. and M. Meinshausen (2011): Emission pathways consistent with a 2°C global
temperature limit, Nature Climate Change 1, 413-418.

Van der Meijden, G. van der Ploeg, F. and C. Withagen (2015): International capital

markets, oil producers and the green paradox, Furopean Fconomic Review 76, 275-297.

Van der Ploeg, F. (2016): Second-best carbon taxation in the global economy: The green
paradox and carbon leakage revisited, Journal of Environmental Economics and Man-

agement 78(4), 85-105.

Walsh B., Ciais, P., Janssens, [.A., Penuelas, J., Riahi, K., Rydzak, F., van Vuuren, D.P.
and M. Obersteiner (2017): Pathways for balancing CO, emissions and sinks, Nature

Communications.

Appendix A. Proofs

A1l: The properties of P, and P, from (13) and (14): Total differentiation of (11)
and (12) yields

s;dpl%(;dp? — dl, + Didps (A1)
S'dpy — S{dm%(?m = dly + Didps. (A2)
Solving (A1) and (A2) with respect to dp; and dp, we get
diz;l _ _dizzl _ 5+ d —i)(S’ — D), (A3)
/
dii; = d‘iﬁ; = 551 >0, (A4)
/
d(]glf\jl - _dilj;l - % -0 (45)
(1 /
ol - Beten, o
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where T := (5" — D})S] — [(1 = §)(S" — D) + 051] Dy > 0.

A2: Derivation of (22): Maximizing S from (21) with respect to p, and z, we obtain

the following first-order conditions

1-b —b
a8 Uy —U% Un — U
p. 2z b(UM—U&> +(1-10) <UM—UX4) 0, (A7)
95 Uy~ U\
P (p. —hH N T EN
="
—b
! (E UN B UK/ _
+ (pz +0Cy(E—2) — 5]92) (1-0) (m) =0. (A8)

Taking advantage of (A7) in (A8) we get

0py = 0CN(E —2) +YH <= E—2=0Cy! (pg—l/)(j;[). (A9)

A3: Derivation of (42) and (43): Maximizing S from (41) with respect to p, and z

yields (A9). Maximizing it with respect to p,; and z;, we obtain the following first-order

conditions
oS Uy -2\ Uy — U2\
— o | AN +(1—p) [ X=X =0, A10
Op-1 ' <UM—U]?4> ( ><UM—UXJ (A10)
oS Uy -0\
2 = _(pg—HNbp| AN
0z, (p1 — H') <UM - U&)

+ (pzl +(1=0)Cy(& —21) —p1 + 5p2> (1-1) (%) =0.(A11)

Taking advantage of (A10) in (A11) we get

— _ , _ 6 _ H/
b dm = (L= 0CHE —a) B = Ema = (B2

A4: Proof of Proposition 4, conditions for non-strategic action with a deposit-

lease policy: Evaluating the partial derivatives of (40) with respect to yy;; and yye at
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the first-best equilibrium values yields

a[]M % * H,*Si* 1 2
ayMl = \Bﬂ,—/ [[1 Pyzm‘yMl + 1—946 < yM1‘yM1 o YM1 yM1>
Y =0
* H/*S/* 2
. (]2 R ) Foiliz | (A13)
851 +(1-6)(S’—DY) o _ (1-6)(S"—Dj)
where PylM1 = T >0, Py2M1 o 1 > 0, P?Jl]\/ll B 6P1/2M1 o T >0,
. s> 0, ifd (22) = o (P, =02, ) dyan > 0,
Si* - —; N " p1—0p2 1 1 2 ' (A14)
o(22 ) |y | S =0, ifd (2702) = L (P, = 0P2,, ) dyary <0,
, S >0, ifdpy=P2 dyM1 > 0,
g+ = 99 , Ry (A15)
op2 | . S =0, ifdpy = P2 dyw <0,
and
aU’]M "x * * H/*S/* 1 2
ay]\/[g 5\[BM2(yM2) :|/ [II Pyn12‘yM2 + 1—9 <PyM2 Yo o ym‘y;‘\n)
Yira ~
=0
* HI*S/* 2
: <I2 B ) Pocaliz | (A16)
where PylM - % >0, Py2Mz - (1 22 >0, Pylz\zz B 5Py2M2 =% f)Dll <0,
, Sp> 0, ifd (22) = L (P, - 0F2,, ) dys > 0,
Si* B :(ls - "% p1— 5p2 1 1 2 - A17)
0 (22 |y | S =0, i (n22) = 25 (B, — 0P2,, ) dyas < 0.
+
o5 S:: >0, ifdpy = yMz dyM2 > 0,
st = = =< X (A18)
Op2| S =0, ifdpy = P2 dyus <0.
ps N~
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Now we analyze how M’s welfare changes if it alters its fuel policy. For dyy; > 0 (=
S*>0 = P2 >0 = S*>0)weobtain

Ym1
aUM * pl HI*SEF 1 2
dUM = ayMl \(}2]’\{5 - = []1 Pijl y}*\“ + 1 _ 5 <Py]V[1 y;‘wl - Ymi ‘y;‘wl>
Yo+
S
: (IZ T >5P““ viny | Y01 (A19)
Jr

For dyy <0 (= S¥=0 = P2 =0 = S*=0)we obtain

Ymi
dUM = ayMl d?JM1 = —]1 PyMl Vi dyMl . (A20)
Ynvr — -
For dyy, >0 (= S =0, P, =0, S* > 0) we obtain
AU H*S'*
dU = d =—|I; ) 5P? d . A21
M7 | L2 ( Sy ) uare lyg,, Y02 (A21)
Yz + +

For dyys <0 (= S7* >0, P >0,S5*=0) we obtain

Ym2

oUu
Wy = 5= dyus
vz  —
H"™*S*
_ x pl 1 1 2 %5 2
= —|I PyMZ‘y;‘V[Q + 1—9 (PyMz‘y;‘m B (5PyMz y}‘\42> + 1 5PyM2 yz*wz] dynrs (A22)
dps __ _ dps _ ou _ou
From (A3) to (A6), gl= = — g for s, = 1,2, such that 72 . dyny = 5,24 . dz
+ —
and % dyy: = ggfé dzpy for t = 1,2, Thus, (A19) to (A22) being smaller or
Yare e

equal to zero is_necessary and sufficient for non-strategic action with a deposit-lease policy.
(A20) and (A21) imply I} < 0 and I > —%, respectively. (A19) and (A22) imply a
lower bound of I} and an upper bound of I, which we define by I] and I3, respectively.

Substituting (A3) to (A6), these bounds read

/

H'*S*(S™ — D) (I30 + H™*S")S*

[* A / ’ - ’ / ’ ) A23
- SO+ (S™*—Dy)(1—0)  S*d+ (S — D) (1 —9) (423)

Sy —Dy(1-46)’

where I} > -2 ~ and I7 <0 imply I7 <0 and 7; > 0, respectively.

*S
6/¢
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A5: Conditions for non-strategic action with a deposit-purchase policy: For the
comparison of the policies in Section 5, we need to know the conditions for non-strategic
action with a deposit-purchase policy in the parametric model. We prepare this analysis by
deriving the respective conditions in general. Denoting by x the deposit-purchase equilibrium
values without strategic action and evaluating the partial derivatives of (20) with respect to

ya1 and Yo at these second-best equilibrium values yields

OUy . ) H*S» /| )
ayMl B @f_—’ [I PyMl Vin * 1—5 <PyMl Y B 6 yMl yMl)
Yir =
) H’*s’* 2
: (Iz : W) il | (A2)
where PylM1 - 5Si+(1—?(SI—D§) > O’ Py2M1 = 1 > O PylM1 o 5PyZM1 - w > O,
S > 0, (A26)
((S'r >0, ifdp, = P2 dyany > 0,
/ oS
ST = ol T o , ) R (A27)
D2 s S*=0, ifdp=F;,, dyM1 <0,
L g
and
aUM o /% * *_ * H,*S:/L* 1 2
Oyniz | = 5\[BM2(yM2) —p2_/ []1 Pym i T 15 <Pym i or; y]*m)
Y ;’0
) H’*S/* )
" <I2 S ) Pl | (A2
_ 1 _ S (1 8)D} 5(1-6)D}
where Py1M2 B = O P?JZM2 =—"—x > 0 PylMQ B 5P112Mz o T < O’
Sl* > 0, (A29)
S >0, ifdpy, = P2 dyys >0,
. oS ’ T e vyfz
ST = —| = , ' (A30)
Ip2 , S* =0, ifdp, = P2, dyM2 <0.

Now we analyze how M’s welfare changes if it alters its fuel policy. For dyy; > 0 (=
S™* > 0) we obtain

00Uy . H*S)* 9
AUy = ayMl gy\]y_ll [Il Pyz\/n Vi + 1—9 (Pyzm Vi B YMm1 yj*m)
Y+
* Hl*S;: 2
(e ) o s (A3

+
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For dyyn <0 (= S™ =0) we obtain

ou
dUy = M dynn
Oy S~~~
v —
* H /*Si* 1 2 * 5 D2
- [[1 PyMl Yt + 1 — 5 (PyMl Yt B 5PyMl 1\ ) + 1 6PyM1 41 ‘dyMl,(A?)Q)
For dyys >0 (= S™* > 0) we obtain
_ OUy - H*Sy* | )
AU = Y2 dy\ng ! PyMz Yz * 1—9 <PyMz Vire 6PyM2 yMz)
Ynmz  +
* HI*S/* 2
+ ([2 + 5/w ) (SPyM2 Vi dyM2 (A33)
_l’_
For dyys <0 (= S™* =0) we obtain
ou
AUy = =21 dywe
8yM2 =
Ymz  —
H*S*
* pl 1 1 2 * 2
- 1 PyM2 Yiro + 1—96 (PyMQ Vi 6PZJM2 vi > + 1 5PyMz 0 ] dyara (A34)
From (A3) to (A6), ﬁ = —fx—fﬁ for s,t = 1,2, such that ggl\% y dyye = g:f:]n]z . dz s
Mt Tyme Y
U _ U _ :
and 5~ . dynry = 5, " da g for t = 1,2. Thus, (A31) to (A34) being smaller or equal

to zero is necessary and sufficient for non-strategic action with a deposit-purchase policy.

A6: Conditions for non-strategic action with a deposit-lease policy without

commitment: First we analyze how M’s welfare changes if it alters its second-period
. . H2 2 . . .

fuel policy. For this, we need to know P ~—and P; . Total differentiation of (12) for

Sl <p1 6p2> = IN1 yields

S/dpg + dl’Nl = dIQ + D/deg — P2

yme L ame S —

D >0. (A35H)

Evaluating (50) at the first-best equilibrium values yields

* * * /*S/* 2
= By — 15— (IQ + 5/7) 0Ly

Yz =0

Uy

A36
OYnr2 ( )

* )
Ynrz
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where

S'* >0, ifdpy = P2 dyun >0,
~—~—

: 05
St = = =< T (A37)
Ipa| | S =0, ifdp, = P2 dyu <0.
P2 N——

For dyys >0 (= S > 0) we obtain

oU G ~
dUy = dyre = — | I3 | o P2 dyars . A38
YT g L2 ( 2T 570 ) varzlyy,, SYM2 (A38)
Ynve + +
For dyys <0 (= S =0) we obtain
aUM * ¢ 152
dUy = T dyars = — 13652 }% dyars - (A39)
Yz + -

From (A35), 15y2M2 = —PxQMQ, such that % v dyne = gfﬂﬁ . dxpe and ggﬂ% o dyare =

oU v
Oxpro |«
T2

dzpre. Thus, (A38) and (A39) being smaller or equal to zero is necessary and

Jr
sufficient for non-strategic action in the second period with a deposit-lease policy without

commitment.

Now we analyze how M’s welfare changes if it alters its first-period fuel policy, given
that the coalition refrains from strategic action in the second period. For this, we need to
know the respective P! P! P2 —and P2 . Total differentiation of (5la) and (51b) for

YMm1? T M1’ T YM1 Thp1”
Tn = S, (pll__‘;g”) and ]5y2M2 = pﬁm = 0 and rearranging yields
dype = DYy, (A40)
) 'S}y (1= 8)0 — H'[S'(1— )0 — Syl
e = o - T (e En-g)
CY o+ H'"Y(1 + )
OJ/\,/[(;_'_ H’/¢2 dIMl, (A41)

where D}, := By (p2) and CY; := CY(xan +2ar). Substituting (A40) and (A41) into (A2)
and afterwards solving (A1) and (A2) with respect to dp; and dp, we get
1+ (8" — Dy — D),))C%]6(1 = 6) + S CY,6?

Pon =

HS100 4+ v) + (lf2 + Dy)(A =09l 0. (A42)
P 1+ (S — D} — DM)C}Q](S(D— H"(Dy + Dy)¢*J(1 = 6) _ 0, (A43)
P Si[CY,6 + g”wl +o)] 0. (A44)
P —D[C%,6 + H”g(l +PIA-9) 0. (A45)
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where ® = (] — D})[1+ (S' — Dy — Di)CY)6(1— 8) + S4[1+ (S’ — D} — Dy — D) C)6% —
H'[S{D}8(1 + ) + (D + D’M)[S’ D, (1 — 5)]¢]¢b > 0. From (A42) to (A45) we get

1+ (S"— D}y — D},)C16 + H" (D) + Dy )w?(1 = 9)

PylM1 o 5P312M1 - D >0, (A46)
pt_spr _ (= Dy = Dy )Oy6 — H"(Dy + Day)¢”](1 = 6)
TM1 TM1 @
_-Di[Cyo+ H :Ip)(Hl/J)]é(l -9 _, (A4

Evaluating (52) at the first best equilibrium yields

Uy ' .
) = Byi—n
Ymi| ~——
Ym =0
"% * M2 * "% d}Hl* M2
+0 (BM2 - p2> YyMl +9 (PQ — Cyr(Tan + 2p2) — S ) XyMl
i’o_/ Y N -— Y
=0
* H/*Si* 1 * ! % ¢S/* Si* 2
) <]1 B ) T < 5 1=5 ) | Pl (A9)
where
. Sp >0, itd (222 = 45 (P, - 0F2,, ) dyn > 0,
S = pl—jspg ) g n=ip: 1 (p1 2 L (ad9)
0 (22 |y | S=0. i () = 25 (B, — 0P2,, ) dyary <0,
S:: >0, ifdpy = yMl dyM1 > 0,
/ 0S
ST = —| = ) _ ) + (A50)
Op2 . S =0, ifdpy = P2  dyu <0.
For dypyn >0 (= S>>0 = pP..o>0 = S* > 0) we obtain
AUy . H*SYL (1 )
dUn = 8yM1 dyan, = 1 PyMl Y + 1—9 <PyM1 Vi 5Py1\11‘yh11>
Y1l +
. H'*S'*
i (5 S ) Pl | Qs (A51)
Jr
Fordyy1 <0 (= S7=0 = P, =0 = 57"=0)weobtain
ou
AUy = ayAZ dyary = —17P), .| . dyar - (A52)
v — -
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Evaluating (52) at the first best equilibrium yields

aU ! ! !
== pi— (L= 0)Chi(ean) = 0Cs(xan + xar) — (L+¥) H”
Oxpn . N ~~ 4
Ym =0
» . s vH™*
+0 (BM2 ) Yw]\ﬁ +0 <p2 — Cyp(xan + a2) — 5 X%i
T T N — ~ T
=0
) H/*S;* . . . ws’* Si* )
—<I1+ 1_5>me s I+ H ( 5 T 1-3 0P 1. (A53)
where
. St >0, ifd (272) = 5 (PL = oP2, ) doay > 0,
S;* - T;m - I P1—0p2 1 1 2 - 1asd)
3( =5 ) (vi.03) S =0, ifd ( =5 ) T8 (Pm - 5PW1> oy, =0,
+
S'* >0, ifdp, = P? dxyy >0,
/ 59 + 1 dps 2y ATML
g — 92 , . ) + (A55)
2| . S =0, ifdpy = P2 day <0.
For dzy; >0 (= S;* = 0) we obtain
OU . . H’*S’* )
i+ +
For dzy;; <0 (= S =0) we obtain
OUn x H/*Sﬁ 1 2
dUM = ali \dle, [Il PJUM1 ’le + 1-6 <P$M1 ‘le o 5P9&M1 ‘x7\41>
Thy =
* 2
+50P2, . | dow. (A57)

Thus, (A38), (A39), (A51), (A52), (A56) and (A57) being smaller or equal to zero is
necessary and sufficient for non-strategic action with a deposit-lease policy without commit-
ment. (A38) and (A52) being smaller or equal to zero is sufﬁcient for (A56) being smaller or
equal to zero. (A38), (A39) and (A52) imply I > — 5/#} , I3 <0 and I} <0, respectively.

(A51) and (A57) imply lower bounds of I7, which we define by I7 and I, respectively.
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Substituting (A42) to (A45), these bounds read

_HSP{(L+ (8~ Dy — Dy )CYJS — H(Dj + D))

=1,1 )
(L6 + H'*S) S [Chrd — H'(1+ )] (A58)
(._) bl
oo _HPSE (L= 8) — HESIDY[CHS + H'Y(1+ )]s 50
Sz T s {1 (D + Dy)CY10 — HY(Dy + D)UY (1—6)

where © := [1+(S'— D, — D', )CY16(1—08)+S1CY0%+ H"[S16(1+)) — (Dy+ D'y ) (1 —0) b,
and where [J > —% and I3 < 0 imply [ I L, < 0and [ ’{ , < 0, respectively. Finally, we
define [ := max[[T I ].

=1,1"=1,2

Appendix B. Parametric model

B1: Equilibrium allocation of the deposit-lease policy without strategic action:
Using (47) in (3), the first-order conditions with a deposit-lease policy without strategic

action read

a—byyy=a—byy; fort=1,2 (B1)

Oé—byﬂ:CZ‘ (I21+5xz2)+(1+1/1)h fori:M,N, (BZ)
h

a—byizzci(xiljtxig)%—% for i = M, N. (B3)

Solving (1), (B1), (B2) and (B3) with respect to y;1, z1, i and x;o for i = M, N yields

. (e +en)blear +en)(a = (1 +9)) + 2epen(a(l = 6) — h)]

Yir = 0 ) (B4)

. 2(cp + ey — ¢i)[blear + en)(a — h(1 + 1)) + 2epen(a(l — 6) — h)] (B5)
il 0 ;
. _ (em +en)blen + en)(ad — hip) = 2epenh(Y(1 —6) — )]

Yio = % , (B6)
. 2(cnm +en —c)bleas + en)(ad — hp) — 2eprenh(yp(1 = 6) — 0)]

Lig = O ’ (B7)

where Q := b*(cps + on)? + dbepren(enr + en) + 463,64 (1 — §) > 0. Taking the difference
between (B4) and (B5) as well as between (B6) and (B7) for i = M yields

o _ (er —en)[blen + en) (o — h(1 + ) + 2epen (a1 — 6) — h)]

Y — T = 9 ) (B8)
Yy — 2 (car — en)[b(ear + en) (ad —g;ng) + 2eprenh((1 —96) + 5)]7 (B9)

so that v}, — T z 0 <= cu z cy for t = 1,2 if (B4) to (B7) are greater than zero.
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B2: Conditions for non-strategic action with a deposit-lease policy: With a

deposit-lease policy, Dy, S; and S from (5), (10) and (27), respectively, are given by

o — Pt

Di(py) = 2 fort =1,2 (B10)
b= i e for 22 < eng,
1—0p2 . = - _
S ( 13 7§1,§1) =4 & for ’%‘?2 € eng,  enéyl, (B11)
i) 15p§) & +¢, for 1)11%56292 > enéy,
( = for ps <ené,
S(p2,€,€) = 5 § for ps € [ené, eng], (B12)
\ f—;—f+§ for py > ené,

so that Dy, = —1/b, S1_ =0, S], = 1/cn, S~ =0 and S = 1/cy. Then, the conditions
for non-strategic action, (A19) to (A22), become

% (Yara — Thr2)00  R[D(1 +¢) + cn]

S B13
S Y — Tyt b+CN(1_6) C]\/[b‘f‘CN(l_(S)]7 ( )
0> Y — Thsis )
0 < Yno—Tho + ond’ 1
CN
(Va1 — Thn)b h
oo Win—wadb . h B16
_b+CN(1_5)+yM2 Tar2 b+cn(1—90) )

From (B8), cyr — ¢ < 0 is necessary and sufficient for (B14) to hold. From (B8) and (B9),
ey — oy < 0 implies yh,, — 25 < 0 and yi — 230 < 0, which is sufficient for (B16) to hold.
The right-hand sides of (B13) and (B15) are increasing in h, which defines lower bounds of
h for (B13) and (B15) to hold:

GCN(CN — CM)[bQ(CM + CN)(l + 5) + bCN(BCM + CN)(l — (5) + QCMC?V(l — 5)2]

L._
hy:= (oo + )02 T Zhw + B(1 = 0)][blewr + o)L+ 0) + 2emen]  CLD)
L aben (eny — ear)(en + en)o
Y(ey + en)[b?(ear + en) + ben(Benr + on) 4 203 (1 — 0)] — 20k (en — enr)d
(B18)

Taking the difference between (B17) and (B18) yields

pLpL acn(eny — ear) (e + en)$2 ‘
(ear + en)[b? + 2ben + A (1 —0)][b(ear + en) (1 4+ ¥) + 2epen](1 = 6)
[0+ en(1—8)((1 —8) = 8) + b*62 + 2cpen[b + en(1 — 6)]6(1 —6)/(car + cn)
Y(en + en)[b?(ear + en) + ben(Bear + en) + 2epcd (1 — 0)] — 2epcii(en — ear)d’

so that cyy — ey <0 and h > QL = hf are necessary and sufficient for non-strategic action

if Assumption 1 holds.
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B3: Equilibrium allocation of the deposit-purchase policy without strategic ac-
tion compared to that of the deposit-lease policy without strategic action: Using

(47) in (23), the first-order conditions with a deposit-purchase policy without strategic action

read
a—byyy=a—byn; fort=12 (B19)
a — by = ey (T + dzp2) + (1 + ) A, (B20)
a—byn1 = ey (xN1 + 0xN2) + Vh, (B21)
a—byip = ¢ (T + 1i0) + vh for i = M, N. (B22)

4]
Solving (1), (B19), (B20), (B21) and (B22) with respect to y;1, 21, yi2 and ;3 for i = M, N
yields
hCM[b(CM + CN) + QCMCN]

Yh =yn + 0 5 (B23)
o= - hblb(ear + Cg)(;r_?gf?zv(l +o)ll (B24)
. h[b*(ear + en) + 2bcM(2gv(1+_cA§>(1 —0)) +4cen(1 — 5)]’ (B25)

Vb = Y — thg = (B26)
ot =, + bl g( fN_) (; denren] (B27)
i, = oy — P ew) + é?iM_cg)Jr dcken(1 = 0) (B28)

Defining vy 1= yare + yne = Tpe + o for t = 1,2, we obtain from (B23) and (B26) y >
and y5 < y;, respectively. Furthermore, defining vy; := y;1 + 42 for ¢ = M, N, we obtain from
(B23) to (B28)

. hbey(en +en)

2hb — ¢
= + CM(CMQ+ en — &) , (B30)

Y — T = Yan — Tan
N h[b*(car + en) + bearlear (1 = 6) + en(3 + 8)] + 2¢3,en (1 = )]
Q )
) ) . i h[b*(car + en) + 4beyren + 2¢%,en (1 — )]
Yo — Tar2 = Ynre — Tagg — 0 A . (B32)

(B31)

Defining y := 3, + y2 = x1 + 2, we obtain from (B29) y* > y*. Taking the sum of (B31)
and (B32) yields

hb — 1—90
i — 3y = vy — iy + ool — L2 0) (B33)
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so that y3, — z%, E 0 < cu ; ey and |y, — 2| > |yh — 23]

B4: Conditions for non-strategic action with a deposit-purchase policy: With a
deposit-purchase policy, observe that D, and S are given by (B10) and (B12), respectively,
while S = (p1 — dp2)/[en(1 = 9)]. Thus, DYy, = —1/b, S1 = 1/en, S” =0 and S, = 1/cn.
Then, the conditions for non-strategic action, (A31) to (A34), become

(Yara — Thr2)00  h[b(1 +¥) + cn]

e B34
N * (Yara — Thr2)b0 h
N B B
02 W =2 4 0 —5) T b L en(1=0) )
* ek b hb 1 _6 _5
(¥in — 231)b Yy — Ty + b+ en(( o) (B36)

- b—i—CN(l—(S) CN[b+CN(1—5>]5 ’

(YA — @3h0)b h
0> ———— N o — Thpg — ——————————. B37
- b+CN(1—5) tYar2 ~ Taro b—|—CN(1—(5> ( )

Using (B31) and (B32), we can modify these conditions to

(Yir2 — 300 | AP+ 9) +en] | 2hei, k(1 = 9)
b+cen(1—=96)  en[b+en(l—0)] Qb+ en(l—9)]
N hb[b?(car + cn) + b3, + depren + ] + earen[3ear(1 = 6) + en(3 + 9)]]
Q[bd + en(1 —9)] ’
(isa = 308 R (1—0)
b6+ cn(1—10) QS + en(l—0)]
N hb[b[ci; (1 +0) + emen(3 — 0) + 2¢}] + emenlem (5 — ) + en(7 + 9)]]
Q[bo + en(1 —0)] ’
(Yan — Th)b * * hy
< b+ n(1—0) +Z/M2_$M2+CN_5
2enh[b?(2car + on) + 2bear(car + 2en) + 33 en (1 — 6)]
- Qb+ en(1 —6)] ’
Wan — 2h)b | * h
T bt en(l—o) YT e T T
2enh[b?(2cnr + on) + 2benr(ear + 2en) + 33 en (1 — 6)]
a Qb+ en(1 —6)] '

0<wyy1 — Ty +

(B38)

0> yyn — Ty +

(B39)

(B40)

(B41)

From (B8) and (B9), ¢y — cn < 0 is necessary for (B39) to hold and sufficient for (B41) to
hold. The right-hand side of (B39) is increasing in h, which defines an upper bound of h for
(B39) to hold

7B aleny — ear)[20%(ear + en)d + bey (ear(1+ 260) + en) (1 — 6) + 2cprc3 (1 — 6)?]

h™ = blen — em)[blen + (ear + en)Y](1 +6) + enlen + (Ben + en))(1 —0)] + T (B42)
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where T' := Q + 2cpren[b? + 2bey + ¢, (1 — §)] > 0. The right-hand sides of (B38) and (B40)
are increasing in h, which defines lower bounds of h for (B38) and (B40) to hold

acN(cN — CM)[bQ(CM + CN)(l + 5) + bCN(3CM + CN>(1 — 5) —+ QCMC?V(l — 5)2]
b[b? + 2bey + A (1 —0)][en(en — enr) + (e + en)?Y] + (b+ en)T
aben(en — epr)[20(car + en) + en(3en + en) (1 —0)]0

B ._
hZ T (CM + CN)[b2 + 2ben + C?V(l — 6)][1)(61\4 + CN) + QCMCN<1 _ 5)]1/} — CNF(5' (B44)

hy =

, (B43)

Comparing (B38) with (B13) and (B40) with (B15) for ey — ey < 0, h¥ > hP and bl < 1Y
hold, respectively. Taking the difference between (B43) and (B44) yields

acy(ey — ear)[b? + 2ben + % (1 —6)]Q

A T :
LT b2 4 2ben + (1 —6)][en(en — ear) + (ear +en)?] + (b + en)T
[(CM + CN>1/J(1 — (5) — (QCM + CN)5] [b —+ CN(l - (5)] — 3bCN(5
(CM + CN)[b2 + QbCN + C?V(l - 5)][1)(01\4 + CN) + 2CMCN(1 — 5)]1/} — CNF57
so that ¢y; — ey < 0 and I > h > KB = max[ﬁ’lB ,hf | are necessary and sufficient for

non-strategic action.

B5: Total welfare of the deposit-purchase policy without strategic action com-
pared to that of the deposit-lease policy without strategic action: Using (47) in

(2), total welfare in general reads

W = ayan — g(yMl)2 - %M(ﬂﬁMl)2 — p1(yart — Tan)
+ ol — 3 — S en)? + D (ean)? — palyna — aa)] — o + )
+ ayni — g(ym)Q - %N(l‘my —pi(ynt — zn1)
+ dlayne — g(yzv2)2 - %N(QTN)Q + %V(J/’Nl)2 — pa(yn2 — wn2)], (B45)

where py = a — byny for t = 1,2 by (5). Substituting (B4) to (B7) into (B45) yields total
welfare of the deposit-lease policy without strategic action W*. Substituting (B23) to (B28)
into (B45) yields total welfare of the deposit-purchase policy without strategic action W*.

Taking the difference of these welfare values yields

bz(cM + CN) + bCM[CM(l — (5) + 2CN] + QC?WCN(l — (5)

* * _ 12,
We=wr=h 20(1 - 0)

> 0, (B46)

which is positive, so that W* > W*.
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B6: Equilibrium allocation of the deposit-purchase policy with strategic action
compared to that of the deposit-lease policy with strategic action: With strategic
action, (B1) and (B19) become

a— by — SE{ =a — by, (B47)
SE/
o — byMg — 72 = — byNQ, (B48)

for j = L, B, respectively. Substituting (A3) to (A6) into SEL and SEZ introduced before
Propositions 4 and 2, respectively, and using D, = —1/b, S§ = 5" = 1/cy and H' = h yields

(yM1 — Q?Ml)bCN[b -+ CN(l — 5)] -+ (yMQ — $M2)b2CN5 + hb[b(l + Qﬂ) —+ CN]
b2 4 2ben + 3 (1 —9) ’
(yMl — {L‘Ml)bZCN(S + (yMQ — [EMg)bCN[b —f- CN(l — 5)]5 —|— hb[b@b —f- CN((l — 5)1/} — 5)]
b? 4 2bcn + A (1 —0) ’

SE! =

SE} =

for j = L, B. Solving (1), (B47) and (B48) for j = L as well as (B2) and (B3) with respect
to yi1, i1, Yo and x;o for ¢ = M, N yields the equilibrium quantities with the strategic
deposit-lease policy. Solving (1), (B47) and (B48) for j = B as well as (B20), (B21) and
(B22) with respect to these variables yields the equilibrium quantities with the strategic
deposit-purchase policy. Taking the differences of these quantities yields

hepr[b(ens + 2¢en) + 3epen]

Ua = Ym1 + A ; (B49)
P hb*[b(car + en) (e + 2en) + 2en(3c3, + Sepren + &)
YN = [b(car + 2en) + (1 — 0)]A
1 hCMC?V[b[G(CM + CN) + (5CM + CN)(]. - 5)] + GCMCN(l — (5)] (B50>
[b(CM + 20]\[) + C%V(l - 5)]A ’
- ) hblb(cyr + 2en) + 3earen (1 + 6
b = - M+ 200) - S 145) )
P hb3[b(car + 2¢n) + den(2enr + en) + 2(3; + enen + &) (1 —96)]
N [b(car + 2cn) + A (1= 6)]A(1 —0)
hb*cn[12¢cpren + (1163, + 9epren + 4k ) (1 — )]
[b(car + 2en) + A (1 —0)]A(1 —9)
3thc?V[2b[2(cM + CN) + CM(l — (5)] + 3CMCN(1 — (5)] (B52)
[b(ear + 2en) + A (1= 9)]A ’
5 R 3he3 e
Ynmz = Ym2 — X N; (B53)
_ B 2hen [V (3, + earen + &) + 3bearen(ear + en) + 33,5 (1 — 6)] (B54)
Y2 = Yz [b(car + 2en) + A (1 —9)]A ’
5 R hblb(cps + 2¢n) + 6eprc
Tpyo = Ty + blea Al i)(S) Y N]a (B55)
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- . hb[bP(em + 2en) + dben(en + 2en) + 12epc]
N2 =N [b(car + 2¢n) + (1 — 0)]A(L — 9)
hen[V? (563, + 3earen + 4ck) + 12bepren (ear + en) + 963,634 (1 — §)]

: [b(ear + 2en) + A (1 = 0)]A ) (B56)

where A := b*(cpr + 2en)? + 6bepen(ear + 2en) + 93,3 (1 — 6) > 0. From (B49) and (B50),
we obtain g; > ¢, and from (B53) and (B54), we obtain ¢s < 7. Furthermore, from (B49)
to (B56), we obtain

N . hb +2
Gn = Gt + CM(CAX en) (B57)
_  hb[V*(car + en) (e + 2en) + dbeyren (e + 2en)]
YN = YN + 5
[blep + 2en) + e (1 —9)]A
hbear e (5enr + en) (1 — 6)

) B58
[b(CM + 2CN) + C?V(l - 5)]/\ ( )
Far = dar + W’CTMCN (B59)
B — it 2hb[b% (3, + caen + &) + 3bCMC]\;(CM +cn) + 33,6 (1 — 5)]’ (B60)
[b(ep + 2en) + e (1 —9) A
_ . . . h[b*(enr + 2en) + b 1—0)+en(5+96
Ym1 — Ty = Ym1 — Ty + b em c) culeu( )+ en( )]
A(1 =)
3hc3 en (1 —0)
B61
AI=0) (B61)
_ - . . h[b*(car + 2¢n) + 6beyren + 3c2en(l — 6
Yme — Tm2 = Ymz — Tym2 — [P (ear ) MR men( )H (B62)
A(1—9)
From (B57) and (B58), we obtain ¢ > y. Taking the sum of (B61) and (B62) yields
N . hb -
Yv — Ty =Ym — Ty + CM(CX CN). (B63)

B7: Total welfare of the deposit-purchase policy with strategic action compared
to that of the deposit-lease policy with strategic action: Substituting the respective
quantities into (B45) yields total welfare of the deposit-lease |[deposit-purchase| policy with

strategic action W [W] Taking the difference of these welfare values yields
W—’W:h(AF+AH), (B64)
where the difference in consumption welfare is

hAF = [a(cN — ea) AT — RpAY — hAh} , (B65)
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with
Ven(enr + 2en)? + blen (ear + 2en)[(1+ 8)cd, + (9 — 58)earen + 2¢%,(1 — 6)]

A =
(02 + 2bey + % (1 — 6)]A2
n bencd [7e3, + 3lepen + 16¢%](1 — 08) + 323 e [bear (1 — ) + en (7= 0)](1 = 6)
(2 + 2bey + % (1 — 6)]A2
0 B66
i [b2+2ch+cN(1—5)]A2 - (B66)
A¥ — b3[3ch, + 12¢3 ey + 2063 ¢4 + 20enrcy; + 8¢h] + 10b%c3 ;en (ear + en)(2ear + Ben)
B (02 + 2bey + % (1 — 6)]A2
N 56btcnred (ear + en) + 203c3 e [c3,(26 — 88) + caren (85 — 3168) + % (76 — 226))]
(b2 4 2bey + & (1 — 6)]A2
N [4b3eprcdy + 18b%c2 e, (4¢3, + 9enren + &) + 9bes e (5ear + 2en) (1 —6)](1 = ) 50
(02 + 2ben + % (1 — 0)]A2 ’
(B67)
AR — Vo (ear + en)(enr + 2en)? + b (ear + 2en)[dcs (1 — 8) + 2 ,en (22 — 88) + earcd (25 — 76)]

2[b% 4 2bey + A (1 — §)]A%(1 - 6)
N b2 (ear + 2en ) (6 — 28) + bk en 403, (1 — 8) + dearen (46 — 318) + 3¢%,(83 — 476)]
2[b% 4 2bey + A (1 — §)]A%(1 - 6)
8b4cN[cM(13 —78) + en(1 = 8)] +b3c3 ek [Bear(51 — 58) (1 — ) + en (446 — 44265 + 6852)]
2[b2 + 2bcy + ¢ (1 — §)JA2(1 - 6)
b%Mc%V[ 21(335 — 2986 + 3502) + 8¢3,(7 — 8)] + 3b%c3 ;e [ear(93 — 456) + en (157 — 736)]
2[b? + 2ben + (1 — 6)]A2(1 — 6)
3b20McN(50 — 266) + 9bc3 ey [3ear(9 — 6) + 4en (5 — 0)](1 — 6)? + 81ct e (1 —6)3
2[b2 + 2ben + (1 — 6)]A2(1 - 6)

> 0,
(B68)

and where the difference in climate welfare is

h2pb[b? (2car + on)(ear + 2¢n) + 6bensen (ear + 2¢n) + 3encd (2ear + en ) (1 — 6)]
(02 + 2bcn + 3 (1 — 0)]A

4 hQ[b(QCM + CN) + 3CMCN][b2<CM + 20]\/) + QbCN(QCM + CN) + 3CMC?V(1 — 5)]
(02 + 2bey + ¢ (1 — 0)]A ‘

hAH =

(B69)

AT is negative if cpy — ey > 0, and A is positive. AT + A is linear in h and greater than
or equal to zero if ¢py — ey < 0 and h — 0. Thus, if ¢y — ey <0, W — W can only be
negative if AF + A is decreasing in h. However, if ¢y — ey < 0, h < h* is necessary and
sufficient for strategic action with a deposit-lease policy. Using h”* from (B43) as an upper
bound of A in (B64) yields

—

w

nl
_ ah"cen(en — cur) _
2[b% 4 2bey + (1 — 6)]2[blenmr + en) (1 + ) + 2enren](em + en) (1 — §)A?
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{2b[b + en(1 = 8)][b? + 2ben + (1 — 8)](ear + en)[(1 = 8y — 6] [b4(cM +en)(ear + 2en)

+ 120%cpren(ear + en)(ear + 2en) + VA ren[aci (1 — 8) + earen (49 — 136) + % (55 — 196)]
+ 18bek R (ear + 3en) (1= 6) + 18¢k ek (1= 8)%)] + (1= 8) [b5(enr + ex)(enr + 2en)?

+ b (ear + en)(enr + 2en) (263, (1 + 0) + Aen (21 + 46) 4 eprcir (34 + 96) + 63 (2 + 0)]

4 2b%en (263, (T 4 20) + chyen (116 4+ 196) + ¢3,¢3 (308 + 416) + c3,¢h (339 + 416)

+ 27N (75 4 T8) 4 2¢3(9 — 6)] + b2 X [chy (165 — 485 — 1352) + ch,en (967 — 2225 — 5762)
+ ¢3,cA (1830 — 4676 — 756%) + c3ch (1348 — 4475 — 56%) + 24cprcy (14 — 70 + 62)

+ 163 (1 — )] + brearc[2¢3,(265 — 2345 + 56%) + carear (2217 — 17685 + 556%)

+ ¢3¢ (2834 — 23840 + 2700%) + cprca (1221 — 11606 + 2276%) 4 32¢h (1 — 6)(4 — 0)]

+ b33 eN [ (1000 — 5750 — 2962) + 2 en (2845 — 14185 + 4962)

+ e (2173 — 11276 4 10662) + 24¢X (17 — 116)](1 — 6) 4 663 ex[c3 (184 — 670)

+ cpren (317 — 8068) + 12¢3:(9 — 20)](1 — 8)% + 9bch ;X [ear (73 — 146) + 57cen] (1 — 6)3

+162¢3,cT (1 — 5)4} } (B70)

which is positive if Assumption 1 holds, so that W > W if CN > Cpp-
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