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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
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 in an empirically calibrated economy. If strategic action pays in the fuel
markets, a transition from the deposit-purchase policy to the deposit-lease policy

increases the coalition’s welfare if the discount rate is 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 the 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 emission 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 Faehn 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 mar-
ket. 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 ques-
tionable 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 exploitation is
sufficient to achieve first-best. They have shown that there exist a subset of 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 static models (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 markets (Proposition 3). In case of strategic action the deposit-lease
policy is efficient for a subset of economies which is characterized in Proposition 4. Next,
we compare the allocations and welfare levels in the games with deposit-purchase policy
and deposit-lease policy when the coalition behaves strategically in the fuel markets and
strategic action pays. For parametric functions we show that the deposit-lease policy de-
creases first-period extraction, increases second-period extraction and reduces total climate
damage compared to the deposit-purchase policy. In an empirically calibrated economy
the deposit-lease policy results in larger (total and coalition’s) welfare if the discount rate
is small. At small discount rates, the climate damage is large and the non-internalization
of the first-period climate externality becomes more pronounced at the deposit-purchase
policy, which makes the deposit-lease policy more favorable (Proposition 5). Propositions
1-5 rest on the assumption that the coalition can commit to future policies. However, we
also employ that these Proposition 1-4 remain true if the coalition cannot commit to future

policies (Proposition 6).

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 in an empirically calibrated economy.
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 By (y;;) from consuming y; units of fuel in period
t = 1,2. The benefit function is increasing and concave (B}, > 0 and BJ; < 0). In each
period each country produces the quantity z;; of fuel from domestic energy deposits. The
cost of extracting x;; in period 1 is Cj(x;1) and the cost of extracting x;, in period 2 is
Ci(xi1 + z42) — Ci(zs) (with €7 > 0 and C! > 0). Emissions are proportional to fuel

extraction and hence x;; denotes both fuel supply and emissions. The coalition suffers the



climate damage® H [z + 2yt 4+ ¢ (wan + Tyt + Tae + Tn2)] (with H' > 0 and H” > 0),
where ¢ € [0, 1] is the ecological discount factor. The model is closed by the fuel market

conditions

Tyme+ TNt =Yme +yne t=1,2. (1)

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

BM1(?/M1) + BNl(le) - CM($M1) - CN(J:Nl)
+0 [Bua(yarz) + Bua(yn2) — Cor(zan + 2ar2) + Cor(zann) — Cn(znt + 2n2) + Cy(zn1) ]
—H [z + oyt + ¢ (T2 + Tn1 + Taz + Ta)] (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

Byi(Wae) = Bnie(Yne) t=1,2, (3a)
Bgl(yrl) = Oz/('r;kl) +9 [C{(xﬁ +155) — Oz/(xrl)} + (1 + ¢>Hl it = M,N, (3b)
531{2(%@ = 501{(37:1 + 155) + YH' i=DM,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,
6 [Cl(zi1 + x12) — C{(wi1)], third the marginal climate damage in period 1, H’, and fourth
the discounted marginal climate damage in period 2, ¥ H’. According to (3c) expanding
extraction in period 2 increases the discounted extraction costs in period 2, §C!(x;1 + x;2),

and the discounted 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

3The climate damage function which depends on both first-period and second-period emissions stock is
in line with Michielsen (2014), van der Meijden et al. (2015) and van der Ploeg (2016).



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 zt" deposit is C!(z;). We

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

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

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

deposits in some interval [g, f]c; C [0, oo[
the deposits [O, oo[

to the coalition.

On

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 ¢t = 1 the coalition and the non-signatory
contract. They bargain over deposits purchased for preservation in some interval [§ , E]Cfv
and the deposit price p,. In period t = 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 ¢ = 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 = By(yn) — K($N1,§,g) —p1(ynv1 — Tn1) + P22
+0[Bn2(ynz) — K(zn1 + an2,£,€) + K(an1, £ €) — payne — 2] (4)

with respect to yy, for t = 1,2. In (4), K(xmé,f) and K (xpn +xN2,§,E) —K(le,g,g) are
country N’s extraction costs in period 1 and 2, respectively, after having sold the deposits
£, E]Cgv to country M, p, is the fuel price in period t = 1,2, z := & — ¢ is the number of

sold deposits, and p,z is N’s revenue from selling the deposits. The first-order conditions of

4The case that the coalition cannot commit to its future policies is discussed in Section 6.
5Strategic 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).



maximizing (4) yield By, (yn:) = p; and country N’s fuel demand in period ¢ = 1,2 is®
Ynt = B;\ﬁl(pt) = Dy(p:). (5)

Next, we turn to country N’s fuel supply. The sale of deposits [¢, £ ¢y, for preservation
changed N’s endowment of deposits such that N’s initial marginal extraction cost function
C'\ turned into the marginal extraction cost function K’. To avoid the corner solution
rn2 = 0 we assume 1 < § such that the first-period marginal extraction cost is not affected
by the deposit transactions and K'(zy1,&,€) = Ci(xn1) holds.” The overall marginal

extraction cost function is given by

C]’V(xN1+xN2) for xN1+xN2§§,

K/a: +z ) 7_ = ¢ 3
(xx N2§€) C;V(xN1+xN2+£—§) for zn1 4282 2 €.

(6)

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

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

oU , , _

o = p= (1= 0)Cp(em) = 0K (a1 + 132, 6,€) = 0, (7)
IN1

oUy _ / | —

Dine 0 [pz — K'(zn1 + 782, &, f)} =0. (8)

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

— y —)
TN = 51 (p—ll — §2> = Cz\71 <p—11 — (?2) ) (9>

and country N’s total fuel supply

/

Cy ' (p2) for py < C(),
¢ for py € [CH(£), Cx(E)], (10)

TN1+ TN = S(p2,§,g) =
Oy '(p2) =€+ € for pp > Cy(€).
Combining (7) and (8) we obtain the Hotelling rule for country N’s optimal first- and

second-period extraction. In the sequel we refer to ;)11%6;@2 as Hotelling price.

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

second period, respectively, are

-9
1+ S (%) = Yy + Di(p), (11)
- -9
Tyz+ S <p2,§7 5) — 5 (%) = Yz + Da(p2). (12)

GB;\ftl is the inverse of the marginal benefit function Bfy,.
"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 Chy.

6



(11) and (12) determine the fuel prices p; and p, as functions of yar1, as1, Yare, Tare, € and

&, formally
o= Pl(yMlaleayM%xMQ’éaE)? (13)
P2 = PZ(?JM1,$M1,3JM2,5UM27§E)- (14)

The properties of (13) and (14) with respect to yas1, Ta1, 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, a1, Yar2, Tao its welfare

Uuv = BM1(ZJM1) - CM(SUM1> —pl(ym - SUMl)
+6[Bur2(Ynr2) — Cuvr(zarn + xar2) + Cur(@ar) — p2(Yarz — Tarz)

_5 _
—H |zyn + 5 (%) +¢<$M1+$M2+S(p2,§7f)>] (15)
subject to (13) and (14). The first-order conditions are
ou
ay]\Z = B;\/ll — D1
H'S! [ S S\
—(Il‘i‘l_(s)P;Ml—(s [2+H/<T_l—(5 P;MIZO, (16&)
8UM / ! /
o's: [ S S\ |
+(11+1_5)P;Ml+5 12+H’< " 1.3 P} =0, (16b)
oU ) '
H'S! | S S|
_(11+1_5>Py1m—5 JQ+HI(T_1_(S P2 =0, (l6c)
ou (0
&U]\]jz =9 (p2 — Cy(@an + zar2) — EH/>
H'S] st 5]
+(11+1_5)P;MQ+5 12+H’( " 1.3 p? =0, (16d)
o ._ P! ._ Pt _ 08 ._ 08
where Iy := yap— 20, P, = az];“, P = Wl;t fort =1,2, 51 := B(Plﬁg’?) and S’ = o

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 = £ — §

7



from the interval ¢, f](;;v 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.”

The coalition buys only deposits that country N would have extracted in the absence
of deposit trading. The highest-cost deposit, &, that country N would have exploited in the

absence of deposit trade follows from maximizing country N’s welfare

Bni(yn1) — Cn(zn1) — pi(ynt — zn1) + 0[Bna(yn2) — CN(E) + Cn(zn1) — pa(yna — E + zn1)]

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

Cy@)=p = E=Cy'(m). (17)
Without deposit trading country NN extracts all profitable deposits from the interval |0, E]Cﬁv'

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

TN1+ TN =& — 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 = Bwni(yn) — Cn(xn1) — pi(ynt — on1) + 022
+3 [ Bra(ywa) = On(€ = 2) + O (on1) = palywa — €+ 2+ awn)| . (19)

Uv = Bu(ya) — Cu(zan) — pi(ymn — oan) — oz
+0 [BMQ(Z/MQ) — Cu(zarn + 2ar2) — Crr(@arn) — p2(Yare — I'Mz)}
-5 _
—H .’L‘M1+Sl (%)—i—lﬁ(li%—ng%—ﬁ—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 — UG (21)

2Pz

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.



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!®

dpa = 6CN(E— 2) + Y H'. (22)

To sum up, the coalition purchases the number of deposits z = & — § from the interval
£, E]CEV, where € = C'y !(py) and = E—z=0Cy" <p2 — ¢THI> Inserting £ and £in (13) and

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

3.2 Allocative inefficiency

In this subsection we investigate whether the deposit-purchase policy implements the efficient

allocation. Before we discuss the impact of strategic action in the fuel markets, we consider

the special case of perfect competition, i.e. the coalition behaves as price taker, in the

fuel markets. In formal terms, the absence of strategic action is readily established by
1 _pl _p2 _p2 — _ : :

P, =P, =P, =P, =0fort=12in (16). In view of (5), (7), (8), (16) and (22),

the equilibrium of the game is characterized by

Bin(yme) = Bii(yne) t=1,2, (23a)
Bin(yan) = Cy(an) + 6 [Chp(zan + 2a) — Cyp(zan)] + (L+¢)H',  (23b)
—_———
=p1
B;\M(le) = C&(%Nl) + (5 [C}V(xm -+ .’ENQ) — C;V($N1>] —+ wH/, (230)
———
=p1
0By(yar2) = 0Cy(2ar + ware) + Y H, (23d)
5
=0p2
0Byo(ynz) = 0Cy(wn1+ Tn2) +VH' . (23e)
——

=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

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



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.

In the Appendix A3 we proof the differences between the efficient allocation, marked
by an asterix *, and the (inefficient) equilibrium of the game with deposit-purchase policy,

marked by a star *, and compare them in Table 1.

Table 1: Social optimum versus deposit-purchase policy (non-strategic action in the fuel

markets)

* * * * * * * * * * * *
Thyn — T | TNt — TNt | The — The | Y — Y | Y — Y | H— H

>0 <0 >0 <0 >0 <0

The main difference between the efficient allocation and the allocation with deposit-
purchase policy is that the first-period climate damage externality is internalized in the
former case whereas it is non-internalized in the latter case. Table 1 reveals that in the
transition from the deposit-purchase policy to the social optimum country N’s first-period
fuel extraction decreases (%, < %) and first-period total extraction reduces! (x%,, +
Ty < Ty + o) which internalizes the first-period climate damage externality. When
moving from the deposit-purchase policy to the social optimum, country N expands its
second-period fuel extraction (x}, > z},) and total second-period fuel extraction rises
(39 + Tho > The + Tho). Extraction is shifted from the first to the second period. In
sum, the climate damage is increased (H* > H*). At the deposit-purchase policy the
coalition reduces first-period extraction (x},, < z3};;) to undertake part of (country N’s)
non-internalized first-period climate damage externality which results in inefficiently low

first-period fuel extraction of the coalition. We summarize our results in

Proposition 1. Suppose the coalition implements the climate policy of purchasing
deposits for preservation and suppose the coalition takes the fuel prices as given. Then
the equilibrium of the game s inefficient. The transition from the social optimum to the
deposit-purchase policy increases first-period extraction, reduces second-period extraction and

increases the climate damage.

Next, the coalition acts strategically in the fuel markets and manipulates the fuel prices in
its favor, formally P! = —P! >0, P> = —-P2 > 0fort=1,2in (16). Then the

Ymt TMt Ymt TMt

Ut + oy < i + 2y follows from yf < ypy for i = M, N.

10



equilibrium of the game is characterized by

By (yan) —SEp1 = By (yn1), (24a)
=p1
SE
B?Mz(?/M2)_ 532 = B§V2<yN2)v (24b>

=p2

Byn(yan) = Cuylaan) + 6 [Cl(zan + zae) — Chp(zan)] + (1 +¥)H' (24c¢)

Byi(yv1) = Culzni) +6 [Cy(znt + zn2) — Cy(zni)] + v H', (24d)
———
=P1
0Bya(yaz) = 0Cy(xan + war2) + Y H', (24e)
0By (yn2) = 0Cy (a1 +an2) + Y H, (24f)
—
=6p2
where
SEBt = (]1+ f_S:;> PylMt—i_(S [2+H/ <¢(;S’ - 15_'15>] P;Mt t:1’2

In addition to the inefficiency discussed at price-taking there are additional distortions stem-
ming from the strategic effects SEg; and SEg,. 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 tmplements 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 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 and the

non-signatory still bargain over purchased deposits, which are then permanently preserved

11



from extraction, but they also bargain over leased deposits in some interval [{ 1,51]0& and
the leased deposits’ price p,;. 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; := &, — &,
and refer to the deposit policy of the present section as deposit-lease policy.*

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<$N17§1751) —p1(Yn1 — TN1) + Parz1 + P22
+6[Bna(yn2) — K(zn1 + 2n2,€,§) + K($N1,§1,§1) —p2(yn2 — xn2)],  (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,12; is N’s revenue from leasing the deposits. Maximizing

(25) with respect to yn1 and yno 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'(zy1 + 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 +
ry2) and K(zn1 + wn2,§,€). The straight line 0C' represents the graph of Cly(7n1) and
Cy(2n1 + wn2). After having leased the deposits [§ 1751]C§v and sold the deposits [£, ]
country N’s first-period marginal cost function K'(x ) is captured by the line 0ADE. Since
the leased deposit are given back to /N in the second period, its total marginal cost function
K'(zn1 + xn2) is represented by the graph 0BFG. The marginal cost function K'(zxq)

|K'(zn1 4 2n2)] is discontinuous at xyq = £, lzn: + 2o = €]

12Since 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 2 yields N’s first-period fuel supply
C;V_l <p71115§2) for plf_‘;fz’ < Cyx(€)):

1)
=5 (B2 6,8) =1 for B2 € [Ch(€), Ch(E, (27

oyt (BEt) &+, for B> CL(E).

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

Ty + 51 (]hl—_ p2,§1,§1) = Yy + Di(pr), (28)
xM2+S(p2>§7E> _Sl ( 1_6p27£17§1> = yM2+D2(p2) (29>

(28) and (29) determine the fuel prices p; and p, as functions of yas1, a1, Yare, :BMg,gl,Zl,g

and &, formally'®

P = Pl(yMluxM17yM27'TM27§17€17§7E)7 (3())
P2 = PQ(yM1,93M1,yM2,$M27§1>Z17§7§)- (31)

13The 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 Y1, a1, Yar2, Tarz follow from maximizing its welfare
Uuv = BMl(yMl) - CM(l‘Ml) —pl(yMl - iUMl) — Pz1”21 — Pz?
+6[Bara(Yar2) — Crr(@arn + xare) + Crr(arn) — pa(Yare — Tar2)]

—-H Trp +Sl (l%(;’h?§17€1) +¢ ($M1 +$M2+S <p27§72>)] (32>

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

Uy

— B\, —p —SE =0, 33a
Do M1 — D1 L1 (33a)
aUM ! ! /
axM = Pp1— (1 — 6)CM($M1) — 5CM<.’L'M1 + .CL'M2> — (1 —+ Qﬂ) H + SELl = O, (33b)
1
oU ,
a M = (5 (BM2 —pQ) — SELQ - O, (33C>
Yn2
oU,
M = 0 pQ—ng(LEMl‘FLTMQ) —ﬂHl +SEL2 :0, (33d>
81‘]\/12 5
where
SEp = (11 + f[_S(ls) P, +0|L+H (? - %15)] P t=1,2.

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) — On(&) — pr(yn1 — &) +6 [BNz(ym) — Cn(&) + Cn (&) — palynas — €+ 51)](34>

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

= p1—Op = i_1 (p1—0p
GE =120 = G- (MR, (39

Cy@=p = E=Cg'(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”1y (37>
—z. (38)

| ey

TN+ TNe =
The welfare of N and M is then given by
Uv = Bwi(yn) — Cn(€ — 21) — prynt — & + 21) + paz1 + pe2
+0 [BN2(?JN2) —On(€—2) + Cn(& — 21) —palyne —E+ 2+ & — Zl)} , (39)
Uu = Bu(yan) — Cu(@an) — pr(yan — 2a) — paiz — paz
+90 [BMQ(Z/MQ) — Cu(zan + 2ar2) + Crr(@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 A4 we show that the first-order conditions imply
0pr = OCN(€—2) + oI, (42)
pr—0ps = (1-06)Cx(& —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 §= oivn (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. Again, we begin with assuming that the coalition behaves as price taker
in the fuel markets. Making use of SE;; = SE;» = 0, (42) and (43) in (5) and (33), the

equilibrium of the game is characterized by

Bg\/lt(yMt) = B?Vt(ny) t= 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

conclude

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 charac-

terized by
By (yann) = SEpy = Biyi(yn), (45a)
/ SE /
B (ym2) — 5L2 = Bii(yn), (45b)
531{2(%2) = 50{((&1 + ing) + ZZJH/ 7 = 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'4

£ = {Economies E‘E possesses an allocation (2}, Th, Yass, Une) for t = 1,2 satisfying (3)} ,

~ H™*S'
Eo 1= {E € &|B satisfies 0> I} > [ AT, > I3 > ‘5/—¢}’

we prove in the Appendix Ab
Proposition 4. Suppose the coalition implements 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 E € &p.

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

The definition of I] and 7; is given in the Appendix A5.
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according to Proposition 3, the fuel caps x ;1 and x,/» are marginally decreased or increased

ou
AUy = —Ldaan
Oxn
H™*Sp o o
* ol * 2 1 1 2 * Q' P2
= ]1 PEMl + I25P1']Wl + 1—-9 <P33Ml - 5P1']Wl) + 77Z)H S PﬂﬁMl dzan

H'*S* Y
* ol * 2 1 1 2 * o' x D2
=~ ([P, + o2, ) duans — [ L (P, — P2, ) +wH" S P | o, (460)
d’l;;rl & ~ J/
dwpry
oUu
dUM = a:L' M dl’Mg
M2
=—|I{P,,, + ;6P + HEST (o 2 +yH*S*P: | dx
- 1+ zpp0 275 zaro 1—9¢ T2 T2 Th2 M2
=— (P! +I:6P2 )d H5y P! P2 H*S*P? |d 46b
- 1+ zpr2 + 275 T2 Tm2 — 1—-9 Tme T2 + w Th2 TM2 - ( )
diz;z ~ v
dwpgo

The comparative static effects of dx,q and dxy, 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. dwpg; represents the climate damage effect of dx .

We study the welfare changes exemplarily for a coalition that exports fuel in both
periods (I7 < 0 and I; < 0). Note that at the social optimum the points D and F' in Figure
1 are country N’s marginal extraction costs of the efficient fuel quantities 2%, and x5, + 4.
respectively. We begin with checking whether dzj,;; > 0 increases welfare. Increasing x
reduces the first-period fuel price (PQ}M1 < 0) and hence N moves from point D 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 (dwp; < 0) and the climate

damage effect vanishes (dwgy; = 0) such that total welfare decreases and a strategic increase

of x /1 does not pay.

Next, consider the welfare effects of dzy;; < 0. In that case the first-period fuel

plf‘sgh increase (P! dxpq >

price, the second-period fuel price and the Hotelling price .

0,P2 daxyn > 0 and (5(Py,  — 6P2 dapy > 0) and country N moves from point D
to point F in period 1 and from point F' to point G in period 2 (see Figure 1). The
price increases induce country N to expand its first-period fuel supply and total fuel supply

(S7* > 0,8 > 0). In view of (46a) the terms of trade effect is positive dwz; > 0 and the
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climate damage effect is negative. Reducing x,/, is advantageous and hence strategic 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. dxjpe < 0 increases the second-period fuel price po 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 D) and to expand its total fuel supply (S’ > 0, movement
from point F' to point G). 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 dwgy < 0 (movements from point D to point
A and from point F' to point B). Furthermore, the Hotelling price increases such that
extraction is shifted from the second to the first period, which implies dwgs < 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 A5.

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 = I
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

In the previous sections we pointed out that the deposit-purchase policy cannot implement
the efficient allocation, whereas the deposit-lease policy implements the efficient allocation
if the coalition takes the fuel prices as given and can implement the efficient allocation
if the coalition acts strategically in the fuel markets. In our view the most interesting
and most relevant comparison, which is conducted in the present section, is between the
deposit-purchase and deposit-lease policy when the coalition behaves strategically in the

fuel markets, strategic action pays, and both policies result in inefficient outcomes.

For the sake of specific results, we turn to the parametric functions
G

5% H (w1 4 ¢w) = hw + o) (47)

b
Bit(yit) = QY — §y7;2t7 Cz(%) =

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

For the parametric functions we define the sets'®
My = {(Oé,b, M, CN Iy 0, ?ﬂ)‘@M =cn) Vien > e Ah > EL>} ; (48)
Mg :—{(Oz,b,cM,cN,h,d,w)‘cN>cM/\EB>h>QB} (49)

and denote the set of feasible parameters by M. At the deposit-lease policy the set M,
is the parametric version of the set £ introduced before Proposition 4. Strategic action in
the fuel market pays for the coalition if and only if '€ M \ M. At the deposit-purchase
policy the coalition manipulates the fuel prices if and only £ € 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 2.

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

Tp1r — M1 | N1 — IN1 | Yl — Y1 | T2 — Tm2 | TN2 — N2 | Y2 — Y2 | T — X5 | Yi — Y

>0 <0 <0 <0 >0 >0 <0 <0

At the deposit-purchase policy the first-period climate damage externality remains non-
internalized and there are additional distortions stemming from strategic action. As the third
table of Table 2 shows when 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 imports fuel (cpy > cy) it aims to reduce the fuel price.!” The transi-
tion from the deposit-purchase policy to the deposit-lease policy reduces total consumption
welfare. The reason lies in the vertical segment AD of N’s marginal cost curve which cor-

responds to a vertical segment of N’s first-period fuel supply at the deposit-lease policy. At

5 My, and Mp are derived, and h;, hp and hp are defined in the Appendix B.
6 H < H follows from §;; < §;1 and §; < §; for i = M, N.
17Since ¢pr > ey is empirically relevant, we refrain from investigating cp; < ¢y
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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 coali-
tion’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 con-
sumption 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 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. If the gain of climate welfare is sufficiently large, i.e. the climate
damage is sufficiently high, then the deposit-lease policy becomes welfare-superior.
Un + Uy — Uy — Uy
300

200

1004

0.02

-100-

Figure 2: Welfare difference between deposit-lease policy and deposit-purchase policy ($b).

To finally clarify the welfare changes in the transition from the deposit-purchase policy
to the deposit-lease policy we have empirically calibrated the model. Period 1 lasts from 2011
to 2050 and period 2 from 2051 to 2090. The climate coalition comprises the OECD countries
and country N consists of the non-OECD countries. The model is calibrated to an economy
without any policies to real world oil quantities and production costs with data from IEA
(2013) and EIA (2017, 2018). The discount rate ranges from r = 2.5% to r = 5%. Delegating
the technical details to the Appendix C, the main result is highlighted in Figure 2 that

illustrates the welfare difference when moving from the deposit-lease policy to the deposit
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purchase policy. The total welfare increases in the transition from the deposit-purchase
policy to the deposit-lease policy for discount rates smaller than r = 2.7%. To get an
intuition for that result, recall that consumption (climate) welfare declines (increases) in the
transition from the deposit-purchase policy to the deposit-lease policy, and that the deposit-
lease policy is advantageous if the climate damage is sufficiently high. As the Appendix C
reveals, the marginal climate damage h is large at small discount rates, and hence the loss of
consumption welfare is overcompensated by the gain in climate welfare when moving from
the deposit-purchase to the deposit-lease policy. The marginal climate damage decreases
in the discount rate which explains why the deposit-purchase policy becomes favorable for

higher discount rates.

Moreover, the Appendix C shows that the transition from the deposit-purchase policy
to the deposit-lease policy increases the coalition’s welfare whenever total welfare rises. We

summarize our results in

Proposition 5. Suppose the coalition acts strategically in the fuel markets and strate-

gic action pays (E € (M\ Mp)Nn(M\ Mz)).

(i) In the parametric model 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.

(11) In the calibrated model the transition from the deposit-purchase policy to the deposit-
lease policy increases the coalition’s welfare and total welfare if and only if the discount

rate v is smaller than 2.7%.

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 ¢ = 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.
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In the second period the coalition maximizes with respect to yyro, x e its welfare

Uu = BMl(yMl) - CM(JCMl) - pl(yMl - $M1)
+0[Buar(yar2) — Cyr(ann + za2) + Crr(wan) — po(Yare — Ta2)]
—H [IMI +an1+ 9 ($M1 + a2 + S(p2s )] (50)

subject to the price function ps = }52(35 M2, Ym2, Tn1), which follows from the second-period

fuel equilibrium condition (12).'® The first-order conditions are

aUM . / / ws/ 2

Do 6 (Bya —p2) —0 |Ia+H ( 5 PyM2 =0, (5la)
oUy v ps’

Dors = 0 (pg — Cy(@an + Tar2) — EH/) -6 |, +H ( ; ) Pg?MQ = 0. (51b)

In the first period the coalition maximizes with respect to x;1 and yy; its welfare

U = BMl(yMl) - CM(l’Ml) —pl(yMl - le)
+6[Bun2(ynr2) — Cuvr(@an + 2ar2) + Cur(ar) — p2(Yarz — Tarz)

—H |zpn + 51 <Z?1——5PQ’ ) + ($M1 + 22 + S(pa, ))] (52)

1—9

subject to p1 = P (zam,yan), p2 = P, yan), tme = XM 2y, yan) and yan =
YM2(201, yar ), which follow from zy; = S) (p 1=9p) '>, the fuel equilibrium conditions (11)

and (12), and the first-order conditions (51a) and (51b).Y The first-order conditions are

ou , 'S (bS8
L= BMl_pl_(Il+ 1)P1 -0 |L+H (I/JCS _1—1(5)] Py2]\41

ayMl 1 _ 5 YM1
+6 (Blya —p2) Y2 + 6 <p2 — Cy(@an + 2ar2) — %H’> X2 =0, (53a)
oU ,
o = pi— (L= 0)Chy(aan) = 5Ch (xan +2ar2) = (L+ ) H
TM1

TM1

)
H'S)\ ., ps
(e Y e, ]

[2+H’(

+5 (Blys —p2) Y2 46 ( — Cly(@an + Tarm) — —H) XM2 — . (53b)

TM1 5 TM1

18Tn (12) we have replaced Sy (%, ) by xn1, since xy;1 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 x 2 in period 2.
19For more details we refer to the Appendix A7.
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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 Y, M2 Y M2 X M2 anq XM2 in (53a) and (53b).

Ymi1? T Tm1? Ym1 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).

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 (]51/2]\/12 = Pg?m =P, =P =P, =P =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 (]5y2M2 = ]5:021»12 =P, =P, =P =P =0in
(5la), (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 A7 an analogue to Proposition 4. These results are summarized in

Proposition 6. 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. The transition from the social optimum
to the deposit-purchase policy increases first-period extraction, reduces second-period

extraction and increases the climate damage.

(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

equilibrium 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|E satisfies 0 > I3 2£1A02]2 > _5/—1&}'
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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
better. It implements efficiency, if the coalition is price taker in the fuel markets, and it
achieves efficiency in a 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. Presupposed the coalition imports fuel, the deposit-lease policy
results in larger [smaller| (total and coalition’s) 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 an empirically calibrated economy the deposit-
lease policy is welfare-superior to the deposit-purchase policy if the discount rate is small. 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.

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."
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Appendix A. Proofs

A1: The properties of P, and P, from (13) and (14): Total differentiation of (11)
and (12) yields

dp; — od
Sipllfém dyrrr — dzpn + Didpl (Al)
dp; — od
S/dpg — Sipllfépz dyM2 - diEMQ + D,deg (AQ)
Solving (A1) and (A2) with respect to dp; and dp, we get
dyan dzan T :
dp1 dp, 05,
S A4
dyara dzar T % (Ad)
dp2 dp2 S{
S <1 >0 A5
dyan dzan T (A3)
dpg dpg Si — (1 — (S)D/l
= — A
dynre dzar T >0, (A6)

where T 1= (S" — DL)S! — [(1 — 6)(S' — D) + 85} D, > 0.

A2: Derivation of (22):

the following first-order conditions

oS
Op.

@
0z

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

Sps = 6C (€ — 2) + wH'

Uy — U3
= o|-b| N
y (UM—U;\}

= —(pz—@/JH’)b(

+ (pe+0CK(E=2) = 3p2) (1= 1) (M) "

Up — US,

Up — US,

- , H'
— f—z:C’Nl(pg—w
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Maximizing S from (21) with respect to p, and z, we obtain

1-b U o —-b
1-b) [ AN =
) (@) |-

1-b
Uy — U3, )

(A7)

(A8)

(A9)



Using Uy, . U + p.z and UN}p o =Un—p.zin (A7) yields

Pz = (1—b) <UM|pZ:0 - U]‘Q) i (va - UN|pZ:0> . (A10)
From U := Uy + Uy and U? := Ug; + Ug we then get

Uy =US +bU —U° and Uy =US+ (1—b) (U —U°). (A11)

A3: Proof of Proposition 1, equilibrium allocation of the social optimum com-
pared to that of the deposit-purchase policy without strategic action: Using (3a)
in (3c) as well as using (23a) in (23d) and (23e) yields

Cu(zan + za2) = Cy (1 + zn2). (A12)
>

<
(3b) as well as using (23d) and (23e) in (23b) and (23c) yields

>

Thus, 3y + @y Z Thyy + Thyp <= Thy + Tha = Thy + Ty Furthermore, using (3¢) in

(1 = 0)Chy(wan) = Bayi (yann) — 6Basa(ynr2) — H', (A13)

) . . H' at the social optimum,
(1 =0)Cx(zn1) = Byi(yn1) — 6Bya(ynz) — (Al4)
0  at the deposit-purchase policy.

In what follows, we distinguish between four cases concerning H’ and x;; + ;.

First, suppose that H* < H™* and 2}, + 23, < o}, + 2},. Then, (23d) and (23e) imply
Yy > Yl and, since T o+ N2 = YamaTYN2, ThpaTThe = Lo +Te. Since o7 +a7, < )+,
Ty 2N < by + a0y, must hold. Then, (23a) and zp + 21 = yan +yn1 imply v < yf.
Allin all, the right-hand side of (A13) [(A14)] is not smaller [greater| at the deposit-purchase
policy than at the social optimum, which implies a%,; > x3,, |25, > @], which contradicts

Ty + 2Ny < Ty + T Thus, this case cannot hold.

Second, suppose that H* < H™ and x} + 2% > x}; + x%. This can only hold if
Ty + Ny < @3y + ;- Then, (23a) and zp + xn1 = Yy + ya1 imply v < yi. Since
T Aal > T, T+ riy > Thetri, must hold. Then, (23a) and zpp+2 N2 = Ypo+Yne
imply y5 > yi;. Allin all, the right-hand sides of (A13) and (A14) are greater at the deposit-
purchase policy than at the social optimum, which implies x7; > z7;, which contradicts

Ty + 2Ny < 3y + Ty Thus, this case cannot hold.

Third, suppose that H* > H'* and x% + 2% < x} + 2f. This can only hold if

Ty + TNy > @y + - Then, (23a) and zp + 2y = Yy + ya imply vy > i Since
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xftaly, < Tk, Thet iy < Tht+aie must hold. Then, (23a) and xpo+2 N2 = Ynra+Yne
imply y% < yh. All in all, the right-hand side of (A13) is smaller at the deposit-purchase
policy than at the social optimum, which implies x%,, < z3,,. Since 23, + 2% > i + T

* * * * * * * * 3 * *
Ty > Ty must hold. a7, > a3y, and 2%y + Ty < Ty + Tho IMPly 23y < Thys.

Finally, suppose that H* > H'* and z}; + 2% > 2}, + 2. Then, (23d) and (23e) imply
Yl < Yl and, since o+ N2 = Yma+Yn2, Thpo+The < Thpo+To. Since x); +x), > x)) +x),
Thy + TNy > Ty + oy must hold. Then, (23a) and zpq + y1 = yan + yni imply
vy > yi. Allin all, the right-hand side of (A13) is smaller at the deposit-purchase policy
than at the social optimum, which implies z},, < x},,. Since x4 + 30 > Thy + Thso
and 34 + TNy > Thy + Ty, T > The and x> a3y, must hold. z3,, > 23, and

* * * * * *
Thre + Thg < Thye + T Imply 3y < Thpy.

A4: 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\
_ S .\ 1-b) | —N =0 Al5
oS Uy -0\
22— _(pg—HNbp| AN
9z, (p1 — H') (UM - U&)

4 (pa+ (= O)CN(E — 20) —pr +0p2) (1) (%) ~ 0.(A16)

Taking advantage of (A15) in (A16) we get

, = , — ;o — 0py — H'
pr—0pp=(1-06)Cyn(& —2) +H <= 51—Z1=CN1(%).(A17)

= Uy — p.121 — p.2z in (A16) yields

pzlapz:0 ’

=Upm +p2121 +p.z and Uy

pzl7pz:0 ’

Using Uy,

pazipz = (=6 (Unl, o= U%) +0 (U U, , o) (AL8)
From U := Uy + Uy and U? := Ug; + UR, we then get

Uy=Us;+b(U—-U°) and Uy=Uj+(1-0)(U-U°). (A19)
A5: 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 yyo at
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the first-best equilibrium values yields

a[]M % * H,*Si* 1 2
Oyan = By — [[1 Pyzm‘yMl + 1—9 < yM1‘yM1 T Yy yM1>
Y =0
* H/*S/* 2
i (]2 B ) iliz | (A20)
where PL = SIS0 o g p2 %> pl o _gp2 = (D) g
, Sp >0, itd (2E) = (Pl = 0P, ) dyan > 0,
Si* - —; N " p1—0p2 1 1 2 . (AZI)
0 (p—111§2> (v5.03) 5= =0, lfd( = ) R (Pym - 5PyM1> dyary < 0,
5 S:: >0, ifdpy = PyM1 dyM1 > 0,
g+ = 95 , e (A22)
Op2 | . S =0, ifdpy = P2 dyw <0,
and
aU’]M "% * * H/*S/* 1 2
ay]\/[g 5\[BM2(yM2) :|/ [II Pyn12‘yM2 + 1 — 5 <PyM2 yMQ - ym‘y}‘\n)
Yhra ~
=0
* HI*S/* 2
i <I2 B ) el (A23)
where PylM - % >0, Py2Mz - M >0, Pylz\zz B 5Py2M2 - w <0,
. Sp >0, ifd (22 = L (P, - 0F2,, ) dys > 0,
Si* - ](-S - "% p1— 5p2 1 1 2 - A24)
0 (22 |y | S =0, i () = 25 (B, — 0P2,, ) dys < 0.
+
o5 S:: >0, ifdpy = yMz dyM2 > 0,
st = = =< X (A25)
Op2| S =0, ifdpy = P2 dyns <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 * Dl HI*SE} 1 2
dUM = @ym gﬁf\ﬂ - []1 PyM1 Yt + 1—9 <PyM1 Y B Ymi y;‘VH)
Y1l +
S s
: (IZ T >5P““ viny | Y01 (426)
Jr

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

Ym1
dUM = ayMl d?JM1 = —]1 PyMl Vi dyMl . (A27)
Yv1  — -
For dyy, >0 (= S =0, P, =0, S* > 0) we obtain
OUr H*S'*
AUy = dyrre = — | I3 ) op? dyass - A28
M7 | L2 <2+ W¢> uars lyg,, Y02 (A28)
Yue  + +
For dyayz <0 (= S;">0, Pl >0,5"=0) we obtain
ou
Wy = 5= dyws
Yvm2  —
H™*S?
_ * pl 1 1 2 5 P2
o haw$@5+1—5 Q%Aﬁn_d%mym>+kﬁ%mym]@%ﬂA”)
dps __ _ dps _ ou _ou
From (A3) to (A6), gl= = — g for s,t = 1,2, such that 772 . derMt = 5ot v dfot
and % dyy: = ggﬂf‘; dzpy for t = 1,2, Thus, (A26) to (A29) being smaller or
e ESYS

equal to zero is_necessary and sufficient for non-strategic action with a deposit-lease policy.
(A27) and (A28) imply I} < 0 and I; > —%, respectively. (A26) and_*(A29) imply a
lower bound of I} and an upper bound of I3, which we define by I] and I,, respectively.

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

/

Lo HUSHSToDY) (e HUSU0)S; (A30)
L SPS+ (S*—Dy)(1—0) S;o+ (85— Dy)(1—0)
T; _ S Iy + H*Dy) (A31)

Sy —Dp(1-46)’

where I} > —Z 5;i = and I7 <0 imply I7 <0 and 7; > 0, respectively.
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A6: 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

OUwm "% * H/*S;* 1 2
ayMl . B @/_—/ [I PyMl vin + 1—-90 <PyMl Yin —OF, yMl yMl)
Y =
) H’*s’*
’ (12 T ) il | (32
where PylM1 - 5Si+(1—?(SI—D§) > O’ Py2M1 = 1 > O PylM1 o 5PyZM1 - w > O,
Sy > 0, (A33)
. )
” SF >0, ifdp, = PyM dyM1 >0,
S* = 5l =9 o . ) X (A34)
D2 s S*=0, ifdp=F;,, dyMl <0,
L g
and
aUM /% * *_ * H,*S:/L* 1 2
sz = 5\[BM2(yM2) - p2_/ []1 Pym Vi + T <Pym Wiy or, ., y]*m)
Yir2 ;’0
L HESTN
" <I2 S ) Pl | (A35)
_ 1 _ S (1 6)D} §(1-8)D,
where Py1M2 B > O P?JZM2 =—"—x > 0 PylMQ B 5P112Mz o T < O’
Sl* > 0, (A36)
S* >0, ifdpy = P2 dyue >0,
. oS ' T e vyfz
ST = ol =N o . (A37)
D2 " S*=0, ifdpy, = Pym dyM2 <0.

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

_ O0Uy . H*S)* 9
AUy = ayMl gy\]y_ll [Il Pyz\/n Vi + 1—9 (Pyzm Vi o YMm1 yj*m)
Y+
* Hl*S;: 2
+ <I2 + 570 ) oP, | Vi dyan - (A38)

+
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For dyyn <0 (= S =0) we obtain

ou
dUy = v dynr
Oy S~~~
v —
* H™*S) 1 2 * S P2
- [[1 PyMl Yt + 1 — 5 (PyMl Y B 5PyMl 1\ ) + 1 6PyM1 41 ‘dyle(A39>
For dyys >0 (= S™* > 0) we obtain
Uy - H*Sy¥ | )
AU = Y2 dy\ng I PyMz Yz + 1-9 <PyMz Vire 6PyM2 yMz)
Ymz +
* HI*S/* 2
! <[2 " 6/ ) 6PyMz Yir \.dyM_.%' (A40)
_l’_
For dyys <0 (= S™* =0) we obtain
ou
AUy = =21 dyae
8yM2 =
Ymz  —
H*S*
* pl 1 1 2 * 2
- I PyM2 Yiro + 1—96 (PyMQ Vi 6PZJM2 vi > +1 5PyMz 0 ] dyara (A41)
From (A3) to (A6), ﬁ = —fx—fﬁ for s,t = 1,2, such that ggl\% y dyre = g:f:]n]z . dz s
Mt Tyme Y
U _ U _ :
and 51 . dynry = 5, " da g for t = 1,2. Thus, (A38) to (A41) being smaller or equal

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

AT7: Proof of Proposition 6, 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 fuel policy. For this, we need to know p;m and pﬁm. Total differentiation
of (12) for S <p1 ‘5”) = xy1 yields

S/dpg + di’]\[l = dIQ + D/deg — P2

yme L xm2 S —

o >0 (A42)

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

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

Yz =0

oUys
OYnr2

(A43)

* )
Ynrz
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where

SY >0, ifdpy, = PyQM2 dyn > 0,
, oS
ST = —| = ) N + (A44)
Ipa2 | . S* =0, ifdp, =P}  dyys <0
2 I~

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

oU G ~
dUy = dyre = — | I3 | o P2 dyars . A45
YT | L2 ( 2570 ) varzlyg,, SYM2 (Ad5)
Ynve + +
For dyys <0 (= S =0) we obtain
aUM * ’“’2
dUM = ayMz dyM2 = —[2 5PyM2 }97\/12 dyMQ . (A46)
Yz + -

From (A42), 15y2M2 = —PQ?MQ, such that % . dyare = gg&g . dw e and gfﬂﬁ v dyn =

I dzpre. Thus, (A45) and (A46) being smaller or equal to zero is necessary and
T2
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 (51la) and (51b) for

YMm1? T TM1? T YM1 Tpm1®
TN = S, (pll__6§’2> and ]5y2M2 = Pﬁm = 0 and rearranging yields
dyse = DYy, (A47)
) 'Sy (1-8)0 — H'[S'(1— )9 — Syl
e = o - T (e m-g)
Cl0+ H"p(1+ 1)
OJ/\IJ(; i H’/¢2 dIMl, (A48)

where D}, := By (p2) and C}; := CY/(xan +ar). Substituting (A47) and (A48) into (A2)
and afterwards solving (A1) and (A2) with respect to dp; and dp, we get
1+ (8" — Dy — D),))Ch,]6(1 = 6) + S;CY,6?

P, =

HS( 4 v) + (lf2 + Dy)(A =09l 0. (A49)
poo_ (e -ny- DM)C}Q]&@— H'(Dy + Da)vl(1=0) o a5
P Si[C,6 + g”wl +o)] 0. (A51)
P —D[C%,6 + H”g(l +PIA-9) 0. (A52)
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where ® := (5] — D})[1+ (S — Dy — D}y )CU16(1 = 8) + Si[1+ (S — D} — Dy — D}, )Cly 162 —
H[S,D}6(1 + ) + (Db + Dy,)[S, = D (1 — §)[e > 0. From (A49) to (A52) we get

[[1+ (8" = D}y — D},)Cy16 + H" (D) + Dy)?(1 = 9)

PylM1 - 5P312M1 - D > 0, (A53)
pt_spr _ (" =Dy = Dy )Oy6 — H"(Dy + Day)¢”|(1 = 6)
TM1 TM1 @
_-Di[Cyo+ H :Ip)(Hl/J)]é(l -9 _, (A54)

Evaluating (52) at the first best equilibrium yields

oUxs I .
) = Byy—n
Ymi| , ~——
Ynr =0
"% * M2 * /% d}Hl* M2
+0 (BM2 - p2> YyMl +0 (PQ - CJ\4(9UM1 + CCM2) - S ) XyMl
i’o_/ Y N -— Y
=0
* H/*Si* 1 * ! % ¢S/* Si* 2
_<Il+ﬁ>PyMly“— I+ H < 5 T 1-3 MDyM1 *(1A55)
where
, Sp >0, ifd (22 = 45 (PL,, - 0F2,, ) dyn > 0,
S = pl—jspg ) g n=bps 1 (p1 2 T (A56)
0 (22 |y | S =0, it () = 25 (B, — 0P2,, ) dyary <0,
S:: >0, ifdpy = yMl dyM1 > 0,
/ oS
g — 92 _ , _ , + (A57)
Opa| . S =0, ifdpy = P2  dyn <0.
For dypyn >0 (= S>>0 = pP..o>0 = S* > 0) we obtain
_ OUm ‘ pl H*SY () 2
dUM - ayMl dyMl I PyMl i + 1—96 <PyM1 i - 5Py1\11‘yMl>
Y o+
. H'*S'*
’ (5 5 ) Pl | Q- (A5%)
+
Fordyy1 <0 (= S7=0 = P, =0 = 5"=0)weobtain
oUu
AUy = %Z dyary = —17P), .| . dyar - (A59)
Ynvr  — -
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Evaluating (52) at the first best equilibrium yields

8U / ! !
= = pi— (L= 0)Chi(ean) = 0Ck(wan +xar) — (L+ ¥) H”
Oxpn . N ~~ 4
Ym =0
"% * ! x d}Hl*
+8 (Blia = p3) Y22 49 <p2 = Chilaan + wap) = = | X202
T T N — . T
=0
* H/*S;* 1 * "% 77Z}S/* Si* 2
—<11+1_5>wa,1 v T |2 ( 513 0P 1. (AGO)
where
. St >0, ifd (272) = 5 (PL = oP2, ) doay > 0,
S;* - T;m - I P1—0p> 1 1 2 - 1A61)
3( = ) (vi.5) S =0, itd ( =5 ) B (Pm - 5P~TM1> doay <0,
+
S'* >0, ifdp, =P? dxyg >0,
/ 59 + 1 dps 2y ATML
St = —| = , _ ) + (A62)
o2 | . S =0, ifdpy = P2 day <0.
For dzy; >0 (= S;* = 0) we obtain
OU i} . H’*S’* )
i+ +
For dzy;; <0 (= S =0) we obtain
Uy x H/*Sﬁ 1 2
dUM = ali \dle, [Il PIM1 ’le + 1=6 <P$M1 ‘le o 5P9&M1 ‘x7\41>
Tho -
* 2
F5OP2, . | dou. (AG4)

Thus, (A45), (A46), (A58), (A59), (A63) and (A64) being smaller or equal to zero is
necessary and sufficient for non-strategic action with a deposit-lease policy without commit-
ment. (A45) and (A59) being smaller or equal to zero is sufﬁcient for (A63) being smaller or
equal to zero. (A45), (A46) and (A59) imply IS > — 5/#} , I3 <0 and I} <0, respectively.

(A58) and (A64) imply lower bounds of I}, which we define by [* ., and I | ,» respectively.
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Substituting (A49) to (A52), these bounds read

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

=1,1 [a)
(L5 + H*S) S [Chrd — H'(1+ )] (AG5)
(._) bl
oo _HPSE (- 8) — HESIDY[CHS + HY(1+ )]s A6
Sz T o6 {1 (D Dy)CY10 — HY(Dy + D)UY (1 6)

where © := [1+(S'— D, — D', )C416(1—08)+S1CY 0%+ H"[S16(1+)) — (Dy+ D'y ) (1 —06) b,
and where [J > —% and Iy < 0 imply [ I L, < 0and [ ’{ , < 0, respectively. Finally, we
define [ := max[[* I ].

=1,1"=1,2

Appendix B. Parametric model (only for the referees)

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=12 (B1)

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

a—byiQZCi(Iil—i—l‘iz)—i—% for i = M, N. (B3)

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

. (e +en)blear +en)(a = (1 +9)) + 2epmen (a1 = 6) — h)]

Y = 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(cem +en —c)bleas + en)(ad — hp) — 2eprenh(yp(1 = 6) — 0)]

Lig = O ’ (B7)

where Q := b*(cyr + on)? + dbeyren(ear + 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)[blens + en) (o — h(1 4+ 4)) + 2epen (a1 — 6) — h)]

Y — T = O ) (B8)
Yy — 2 (car — en)[b(enr + en) (ad —g;ng) + 2epenh((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

Di(pe) = & ;pt for t = 1,2 (B10)
Lo, for =02 < eng
s (U2e8) -1 g for B2 € [engy onfl), (B
| 2% -6 +€ for B > eng,
( e for p; < cné,
S(p2,€,6) =1 & for py € [ené, ené], (B12)
| B —6+¢ for pr >,

so that Dy, = —1/b, S1_ =0, S], = 1/cn, S~ =0 and S, = 1/cy. Then, the conditions
for non-strategic action, (A26) to (A29), become

o Whp = #ip)b0  hB(L 4+ ¢) + cn]

o B13
Ynur — Tyt b+en(1—9)  enlb+en(l—0)] )
0>y — T, .
h
0yt gt I | (B15)
CN(S
(Yar1 — Thn)b h
(Y3n — T3)b e R B1
= bt en(l—o) 2T T ) o

From (B8), ¢y — ey < 0 is necessary and sufficient for (B14) to hold. From (B8) and (B9),
ey — oy < 0 implies yh; — 254 < 0 and yio — 255 < 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:

h L OéCN(CN — CM)[bQ(CM + CN)(l + 5) + bCN(3CM + CN)(l — 5) + QCMC?V(l — 5)2]
—H (ear + en)[b? + 20y + % (1 — 0)][blear + en) (1 + ) + 2epcen] ’
(B17)

abey(eny — epr)(ey + en)o
Y(ea + en)[b*(ear + en) + ben(Bear + on) + 203 (1 — 0)] — 2epck(en — ear)d
(B18)

hpo =

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

acy(ey — enr)(ep + en)Q
e+ en)[b? + 2bey + A (1= 0)][b(ear + en)(1 4+ ¥) + 2epren](1 = 9)
b+ cen(1—8)P(W(1 —6) — 8) + b26% + 2cpen[b + en(1 — 6)]6(1 — 8) /(car + en)
Y(ea + en)[b(ear + en) + bey (Bear + en) + 2epc (1 — 0)] — 2epcii (en — ear)d’

ELl - QLQ = (

so that ¢y — ey < 0 and h > h; = max[h;,,h;,| are necessary and sufficient for non-

strategic action.
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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—byy; fort=12 (B19)
a — by = ey (T + dzp2) + (1 + ) A, (B20)
a—byn1 = ey (xN1 + 0xN2) + Vh, (B21)
a—byip = ¢ (T + Ti0) + yh for i = M, N. (B22)

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

Yh =yn + 0 ) (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 =l (B26)
o, =, + lbler g( fN_) (; denren] (B27)
i, = oy — P (e Few) + é?iM_cg)Jr dcken(1 = 0) (B28)

Defining vy := yare + Yne = Tyt + o for t = 1,2, we obtain from (B23) and (B26) yf >
and y5 < y;, respectively. Furthermore, defining v; := 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) + bearlenr (1 = 6) + en(3 + 8)] + 2¢3,en (1 = 6)]
Q )
) ) . X 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 + el — el 2 0) (B33)
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so that y3, — z%, E 0 < cu E 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, Dy, = —1/b, S; = 1/en, S” =0 and S, = 1/cn.
Then, the conditions for non-strategic action, (A38) to (A41), become

(Yara — Thr2)00 | h[b(1 +¥) + cn]

e B34
O_yMl le_'_ b+CN<1_6> bCN+C?V<]-_6>7 ( 3)
N * (Yara — Thra)bO h
N - B
02>y — Tan + bd+cen(1—=0)  bd+cen(l—0) .
x o ax \) h|b 1-9¢ —0
Uin =% | g MO =)0 0) (B36)

- b—i—CN(l—(S) CN[b+CN(1—5)]5 ’

(YA — @300)b h
0> —=- Ny — Ty — —————————— . B37
- b+CN(1—5) tYar2 — Taro b—|—CN(1—(5> ( )

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

(Yar2 — 300 | AL+ 9) +en] | 2hci, k(1 = 9)
b+cen(1—=46)  en[b+en(l—0)] Qb+ en(l—9)]
N hb[b?(car + cn) + b3, + depren + ] + earen[3ear(1 = 6) + en(3 + 96)]]
Qb + en(1 —0)] ’
(hsa = 308 BhG(1—0)
bo+ en(l—0) Qo +en(l—0)]
N hb[b[c3; (1 +0) + emen(3 — 0) + 2¢}] + emenlem(5 — ) + en(7 +9)]]
Qb + en(1 —0)] ’
(Yan — Th)b * * hy
< b+ on(1—0) +Z/M2_$M2+CN_5
2enh[b?(2car + on) + 2bear(car + 2en) + 33 en (1 — 6)]
a Qb+ en(1 —6)] ’
(Yan — 2h)b ot — h
“bten(l—0) TMOTMEp 4 en(1-06)
2enh[b?(2cpr + on) + 2benr(ear + 2en) + 33 en (1 — 6)]
a Qb+ en(1 —6)] '

0<wyr1 — Ty +

(B38)

02> yyn — Ty +

(B39)

(B40)

(B41)

From (B8) and (B9), ¢y — ey < 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
— aley — ep)[20%(ear + en )0 + ben (ear(1 4+ 20) + en) (1 = 6) + 2eprcd (1 — 6)?]

"B = e = ea )bl + (enr + o1 1 0) + enlon + Gem £ el — o+ T B4

40



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

OéCN(CN — CM)[bQ(CM + CN)(l + 5) + bCN(3CM + CN)(l — (5) + QCMC?V(l — 6)2]
b[b? + 2bey + A (1 = 0)][en(en — enr) + (e + en)?Y] + (b+ eny)T ’
(B43)

hp =

o abey(eny — en)[2b(ear + en) + en(3ear + en) (1 = 9)]6
b2 = o T ) 4 2be + (1L — 8)b(ens + en) + 2earen (L —O)p —ents” oY

Comparing (B38) with (B13) and (B40) with (B15) for ¢py — ey < 0, hy; > hp, and
h;o < hp, hold, respectively. Taking the difference between (B43) and (B44) yields

acn(en — en)[b? + 2bey + (1 —6)]Q2

hg, —hpy = .
SO TR b[02 + 2bey + X (1 — 0)][ew(en — ear) + (ear + en) 2] + (b + en)T
(ear + en)Y(1 = 8) — (2ear + en)d][b + en (1 — 9)] — 3bend
(e + en)[b? + 2bey + A (1 = 0)][blea + en) + 2epen(1 — )] — enl'o’
so that ¢yy —cy < 0 and hp > h > hy := max|hg,, hy,| are necessary and sufficient for

non-strategic action.

B5: 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

o — byMl - SEjl = o — ble, (B45)
SE;
a — by — 5]2 = a — byyo, (B46)

for j = L, B, respectively. Substituting (A3) to (A6) into SE;; and SEp, introduced before
Propositions 4 and 2, respectively, and using D; = —1/b, S| = 5" = 1/cy and H' = h yields
(yMl - ZEMl)bCN[b + CN(l — 5)] + (yMQ — ng)bQCNé + hb[b(l + w) + CN]

b? 4 2ben + A (1 —9) ’

(yM1 — $M1)b2CN5 + (yM2 — .IMQ)bCN[b + CN(l — 5)]5 + hb[bw =+ CN<<1 — 5>w — 5)]
b2 + 2bey + & (1 —9) ’

SEjl =

SE]'Q =

for j = L, B. Solving (1), (B45) and (B46) for j = L as well as (B2) and (B3) with respect
to yi1, i1, Yio and x;o for i@ = M, N yields the equilibrium quantities with the strategic
deposit-lease policy. Solving (1), (B45) and (B46) 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

hea[bleas + 2ex) + 3
Gaa = fage + oulO(ca & ACN) + Semen] (B47)
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hb2[b(eyr + en)(ear + 2en) + 2en (33, + Bepren + )]
[b(car + 2en) + & (1 = 9)]A
heprck [bl6(ear + en) + (5ear + en)(1 = 6)] + 6earen (1 — 9)]

yn1 = Yn1 +

, R4S
[b(ear + 2en) + A (1 —0)]A (B48)
. R hblb(cyr + 2¢n) + 3epen (1 + 6
b= M 20 e -~
I hb3[b(car + 2¢n) + den (2enr + en) + 2(A3, + earen + ) (1 — 6)]
A [b(car + 2en) + & (1 = 0)]A(L - 4)
hb*en[12epen + (1163, + 9enen + 4ck) (1 = 6)]
[b(CM + 2CN> + C%(l — (5)]/\(1 — (5)
3hCMC?V[2b[2(CM + CN) + CM(l — 5)] + 3CMCN(1 — 5)] (B50)
[b(ear + 2en) + % (1 = 0)]A ’
- ) 3hc2,c
Ynmz = Ymz — j{ 25 (B51)
s = i — 2hen [b(c3, + earen + &) + 3bearen (car + en) + 33,64 (1 — 9)] (B52)
Nz e [b(ear + 2¢en) + A (1 = 9)]A ’
5 R hblb(cas + 2¢n) + 6epse
Farz = Earn + [(MA(lﬁ)(S) men] (B53)
oo — B hb2[b*(car + 2¢n) + 4ben (ear + 2¢en) + 12¢pr6%]
Nz e [b(car + 2¢n) + (1 — 6)]A(L = 6)
 hen [V (5¢iy + 3emen 4 dck) + 12benen (en + en) + 93,k (1 = 0)] (B54)

[b(ear + 2en) + A (1= 0)]A ’
where A := b*(cpr + 2en)? + 6benen (e + 2en) + 93,3 (1 — 6) > 0. From (B47) and (B48),
we obtain ¢; > ¢, and from (B51) and (B52), we obtain ¢s < 3. Furthermore, from (B47)
to (B54), we obtain

- . hbeys(ear + 2¢
iy = g+ oA E2CN) (B55)

S hb[b*(car + cn)(ear + 2¢en) + 4bearen (ear + 2¢n)]
yn =N [b(car + 2en) + & (1 — 0)]A
hbeyrck (5ear + en) (1 —6)

B56
[B(car + 20m) + 2 (1 — A’ (B56)
Far = dar + WTMCN (B57)
3 _ 2Rb[V*(A; + cpen + X)) + 3beyren (ear + en) + 33k (1 —0)]
= B
IN = TN + [b(CM n 2CN) n c?\,(l — 5)]A , ( 58)
. . . . h[b%(cpr + 2cn) + b 1—06)+cen(5+96
Ym1 — Ty = Ym1 — Ty + b em ) curleu )+ en( )
A(L—0)
3hc3 ey (1 —0)
B
AL=0) (B59)
. . . N h[b?(cps + 2¢n) + 6bepren + 3c2,en(l — 8
Yme — Tm2 = Ymz — Tym2 — P (ear ) A(lﬂi ]5V) wen( )H (B60)
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From (B55) and (B56), we obtain § > y. Taking the sum of (B59) and (B60) yields

thM(CM — CN)

A

Gar — Fa = v — Eur + (B61)
B7: Total welfare of the deposit-purchase policy with strategic action compared

to that of the deposit-lease policy with strategic action: Using (47) in (2), total

welfare in general reads

U= ayan — g(yMl)Q - CTM(9€M1)2 —pi(yan — zan)
+ ol — ) — S + D ean)? — palys — oa)] — o + )
+ aynt — g(ym)z - %N(xm)2 — p1(yn1 — o1)
+8layns = 2 (wa)? — Den)? + Llen)? — paluss — w2l (B62)

where p, = o — byn for t = 1,2 by (5). Substituting the respective quantities into (B62)
yields total welfare of the deposit-lease [deposit-purchase] policy with strategic action U [U].

Taking the difference of these welfare values yields

U-U=Up—Up+Uy—Uy, (B63)

where the difference in consumption welfare is

[7}7‘ — [7}7 =—h [Oé(CM - CN)AQ + thw + hAh} s (B64)
with
A = boen(ear + 2en)? + blen(enr + 2en)[(1+6)c3, + (9 — 58)earen + 263, (1 — 6)]
“ (02 + 2ben + % (1 — 0)]A2
N b epcd[7c3; + 3lepen + 16¢%](1 — ) + 3b%c3 e [bear (1 — 6) + en (7 —0)](1 — 6)
(02 + 2bey + %, (1 — 6)]A2
9bc3 ek (1 — 5)2
B
T 2ben + (1 —ayaz (B65)
A b>[3ch; + 1263 ,en + 20633, + 20enrcd, + 8ck] + 1063 en (e + en) (2ear + Bew)
1/) p—

(02 + 2bey + % (1 — 6)]A2
N 56b1cnred; (ear + en) + 203c3 e (3, (26 — 88) + caren (85 — 318) + % (76 — 226)]
(b2 4 2bey + & (1 — 6)]A2
N [4b3cpredy + 18623 e (4¢3, + 9enren + &) + 9bes e (5eas + 2en) (1 —6)](1 — )
(02 + 2bey + % (1 — 6)]A2

>0,

(B66)
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bo(car + en)(enr + 2en)? 4+ b (ear + 2en)[dci (1 — 8) + 2 ,en (22 — 88) + earcd (25 — 76)]
2[b% 4 2bey + A (1 — §)]A%(1 - 6)
N b2 (ear + 2en) e (6 — 28) + b3 en 403, (1 — 8) + dearen (46 — 318) + 3¢%,(83 — 479)]
2[b% 4 2bey + A (1 — §)]A2(1 - 6)
8b4cN[cM(13 —78) + en(1 = 8)] +b3c3 ek [Bear(51 — 58) (1 — §) + en (446 — 44265 + 6852)]
2[b% + 2bey + & (1 — §)]A%(1 - 6)
b3cMc§V[ 21(335 — 2986 + 3502) + 8¢3,(7 — 8)] + 3b%c3 e [ear(93 — 456) + en (157 — 736)]
2[b% + 2bey + & (1 — §)]A%(1 - 6)
3b20McN(50 — 266) + 9bc3 ey [3ear(9 — 6) + 4en (5 — 8)](1 — 6)% + 81ch ;e (1 —6)3

Ay =

2(b2 + 2ben + & (1 — 8)JA2(1 — 0) >0,
(B67)
and where the difference in climate welfare is
(/jH — ﬁH
RV (2en + o) (enr + 2en) + 6bearen(en + 2en) 4+ 3enck (2em + en) (1 — 0)]
B (02 + 2bey + A (1 — 6)]A
N h2[b(2¢car + en) + 3earen][b?(ear + 2¢en) + 2ben (2¢ar + en) + 3carca (1 —6)] (B68)

% + 2bey + ¢, (1 — 0)JA

(7F — ij is negative if ¢y — cy > 0, and UH — [7H is positive.

Appendix C. Calibration

To calculate the marginal damages per barrel of oil, we use the three discount rates used by
IWG (2016), namely 2.5%, 3% and 5%. Period 1 comprises 40 years, which implies discount
o = 37%, 31% and 14%, respectively. In accordance with IWG (2016, p.16),
marginal damages per ton of CO, for the years between 2010 and 2020, 2020 and 2030, 2030
and 2040, and 2040 and 2050 are calculated using linear interpolation. Afterwards, these
damages are discounted and multiplied by 0.43 (EPA 2018) and 10° to get the real marginal

factors of

damages per billion barrel of oil. h(1 + 9) is the average of these damages for the years
from 2011 to 2050. Dividing the real marginal damage in the year 2050 by the real marginal

damage in the year 2011 yields the climate discount rate w

We calibrate the economy without any policies to real world oil quantities and prices.

The associated equilibrium is characterized by

a—byyy=a—byy; fort=12 (C1)
o — byzl = C; (ZEﬂ + 5ZE22) for i = M, N, (CZ)
a— by = ¢ (xy +x) fori=M,N. (C3)
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Table 3: Parameter values (h,¢;,b in $b/bb,  in $b).

r 2.5% 3% 5%

b 3%  31% 14%
h 8904 6.487 1.699
v 1.169 0.870 0.646
ey 0.248 0.248 0.248
cy  0.070 0.070 0.070
«a 117 117 117

b 0.060 0.060 0.060

From (C1), we get yae = yne = % for t = 1,2. Thus, the two country groups consume the
same amount of fossil fuel in each period. According to EIA (2017), this is approximately
the case for the OECD countries and the Non-OECD countries until the year 2050, such
that we choose the OECD countries as country M and the Non-OECD countries as country
N. Furthermore, we define period 1 as the years from 2011 to 2050, and period 2 as the
years from 2051 to 2090. Concerning oil production in period 1, we use the projected data
from EIA (2017) and find xpn = 280bb and xy; = 989bb. From (C2) and (C3), we get
% = %N{: for t = 1,2, such that we use S—Afj = %. Concerning oil production in period 2,
we assume that without policy intervention all proved reserves will be extracted until the
year 2090. From EIA (2018), we find that the proved reserves were 1651bb in 2016 and from
EIA (2017), we find that oil production in the years from 2016 to 2050 will be 1092bb, such
that we use zo = 559bb. From % = %, we then get x)0 = 123bb and o = 436bb. In
accordance with IEA (2013, p.228), we use 100$b for the production costs per billion barrel
of oil in period 2. From 100$b = ¢;(z;1 + z42) for i = M, N, we can then calculate ¢); and

cn. Using these in (C2) and (C3), we find expressions of o and b depending on §, where we

= 37% as reference case. We summarize all parameter values in Table 3.

_ 1
choose 0 = 1w

Table 4 shows the allocation under the deposit-lease and deposit-purchase policy, re-
spectively. Table 5 reports the differences in total welfare (U), consumption welfare (Up)
and climate welfare (Ug) at the policies. From (A1l) and (A19), the differences in country
M’s welfare and country N’s welfare at the policies are proportional to the differences in

total welfare:

Uy —Uy=b{U—-U) and Uy —Uy=(1-b)(U—0). (C4)

Since the climate damage and the qualitative difference in total welfare depends on
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Table 4: Quantities (bb).

r Y1 Y2 Y Y Y2 Y 2z

2.5% 1030 344 1374 1122 286 1408 398 202
3% 1122 403 1525 1187 362 1549 262 133
5% 1277 434 1711 1293 424 1717 110 028

Table 5: Welfare differences between deposit-lease policy and deposit-purchase policy ($b).

2.5% 46 -1128 1174
3% 45 -602 257
5% 48 -81 33

the discount rate, we can find an expression for the latter deepening on the discount rate.
Using the three values of A and 1 from Table 3, we first estimate functions of the climate

damage parameters depending on 7:2!
h(r)=46-0.52""" and ¢(r) =0.64 +33-0.19"". (C5)

Using these functions, we can then calculate the total welfare difference depending on r,
which we plot in Figure 2. The function becomes negative at r &~ 2.7%, declines monoton-
ically until r ~ 3.7% and converges towards zero afterwards. For high discount rates, the
climate damage becomes negligible, deposit purchases and leases converge to zero and the

quantities coincide with both policies.

HFor (r) = ay + By(7)1%", e.g., we have ¥(2.5) = 1.169,¢(3) = 0.870,%(5) = 0.646. For h(r) =
an + Bn(1)10", we would get h(r) = —0.32 + 42 - 0.541°°7 such that the climate damage would become

1007

negative for r > 8%. Thus, we choose h(r) = Sr(vn) and minimize the sum of quadratic differences over

B and 7p,.
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