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Therefore, the FMD line in figure 2 coincides with the horizontal axis and the resource will be depleted.
However, in figure 2 it has been assumed that 5>y. If the inequality would hold the other way around, the
final resource stock is smaller in the competitive economy than in the social optimum. We now consider

the effects of levying a constant tax or a constant subsidy on the backstop in the decentralized economy.

Proposition 5: Assume a CO2 tax is not feasible. If the backstop is always more expensive than oil/gas
(i.e., b > ») and the stock of CO2 is severely damaging (large «), introducing a tax on the backstop
enhances welfare. If the backstop is at some point cheaper than oil or gas (b < ») and the stock of CO2 is

severely damaging (large ), subsidizing the backstop enhances welfare.

Proof: We fix all parameters except b and «. In the competitive economy the time paths of ¢, S, x, E and T are only
determined by b, not by x and we henceforth parameterize these variables with respect to b. We decompose social
welfare in the competitive economy into three parts: private component of social welfare,

V(b) = Texp(—pt) [U(q(t; b) + x(t; b)) — G(S(t; b))q(t; b) — bx(t; b)]dt , green welfare, defined

as—xA(b) = —I exp(—pt)x(E, +S, - S(t; b))’dt and subsidies. Let us take > b > b’. Suppose policy consists in
0

giving a constant backstop subsidy o so that the perceived cost becomes b’. Hence, o=b —b'. Total discounted cost

a-b

r -b
of the subsidy is R(b—b") = Iexp(—pt)(b—b')a—dt:(b—b')
T(b) ﬂ pﬂ

exp[—pT (b"]. The welfare difference is

a-b

Ab,b k) =V(b)+xAD)-RbO-b)-[V()+xA(b)]=V({")-V(D)-(b-b’) exp[-poT (b )]+ «[A(b") — A(b)].

PP
Clearly, A(b,b',0) < 0 because with no negative externalities the decentralized economy is socially optimal. We

also observe that, for any given b and b’, A(b,b’, x) is monotonic in k. In the case at hand, A(b")—A(b) >0
because a lower backstop price will slow down extraction and leave more oil/gas unextracted. Hence, there exists a
critical K(b,b"), depending on b and b, such that for x < k(b,b’) no subsidy should be given and for

x> K(b,b") asubsidy enhances welfare. For the case b > 7, the proof is analogous: it is better now to increase the
perceived backstop cost because that will lower extraction rates. Q.E.D.

Two remarks are in order. First, once non-renewables are exhausted, it becomes socially optimal to
abolish the tax on the backstop. This may lead to a credibility problem. Second, in case of an expensive
backstop, an alternative policy is to subsidize the backstop to such an extent that it becomes cheaper than

non-renewables. Then the policy is non-marginal, which might work for a very negative externality.

We illustrate our model with an example where =100, f=1, y=30,b =30, 6=0.5, p=0.2, S,=9,

and Eq = 1. Figure 3 plots the effects of introducing a backstop subsidy and a backstop tax of varying
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orders of magnitude on welfare (net of the lump-sum taxes needed to finance the subsidy or the lump-sum

transfers made possible by the tax on the backstop)® for different values of the damage parameter «.

In panel (a) we introduce a tax on the backstop, leading to the backstop cost being larger than ». In the
competitive economy non-renewables will then always be exhausted. The higher the tax and the cost of
the backstop, the smaller is the initial rate of extraction and the later exhaustion of oil/gas reserves will
take place. This curbs emissions and implies an initial positive effect on green welfare. However, the
private component of social welfare falls. With no or little concern about global warming (small ),
taxing the backstop always harms total welfare (see proposition 2 with k= 0). Only if society cares a lot
about global warming damages and the tax is not too high, is the welfare effect positive. Hence, if the
increase in green welfare is large enough, it outweighs the fall in the private component of social welfare.
However, too large backstop taxes lower social welfare even if society cares a lot about CO2 damages

(high ). For k= 200, welfare is maximized if the backstop tax equals 2.

Figure 3: Backstop subsidies can boost second-best social welfare

(a) Taxing the backstop (b) Subsidizing the backstop

Panel (b) deals with the case of a subsidy leading to lower backstop costs and therefore to partial oil/gas
exhaustion leading to a positive final stock of non-renewables. With no concern about global warming (x
= 0) introducing a backstop subsidy affects social welfare negatively, since the competitive outcome is
socially efficient. However, it turns out that for these parameter values, the net effect of introducing a

backstop subsidy is rather small. We also see that even for relatively little concern about global warming,

' Since proposition 3 gives use of the backstop as x(t) = (a—b+0)/8> 0, Vt > T, we have to subtract
exp(—pT)o(a—b+ o)/ (Bp) from social welfare at time zero.
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there is a substantial™ welfare gain from introducing the backstop subsidy. This suggests that with 5 > y it
is better from a welfare perspective to subsidize the backstop so that the effective cost is reduced below
30, rather than taxing the backstop.

To fully realize the first best, the government must implement a C02 tax ramp, not a subsidy on using a
clean backstop. If such an optimal CO2 tax is infeasible, subsidizing the backstop runs into the Green
Paradox if the backstop is initially relative expensive. Green welfare will fall as oil/gas reserves are more
quickly exhausted, but overall welfare may increase. However, if the backstop is (made) cheap enough
compared with current extraction costs of oil and gas, it is optimal to keep some oil/gas reserves
unexploited which benefits the environment. Subsidizing the renewable backstop then means that the
switch away from oil and gas occurs more rapidly; and also that a bigger fraction of oil/gas reserves
remains in situ. CO2 emissions are less, so that the Green Paradox is avoided. An alternative is to
compensate the owner of non-renewable resources for keeping some of its reserves unexploited.
Interestingly, Ecuador recently demanded $4.5 billion as compensation to keep oil in the soil and thus
preserve the Amazon rain forest and curb CO2 emissions by 410 million tons. In practice, mining

companies also attempt to bribe indigenous people to accept their resources being plundered.

4. Extension: Switching from oil/gas to a dirty backstop

In practice, one may have to switch to dirtier energy sources. For example, it takes a lot of effort to
recover oil from the Canadian tar sands and this goes hand in hand with high CO2 emissions (b > y— &S,
w>1). Alternatively, one may have to switch to coal which is in abundant supply, cheaper than oil or gas,
but also leads to more CO2 emissions than conventional oil or gas (b < y— S, w> 1). We obtain the

first-best outcomes for such backstops by maximizing social welfare (1') subject to the depletion equation

(2) and the equations describing the concentration of CO2 in the atmosphere E(t) = q(t) +wx(t),
E(t)=E,+S,—S(t)+Y(t) and Y (t) = t//ﬂ X(s)ds. Necessary conditions for an optimum are given in

the appendix. We suppose y > 1 and focus in proposition 6 below on the conditions under which it is
optimal to use initially only non-renewables and subsequently only the backstop. Proposition 7 then

indicates that we cannot exclude simultaneous use of hon-renewables and the dirty backstop.

Taking due account of global warming externalities, lemma 1 in the appendix indicates that we should cut

back use of the backstop, x(t) < F(b), YVt > T. The solution is characterized by x(t) jumping up at time T

18 Note that in panel (b) the vertical axis is several orders of magnitude larger than in panel (a).
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and then gradually falling to zero at the speed | 2,| while Y(t) starts from zero at time T and then
asymptotically reaches its steady-state value Y". Due to discounting and convex global warming damages,
use of the backstop gradually diminishes as time proceeds and vanishes asymptotically. The rate at which
use of the backstop falls increases with the rate at which marginal global warming damages increase (x),
the emission intensity of the backstop (), and the sensitivity of demand for fossil fuels with respect to
the price (1/5). Total use of the backstop (Y*) is less if past use of fossil fuels has already led to a high
concentration of CO2 emissions in the atmosphere and if the unit cost of the backstop (b) is high, but

more if autonomous demand for energy () is high.

Proposition 6: If 3T such that x(t)= 0, gq(t)>0, Yt < T, and q(t)= 0, x(t) > 0, Vt > T and
a> b+1,m<(E0 + SO)/p, then S(t), t < T, is given by (8) with s;, s, and T" defined in proposition 1 and

S(T) = 0. The time of the switch from conventional oil and gas to the backstop is given by

T :T*(go,o,l;,a,;/,&p,ﬁ, éo,l(‘,l;).

Proof: For the case at hand the motion of the non-renewable resource is given by (7), resulting in the solution given
by (8). Moreover, it was shown in the previous lemma that S(T) = 0. Continuity of the Hamiltonian function

requires q(T) =—-S(T) = x(T) . Hence, using lemma 1 of the appendix:

- _(ﬁj[a__bj(ﬁj[% vso]- (So + (s, =5, exp(sT) + T [s, exp((s, =s)T) =s.] @(T’,s}),f, 51,32).
2 ¥ BA 1—exp((s, —s,)T)

1

We know from proposition 1 that @, <0,®, >0and®_>0. We can solve for T , where we have to take account of
the fact that x(T) is a less than proportional function of (a—b)/f (i.e., the value of x(T) that would prevail if y = 0)
and a negative function of (Eo + S ). It follows that the signs of the partial derivatives of T"(.) with respect to ¢, b,
Eq, So, and St are the same as those of T(.) as given by equation (9). Note that since x(T) is a negative function of y,
T7(.) must be a positive function of . Lemma 3 of the appendix establishes that S(T) = 0. Q.E.D.

Novel is the result that if the backstop emits more CO2 per unit of energy (higher ) and no simultaneous
use of oil/gas and the backstop takes place, oil/gas reserves will be fully exhausted. It then takes longer to
exhaust conventional oil/gas reserves in order to postpone use of the dirty backstop. Furthermore, once

oil/gas revenues are fully exhausted, use of the backstop is less.
However, simultaneous use of non-renewables and the backstop cannot be excluded.

Proposition 7: If there is simultaneous use of non-renewables and the backstop forever from the outset,

A-y)pla—y)+x(y —1)E, +5pS,
poy

then S(t) = Kexp(s,t) + with s, <0 and
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. Necessary conditions for this to occur are 1<y <1+ po / k,

K:SO_(l—w)(ag;ly)w—b

b+(w-D(a—-y)<y and b+ -D(a—y+0S,) >y —0S,.

Proof: With E(t)=E, +S, —S(t)+Y(t) and Y(t) = wa(s)ds , the necessary conditions give

0

v -1 . v-1\ v-1 w-1 . .
[5-( )K}s _-( );«v. As Y (0)=0, we have [5-( )Ki|(S(t)—SO) _-( )KY(t)WhICh establishes the

o P P P

- -1 . - ..
first necessary condition. We have v () = ¢(s(t)-s ) with ¢ = [(W)x - 5} / (W)K. S0, Y =¢S,Y=(S The
P P

ordinary differential equation applying to this case reads:
~BA+X)+3S = A+ f1= pA—5q+ pu—x(E, +S,~S+Y) = pla— S(A+X)—y +5S) - 5q—&(E, +S, - S +Y)

.1 .1
or —ﬂ(—3+—Y)=p[a—ﬂ(—S+—Y)—y+§s}—K(EO+SO—S+Y)andthus
y y

.1 .1 .
—ﬂ(—s +—;S) = p[a —ﬂ(—s +—§S)—7/ + 58} ~x[E, +S, S +¢(S-S,)]. The resulting differential equation,
v %

with K to be

ﬂs —pﬂs _ y(ps+x(1-4)) S = v (pla—y)-x[Eg+Sp(-<)]) yields s(t) = K exp(s.1) + @Q-w)a-y)+y-b
y—¢ w—¢ > Py

determined by the initial condition, s, the negative root and where we have used that since there is simultaneous use
of renewables and non-renewables from the beginning, we have p(b—y)+ x(w —1)E, + oS, = 0. Hence, we need

the second necessary condition and K =S, —S(0) > 0, requiring the third necessary condition. Q.E.D.

A moderately dirty and cheap backstop such as coal might satisfy the first condition of proposition 7, that
is 1<y <1+ pd [ k. The second condition of proposition 7 requires that the backstop is relatively cheap
once oil/gas reserves are fully exhausted. The third condition demands that the backstop is relatively
expensive at the beginning of the planning period, which requires that costs of oil/gas extraction rise
rapidly as reserves are depleted (high 6)."" If these three conditions are satisfied, proposition 7 states that
it is optimal to follow up a period of solely oil/gas depletion with a regime of oil/gas and coal use before
moving to a regime of only coal use. Oil/gas reserves will then be fully exhausted if the backstop is

relatively expensive compared with the maximum price of fuel and if the backstop is relatively dirty.

To ensure feasibility of proposed optimal programs, we assume a > b+ (E, +S,)/ p.'® Before we

can fully characterize all cases of interest, we define what we mean by an expensive or cheap backstop.

7 The third condition, p(b — ) + x(y —1) E, +dpS, = 0, only holds by fluke. But with another starting point, say T,
the conditionis b—y +8S(T) = L—w)xE(T) / p, which may be satisfied after an initial interval of time.
'8 Alternatively, o <b+w«E,/ p so the backstop will never be used or a =b+yx(E)/ p for some E <E,+S,.
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Imagine oil/gas reserves are fully exhausted and no use of the backstop has been made yet, so the CO2
concentration equals Eq+So. The marginal cost of using the backstop then equals direct cost plus

discounted CO2 damages, b+wx(E, +S,)/ p. The marginal cost of using oil/gas equals the extraction
cost y (as S = 0) plus discounted CO2 damages x(E, +S,)/ p. Our definition of an expensive backstop
is then that after full exhaustion of oil/gas reserves one would rather have an extra unit of oil/gas than an
extra unit of the backstop, that is b+wx(E, +S,)/ p>y+x(E, +S,)/ p. If the backstop is expensive
according to this definition, the backstop can still be cheap initially. To see this, rewrite the condition as
b—y+0S(t)>A-w)x[E,+S,—St)l/ p+(0+Q—w)x /! p)S(t). Hence, if the costs of oil/gas
extraction do not fall too rapidly with depletion, i.e., 6 <(w —Dx/ p, b—y+6S, < 1-w)KE,/ p
may hold. At the outset the backstop is then cheaper as a consequence of the low &, meaning that cost of
oil/gas extraction does not fall too rapidly with depletion. We use this definition of an expensive and a

cheap backstop together with the definition of a moderately and a very dirty backstop to arrive at the four

cases sketched in table 2.

Table 2: Different trajectories of non-renewables and backstop

Backstop Dirty 1<y <1+ pd | k Very dirty w >1+ po/ x
Expensive 1. Qil/gas followed by backstop 2. Like case 1 with possibly
b>y+1-yw)x(E,+S,)/ p the backstop initially
Cheap 3. Like case 4 with possibly first 4. Only use the backstop
b<y+Q-yw)x(E,+S,)/ p oil/gas followed by oil/gas &

backstop before only the backstop

Case 1 corresponds to an expensive and moderately dirty backstop and implies for all S(t) >0 that
b>y—-0S(t)+Q—-w)x[E,+S,—S(t)]/ p. The backstop is unambiguously more expensive than non-
renewables, inclusive of CO2 damages, even at the outset (due to, say, a relatively large value of ¢), but it
is still optimal to use the backstop after exhaustion. The optimum can be derived as follows. Initially there
will not be simultaneous use, because that would require b =y —8S(t) + 1—-w)x{E, +S, —S(t)]/ p
(see the derivation in proposition 7). If we would start with the backstop, then, according to lemma 2 in

the appendix, no transition can take place to using only non-renewables or to simultaneous use. Hence,

the optimum is to exhaust non-renewables for an initial period and thereafter use the backstop forever.
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Case 2 has an expensive and very dirty backstop with not too rapidly rising costs of oil/gas extraction (&

small). We may then have for some S(t) >0, b—y+0S(t) < 1-y)[E, +S, —S(t)]/ p, in particular
for S(t) =S, . Hence, the backstop might be cheaper, inclusive of CO2 damages, as non-renewables are

abundant. If this is not the case, we are back in case 1. So, suppose it holds. Note first that simultaneous
use is ruled in view of the first condition in proposition 7. An optimal program would then have the
backstop initially. At some instant of time non-renewables take over until they are fully exhausted. Then

there is a final interval of time starting at, say T with only the backstop, provided our assumption holds

with E, +S, —S(T) replaced by E(F) :

Case 4 applies to a cheap and very dirty backstop with slowly increasing costs of oil/gas extraction (&
small). It has for all S(t) >0 that b <y —oS(t)+(Q—-yw)x[E, +S, —S(t)]/ p, hence proposition 7 says
that there will never be simultaneous use. Moreover, lemma 2 of the appendix indicates that a transition

from non-renewables to the backstop never takes place. Using only non-renewables is also suboptimal,

since after exhaustion the backstop is profitable. It is thus optimal to start with the backstop and never use

non-renewables as the backstop is already cheap at the outset, b <y —5S, + (1—-w)xE, / p.

Case 3 corresponds to a cheap and moderately dirty backstop with relatively rapid rising costs of oil/.gas
extraction (& large). For a large enough initial resource stock it can be that b >y — 58S, + (1—-w)xE,/ p

so that it is optimal to start with non-renewables. At some instant of time we have that
b=y-0S(t)+1-w)x[E, +S, —S(t)]/ p and from there on there will be simultaneous use, either

forever, or for a finite interval of time along which the non-renewables are exhausted. Thereafter, if

accumulated CO2 is not too large, the backstop takes over forever.

In all cases an exogenous fall in cost of the backstop (e.g., due to technical progress) boosts social
welfare. And if an optimal carbon tax can be imposed, no backstop subsidy is needed in a decentralized
economy. However, things become different if a carbon tax is infeasible and the backstop is subsidized.
The results can be derived in a similar way as in proposition 5. The decentralized economy produces the
first-best in case of no externalities. Then subsidies or taxes make no sense. With severe externalities, the
time path followed by the economy does not depend on «. Hence, by taking this parameter as a pivotal
parameter we can determine the desirability of a tax or a subsidy. However, now more regimes are
possible and it is less easy to determine the welfare effects of subsidizing of taxing the backstop.

Moreover, as in the case of the clean backstop, policy might suffer from dynamic inconsistency.
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In case 4 the backstop is really cheap and subsidizing the backstop reduces welfare, because the first best
will be realized in a decentralized economy as production of the backstop is cheaper than extraction. Case
3 can be more complicated, unless it yields the same result as case 4.

Now consider case 1 again. Without a CO2 tax in the decentralized economy, the stock of CO2 in the
atmosphere after T equals E(t) =E,+S, —S(T)+w(a—b)(t—T)/ S,t =T . Now suppose b > 7, so

that in the market economy non-renewables are fully exhausted at T. Introducing a subsidy on the
backstop, while keeping the backstop more expensive than the non-renewable, has the effect of still fully
extracting the stock of non-renewables, the dirty backstop taking over at an earlier instant of time, and
thus green welfare falling unambiguously. For a large enough damage parameter x or a high enough
emission intensity of the backstop , the subsidy is detrimental for social welfare (see proposition 5) and
it would be better to tax the dirty backstop. Suppose b < 3, so that the stock of non-renewables will not be
fully exhausted. A subsidy on the backstop will leave a bigger part of the stock of non-renewables
unexploited, which benefits green welfare. However, the backstop takes over earlier, so there is a trade
off. For y large enough, green welfare unambiguously falls. The effect is ambiguous if we vary x, but
intuition suggests that for a small rate of time preference the initial benefit will be dominant. The same

reasoning can be applied to case 2.

A danger is that economies switch from oil/gas, as reserves run out and become more expensive, to cheap,
abundant coal. However, coal without sequestration leads to considerably more C02 emissions. The
danger is acute as oil/gas reserves are projected to last at most a few decades whereas coal reserves will
last for a further two or three hundred years. It thus seems socially optimal to tax coal. More precisely,
our analysis suggests that a period of a rising CO2 tax when oil/gas reserves are depleted will be followed
by a period starting out with a much higher CO2 tax followed by a gradually falling CO2 tax once the
economy has to rely on coal. Unfortunately, in practice many countries subsidize rather than tax coal for
social reasons to do with income support. Taxing emissions from coal would not lead to a Green Paradox.
In contrast, a relatively high tax on the use of coal deters rational speculators from depleting oil and gas
reserves too quickly and helps in the fight against global warming. Taxing coal postpones the period of
simultaneous use of oil/gas and coal and also postpones the time that oil/gas reserves are fully exhausted.
An even bigger challenge than coal is how to deter Canada exploiting its expensive and very dirty tar
sands. This calls for a steeply rising CO2 tax and a declining CO2 tax after the switch to tar sands.
Another policy measure might be to subsidize Canada to not extract its resource, unfair as this may sound

to non-economists.
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5. Extension: Monopolistic non-renewable resource owners

So far, we have discussed socially optimal outcomes and outcomes that would prevail in a competitive
market economy. In many cases, the owner of the non-renewable resource is a monopolist (e.g., OPEC).
It is well known that with monopolies in natural resource markets, limit pricing may occur (e.g., Hoel,

1978). This means that in the presence of a backstop technology with price b and constant marginal

extraction costs of the non-renewable resource ysmaller than b, there is an initial phase until some T,

where the monopolist keeps the market price of oil or gas below the cost of supplying the backstop price,

and subsequently a final phase (T,,T,] where the backstop price is undercut by an infinitely small

margin. The instants of time (T,, T,) are determined endogenously by maximizing over the two parts of

the trajectory. With stock-dependent extraction costs matters are a bit more complicated. However, limit
pricing still occurs. To see this, and to investigate its consequences we consider a monopolist facing a

linear inverse demand function p(t) =« — Aq(t) and having extraction costs ¥ —S(t) . The cost of

supplying the renewable backstop is b . The monopolist’s problem is then
T

(18) Max [ exp(~pt) e~ Aa(t) -7 + S ()] a(t)dt
0

subject to the depletion equation (2) and the inverse demand function p(t) = a — £q(t) <b. Note that

the maximization also takes place with respect to the date T at which extraction definitely stops.

Proposition 8: Suppose that the owner of the non-renewable resource is a monopolist who is faced with a
renewable backstop fuel over which it has no control. The Green Paradox prevails if the backstop price is

relatively high compared to the initial marginal cost of extracting oil or gas (b > 7). In that case, extraction
of the non-renewable resource occurs more slowly than under perfect competition. If the backstop price is
relatively low (b < »), extraction occurs faster than under perfect competition while a larger stock of oil

and gas reserves is left in situ. In that case, the Green Paradox need not necessarily occur.

Proof: The current value Hamiltonian reads [a -pg—y+ 58] g— A9 . A necessary condition for optimality is

a—2pq(t)—y +5S(t) = A(t) aslongas q(t) >0 and a— Sq(t) <b, where A(t) = pA(t) — 5q(t). Moreover, at
the time T when extraction definitely finishes, the Hamiltonian vanishes.
Case b>y: Clearly the resource the resource will be exhausted so S(T) =0and p(T) =a— £q(T) =b. Moreover,

from H(T) =0 we then have A(T) =b—y > 0. If the solution would always be interior (q(t) >0 and

a — Bq(t) < b) until exhaustion, meaning no limit pricing, we would have [« - 28q(t) -y + 5S(t)] arbitrarily close to
[a-2B(a-b)I p-y]=2b—a -y fortclose enough to T. However, this cannot be equal to A(T) = b —y . Therefore,
there must be a phase with limit pricing. Hence, there exist 0 <T, <T, such that for 0<t <T we have p(t) <b,
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and for T <t<T, we have p(t) =b. Inthe firstinterval o —24q(t) -y +0S(t) = A(t) and At) = pA(t) - 5q(t).
This yields the differential equation 23S (t) —2pBS(t) — p5S(t) = p(a — y) with characteristic roots given by

1 1 1 1
s, :—p+5«fp2 +2p51 B> pands, :Ep—gafpz +2p81 B <0, so the speed of adjustment —s, is now

2
smaller than in the competitive outcome. Apart from this, the stock trajectory is as given in proposition 1. A
marginal decrease of the backstop price results in a smaller shadow price A . Indeed a smaller backstop price reduces
the constraint set of the monopolist and thereby the shadow price of the non-renewable resource. Consequently,
extraction increases both during the first phase as well as in the second phase. Therefore it takes a shorter period of
time to exhaust the resource and in this sense the Green Paradox holds. This result a fortiori obtains if limit pricing
occurs from the outset.

Caseb < y : To have an interesting problem, suppose y — 0S5, <b < y. Otherwise, extraction would never take
place. At the time where the monopolist leaves the market (T), the price must equal the backstop price. Hence,
q(T) =(a—b)/ B . Moreover, it should not be profitable to extract anymore, - f(a—-b)/ -y +5S. =0.

Hence, S, = (¥ —b)/ & . It follows, as before, that there is a phase with limit pricing. Two countervailing effects are

at work. On the one hand, a smaller backstop price increases the remaining stock of oil or gas kept in situ, which
runs counter to the Green Paradox. On the other hand, it increases the final extraction rate and thereby all extraction
rates during the regime of limit pricing and of the extraction rates before limit pricing starts. This can only happen if
the non-renewable resource is taken out of exploitation earlier than before. Hence, initially extraction is excessive,
but it lasts much shorter than before. Q.E.D.

It goes beyond the scope of the present paper to assess the green welfare effect, but we conjecture that the
effect is ambiguous and depends crucially on the rate of pure time preference. Our results differ sharply
from the arguments of Sinn (2008ab). Either the backstop is always more expensive to supply than oil or
gas and the Green Paradox holds, but then rational speculating monopolistic resource owners pump more
slowly than under perfect competition. Or the backstop is eventually cheaper to supply than oil or gas in
which case rational monopolistic resource owners pump oil and gas more quickly than under perfect
competition, but then subsidizing the backstop leads to bigger stock of oil and gas reserves that are left in

the soil and the Green Paradox need not hold.

6. Conclusions

We show that a smaller initial stock of fossil fuel reserves, a positive shock to demand for fossil fuels,
and a lower cost of extracting fossil fuels, mean that fossil fuels are more rapidly exhausted in a first-best
economy with a clean backstop. We also show that, if the atmosphere has already been polluted with a lot
of CO2 emissions, it is socially optimal to postpone depletion of oil and gas in order to combat global
warming. When we allow for global warming externalities, we show that Sinn’s Green Paradox arises
when the backstop is solar or wind energy, which currently are economically less attractive than oil or
gas, but more attractive from an environmental point of view as C02 emissions are insignificant. If,

following Sinn, we suppose that a Hotelling ramp for taxes on C02 emissions is politically infeasible,
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then the government might resort to subsidizing solar or wind energy, as is done on a large scale in
Germany. In that case, we show that depletion of oil and gas occurs more rapidly and climate change
damages increase. This is what Sinn has in mind when he refers to the Green Paradox. We also show that
total welfare might decrease. If the concern for the environment is substantial, it would be better to tax the
clean backstop in order to postpone exhaustion. However, if a substantial subsidy renders the clean
backstop cheaper than fossil fuel, total welfare will be enhanced if the concern for the environment is

large enough.

If the backstop, say, nuclear energy, is relatively cheap and low on C02 emissions compared to oil and
gas, subsidizing nuclear energy will lead to a bigger final in situ stock of oil and gas reserves and to a
higher rate of extraction of oil and gas at the time that the economy switches to nuclear energy.
Subsidizing the backstop leads to less extraction so that not all oil and gas reserves will be extracted from

the earth. Climate damages will now be less and there is no Green Paradox.

If the backstop is relatively dirty and cheap (e.g., coal), there might be a period with simultaneous use of
the non-renewable and renewable fuels. If the backstop is very dirty compared to oil or gas (e.g., tar
sands), there is no simultaneous use. The optimum policy requires a rising CO2 tax plus a gradually
declining CO2 tax once the dirty backstop has been introduced.

If the non-renewable resource is owned by a monopolist, there is a potential for limit pricing. The Green
Paradox then prevails if the backstop price is relatively high compared to the initial marginal cost of
extracting oil or gas. In that case, extraction of the non-renewable resource occurs more slowly than under
perfect competition. If the backstop price is relatively low, extraction occurs faster than under perfect
competition while a larger stock of oil and gas reserves is left in situ. Interestingly, the Green Paradox

need not necessarily occur yet this is the situation that is closest to what Sinn (2008ab) had in mind.

It may be worthwhile to extend our analysis in the following directions. First, it may be of interest to
allow for imperfect substitution in the demand for the non-renewable and the backstop energy source.
This may arise from concerns with security of energy supplies, diversification and/or intermittence of
backstops such as wind and solar energy and will lead to the simultaneous use of both the non-renewable
and the backstop. Second, it is important to investigate what happens if there are various types of
backstop available at the same time. If it is possible to rank them, e.g., clean but competitive (nuclear),
clean and expensive (wind, solar, advanced nuclear) and dirty and expensive (tar sands), it is best to go
for the cleanest and cheapest backstop. However, with dirty and cheap backstops, matters are more
complicated especially if we allow for upward-sloping supply schedules of the backstop. Third, given that

once non-renewables are exhausted, it becomes attractive to abolish the tax on the backstop, it is of
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interest to investigate credibility aspects of optimal climate change policies. Fourth, the analysis could be
extended to an international context by analyzing issues of carbon leakage and ways to sustain
international cooperation (see Hoel, 2008; Eichner and Pethig, 2009). Fifth, one could investigate the
issues we addressed in this paper within the context of a Ramsey model with capital formation and
pollution. Finally, one could use the analysis to empirically investigate the various policies that can be

used to combat global warming.
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Appendix: Switching from oil/gas to a dirty backstop

Necessary conditions for an optimum are:

(Ala) U'(q+x)—G(S)<A1+4,q9=0, cs.,
(Alb) U'(g+x)—b<yu, x>0, cs.,
(Alc) A=pAi+G'(S)q,

(Ald) ft=pu—D'(E),

(Ale) limexp(-pt)[A()S (1) - 1(WE®)] =0,

where w is the (negative of the) shadow price of pollution.

Lemma 1: If 3T such that x(t)=0, q(t) > 0, YVt < T, and q(t)= 0, x(t) > 0, Vt > T, then

(A2) x(t) = [%]Y exp(4,(t—-T)) and Y (t) =[1-exp(4,(t-T))]Y", Vt=T,
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where ﬂlz[p+«/p2+4l//21{/ﬂ}/2>p>0, A, :[p_,fp2+4l//zx/ﬁ}/2<oand

Y = (ﬁj(a—b) —(Ey+S,—S(T))>0 provided e >b+yx(E, +S,—S(T))/ p. Furthermore,
s

X(T) = plar—b) ~ym (Ey + S, ~S(T)) ]/ A4, < F(b).
Proof: Fort > T, (Alb) gives a — fx—b =yu and (Ald) gives s(t) = pu(t) — x(E, +S, —S(T)+Y(t)) . This yields
X = —%(a—ﬂx—b) +%(EO +S, —S(T)+Y) and Y =yx. The system displays saddlepath stability with one positive

characteristic root A, and one negative characteristic root 1,. The asymptotic steady states are
limx(t)=0 and limY(t)=Y > 0. Given that Y(T) = 0, the solution trajectory Y(t), Vt > T is given by (A2).To
t—w

t—oo

ensureY” >0, one requires « > b +wi(E, +S,—S(T))/ p. The expression for x(T) is less than F(b) =
(e—b)/pas A, > pand the second term is negative. Q.E.D.

Without CO2 emissions (= 0), we have x(T) = F(b) = (a@—b)/fas in section 2.

Lemma 2: If 3T such that x(t) = 0, g(t) > 0, for some interval just before T, and q(t) = 0, x(t) > 0, for
some interval right after T, then b—y +6S(T) + (v —D)xE(T)/p > 0.

If 3T such that x(t) > 0, q(t) = 0, for some interval just before T, and q(t) > 0, x(t) = 0, for some interval
right after T, then b+ (w —1)xE(T)/p <y —6S(T).

Proof: Consider the transition at time T from q > 0 to x > 0. Just before T we have a-B(q+x)—y+5S =1+ and
a—p(g+x)—b<wu.Justafter T we have a—B(q+x)—y+8S <A+u and a—B(q+x)—b=wu. Hence,

A+ p <wu+b—y+35S just before Tand A+ u > wu+b—y +5S right after T. Hence, at T, A+ 2> iz + 58S .
Therefore, p(A+ 1) —ypu> 1-y)x(E, +S, —S(T)) from the necessary conditions (Alc) and (Ald) and making use
of (2). This can be rewritten as b+ (w —1)«xE(T)/po <y —6S(T). The proof of the second statement of the lemma is
similar. Q.E.D.

Lemma 3: If 3T such that x(t)= 0, q(t) > 0, Vt< T, and q(t)=0, x(t) >0, vt > T, S(T)=0.

Proof: We know from (Ale) that exp(—pt)[A(t)S(t) — u(t)E(t)] =0 as t — oo It follows from the derivations in
lemma 1 that along the program under study x(t) — 0 ast — oo. Hence E(t) approaches a constant and, from (Alb)
H(t) goes to a constant as well. Moreover, from (Alc) /1 is growing at the constant rate p from T on. So, the
necessary condition reads A(T)S(T) =0. Given the optimal solution trajectory for the use of the backstop and for
accumulated CO2 emissions given in lemma 1, we can calculate the shadow price at time T:

AT) = E[(MJ(a—b) + 5V (B, +S, —S(T)) |+b—y+5S(T)

% A4 A

It follows from the condition & > b+« (E, +S,—S(T))/ p of lemma 1 and from
b—y+0S(T)+(w-1)xE(T)/p>00f lemma 2 that A(T) > (v —Dxw(E, +S,—S(T))/ (pw)+b—y+5S(T) =0,
so that S(T)=0. Q.E.D.



CESifo Working Paper Series

for full list see www.cesifo-group.org/wp
(address: Poschingerstr. 5, 81679 Munich, Germany, office@cesifo.de)

2901 Donatella Gatti, Christophe Rault and Anne-Gaél Vaubourg, Unemployment and
Finance: How do Financial and Labour Market Factors Interact?, December 2009

2902 Arno Riedl, Behavioral and Experimental Economics Can Inform Public Policy: Some
Thoughts, December 2009

2903 Wilhelm K. Kohler and Marcel Smolka, Global Sourcing Decisions and Firm
Productivity: Evidence from Spain, December 2009

2904 Marcel Gérard and Fernando M. M. Ruiz, Corporate Taxation and the Impact of
Governance, Political and Economic Factors, December 2009

2905 Mikael Priks, The Effect of Surveillance Cameras on Crime: Evidence from the
Stockholm Subway, December 2009

2906 Xavier Vives, Asset Auctions, Information, and Liquidity, January 2010

2907 Edwin van der Werf, Unilateral Climate Policy, Asymmetric Backstop Adoption, and
Carbon Leakage in a Two-Region Hotelling Model, January 2010

2908 Margarita Katsimi and Vassilis Sarantides, Do Elections Affect the Composition of
Fiscal Policy?, January 2010

2909 Rolf Golombek, Mads Greaker and Michael Hoel, Climate Policy without Commitment,
January 2010

2910 Sascha O. Becker and Ludger Woessmann, The Effect of Protestantism on Education
before the Industrialization: Evidence from 1816 Prussia, January 2010

2911 Michael Berlemann, Marco Oestmann and Marcel Thum, Demographic Change and
Bank Profitability. Empirical Evidence from German Savings Banks, January 2010

2912 @ystein Foros, Hans Jarle Kind and Greg Shaffer, Mergers and Partial Ownership,
January 2010

2913 Sean Holly, M. Hashem Pesaran and Takashi Yamagata, Spatial and Temporal
Diffusion of House Prices in the UK, January 2010

2914 Christian Keuschnigg and Evelyn Ribi, Profit Taxation and Finance Constraints,
January 2010

2915 Hendrik Vrijburg and Ruud A. de Mooij, Enhanced Cooperation in an Asymmetric
Model of Tax Competition, January 2010



2916 Volker Meier and Martin Werding, Ageing and the Welfare State: Securing
Sustainability, January 2010

2917 Thushyanthan Baskaran and Zohal Hessami, Globalization, Redistribution, and the
Composition of Public Education Expenditures, January 2010

2918 Angel de la Fuente, Testing, not Modelling, the Impact of Cohesion Support: A
Theoretical Framework and some Preliminary Results for the Spanish Regions, January
2010

2919 Bruno S. Frey and Paolo Pamini, World Heritage: Where Are We? An Empirical
Analysis, January 2010

2920 Susanne Ek and Bertil Holmlund, Family Job Search, Wage Bargaining, and Optimal
Unemployment Insurance, January 2010

2921 Mariagiovanna Baccara, Allan Collard-Wexler, Leonardo Felli and Leeat Yariv, Gender
and Racial Biases: Evidence from Child Adoption, January 2010

2922 Kurt R. Brekke, Roberto Cellini, Luigi Siciliani and Odd Rune Straume, Competition
and Quality in Regulated Markets with Sluggish Demand, January 2010

2923 Stefan Bauernschuster, Oliver Falck and Niels GroRe, Can Competition Spoil
Reciprocity? — A Laboratory Experiment, January 2010

2924 Jerome L. Stein, A Critique of the Literature on the US Financial Debt Crisis, January
2010

2925 Erkki Koskela and Jan Konig, Profit Sharing, Wage Formation and Flexible
Outsourcing under Labor Market Imperfection, January 2010

2926 Gabriella Legrenzi and Costas Milas, Spend-and-Tax Adjustments and the
Sustainability of the Government’s Intertemporal Budget Constraint, January 2010

2927 Piero Gottardi, Jean Marc Tallon and Paolo Ghirardato, Flexible Contracts, January
2010

2928 Gebhard Kirchgéassner and Jirgen Wolters, The Role of Monetary Aggregates in the
Policy Analysis of the Swiss National Bank, January 2010

2929 J. Trent Alexander, Michael Davern and Betsey Stevenson, Inaccurate Age and Sex
Data in the Census PUMS Files: Evidence and Implications, January 2010

2930 Stefan Krasa and Mattias K. Polborn, Competition between Specialized Candidates,
January 2010

2931 Yin-Wong Cheung and Xingwang Qian, Capital Flight: China’s Experience, January
2010



2932 Thomas Hemmelgarn and Gaetan Nicodeme, The 2008 Financial Crisis and Taxation
Policy, January 2010

2933 Marco Faravelli, Oliver Kirchkamp and Helmut Rainer, Social Welfare versus
Inequality Concerns in an Incomplete Contract Experiment, January 2010

2934 Mohamed EI Hedi Arouri and Christophe Rault, Oil Prices and Stock Markets: What
Drives what in the Gulf Corporation Council Countries?, January 2010

2935 Wolfgang Lechthaler, Christian Merkl and Dennis J. Snower, Monetary Persistence and
the Labor Market: A New Perspective, January 2010

2936 Klaus Abberger and Wolfgang Nierhaus, Markov-Switching and the Ifo Business
Climate: The Ifo Business Cycle Traffic Lights, January 2010

2937 Mark Armstrong and Steffen Huck, Behavioral Economics as Applied to Firms: A
Primer, February 2010

2938 Guglielmo Maria Caporale and Alessandro Girardi, Price Formation on the EuroMTS
Platform, February 2010

2939 Hans Gersbach, Democratic Provision of Divisible Public Goods, February 2010

2940 Adam Isen and Betsey Stevenson, Women’s Education and Family Behavior: Trends in
Marriage, Divorce and Fertility, February 2010

2941 Peter Debaere, Holger Gorg and Horst Raff, Greasing the Wheels of International
Commerce: How Services Facilitate Firms’ International Sourcing, February 2010

2942 Emanuele Forlani, Competition in the Service Sector and the Performances of
Manufacturing Firms: Does Liberalization Matter?, February 2010

2943 James M. Malcomson, Do Managers with Limited Liability Take More Risky
Decisions? An Information Acquisition Model, February 2010

2944 Florian Englmaier and Steve Leider, Gift Exchange in the Lab — It is not (only) how
much you give ..., February 2010

2945 Andrea Bassanini and Giorgio Brunello, Barriers to Entry, Deregulation and Workplace
Training: A Theoretical Model with Evidence from Europe, February 2010

2946 Jan-Emmanuel De Neve, James H. Fowler and Bruno S. Frey, Genes, Economics, and
Happiness, February 2010

2947 Camille Cornand and Frank Heinemann, Measuring Agents’ Reaction to Private and
Public Information in Games with Strategic Complementarities, February 2010

2948 Roel Beetsma and Massimo Giuliodori, Discretionary Fiscal Policy: Review and
Estimates for the EU, February 2010



2949 Agnieszka Markiewicz, Monetary Policy, Model Uncertainty and Exchange Rate
Volatility, February 2010

2950 Hans Dewachter and Leonardo lania, An Extended Macro-Finance Model with
Financial Factors, February 2010

2951 Helmuth Cremer, Philippe De Donder and Pierre Pestieau, Education and Social
Mobility, February 2010

2952 Zuzana Brixiova and Balazs Egert, Modeling Institutions, Start-Ups and Productivity
during Transition, February 2010

2953 Roland Strausz, The Political Economy of Regulatory Risk, February 2010

2954 Sanjay Jain, Sumon Majumdar and Sharun W. Mukand, Workers without Borders?
Culture, Migration and the Political Limits to Globalization, February 2010

2955 Andreas Irmen, Steady-State Growth and the Elasticity of Substitution, February 2010

2956 Bengt-Arne Wickstrom, The Optimal Babel — An Economic Framework for the
Analysis of Dynamic Language Rights, February 2010

2957 Stefan Bauernschuster and Helmut Rainer, From Politics to the Family: How Sex-Role
Attitudes Keep on Diverging in Reunified Germany, February 2010

2958 Patricia Funk and Christina Gathmann, How do Electoral Systems Affect Fiscal Policy?
Evidence from State and Local Governments, 1890 to 2005, February 2010

2959 Betsey Stevenson, Beyond the Classroom: Using Title IX to Measure the Return to
High School Sports, February 2010

2960 R. Quentin Grafton, Tom Kompas and Ngo Van Long, Biofuels Subsidies and the
Green Paradox, February 2010

2961 Oliver Falck, Stephan Heblich, Alfred Lameli and Jens Suedekum, Dialects, Cultural
Identity, and Economic Exchange, February 2010

2962 Bard Harstad, The Dynamics of Climate Agreements, February 2010

2963 Frederick van der Ploeg and Cees Withagen, Is There Really a Green Paradox?,
February 2010





