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Do Renewable Energy Policies Reduce Carbon
Emissions? On Caps and Inter-Industry Leakage

Johannes Jarke* Grischa Perino®

Abstract

Climate policies overlapping a cap-and-trade scheme are generally con-
sidered not to change domestic emissions. In a two-sector general equilib-
rium model where only one sector is covered by a cap, we find that such
policies do have a net impact on carbon emissions through inter-industry
leakage. Promotion of renewable energy reduces emissions if tax-funded,
but can increase emissions if funded by a levy on electricity. Replacing fossil
fuels by electricity in uncapped sectors (e.g. power-to-heat or electric cars)
and increases in the efficiency of electricity use reduce domestic emissions.
Moreover, the commonly used measure to assess renewable energy policies
is biased.

1 Introduction

The promotion of renewable sources of energy is among the most common instru-
ments in the climate policy toolbox.! Yet, The Economist (2014) recently stressed
that it is also among the most expensive ones.” At the same time, even the effec-
tiveness (let alone efficiency) of renewable energy subsidy schemes is debated.

In fact, a widely held tenet among environmental economists is that policies
promoting renewable energy have no effect on total greenhouse gas (GHG) emis-
sions at all if the power sector is subject to a cap-and-trade scheme, as in the EU,
parts of the US, China (starting from 2016), and other regions (Fischer & Preonas,
2010; Fowlie, 2010; Goulder, 2013; Bohringer, 2014). The argument is simple and
convincing: as long as the cap is binding, total emissions do not change. Addi-
tional instruments applied to the same sector merely reallocate emissions between
sources and hence raise total abatement costs. This has been used to argue against
such policies, such as the feed-in tariff scheme in Germany (BMWA, 2004), or
the explicit targets for renewables in the European Union complementing GHG
reduction targets (Bohringer et al., 2009).
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There is nothing wrong with this point, other than that it ignores intra- and
inter-temporal leakage effects.> No existing cap-and-trade scheme covers all GHG
emissions in a country or region let alone the entire world. Hence, if one takes a
general equilibrium perspective where only some of the sectors face an aggregate
upper bound on emissions, then changes in factor uses in those sectors can have
knock-on effects causing emissions to leak in or out. In the context of unilateral
climate policy these leakage effects are well established:* a major concern is that
tightening of carbon regulation in one part of the world increases aggregate carbon
emissions, an effect termed «green paradox» (see van der Werf & Di Maria, 2012,
for an overview).?

In this paper we analyze a parsimonious two-sector, two-goods, two-inputs
general equilibrium model designed to understand the impact on total emissions of
renewable energy policies overlapping a cap-and-trade scheme that covers only one
of the two sectors. As a core exercise we solve for the comparative static effects
induced by a variation of a feed-in tariff, which can also be interpreted as varia-
tion of a quota or portfolio standard, and identify the inter-sectoral leakage effect
conditional on key elasticity parameters. We find that, contrary to the arguments
in the existing literature on overlapping instruments, that such variations do have
a net impact on GHG emissions. Specifically, we show that raising the FIT unam-
biguously reduces emissions if the subsidy scheme is tax-funded, but can increase
emissions if it is funded by a levy on electricity consumption. Furthermore, the
latter funding mode always performs worse in terms of emissions than the former,
and the disadvantage is increasing in the relative size of the renewable electricity
sector. This result has important implications for existing FIT schemes.

Further extensions yield the following results. First, policies supporting tech-
nologies that use electricity instead of fossil fuels outside the cap-and-trade system,
such as electric cars or power-to-heat, not only reduce GHG emissions directly, but
they reinforce the emission reducing effect of a FIT. Furthermore, as a secondary
effect the FIT also renders the adoption of such technologies more attractive. Thus,
there is an pronounced complementarity between the two policies.

Second, policies supporting the technical efficiency of electricity consumption
supplement the FIT scheme in reducing emissions as well, because they induce a
direct incentive for consumers to substitute into electricity, and hence away from
goods produced outside the cap-and-trade system.

Third, we make explicit a set of assumptions underlying the virtual emission
reductions (VER) statistic, a commonly used measure to gauge the impact of re-
newable energy policies, and show that it is a biased estimate of actual emission
reductions in response to a FIT raise, because it ignores most of the effects identi-
fied in this paper.

The remainder of the paper is structured as follows. We provide a brief institu-
tional background and empirical examples in section 2. Based on the stylized facts,
we develop the basic model in section 3. In section 4 we derive the main results,
section 5 is devoted to extensions and further results. We conclude in section 6.



2 Institutional background

Cap-and-trade schemes are one of the most common instruments to regulate GHG
emissions. They are operating in the European Union (EU) in the form of the EU
Emission Trading Scheme (EU ETS) and in North America under the California-
Québec Agreement (the remainder of the Western Climate Initiative) and the Re-
gional Greenhouse Gas Initiative (RGGI). Until recently, Australia had plans to
convert what currently in effect is a carbon tax into a cap-and-trade scheme in
2015 and China has started a number of city-level cap-and-trade programs for car-
bon emissions in 2013 to gain experience for a national program scheduled to be
interoduced in 2016 (Qui, 2013; New York Times, 2014). These schemes generally
cover only a fraction of emissions even within their own jurisdiction because they
cover only a subset of industries. For example, the EU-ETS applies to electricity
and some other major industries (e.g. ion and steel, refinery and coking, cement
and lime, glass and ceramics, pulp and paper), but covers only about 45 percent
of total GHG emissions produced in the EU’s economy (European Commission,
2013). Similarly, the RGGI covers only the power sector of several states in the
eastern part of the US.® Hence, on top of the often discussed leakage effects across
jurisdictions there is scope for emission leakage within jurisdictions.

A common instrument to support the diffusion of renewable energies are feed-
in tariffs (FITs). A FIT is in effect a long-term contract that guarantees a particular
minimum price or piece rate subsidy for output produced with a particular renew-
able energy technology (e.g. solar, water, wind, and biomass). In early 2013, 71
countries had some form of FIT policy in place (REN21, 2013, p. 68).

A prominent example of such a FIT policy is the German Renewable Energy
Act (Erneuerbare-Energien-Gesetz, EEG). It is the successor of the first FIT in
Europe, the 1991 Electricity Feed-In Act (Stromeinspeisungsgesetz).” The Act (i)
compelled the then monopolistic grid-running companies that also owned most of
the generating capacity to grant any green electricity producer access to the net-
work and (ii) guaranteed minimum compensations for any kWh of green electric-
ity fed in. In 2000 the Act was replaced by the Renewable Energy Act that in-
cluded additional renewable energy technologies (e.g. geo-thermal energy plants)
and raised the FITs significantly. The tariffs were between 6.19 and 9.10 cents per
kWh for wind power and at least 50.6 cents for solar power. Purchase guarantees
were extended to 20 years. The Act commands grid-running companies to feed-in
any amount of green electricity and compensate the producers with the applicable
tariff. The difference between the tariff payments and the proceeds from selling
the electricity at the electricity exchange EPEX spot market is financed through a
levy on electricity (EEG-Umlage). The Act has been amended several times since
its inception with average feed-in tariffs across technologies reaching 18 cents per
kWh in 2013 while the average spot price of electricity was about 4 cents per kWh,
resulting in a net subsidy of €23.6 billion and a levy of 6.24 cents per kWh to
be paid by electricity users in 2014 (BMWE, 2014).8 The Renewable Energy Act
has been rated as the world’s most effective policy in accelerating the renewable



deployment (Jacobsson & Lauber, 2006; Lipp, 2007), and many countries within
and outside the EU enacted similar policies.

However, since the European electricity sector is subjected to the EU ETS,
none of these policies have a direct impact on GHG emissions despite their some-
times remarkable success in stimulating the diffusion of renewable energies. As
long as the overall cap is binding in the long run, the emissions saved in the power
sector are merely reallocated within the cap-and-trade scheme and increase emis-
sions in other sectors (and perhaps in other countries) by the same amount. How-
ever, the contribution of this paper is to show that FITs generally have indirect
(«domestic leakage») effects on GHG emissions by inducing changes of output in
the sectors not covered by the regulatory instruments.

3 The model

In this section we develop a stylized general equilibrium model in the style of
the tax incidence literature (Harberger, 1962), and similar to the carbon leakage
models of Baylis et al. (2013, 2014), that captures the essential features described
in the previous section.

3.1 Households

We consider an economy with a large collection of identical households with mass
normalized to unity. Each household is endowed with one unit of factor L and
consumes two goods, X and Y. The factor L can be considered as labor, capital,
or a composite of the two, and is assumed to be perfectly mobile within the econ-
omy. We call L «labor-capital» in what follows and choose it as numeraire. We
intend that Y represents goods that are produced under the cap-and-trade scheme,
and X goods that are produced outside the scheme. For concreteness, we call Y
«electricity» and X «rest of the economy».’

Households are assumed to have consistent preferences over the entire con-
sumption set, described by the homothetic utility function u (x,y), where x and y
represent the quantities of goods X and Y consumed, respectively, and always de-
mand the most preferred among the affordable bundles. We assume that « is strictly
monotonic and concave in each quantity (representing non-satiation and a prefer-
ence for mixtures). For convenience we assume that u(-) is twice continuously
differentiable.

3.2 Production

The two consumption goods are produced in competitive sectors X and Y, respec-
tively.'® All firms are owned by the domestic households. Each sector i = X,Y
uses labor-capital and carbon as factors of production in quantities L; and E;, re-
spectively.



There is a single production technology in sector X described by the constant
returns production function X = X (Lx,Ex).!! Marginal products are strictly de-
creasing and drop to zero for a finite input quantity.'? In the electricity sector each
supplier may employ a «conventional» technology Yp (Lyp,Ey) with decreasing
marginal products and constant returns, and a decreasing returns «green» tech-
nology Yc (Lyc) that uses only labor-capital, i.e. is perfectly clean. We have
Y =Yp+7Yc and Ly = Lyp + Lyc. For convenience, we assume that all produc-
tion functions are twice continuously differentiable.

3.3 Markets and regulation

There are four markets in the economy, two final good markets and two factor
markets. On the former, households’ demand and firms’ supply of the consumption
goods X and Y meet. Market prices are denoted px and py, respectively. There is
a FIT that regulates the Y-market: consumers purchase at price py, conventional
producers sell at price py, and green producers sell at the tariff r > py.!3

On the labor-capital market households supply their factor endowment to firms.
By assumption labor-capital is in fixed supply at quantity 1. Since it is perfectly
mobile across sectors it earns the same return, denoted w, in either sector.!#

Emission supply is regulated by a tradable-permit scheme in sector Y, and by
another emission pricing instrument in sector X. Thus, strictly speaking, there are
two GHG emission markets. Firms in sector Y operate at a market with supply
fixed at an exogenous and binding cap E. Permits are auctioned off at price r.
Firms in sector X operate in a market with perfectly elastic supply at a price T > 0,
that may be zero (such that the sector is not regulated in any way).

The government’s budget, which is the sum of the carbon pricing revenues,
TEx + rEy, less the subsidy payments, Y¢ (r — py), is returned to the households
via lump-sum rebate.

4 Main results

In this section we present our key results. Assuming that our previously described
economy is in equilibrium, we consider a small exogenous variation of the FIT and
solve for the associated comparative static adjustments, focusing on the change
of aggregate carbon emissions.> For expositional convenience, we will report
those adjustments in terms of growth rates: for any variable V, the associated pro-
portional change is denoted V (where positive values represent comparative static
growth, and negative values depreciation).

To maximize clarity, we will just state the results (in a step-wise fashion) and
explain the intuition behind them in the main text, formal proofs are relegated to
appendix A.

Lemma 4.1. Let E be the proportional change of aggregate emissions. Then E =
O Ex, where ¢ = Ex/E is the ex-ante share of sector X ’s emissions of total emissions
and Ex is the proportional change of that sector’s emissions.



Proof. Appendix A.1. O

This result is a fairly simple starting point: Since emissions in the electricity
sector are fixed through the permit scheme, any change in total emissions must
come from sector X.!® Thus, to identify £ we need to identify Ex. In case a
policy intervention is targeted at sector Y, which is the case in the present paper,
Ex is commonly called leakage effect, since it is an effect on emissions outside
the targeted sector.!” A tightening of regulation is said to result in a (weak) green
paradox if E > 0 (Sinn, 2008; van der Werf & Di Maria, 2012), which in our
context is equivalent to the domestic leakage effect being positive.

The next result establishes that the change of emissions in sector X is propor-
tional to the change of output in that sector:

Lemma 4.2. Let X be the growth of output in sector X. Then Ex = X.
Proof. Appendix A.2. O

The intuition behind this result is the following: Since factor prices in sector X
do not change (recall that labor-capital is numeraire and the carbon price is fixed by
assumption) the input ratio is constant. Thus, since there is no factor substitution,
a € percent change of output requires a change of emissions by € percent as well.

Lemmas 4.1 and 4.2 immediately yield

Corollary 4.1. £ = ¢X.

That is, the change of aggregate emissions is proportional to the change of out-
put in sector X. The key question, therefore, is how a given policy intervention in
sector Y affects output in sector X. Baylis et al. (2013, 2014) identify two chan-
nels: the terms-of-trade effect (TTE) and the abatement resource effect (ARE).
The TTE occurs if the policy intervention changes the final goods price ratio and
induces consumers to substitute one final good for the other. The ARE occurs if
the policy intervention induces firms in sector Yp to substitute between carbon and
labor-capital, such that the latter is either bidden away from or made available to
sector X.

In the remainder of the present paper we adapt the above terminology to our
purposes. As a first step, it is useful to be explicit about the similarities and dif-
ferences between the analysis of Baylis et al. (2013, 2014) and ours. Baylis et al.
(2013, 2014) consider an exogenous variation of the carbon price r, with 7 fixed
and without an alternative technology or additional regulatory instrument in sec-
tor Y. For convenient reference, we replicate their key results in the context of our
model formally in appendix B. The essence is simple: First, an exogenous increase
of rraises the final good price py, such that households substitute away from Y into
X. Ceteris paribus, this adjustment would raise production of good X and hence
(see corollary 4.1) carbon emissions. This is the TTE.

Second, an exogenous increase of r induces firms in sector Y to substitute from
carbon into labor-capital for abatement and thus bid away labor-capital from sector



X. Alone, this adjustment would curtail production of good X and hence (see again
corollary 4.1) carbon emissions. This is the ARE. Since the TTE is unambiguously
positive and the ARE is unambiguously negative, the overall effect on sector X’s
emissions is ambiguous and depends on which of the two effects is larger.

As described in the previous section, we consider a different policy intervention
in a somewhat richer setting. The TTE and the ARE also appear in our model, but
in a slightly different and more complicated form. This is due to the facts (i) that
a variation of the FIT has an additional ARE (which we term direct ARE below),
independently from the carbon price r, and (ii) that r is endogenous in our model.
Along these lines, we are going to decompose the overall effect of a FIT variation
on carbon emissions into three effects: (i) the direct abatement resource effect
(DARE), (ii) the indirect abatement resource effect (IARE), and the indirect terms-
of-trade effect (ITTE). Before deriving the decomposition and the properties of the
individual effects formally in subsection 4.3, we briefly characterize the mechanics
behind the DARE (subsection 4.1) and the indirect effects (subsection 4.2).

4.1 The direct abatement resource effect (DARE)
The following result is critical for both AREs:

Lemma 4.3. Let L; be the proportional change of labor-capital input in sector i.
Then X = Ly and"®

A 1 X -
Lx =—— (LypL LycL
X LX( ypLyp +Lyc YC)
Proof. Appendix A.3. O

Since labor-capital supply is fixed in our economy, any change of its use in
sector Y is necessarily accompanied by an inverse change in sector X.!° If a policy
intervention in sector Y induces a decrease of labor-capital demand in that sector,
there will be (off-equilibrium) downward pressure on the wage rate which will be
exploited by sector X; in the opposite case, sector Y firms bid the wage rate up
(off-equilibrium) such that labor-capital travels from X to Y.

Together with lemma 4.3 the following result is the key step in establishing the
DARE:

Lemma 4.4. Let oyc denote the elasticity of labor-capital demand with respect
to real factor cost, and Oy the elasticity of output with respect to labor-capital
input in the green electricity sub-sector. Then Lyc = oycf, and Yo = 6ycoyct with
Oyc < 1.

Proof. Appendix A.4. 0

Thus, the green electricity sector expands (or contracts) proportionally to the
FIT variation: If the FIT is increased (7 > 0), investment in green electricity (Lyc >
0) and hence green power output increases as well (Y > 0). However, the increased
labor-capital demand must come from somewhere else, either the conventional



electricity sector or sector X. Corollary 4.1, lemma 4.1 and lemma 4.2 immedi-
ately yield
Corollary 4.2. E= —% (I:YDLYD —I—Lycdycf).

To the extent the green electricity sector bids away labor-capital from sector X,
output and emissions decline. This is the DARE. The size of the DARE depends
on Oyc, the elasticity of labor-capital demand with respect to real factor cost in the
green electricity sector: the more elastic, the larger the effect. Furthermore, for a
given elasticity the effect size is increasing in the relative (ex ante) size of the green
electricity sector within the labor-capital market.

4.2 The indirect effects

The indirect effects ARE and ITTE) stem from adjustments in the conventional
electricity sector. As a first step, we can prove a result analogous to lemma 4.4:

Lemma 4.5. Let oyp denote the elasticity of technical substitution, and Oypy the
elasticity of output with respect to labor-capital input in the conventional electricity
sub-sector. Then Lyp = oypf, and Yp = OypLOypF, where Oypy is equal to the
labor-capital payroll share of total costs and thus 0 < Oypr < 1.

Proof. Appendix A.5. O

Hence, the expansion (or contraction) of the conventional electricity sector is
proportional to the adjustment of the permit price. The sector demands additional
labor-capital if r increases (because firms substitute away from carbon), and lays
off labor-capital if r decreases (because firms substitute into carbon). For a given
price change, the size of this effect depends on the ease of substitution between
labor-capital and carbon: if substitution is technically difficult (oyp close to zero)
the effect is small; if it is easy (oyp distant from zero), then the effect is large.
This substitution is the source of the ARE in Baylis et al. (2013, 2014): since
they consider an exogenous increase of r, their ARE is direct and unambiguously
negative (electricity producers substitute into labor-capital, which is bidden away
from sector X; see appendix B). In our model the effect is more indirect, because r
is only a mediating variable. For this reason we term it indirect abatement resource
effect IARE). Identifying the IARE requires to solve for the actual comparative
static change of r in response to the FIT variation, which we do below. Before that,
we show that a change of r is also the source of adjustments in consumer behavior.

Lemma 4.6. Let ¢ be the households’ elasticity of substitution between consump-
tion goods X and Y. Then X —Y = ¢ py.

Proof. Appendix A.6. O

Households shift demand away from good Y into good X if the retail price
py increases, and vice versa. The size of this response depends on the degree of



substitutability, as reflected in the elasticity parameter ¢: if ¢ is close to zero, then
the goods do not substitute for one another well in consumption, and the response
to price changes is small. If ¢ is distant from zero (in particular greater than one),
then the two goods are similar in terms of consumption experience, such that the
response to price changes is large.

Lemma 4.7. Let Oypg denote the elasticity of output with respect to carbon input
in the conventional electricity sub-sector. Then py = Oypg?, where Oypg is equal
to the permit toll share of total costs, and Oypg = 1 — Oypy such that 0 < Oypg < 1.

Proof. Appendix A.7. O

Hence, the adjustment of final good Y’s retail price is proportional to the ad-
justment of the permit price. Combining lemmas 4.6 and 4.7 we can conclude that
changes in the permit price r lead to changes in the retail price py, which in turn
induce consumers to substitute one good for the other. This is the source of the
TTE in Baylis et al. (2013, 2014): if r would be exogenously increased, the price
py would increase as well and consumers would substitute away from Y into X.
Alone, this would increase emissions, i.e. the TTE would be unambiguously pos-
itive. This is exactly what Baylis et al. (2013, 2014) demonstrate (see appendix
B for a replication). Again, in our model the effect is more indirect, because r is
endogenous, such that we call it indirect terms-of-trade effect (ITTE). Identifying
the ITTE again requires to solve for the actual comparative static change of r in
response to the FIT variation, which we do now.

Lemma 4.8. 7 = —vi, where v =0 if and only if oyc = 0, and for oyc >0
e v>0
* vy is strictly increasing and linear in Oyc

* v is strictly decreasing and concave in oyp and g, with Y — 0 for oyc — o
or G — oo or both.

Proof. Appendix A.8. O

Thus, the adjustment of the equilibrium permit price is negatively proportional
to the change of the FIT: a raise of the FIT leads to a decrease of the carbon price
in sector Y. The following result is a direct consequence of lemmas 4.5 and 4.8:

Corollary 4.3. The expansion of the conventional electricity sector is negatively
proportional to the FIT change: Lyp = —oypYf, and ¥p = —6ypr Oy pYi.

The intuition behind lemma 4.8 and corollary 4.3 is the following: In response
to an increase of the FIT, the green electricity sector grows and bids away labor-
capital from the other sectors. Off equilibrium, that is, at the initial equilibrium
prices this gives firms in those sectors an incentive to reduce output and therewith
to reduce carbon emissions. But then the demand for permits declines below the



cap, i.e. there will be excess supply of permits. As a result, the permit price will fall
and conventional electricity firms respond by substituting from labor-capital into
carbon (i.e. increasing their carbon intensity) until the permit market is cleared
again. In the new equilibrium there will be no reduction of emissions in sector Y,
but a reduction of labor-capital input and output in sector Yp. The size of those
adjustments depends on the key elasticity parameters oyc, Oyp and G. Ceteris
paribus, the more elastic the green electricity sector grows in response to a given
FIT-raise, the more labor-capital it bids away from the conventional electricity sec-
tor, the more that sector will contract at given prices, and the more the permit price
must decrease in order to keep the permit market cleared. The other two elasticities
work against this mechanism: the easier conventional electricity firms can substi-
tute between labor-capital and carbon, the less the permit price must decline in
order to keep the permit market cleared; the more substitutable the two final goods
are for the consumers, the more they raise their demand for electricity as r and in
turn py falls, which is met by conventional producers.

In sum, a raise of the FIT decreases the permit price, from which in turn two
adjustments follow: First, the electricity price py falls (see lemmas 4.7 and 4.8)
which incentivizes consumers to substitute away from X into Y. Alone, this adjust-
ment tends to decrease output and emissions in sector X. This is the ITTE.

Second, labor-capital laid-off in the conventional electricity sector (corollary
4.3) moves to sector X, tending to increase output and emissions there. This is the
IARE. Thus, if a raise of the FIT is defined as a «tightening» of regulation in sector
Y, then the two leakage effects (IARE and ITTE) have exactly the opposite sign as
in Baylis et al. (2013, 2014): a tightening induces a negative ITTE and a positive
IARE. We now show this formally.

4.3 The total effect

Let A denote the elasticity of sector X’s emissions with respect to the FIT (the
«leakage effect»), that is, Ex = Af and (by lemma 4.1) E = ¢Af.

Theorem 4.1. If the FIT is raised by t, emissions will decrease (A < 0, with equal-
ity if and only if oyc = 0), and the size of this decrease is increasing in oyc and G (A
is decreasing and linear in oyc, and decreasing and convex in G), and decreasing
in oyp.20 The effect A is a cumulative compound of

* adirect abatement resource effect Apare that decreases emissions (Apare <
0 with equality if and only if oyc = 0), and is strictly decreasing and linear
in Oyc, and independent from oyp and ¢,

* an indirect abatement resource effect Aiarg that increases emissions (AjaARg >
0 with equality if and only if oyc = 0 or oyp = 0 or both), and is increasing
and linear in Oyc, increasing and concave in Oyp, and decreasing, convex,
and convergent to zero in ¢,
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* an indirect terms-of-trade effect Airg that decreases emissions (Arrtg < 0
with equality if and only if oyc = 0 or ¢ = 0 or both), and is decreasing
and linear in Oyc, increasing, concave, and convergent to zero in Oyp, and
decreasing and convex in ¢.

Proof. Appendix A.9. U

Thus, if the FIT is increased by some small amount, carbon emissions tend to
increase through the IARE and to decrease through the DARE and the ITTE. The
DARE captures emissions reduced through the reduction of output in sector X due
to the loss of labor-capital to the green electricity sector. It is intuitive that this
effect does not depend on the technologies in conventional electricity production
(as captured by oyp) or households’ preferences (as captured by ¢), but only on
the elasticity of investment in green power with respect to the FIT (as captured by
Oyc)-

The IARE catches the emissions increased through the expansion of sector X
due to the absorption of labor-capital released by conventional electricity produc-
ers in the course of increasing their carbon intensity. The first-order moderating
parameter is correspondingly the conventional electricity producers’ elasticity of
technical substitution (Oyp) : the easier they can substitute between labor-capital
and carbon, the less labor-capital they release in response to a falling permit price,
and hence the smaller the ITTE in absolute value. However, the effect also depends
indirectly on the households’ preferences (as captured by ¢) and the elasticity of
investment in green power with respect to the FIT (as captured by oyc), because
they moderate the magnitude of the permit price adjustment (see lemma 4.8).

Finally, the ITTE captures emissions reduced through the reduction of output
in sector X due to consumers’ substitution into electricity. Clearly, the principal pa-
rameter moderating the size of this effect is the consumers’ elasticity of substitution
(6): the more substitutable the two final goods are, the more sensitive households
respond to electricity price changes, and the larger the ITTE is in absolute value.

More specifically,
n+o

1-v

where 0 is the share of income spent on electricity and 7 is the price elasticity of
electricity demand, the absolute magnitude of the ITTE is increasing in both the
former and the latter. Like the IARE, however, the ITTE also depends indirectly
on the technologies in conventional electricity production (as captured by 6yp) and
the elasticity of investment in green power with respect to the FIT (as captured by
Oyc), because they moderate the magnitude of the electricity price adjustment (see
lemmas 4.7 and 4.8).

The IARE works against the DARE and the ITTE, but a «green paradox» in
response to a raise of the FIT can be ruled out, because the indirect effects are
always of second order compared to the DARE, such that emissions will always
decline. The order of magnitude of this decline depends on the parameters. We
illustrate this numerically below.

n=-v+(l-v)sc&eg¢= (4.3.1)

11



4.4 Numerical illustration

To get a «feel» for the result we calibrate the model numerically and illustrate
the leakage effects, and their dependence on the elasticity parameters, graphically.
Furthermore, we use data and estimates from the literature to set the parameters to
empirically plausible values, such that we can roughly gauge the orders of magni-
tude. We emphasize that this exercise is just an illustration of the above theoretical
result, it is not an empirical estimation of actual leakage effects, or a calibrated
model of any actual FIT-scheme.

We consider the case where sector Y is electricity generation and X is the rest of
production in the economy. First, we adopt the values Oypg = 0.147, 6xg = 0.01,
and Ly = 0.982 from Baylis et al. (2014), that are based on world aggregate data
from the Global Trade Analysis Project (GTAP) for the year 2004.2! We assume
that the elasticities of output with respect to labor-capital are identical in the two
electricity sub-sectors, such that Oy = 0.853.

We use 2004 world aggregate data on electricity production from the US En-
ergy Information Administration (EIA) to get o = 0.188.2> We also use this
value as a weight to allocate labor-capital to the electricity sub-sectors, yielding
Lyp = 0.0118 and Lyc = 0.0062. We set ¢ = 0.405 based on 2005 data from the
USEPA (2014).

With respect to the key elasticity parameters, we have a direct estimate from
Okagawa & Ban (2008) to set oyp = 0.256. Relevant estimates for oy¢ vary some-
what: Johnson (2011) finds the price elasticity of renewable electricity generation
to be larger than two, Smith & Urpelainen (2014) finds its elasticity with respect
to FITs much lower (below 0.02).2* We take a mid-way here by setting 6yp = 0.2,
and report scenarios with alternative values in the appendix.

Finally, the empirical literature estimates the price elasticity of demand for
electricity, denoted 7, to be around —0.4.2%, and households spend approximately
three percent of their income on electricity (Baylis et al., 2014), such that ¢ = 0.38
follows from equation 4.3.1.

The full calibration returns Apare = —8.66-10~, Arrrg = —9.38-107°, and
Aiare = 1.31-107%, such that the total leakage effect is A = —8.29-10~*. Thus,
given the parameter values, the DARE is clearly the dominant effect such that
emissions decrease by a small amount in response to a FIT increase.

More interesting is how the leakage effects depend on the principal elastic-
ity parameters Oyc, Oyc, and . Figure 1 illustrates each individual and the total
leakage effects both fully calibrated (the horizontal, solid lines) and as functions
of the three elasticity parameters, respectively (holding the other two at the above
values), on a domain of sensible values from zero to two. Figure 2 illustrates the
role of the three elasticity parameters Oyc, Oyp, and ¢ in more detail. The illus-
trations highlight two related facts: First, oyc is clearly the first-order actuating
factor of the leakage effect. The influence of the other to elasticity parameters is
very small. Second, the DARE is the dominant leakage effect, the indirect effects
are comparatively small.>
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Figure 1: The calibrated leakage effects (solid), and their dependence on oOyc
(dashed), oyp (dotted), and ¢ (dash-dotted), with the other two elasticity parame-
ters set to their calibration values, respectively. Panel (a) shows the DARE, panel

(b) the ITTE, panel (c) the IARE, and panel (d) the total effect.
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Figure 2: The roles of the elasticity parameters Oy, Oyp, and ¢ in accentuating the
DARE (dashed), the ITTE (dotted), the IARE (dash-dotted), and the total leakage
effect (solid). Panel (a) shows that leakage effects as functions of oyc, panel (b)
as functions of oyp, and panel (c) as functions of ¢. The left-hand figures, respec-
tively, show the graphs on a common domain from zero to seven, the right-hand
figures on a restricted domain centered around the actual parameter value (indi-
cated by a vertical line).
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5 Further results and extensions

Based on theorem 4.1 as a benchmark, we now consider five interesting extensions.
In section 5.1 we adjust the result to a setting in which the subsidy is funded by
a levy on electricity consumption. In section 5.2 we consider the case in which
electricity is also a factor of production in sector X. In section 5.3 we analyze the
effects of increases in the technical efficiency of electricity usage. In section 5.4
we make explicit a set of assumptions underlying the virtual emission reductions
(VER) statistic and show that it is a biased estimate of actual emission reductions in
response to a FIT raise. Finally, we comment on the possibility of cap adjustments
in section 5.5.

5.1 What if the FIT is funded by a levy on electricity?

Among countries that maintain a FIT, it is common to fund the subsidy (r — py) Y
not by a lump sum (or other) tax but by a levy on electricity. As outlined in section
2, this is the case for the German EEG-Umlage, but also for the FIT schemes in the
UK, Ireland, or Australia, for instance. Under this funding mode electricity users
have to pay a surcharge

(t—py)Yc

= —— t_
s v ac (t—py)

on every unit of electricity consumed, that is, the effective end user price is

py +5 = Oppy + Ot

In this setting the FIT directly affects the end user price and hence the households’
substitution condition. The following result replaces lemma 4.6.

Lemma 5.1. Let ¢ be the households’ elasticity of substitution between consump-
tion goods X and Y, and wp and ¢ the incomes earned in sub-sectors Yp and
Ye, respectively, as fractions of total incomes earned in the sector Y (such that

Wp+ W = 1). Then X —¥ = ¢ (Wppy + i)
Proof. Appendix A.10. O

The first-order difference to a setting with lump-sum tax is intuitive from what
we know about the structure of the leakage effect. An increase of the FIT will
increase the surcharge s, since ¢ increases and py decreases. This alone causes
a direct incentive for consumers to substitute away from electricity into X: we
call this direct terms-of-trade effect (DTTE). Alone, the DTTE causes a growth in
emissions because it raises production and hence emissions in sector X. It there-
fore has the opposite sign as the ITTE. The sum of the DTTE and the ITTE, the
total terms-of-trade effect, depends on whether the gross end user price increases
or decreases: if s grows more than py declines then the gross price increases in
response to the intervention, such that consumers substitute into X—in this case the
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DTTE dominates the ITTE. If the net price py declines more than s grows, the
opposite happens.

Lemma 4.8 (the permit price adjustment is negatively proportional to the FIT
variation) still holds in essence, but we need to recognize that the financing mode
does also affect the size of the permit price adjustment to a variation of the FIT,
such that the indirect effects (ITTE and IARE) are not identical in the two settings.
We denote the adjustment parameter ¥ to indicate that it is different from 7, but
note that ¥ has similar properties to the ones stated in lemma 4.8. Important for the
present purposes is the following

Lemma 5.2. ¥ > ¥, and the difference ¥ — 7 is increasing in Y.
Proof. Appendix A.11. O

This means that the permit price adjustment to a given change of the FIT is
unambiguously larger if the FIT is financed by a levy compared to the baseline
case in which it is financed by a lump-sum tax. This is the case because raising the
FIT directly increases the electricity price through the levy and induces consumers
to substitute away from Y, such that the electricity sector declines and the permit
price decreases. Note that this happens even if the green electricity sector does not
expand at all (i.e. oyc = 0)—in this case the FIT is just a transfer of income from
electricity consumers to producers of renewable energy.

Analogous to the previous section we denote the elasticity of sector X’s emis-
sions with respect to the FIT that is funded by a levy on consumption of good Y
by A (i.e. Ex = Af) such that by lemma 4.1 £ = ¢A7. The following result is the
analogue to theorem 4.1 with tax-funding replaced by levy-funding, where a tilde
above a variable indicates that it generally differs from the baseline setting with a
lump-sum tax.

Theorem 5.1. If a FIT funded by a levy on electricity is raised by f, emissions will
increase only if incomes earned in sector Y¢ exceed a certain threshold, otherwise
emissions will decrease (A % 0, with A > 0 if and only if w¢ > Wc). The effect A is
a cumulative compound of

* adirect abatement resource effect ApaRrg that decreases emissions (Aparg <
0) and is identical under tax and levy funding,

* anindirect abatement resource effect AjARE that increases emissions (Ajarg >
0), and is larger in absolute size under levy funding than under tax funding

(A1ARE > AIARE),

* an indirect terms-of-trade effect ArrrE that decreases emissions (Arrtg < 0),
and is larger in absolute size under levy funding than under tax funding

(Arrte < AITTE),

* a direct terms-of-trade effect Aprrg that increases emissions (Aprrg > 0
with equality if and only if ¢ = 0), and is present only under levy funding.
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Figure 3: Differences between levy- and tax-funding. Panel (a) shows ¥ (solid) and
¥ (dashed) as functions of y¢, panel (b) A (solid), A (dashed), and the difference
A — A (dotted) as a functions of V.
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Furthermore, a change of the FIT always produces more emissions under levy
funding than under tax funding (A > A), and the difference A — A is increasing in
Y, the share of incomes earned in sector Yc.

Proof. Appendix A.12. O

There are similarities and differences between A and A. First, the DARE is
entirely unaffected by the funding-mode, which is rather intuitive: for green elec-
tricity producers, it does not matter where a given FIT comes from.

Second, the IARE and the ITTE have essentially the same properties under the
two funding modes, but differ in size because the permit price adjustment differs: a
given raise of the FIT reduces the permit price more under levy funding than under
tax funding (see lemma 5.2).

Finally, there is a new leakage term, the DTTE, arising from the change of the
levy, as explained above. The size of this effect depends on the households’ prefer-
ences as captured by the elasticity of substitution ¢: If the two final goods are not
substitutable at all (¢ = 0), the effect vanishes; conversely, the DTTE increases in
the degree of substitutability. Recalling identity 4.3.1, we can say equivalently that
the size of the DTTE is increasing in both the share of income spent on electricity
and the price elasticity of electricity demand.

The DTTE is critical in understanding the differential effects of a FIT variation
under the two funding modes. Because under levy-funding a raise of the FIT di-
rectly increases the electricity price through the surcharge and induces consumers
to substitute away from Y into X, the levy-funded FIT is unambiguously less ef-
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fective in curbing emissions than the tax-funded FIT. Furthermore, this shortfall
is increasing with the share of income earned in the green electricity sector, as il-
lustrated in figure 3, using the parameter values from the previous section. This
is because a high income earned in the green electricity sector, either because the
sector is large in terms of output or the FIT is high in absolute value, requires a
large subsidy budget, and raising the budget distorts prices under levy-funding but
not under tax-funding.

Even more importantly, while a raise of the FIT always reduces emissions un-
der tax-funding, it can increase emissions under levy funding. To illustrate, con-
sider the extreme case in which the FIT fails to expand the green electricity sector
at all (i.e. oyc = 0). In this case, the FIT is just a transfer of income and the
DARE will be zero. However, since the electricity price is raised through the levy,
consumers substitute away from Y into X, raising emissions. If the consumers’
elasticity of substitution is high or incomes earned in the green electricity sector
are sizable (or both), then this effect can be sufficiently large to raise emissions
beyond the ex ante level. Using the parameter values from above, figure 3b shows
that this happens already at around WY = 0.2, that is, when incomes earned in the
green electricity sector are around 20 percent as a fraction of total incomes earned
in electricity production. According to the data from the US Energy Information
Administration (EIA) that we used above, we already had a worldwide share of
electricity produced from renewable sources of around 19 percent (15 percent in
the EU, 9 percent in the US, and 19 percent across the OECD) in 2004, and this
share increased to almost 21 percent by 2011. Since Y is just o but weighted
by retail prices, and ¢ > py, the fraction of incomes earned in green electricity pro-
duction is likely approaching or already beyond the threshold in many jurisdictions.
Returning to the German example of section 2, we have ¢ = 0.549.26

Wrapping up, tax-funding always performs better in terms of emissions than
levy-funding. In addition, the advantage is increasing in the relative size (as defined
in terms of income earned) of the green electricity sector. Importantly, raising the
FIT under levy-funding can actually increase emissions—a «green paradox» in the
way defined above.

If environmental performance of the FIT scheme is a policy objective, these
results have important practical implications. First, governments planning the
introduction of a FIT scheme are well advised to fund it from general tax rev-
enues instead of a levy on electricity consumption, because it avoids the levy-
induced incentive to substitute into goods that are produced outside the cap-and-
trade scheme.?’ Second, governments already having a levy-financed FIT scheme
in place, such as the UK, Germany or Australia, are well advised to switch if they
want to avoid causing an increase in emissions: the larger the green electricity sec-
tor already has grown, the more a switch improves the environmental performance
of the scheme.
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5.2 Electricity as an input

In practice, electricity is not only demanded by households as a consumption good
(or household production input) but also by industries as a factor or production. A
general way to model this setting is to adjust the production function in sector X to
X (Lx,Ex,Yx), where Yy is the quantity of electricity demanded by firms in sector
X as an input. We analyze this setting in appendix C. Here, we focus on a more
specific case in which there is, besides the conventional technology Xp, (Lx,Ex), a
(decreasing returns) conversion technology X¢ (Yy) that transforms electricity into
output X, such that aggregate output of X is given by X¢ + Xp. We do so for two
reasons: First, the analysis of this case is simpler than the general setting while
producing very similar results. Second, the specific setting has salient applications
and interesting practical implications.

One interesting example with mounting practical importance is electrically
powered vehicles such as plug-in hybrids or all-electric cars. A number of gov-
ernments have set explicit target quotas and respective subsidy schemes to support
the diffusion of such vehicles. For example, most EU members have either exemp-
tions from motor vehicle taxes or related charges, income tax deductions, or direct
subsidies on purchases,’® and the US government offers federal tax credit of up to
$7,500 with the purchase of an electric car for personal use since 2010. Indeed, a
number of car manufacturers increasingly offer such drive concepts all across their
fleets. In the context of this example, X is to be interpreted as mobility, Xp as
mobility produced by fossil fuel powered vehicles, and X¢ as mobility by electric-
ity powered vehicles. Further examples are power-to-gas (P2G) or power-to-heat
(P2H) technologies. P2G technologies transform electrical power into hydrogen
(or in a further step into methane) by application of water electrolysis, that can be
used in fuel cells or gas engines. Likewise, P2H technologies transform electricity
into heat, that can be used in hot water supply or to heat buildings. Policies sup-
porting the diffusion of such fuel-to-electricity substituting technologies outside
the energy sector are frequently introduced as complements to policies promoting
renewable sources of electricity.

We investigate two effects in this section: First, we analyze the effect on emis-
sions of a direct variation of X, leaving the FIT constant. This is meant to rep-
resent the policies just outlined above. Second, we analyze how the presence of a
conversion technology moderates the leakage effect A of a FIT variation.

With respect to the first step, raising X¢ has two intuitive effects of opposite
sign: First, at constant prices output produced with the conversion technology re-
places output produced with the conventional technology, decreasing emissions ce-
teris paribus. We call this replacement effect, denoted Yrg. This direct and fairly
intuitive effect is what policy-makers presumably aim at with programs supporting
electric cars, P2G or P2H.

Second, raising X¢ increases demand for electricity, that is met by the marginal
electricity producer; with the FIT constant this is a conventional one. This leads
to an increase of the permit and electricity prices, such that consumers substitute
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away from electricity into X, raising emissions ceteris paribus. We call this price
effect, denoted Ypg.

Formally, let X¢ be an exogenously induced proportional change of output pro-
duced with the conversion technology, B¢ the ex ante share of output X produced
with technology X, and Y the elasticity of sector X’s emissions with respect to this
variation, that is, Ex = YXc and £ = ¢ YXc.

Theorem 5.2. If output produced with the conversion technology is raised by Xc,
emissions will decrease (Y < 0, with equality if and only if oyp = 0), and the
decline in absolute value is increasing (Y is decreasing and convex) in Oyp, and
decreasing (Y is increasing and concave) in Bc and g. The effect Y is decomposable
into

* a replacement effect Yrg that decreases emissions (Yrg < 0), and

* a price effect Ypg that increases emissions (Ypg > 0 with equality if and only
if¢=0)
Proof. Appendix A.13. O

The price effect dampens the emission reducing quantity effect, but always re-
mains of second order (since it is a movement along the electricity demand curve),
such that the total effect is never positive. This has two practical implications. First,
the price effect rolls back some portion of the initial (out-of-equilibrium) emission
reduction stemming from the replacement of fossil fuel powered technology by
electricity powered one. This feedback effect through the electricity price has to be
taken into account when estimating the effect on emissions of a particular subsidy
scheme, otherwise the estimates will be biased upwards (estimates are too large
compared to the true reduction).

Second, however, the electricity price will never increase so strongly that the
initial demand impulse is reversed, such that the price effect can never be greater
than the replacement effect. Hence, the qualitative working hypothesis that policies
supporting conversion technologies reduce emissions is supported by the analysis.

We now turn to our second objective: How does the presence of a conversion
technology moderate the leakage effect A of a FIT variation? The intuition is
quite simple: electricity demand in sector X responds virtually in the same way to
changes of the electricity price as the households’ demand. Since raising the FIT
induces a decline of the electricity price, demand for electricity to be converted into
X increases, such that there is an additional component in the ITTE. En passant the
FIT raise has the effect of expanding the conversion sector.

Formally, if we replace X by Xc in lemma 4.2, and by Xp in lemma 4.3 (and
corollary 4.1), then lemmas 4.1 through 4.7 still hold. On top of this, we need to
add a result that describes behavior of the conversion sector:

Lemma 5.3. Let oxc denote the elasticity of electricity demand with respect to
real factor cost, and Oxc the elasticity of output with respect to electricity input in
the conversion sector. Then Yy = —OxcpPy, and Xec = —OxcOxcPy with Bxc < 1.
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Proof. Appendix A.14. O

Hence, the conversion sector demands less (respectively more) electricity and
produces less (respectively more) output if the electricity price increases (respec-
tively decreases).

Lemma 4.8 still holds in essence, but we need to recognize that the permit
price adjustment will be different in size compared to the benchmark case, because
of the additional demand for electricity stemming from sector X. We denote the
adjustment parameter ¥ to indicate that it is different from 7, but note that ¥ has
essentially the same properties to the ones stated in lemma 4.8. Important for the
present purposes is the following

Lemma 5.4. ¥ <y, and the difference y— ¥ is strictly increasing in Bc.
Proof. Appendix A.15. O

Figure 4a illustrates this result using the parameter values from the previous
section.

We are now ready to adjust theorem 4.1 to the setting considered in this section,
with a circle above a variable indicating that it differs from the baseline setting
studied in the previous section. Specifically, let A denote the elasticity of sector X’s
emissions with respect to the FIT, that is, Ex = A7 and (by lemma 4.1) £ = q)/o\f,
when there is an additional technology in sector X that uses Y as input.

Theorem 5.3. Ifthe FIT is raised by f, emissions will decrease ( A <0 with equality
if and only if oyc = 0). The effect A is decomposable into

* adirect abatement resource effect IO\DARE that decreases emissions ( ;\DARE <
0 with equality if and only if oyc =0), and is larger in absolute size if there is
a conversion technology than if there is no such technology ( IO\DARE < ADARE
with equality if and only if oyc = 0),

* an indirect abatement resource effect /O\IARE that increases emissions ( ;\IARE >
0 with equality if and only if oyc = 0 or oyp = 0 or both), and is smaller
in absolute size if there is a conversion technology than if there is no such
technology ( /O\IARE < Ararg with equality if and only if oyc = 0 or oyp =0
or both),

* a consumption-induced indirect terms-of-trade effect /G\ﬁTE that decreases
emissions ( AﬁTE < 0 with equality if and only if oyc = 0 or ¢ =0 or both),
and is smaller in absolute size if there is a conversion technology than if there
is no such technology ( Af{TTE > Arrtg with equality if and only if oyc =0 or
¢ =0 or both), and

e a production-induced indirect terms-of-trade effect A1 that decreases emis-
sions (Ai(TTE < 0 with equality if and only if oxc = 0),
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« A <0 with equality if and only if oyc =0, and A > A with the difference
A — A being increasing in Bc.

Furthermore, a change of the FIT always produces less emissions if there is a con-
version technology than if there is no such technology (A > A), and the difference
A — A is increasing in Bc, the the ex ante share of output X produced with technol-
ogy Xc.

Proof. Appendix A.16. O

This result is illustrated in figure 4, using the parameter values from the pre-
vious section, setting Oxc = Oyc = 0.853, and drawing on the evidence on the
industrial electricity demand elasticities to set cxc = 0.4 (Espey & Espey, 2004;
Simmons-Siier et al., 2011). Given this calibration, figure 4a shows that ¥ is mono-
tonically (albeit weakly in magnitude) decreasing in the relative size of the con-
version sector (parameter f3¢), such that ¥ < y for all B¢ > 0. Thus, the larger the
conversion sector, the smaller the permit price adjustment for a given FIT varia-
tion, and hence the closer the indirect effects IARE and household-ITTE are to
zero. But the larger the conversion sector, the more distant the DARE and par-
ticularly the conversion-ITTE are from zero. For this reason, Ais monotonically
decreasing and hence the difference A — A monotonically increasing in the size of
the conversion sector, as illustrated in figures 4b and 4c. Hence, a given FIT raise
always performs better in terms of emissions reductions if electricity is an input
in sector X compared to a setting in which electricity is only a consumption good.
Furthermore, the size of this advantage is increasing in the size of the conversion
sector.

Summing up, the analysis in this subsection shows that policies supporting
technologies that use electricity instead of fossil fuels outside the electricity sector,
and policies supporting renewables in electricity generation are complementary in
three respects: First, the former policies reduce GHG emissions directly. Second,
they reinforce the emission reducing effect of the FIT scheme. Third, which is an
interesting result on its own, the conversion sector grows (respectively declines)
in response of a raise (respectively cut) of the FIT. This means that the FIT has
wider technology adoption effects beyond the electricity sector: it does not only
incentivize investment in green electricity generation technologies but also in, for
example, electric cars, power-to-gas or power-to-heat facilities.

5.3 The role of technical efficiency in electricity consumption

Besides regulatory instruments targeted at the generation of electricity, many juris-
dictions also have various measures aimed at improving the efficiency of distribu-
tion and final consumption.?® For example, in October 2012 the EU adopted the
so-called Energy Efficiency Directive (2012/27/EU), comprising a bundle of mea-
sures for the promotion of energy efficiency within the Union in order to ensure
the achievement of the Union’s 2020 20-percent headline target on energy effi-
ciency. Its aim is to remove barriers in the energy market and promote efficiency
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Figure 4: Differences between the baseline setting and a setting in which electricity
is used as an input in sector X. Panel (a) shows 7 (solid) and ¥ (dashed) as functions
of Be, panel (b) A (solid) and /o\(dashed) as a functions of B¢, and panel (c) the
difference A — A as a function of fc.
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all along the energy chain, not only in the supply (transformation and distribution)
but also the final consumption of energy. Primary instruments are information
devices, such as labels and performance certificates, on the one hand, and compul-
sory efficiency standards on the other.>* Covered are inter alia electric appliances,
air-conditioning, consumer electronics and communication devices (amending Di-
rective 2006/32/EC on energy end-use efficiency and energy services), as well as
buildings (amending Directive 2010/31/EU on the energy performance of build-
ings). Many member states have further reaching national programs, such as the
Green Deal in the UK, the Danish Energy Agreement, or Sweden’s Climate and En-
ergy Policy Framework. Similar measures have been adopted in the United States
under major policy frameworks, such as the 2013 US Climate Action Plan, and
more specific programs such as the GreenChill Advanced Refrigeration Partner-
ship or the Assisted Housing Stability and Energy and Green Retrofit Investments
Program.

We investigate two related questions with respect to such policies: First, how
do measures to raise technical efficiency impact on GHG emissions alone, i.e. with
the FIT fixed? Second, how do such measures interact with the FIT scheme?

We begin by being somewhat more specific about the consumption of good
Y: we assume households do not consume electricity directly but services pro-
duced with electricity. Good Y is therefore a household production input, whose
marginal product depends on the household production technology. Raising tech-
nical efficiency thus amounts to a raise of marginal utility derived from electricity,
and accordingly a decline of the marginal rate of substitution. At constant prices
households will respond by substituting away from X into Y. We model this parsi-
moniously by adjusting the substitution condition in lemma 4.6 to

A A
A

X—Y=gpy—é

where é represents the growth of technical efficiency. We now can address both
questions simultaneously:

Theorem 5.4. Let both the FIT and technical efficiency in using good Y be exoge-
nously variable, then the change of sector X’s emissions are
EX =AT+ ((I)EE + (IDPE) é
—_———
[

whereas ®pg < 0, Ppg > 0 with equality if and only if ¢ =0, and ® < 0.
Proof. Appendix A.17. O

With respect to our first question emissions unambiguously decline (£ = ¢®é <
0) in response to an increase in technical efficiency (é > 0) with the FIT fixed
(f = 0). The effect can be decomposed into two components of opposite sign:
First, raising technical efficiency induces households to substitute from X into Y.
All else equal, this tends to expand electricity production and curtail production of
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good X, and hence emissions. We call this component efficiency effect, denoted
®$pe. However, increased demand for electricity is met by the marginal producers,
that are conventional ones, raising the permit and electricity prices. This creates a
countervailing incentive for households to substitute back from Y into X, raising
emissions. We call this price effect, denoted ®pg. The size of this effect depends
on the elasticity of substitution, but does never completely eat up the efficiency
effect (because it is a movement along the electricity demand curve), such that the
total effect is always negative.

Now, if only the FIT is raised (7 > 0) with technical efficiency constant (é = 0),
we are apparently back in the baseline setting of section 4. Since both A and &
are negative, raising the FIT and raising technical efficiency supplement each other
in reducing emissions. This also works backwards, suggesting a notable practical
implication: A recurring issue in discourses about FITs are phase-out scenarios—
our result suggests that a phase-out of the FIT scheme (which raises emissions) can
in principle be compensated by simultaneous stimuli of technical efficiency.

5.4 On the bias of virtual emission reduction estimates

Governments using FITs as part of their climate policy portfolio often gauge the
impact of the intervention by a «virtual emission reductions» (VER) statistic. The
virtual emission reduction approach essentially assumes that each kWh of green
electricity replaces one kWh of conventional electricity, and the VER is the counter-
factual quantity of emissions that would have been generated if the the additional
amount of green electricity were supplied by conventional means (AGEE-Stat,
2013; Marcantonini & Ellerman, 2013; UBA, 2013). Indeed, in an ambitious cli-
mate policy impact analysis, The Economist (2014) recently appealed to the con-
cept by claiming that

«it is fairly easy to estimate how much carbon a new field full of
solar cells or a nuclear-power plant saves by looking at the amount
of electricity it produces in a year and how much carbon would have
been emitted if fossil fuels had been used instead, based on the local
mix of coal, gas and oil.»

In fact, it is not that easy. To see why, we develop an exact definition of VER
in terms of our model. Suppose green electricity output increases by dthOCk,
or equivalently in relative terms by f/gh“k. Emissions per unit of output in con-
ventional electricity production are Ey /Yp, such that the VER associated with the
shock are

dYCS‘hOCkEY _ YcEy ¢rshock

VER (Pghock) = - e fs
D D

For a raise 7 of the FIT, we have YCSh‘)Ck = BycOycf, and hence

~ YcEy© N
VER (7) = %YCGYC}
D
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By dividing both sides by the ex ante level of emissions, we can make the statistic
comparable to the growth rate notation of our analysis above

VER (1) = 2N (1 g) % oyt
Using the parameter values from the previous section, a ten percent raise of the FIT
yields a virtual emissions reduction of 0.23 percent.

As an estimate of the actual impact of the FIT on emissions in the setting we
study above the VER statistic has a number of issues. First, the one-to-one dis-
placement of conventional by green electricity effectively amounts to the assump-
tion that aggregate electricity output is constant. This is generally not the case.
Indeed, in the context of our model we demonstrated above that sector Y’s output
may either increase or decrease in response to a variation of the FIT.

Second, the VER statistic ignores overlapping regulatory instruments applied
to the same sector. Specifically, if the electricity sector is subject to a cap-and-trade
system, then emissions produced under the system are not reduced at all, but the
VER statistic indicates a reduction.’!

Third, the VER statistic ignores inter-sectoral leakage effects. Indeed, we
showed above that such effects exist. A natural question is how the VER statistic
performs relative to the true effect identified above, that accounts for those issues.
We find the following:

Theorem 5.5. The VER statistic is generally biased relative to the true effect of a
variation of the FIT. Specifically, define B as the difference between the VER and
the actual emission reduction, such that B > 0 indicates an overestimation and
B < 0 an underestimation. Then B = boyct, whereas b % 0 and increasing and
concave in Oyp, decreasing and convex in G, decreasing in the emission intensity
in sector X, and increasing in the emission intensity in sector Y.

Proof. Appendix A.18. O

Using the parameter values from above, figure 3b shows that b < 0 (i.e. un-
derestimation) is a theoretical possibility with limited practical relevance. With
all parameters set to the reference case we have » = 0.1158 (depicted by the solid
lines in the figure) and B = 0.02327. The dashed and dotted curves in figure 5a
show how b depends on the two elasticity parameters oyp and ¢ on a large domain
from zero to ten. Note that their effects on b are very small. The dashed curve in
figure 5b shows how b depends on the ratio of the emission intensities in sectors X
and Y, respectively. b gets negative at a ratio of about 0.88, which means that the
emission intensity in the non-capped sector X is almost as high as in the capped
(electricity) sector Y. Since any real-world cap-and-trade system is focused on the
most «dirty» industries in the economy, this is hardly a case of practical relevance
(in our reference scenario the ratio is about 0.22).
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Figure 5: Numerical illustrations of the bias parameter . Panel (a) shows the
value of b with all parameters set to the reference case (solid) and as functions of
the elasticity parameters oyp (dashed) and g (dotted). Panel (b) shows the value of
b as a function of the emission intensity ratio.
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5.5 What if the cap is adjusted?

To start with, adjusting the cap is exactly the type of intervention that Baylis et al.
(2013, 2014) consider: relaxing the cap directly decreases the permit price, tight-
ening the cap increases it. Thus, a cap adjustment just overlays the FIT-induced
leakage effects with the cap-induced leakage effects ARE and TTE identified by
Baylis et al. (2013, 2014) and replicated in appendix B. Tightening the cap induces
a negative ARE and a positive TTE, relaxing the cap results in a positive ARE and
a negative TTE.

Based on this observation, it is readily apparent that the indirect FIT-induced
effects (IARE and ITTE) can be completely neutralized by a cap adjustment that
puts the carbon price back to its ex ante level. For example, if the FIT is increased
by some amount such that the ITTE tends to decrease emissions and the JARE
tends to increase them, tightening the cap such that the permit price increases back
to its ex ante level neutralizes the two effects by a ITTE and a IARE of the same
absolute size and opposite sign, leaving the DARE which is always negative (de-
creases emissions). Thus, if the policy-objective is to decrease emissions, a down-
wards adjustment of the cap is reasonable if the IARE is greater than the ITTE (i.e.
the net indirect leakage effect is positive); if it is the other way around, tightening
the cap will carry an opportunity cost in the form of a roll-back of a negative net
indirect leakage effect.
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6 Conclusion

In the present paper we inspected the widely held tenet that renewable energy pro-
motion policies have no effect on total greenhouse gas (GHG) emissions if the
power sector is subject to a cap-and-trade scheme. By means of a parsimonious
general equilibrium model designed to understand the impact (on total emissions)
of a feed-in tariff overlapping a cap-and-trade scheme that covers only one of the
two sectors, we find that, contrary to this hypothesis, that such variations do have
a net impact on GHG emissions through inter-sectoral leakage effects.

Specifically, we show the following. First, if the subsidy scheme is tax-funded,
then raising the FIT unambiguously reduces emissions. The principal reason is
that the growing green electricity sector bids away factors of production from in-
dustries outside the cap-and-trade scheme, that in turn reduce output and emissions.
Second-order effects due to (ii) households substituting into electricity because of
falling prices and (iii) conventional electricity producers increasing their carbon
intensity perturb the first-order effect but never reverse its direction.

Second, a levy-funded FIT always performs worse in terms of emissions than a
tax-funded one, and the disadvantage is increasing in the relative size of the green
electricity sector. This is because the levy creates a direct incentive for consumers
to substitute into goods that are produced outside the cap-and-trade scheme. If this
effect is sufficiently large, then raising the FIT can increase emissions under a levy-
funded scheme. Thus, governments are well advised to fund a FIT scheme from
general tax revenues instead of a levy on electricity consumption, in particular if
the green electricity sector has grown beyond negligible size.

Third, policies supporting technologies that use electricity instead of fossil fu-
els outside the cap-and-trade system, and policies supporting renewables inside the
system are complementary: Not only do the former policies reduce GHG emissions
directly, but they reinforce the emission reducing effect of a FIT. Furthermore, the
FIT has wider technology adoption effects beyond the electricity sector: it does not
only incentivize investment in green electricity generation technologies but also in,
for example, electric cars, power-to-gas or power-to-heat facilities.

Fourth, policies supporting the technical efficiency of electricity consumption
supplement the FIT scheme in reducing emissions, because they induce a direct
incentive for consumers to substitute into electricity, and hence away from goods
produced outside the cap-and-trade system.

Fifth, we make explicit a set of assumptions underlying the virtual emission
reductions (VER) statistic, a commonly used measure to gauge the impact of re-
newable energy policies, and show that it is a biased estimate of actual emission
reductions in response to a FIT raise, because it (1) assumes that aggregate electric-
ity output remains constant, and ignores (ii) the cap and (iii) leakage effects.

Finally, we comment on the possibility that the cap may be adjusted after a
given FIT variation. We argue that the indirect FIT-induced effects (IARE and
ITTE) can be completely neutralized by a cap adjustment that puts the carbon price
back to its ex ante level. We leave the rigorous investigation of such long-term
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feedback dynamics between FIT variations and cap adjustments for future research.

Notes

IFor example, the EU Renewables Directive (2009/28/EC) aims at a share of 20 percent of the
EU energy consumption to be supplied from renewables in 2020, and in 2014 the target of 27 percent
renewables in 2030 was agreed upon. Similar national (e.g. the 2005 Energy Policy Act, the Wind
Powering America Initiative, or the the Solar America Initiative) and state level programs (in particu-
lar Renewable Electricity Standards reaching from 10 percent in Michigan, South Dakota, Vermont,
and Wisconsin to 40 percent in Hawaii) are in place in the United States.

2The cost of Germany’s Energiewende (its transformation to a renewables-based electricity sys-
tem) is around USD 21 billion per year—China, the United States and the European Union spend
together around USD 140 billion per year on subsidizing renewable energy. In constrast, other in-
struments, such as helping developing countries phase out CFCs under the Montreal protocol (USD
2.4 billion between 1990-2010) or the Amazon Fund that fights deforestation in Brazil (USD 760
Million over 11 years), The The Economist (2014) pointed out, induced impressive GHG emissions
reductions at considerably lower cost.

3Several authors have argued that despite the zero impact on GHG emissions, feed-in tariffs might
still be desirable if they help to achieve other objectives or fix additional market failures (Sijm, 2005;
Bohringer et al., 2009; Lehmann & Gawel, 2013). However, none of them has argued against the
zero impact hypothesis itself.

4See e.g. Babiker (2005), Eichner & Pethig (2011), Burniaux & Martins (2012), and Martin et al.
(2014).

SIn this this stream of literature, however, the focus is on changes in the cap itself rather than on
the effect of overlapping instruments.

5Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire, New York, Rhode
Island, and Vermont

"Before the Electricity Feed-In Act there was one FIT introduced in the United States by the
Public Utility Regulatory Policies Act (PURPA), a part of the 1978 National Energy Act (NEA).

8Consumers have to pay VAT on the levy, which adds a further 19 percent or 1.19 cents per kWh.

9 According to estimates of the International Energy Agency (IEA, 2013, p. 11), electricity and
heating accounts for about 44 percent of global carbon dioxide emissions in 2011, and transportation
for about 22 percent. The rest is emitted in the industrial (21 percent), residential (6 percent), and
other sectors (8 percent) including agriculture. In addition, there has been a strongly increasing trend
between 1990 and 2011: emissions from electricity and heating increased by around 70 percent
during that period, emissions from transportation by around 60 percent.

10 Assuming Betrand-competition, two firms in each sector are enough.

I Eor sake of parsimony we abuse notation in denoting by X the label of the good (and sector), the
quantity of that good supplied, and the production function. We do likewise in sector Y.

12The latter assumption assures that factor demand is not infinite for a price of zero, which is
relevant because we allow for a zero carbon price below.

13The case where ¢ < p* is of no theoretical and empirical relevance because the FIT would not
be binding. Green electricity producers would fare better by selling at the market price instead of the
tariff.

14Gince labor-capital is numeraire, it holds that w = 1.

5Note that lemmas 4.1 through 4.3, and 4.5 through 4.7 hold for any exogenous shock with the
cap binding.

150f course, the result does not hold if the cap is not fixed. This premise is plausible in a short-
mid-term perspective but questionable in a long-term view. We further comment on this issue below.

17But of course lemma 4.1 also holds if the policy targets sector X or a new sector that transforms
Y into X. We consider such a case in the next section.

18Note that since aggregate supply is normalized to unity, Ly, Lyp, and Lyc are the shares of total
supply employed in the production of X, Yp, and Y, respectively.
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19This result continues to hold qualitatively if labor-capital supply is not perfectly inelastic, as
long as it is not perfectly elastic.

20Note that if the FIT is reduced, the converse happens.

21 Baylis et al. (2014) adopt the data on labor, capital, and output from Elliott et al. (2010), and
supplement it by hypothetical payments for carbon emissions based on actual emission data for that
year and a price of USD 15 per ton of emissions.

22 Allocating nuclear power to one of the two electricity sub-sectors is clearly an issue. On the
one hand, it is virtually carbon emission free. On the other hand, it is usually not subsidized by
FITs. Excluding nuclear power from the «green» electricity sector, we have a¢ = 0.150 for the
EU, o¢ = 0.092 for the US, a¢ = 0.161 for the OECD, and o¢ = 0.188 for the world. Including
nuclear power, we get o¢ = 0.462 for the EU, a¢ = 0.291 for the US, o = 0.388 for the OECD, and
o¢ = 0.345 for the world. Since our focus in on FITs, we allocate nuclear power to the conventional
electricity sector.

ZB0Of course, the elasticity depends on the time frame considered, and specifically whether the
elasticity of capacity or the elasticity of output with a given capacity is considered.

24The empirical literature on electricity demand is vast. Espey & Espey (2004) did a meta-analysis
of over 126 individual studies published in the period between 1971 and 2000 and report aver-
age price and income elasticities of electricity demand for both the short and the long term. They
find a mean households’ price elasticity of —0.35 (median —0.28) in the short run and —0.85 (me-
dian —0.81) in the long run. Evaluating the studies published after 2000 against this benchmark,
Simmons-Siier et al. (2011) observe the application of more sophisticated statistical methods and
more extensive robustness checking in this period. Overall the estimates are somewhat lower: Here
the mean households* price elasticity is —0.21 (median —0.22) in the short run and —0.58 (median
—0.55) in the long run. In sum, in a short-to-mid-run view corresponding to our model, a value of
around —0.4 appears as a sensible choice.

25The indirect effects are so small because of the very small value of oyc: the smaller the elasticity
Oy, the smaller the carbon price adjustments.

26The average feed-in tariff across technologies is about the fourfold, 17 cents per kWh, of the
average spot price of 4 cents per kWh (BMWE, 2014). The share of electricity production from
renewables sources was 22.2 percent in 2011, yielding y¢ = 0.549.

270f course, there are no lump-sum taxation systems. However, the broader the tax base, the closer
the system comes to this benchmark.

28For example, in the UK all electric vehicles are exempt from annual motor vehicle tax, and
buyers of electric vehicles (incl. rechargeable hybrid cars) are entitled to 25 per cent reduction off
list price of the vehicle, with maximum reduction of €5,900. In Germany, electric vehicles are
exempt from annual motor vehicle tax for five years, starting from the date of first registration. In
Spain, buyers of an electric vehicle receive a subsidy up to 20 percent off the vehicle sale price (max.
€6,000).

29For a steadily updated overview, see the Energy Efficiency Policies and Measures Database of
the International Energy Agency (IEA).

30The phase-out of incandescent light bulbs also falls under the latter category. Similar bans are
in place, for example, in the US, Canada, Australia and China.

31This amounts to the assumption that the cap will be no longer binding.
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A Proofs

A.1 Proof of lemma 4.1

By construction £ = Ex + Ey. Totally differentiating, dividing both sides by E,
expanding the first term on the right-hand side by 72X and the second term by %
yields

Ex

Ex
dE _ Ex dEx  EydEy
E E Ex E Ey

Defining ¢ := Ex/E and recognizing E = Ex + Ey, the equation can be equivalently

expressed by
E=¢Ex+(1-9)Ey (A.1.1)

In equilibrium the permit market must clear, Ey = E. Totally differentiating
this condition and dividing both sides by yields £y = 0, such that equation A.1.1
reduces to

E = ¢Ex

A.2 Proof of lemma 4.2

In sector X, each firm demands an input bundle (Ly, Ex ) and supplies output quan-
tity X to maximize profit subject to the technology constraint, taking the price
vector (px,w,T) as given:

(Lx,Ex,X) € arg max_Zx (ZX,EX,X)
(Lx .Ex.X)

where Z (-) is the Lagragian function
Zx (fox,}?) = pxX —wLy — tEx + Ax (Y -X <ZX,EX)>

and a tilde above a variable indicates a choice variable.
The first-order conditions of this program are

_1 (A.2.1)

Totally differentiate the fourth FOC, and use the first three to get

T
dX = Y dLy + - dEyx
Px Px
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Ly

Divide both sides by X, and expand the right-hand side terms by i

spectively, to obtain

Ex o
and £y re

ax . dLX wLyx dEX TEx

X Ly pxX Ex pxX

X Ly Ex

(A22)

Consider the definition of scale elasticity

IX () Ly 0X()Ey
OX =

dLx X JEx X
S—_—— ——

OxL OxE

where Oy and Oxg are the elasticities of output with respect to the individual fac-
tors. By the first-order conditions A.2.1 it holds in a profit maximum (and hence in
equilibrium) that

L
Ox=
pxX
tE
Oxp = —~ (A.2.3)
pxX

i.e. the elasticity parameters are equal to the respective factor claims as shares of
total revenues.

Now, by constant returns to scale X (Ly, Ex ) is linearly homogenous, such that
it follows from Euler’s homogenous function theorem that

X (),  9X()
X()= L E
( ) aLX x + aEX X
Using again the first-order conditions A.2.1 it follows
w T
X ()= —Lx+ —Ex < pxX = wLx + TEx (A2.4)
Px Dx

that is, profits are zero. By the zero-profit condition A.2.4 we have Ox; + Oxg = 1
and thus by definition 8x = 1. Furthermore, by A.2.3 the elasticity parameters are
also equal to the respective factor claims as shares of total costs.

Combining those results with A.2.2 yields

diX . dLX wLy dEX TEx

X Lx pxX Ex pxX
Y N N y v
X Ix 6xe Ex  6xe

(A.2.5)

Return to the first-order conditions A.2.1. Using the first three conditions, profit
maximizing behavior of firms in sector X is characterized by
X (-)
Ly _ W
X~ 1 (A.2.6)
JEx

{

=pPx
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where the left-hand side is the marginal rate of technical substitution and the right-
hand side the input price ratio. Using the definition of the elasticity of technical
substitution

Ox .=

() (cory”
% Px

we can express the condition alternatively by

Transforming in growth rates yields

dEx dL d dt

X _IX g | ¥ (A2.7)
Ex Lx w T
By ix W 3

Since w = 0 (since labor-capital is numeraire) and T = 0 (by construction), this
condition simplifies to
Ex =1Ix (A.2.8)

i.e. since the factor price ratio is constant, input quantities must change in equal
proportion. Combining A.2.8 with A.2.5 yields X = Ex.

A.3 Proof of lemma 4.3

By lemma 4.2 we have Ex = X, and by condition A.2.8 we have Ex = Ly, such
that the first part of the result immediately follows.

In equilibrium the labor-capital market must clear: Ly +Lyp+ Lyc = 1. Totally
differentiating and expanding each term on the left-hand side by % yields

dL dL dL

X I+ L+ o Lye =0 (A3.1)
Ly Lyp Yc

—~— ——— ——
Ly ifYD iYC

Rearranging yields the the second part of the result.

A4 Proof of lemma 4.4

Each green electricity producer demands input quantity Lyc and supplies output
quantity Y- to maximize profit subject to the technology constraint, taking the price
vector (f,w) as given:

(Lyc,Yc) € arg max Zyc <ZYC7?C)

(LYC,YC
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where Zyc (+) is the Lagragian function
Zye (Zya %) =t¥c —wLyc+ Avc (Yc —Yc (ZYD>)

and a tilde above a variable indicates a choice variable.
The first-order conditions of this program are

)yyc = —t
.40

_A -

Yo =Yc (Lye)

By the first two FOCs profit maximizing behavior of firms in the green electricity
sector is characterized by

dYC () w
= A4l
dLyc t ( )
Define the elasticity of labor-capital demand
dLyc
Lyc
Oyc:= —7.,
4()
such that
dLyc _ _ d(%)
=O0yc—y
Lyc N

or in growth rate notation
Lyc = oyc (f— W)

By w = 0 we have iJYC = Gycf.
Now, totally differentiate the third FOC Y¢ = Y¢ (Lyc) and use condition A.4.1
to get
dYe = %dLYc

Divide both sides by Y and expand the right-hand side by % , yielding

dYc _ wLyc dLyc
Ye N tYe Lyc
~~ N—~—

)7 C I:YC

(A4.2)

Consider the definition of scale elasticity (which in this case is equal to the
elasticity of output with respect to labor-capital, since this is the only factor of

production)
L 8YC () LYC

" dLyc Yo

Ovc
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Use again condition A.4.1 to obtain
Oyc = —— (A4.3)

such that we have (by equations A.4.2 and A.4.3) ¥¢c = 6ycLyc. Plugging in Lyc =
oycf finally yields Y¢ = Oycoycf.

It remains to show that Oyc < 0. Since the green electricity sector operates
under decreasing returns, we have Yc (nLyc) = n*Y¢ (Lyc) with k < 1 for any n > 0,
and therefore by Euler’s homogenous function theorem and condition A.4.1

w

kYc (Lyc) = 7Lyc & tkYe (Lyc) =wLyc
Since k < 1, this equation can only be true if tYc > wLyc, that is, green electricity
producers make a profit. Using this condition in equation A.4.3 yields Oy¢c < 1.
A.5 Proof of lemma 4.5

In sector Yp, each firm demands an input bundle (Lyp,Ey) and supplies output
quantity Yp to maximize profit subject to the technology constraint, taking the price
vector (py,w,r) as given:

(Lyp,Ey,Yp) €arg  max  %p (ZYD,EYJ?D>
(Lyp.Ey.Yp)

where Zyp (-) is the Lagragian function
Zyp (Zybfy, YD> = py¥p —wLyp — rEy + Ayp (f’D —¥p <ZYD,EY>>

and a tilde above a variable indicates a choice variable.
The first-order conditions of this program are

(AS.1)

Yp =Yp (Lyp,Ey)

Totally differentiate the fourth FOC, and use the first three to get
dYp = - dLyp+ —dEy
Py Py

Divide both sides by Yp, and expand the right-hand side terms by % and %,
respectively, to obtain
dYD o dLYD WLYD dEy I"Ey
Yp  Lyp pyYp Ey pyYp
N == ~—

YD lAlYD EY

(A5.2)
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Consider the definition of scale elasticity
o . Mo()Lvp  Io()Ey
T OLyp Yp | OEy Yp

OyvpL OvpE

where Bypy and Oypg are the elasticities of output with respect to the individual
factors. By the first-order conditions A.5.1 it holds in a profit maximum (and hence

in equilibrium) that

wLyp
OvpL =
prYp
rE
OypE = —— (A.5.3)
prYp

i.e. the elasticity parameters are equal to the factor claims as shares of total rev-

enues.
Now, by constant returns to scale Yp (Lyp,Ey) is linearly homogenous, such

that it follows from Euler’s homogenous function theorem that

Yp (- Yp (-
Yp(-)= 8£Y(D>LYD+ al;f/)Ey

Using again the first-order conditions A.5.1 it follows
w r
Yp(-) = —Lyp+ —Ey < pyYp = wLyp +rEy (A.5.4)

py Py
i.e. profits are zero. By the zero-profit condition A.5.4 we have Oyp; + Oypr = 1
and thus by definition 6yp = 1. Furthermore, by A.5.3 the elasticity parameters are
also equal to the respective factor claims as shares of total costs.
Combining those results with A.5.2 yields

dﬁ _ dLy[) WLYD dEy I‘Ey (A 5 5)

Yp Lyp pyYp Ey pyYp
—— e N e —
6ypE

? D I:y D OYDL E Y

Return to the first-order conditions A.5.1. Using the first three conditions, profit

maximizing behavior of firms in sector Yp is characterized by

rp(:) W
” (A.5.6)

rp(:)
oEy

{

=PyD
where the left-hand side is the marginal rate of technical substitution and the right-
hand side the input price ratio. Using the definition of the elasticity of technical

substitution
E _
._ d (ﬁ> dpyp
Y=g Prp




we can express the condition alternatively by

a(f)

7)
_ r
R
Lyp r
Transforming in growth rates yields
dEY dLYD dw dr
= =Oyp| — — —
Ey LYD w r
—~— \:./ ~—~
EY zYD w d

Since w = 0 (labor-capital is numeraire), this condition simplifies to
iYD — EY = oyp’ (A57)

The permit market clearing condition Ey = E must hold in equilibrium. Totally
differentiating this condition and dividing both sides by Ey yields

ks _

Ey
~—~—

Ey

0 (A5.8)

Using this equation to substitute Ey in equation A.5.7 gives us
Lyp = oypf (A5.9)

Using equations A.5.8 and A.5.9 to substitute Lyp and Ey in condition A.5.5
yields
Yp = 6ypLOypi

A.6 Proof of lemma 4.6

Households spend their incomes M by demanding quantity x of good X and quan-
tity y of good Y, taking as given all market prices. By the assumptions stated in
section 3, their behavior is described by

(x,y) € argr(l@;o?f (x,9)
x?y

where .Z (x,¥) is the Lagragian function
L (x,9) =u(x,5)+ Au (pxx+ pyy —M)
and a tilde above a variable indicates a choice variable, whereas incomes

M:W+(Hx+ny0+nyc)+G

39



are earned as labor-capital supplier (the wage w), as residual claimants of the pro-
duction firms (the bracketed term), and as receiver of the government rebate (G).
Profits are
HX = pr —wLy — TEx
yp = pyYp —wLyp — rEy
IIyc =tYe —wlLyc
The government rebate is given by the sum of the carbon pricing revenues, less the

subsidy payments:
G=1Ex+rEy — (l‘*py)YC

Combining those five equations and rearranging yields
M = pxX+py (Yp+Yc)+w(l —Lx —Lyp — Lyc)

The program yields the first-order conditions

ul.
g( ) +)LHpX =0
X
9E) | aupy =0 (A6.1)
dy

pxx+pyy=pxX+py (Yp+Yc)+w(l —Lx —Lyp — Lyc)
Rearranging the the budget condition yields
px (x—=X)+py(y—Yp—Yc)=w(l —Lx —Lyp — Lyc)

which is true by the market clearance conditions.
Rearranging the first two first-order conditions yields

du(-
5 px
du(-) Dy
dy

—~—

=pu

where the left-hand side is the marginal rate of substitution. By using the definition
of elasticity of substitution

Y _
: ) o
we can express the first-order condition alternatively by

a) 4%

Y Px
X py
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Transforming in growth rates yields

d d d d

v _ ;x —g| fpx Py (A.6.2)
Yy oo — Px Py

y * Px pr

Now, totally differentiating the final-good market clearance conditions x = X
and y =Y and dividing both sides by the respective quantity yields

£=X (A.6.3)
y=Y
Totally differentiate the zero profit condition A.2.4 to get
dpxX +dXpx =dwlLx +dLxw+dtEx +dExT

Divide both sides by pxX and expand the first right-hand-side term by 1, the sec-
ond by i—’;, the third by 7, and the fourth by g—x to obtain

X
dpx +d7X N WLX (dW dL)() WEX <dT dEx)
DPx X pxX w Ly pxX T Ex
By equations A.2.3 this expression is equal to
Px+X = 0x, (W+Lx) + 6xg (£ +Ex)

Using equation A.2.5 to substitute X and recognizing w = 0 (labor-capital is nu-
meraire) and T = 0 (by construction) yields px = 0: no change in input prices
implies no change in the break-even output price.

Using conditions A.6.3 to substitute y and £ in equation A.6.2 and recognizing
Px = 0 yields the result.

A.7 Proof of lemma 4.7
Totally differentiate the zero profit condition A.5.4 to get
dpyYp +dYppy = dwLyp +dLypw +drEy +dEyr
Divide both sides by pyYp and expand the first right-hand-side term by ., the

second by %, the third by 7, and the fourth by g—; to obtain

d day, wL dw dL E d dE
dpy | d¥p _ YD<+ YD>_|_WY<r+Y>
Dy Yo pr¥Yp\w  Lyp pyYp \ r Ey

By equations A.5.3 this expression is equal to
Py +Yp=6ypL (W+Lyp) + Oype (F+Ey)

Using equation A.5.5 to substitute ¥, condition A.5.8 to substitute £y, and recog-
nizing w = 0 (labor-capital is numeraire) yields the result.
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A.8 Proof of lemma 4.8

By construction it holds that Y = Yp + Y. Totally differentiate this condition,
divide both sides by Y, and the expand the right-hand-side terms by 12 and %

. YD
respectively, to get

av Yo d¥p | Yo dic

_ n (A8.1)
Y Y Yp Y Yc

NN NN NN
¥ ) R

By lemma 4.6 it holds that X = ¢py + Y. Use condition A.8.1 to substitute ¥
and lemma 4.7 to substitute py to get

X = gey[)Ef'—l- aD?D + OCCYC (A.8.2)
Now use lemma 4.4 to substitute ¥ and lemma 4.5 to substitute ¥p:
X = (¢6ypE + apBypLOYD) # + e Oy Oyt (A.8.3)

Finally, using lemma 4.3 to substitute X, and in turn lemmas 4.4 and 4.5 to substi-
tute Lyc and Lyp, respectively, yields after rearrangement

(LxacOyc+ Lyc) ovc .
(LxopBypr+ Lyp) oyp + Lx6ypES

=y

(A.8.4)

P

Since all parameters in the expression in brackets are non-negative, it holds that
Y > 0. Furthermore, by the exclusion of boundary-equilibria we have

LemmaA.l. 0<L;<1fori=X,YC,YD,0<a;<I1forj=C,D,and0 < oy <1
fork=YDL YDE YC, XL, XE.

such that Yy = 0 if and only if oyc = 0. Furthermore, the term in brackets is
increasing in Oyc (since it is in the numerator) and decreasing in oyp and ¢ (since
they are in the denominator), with ¥ — 0 for oyp — 0 or ¢ — 0 or both.
A.9 Proof of theorem 4.1
Consider equation A.8.2. By equations A.4.2, A.4.3, A.5.5 and A.5.8 this becomes
X = ¢Oypef+ opbyprLyp + acOycLyc

Using the labor-capital market clearance condition A.3.1 to substitute Lyp and Lyc,
and recognizing X = Ly = Ex (lemmas 4.2 and 4.3) yields after some rearrange-
ment

A Lx Lx . Lyc A Lyp A
Ex | 1+-——0opbypr+ —0cOyc | =¢Oype?——0apbyprLyc— —0cOycLyp
Ly D LYC LY D LYC

=0
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with § > 0 by lemma A.1. Finally, using lemma 4.4 to substitute Lyc, lemma 4.5
to substitute Lyp, lemma 4.8 to substitute 7, and rearranging yields

A 0cbycLyp OvpE opOyprLyc R

EX_ y(l+6)LYCGYD_Y(1+6)g_(1+6)LYDGYC r

AJARE ArTTE ApDARE

The term in brackets is the total leakage effect. Completely resolved, it has the

form
Lyp0cOyc — Lycopbypr) Oyp — LycOypeS] Ovc

(Lxop6ypr+ Lyp) Oyp + Lx OypES
It remains to determine the signs of the effects and to show how they depend
on the elasticity parameters.

A=l (A9.1)

Lemma A.2. Apare < 0 with equality if and only if oyc = 0. Aparg is strictly
decreasing and linear in Oyc, and independent from oyp and ¢.

Proof. The DARE is given by

A _ [ opByprLyc }
DARE = — YC

(118)Lyp |

Since by lemma A.1 all parameters in brackets are strictly positive, the negative
sign out front implies that Aparg is strictly negative whenever oyc > 0, and zero if
and only if oyc = 0. Differentiating Aparg With respect to the elasticity parameters
yields

JdAparRe _ Op6yprLyc 0?ApARE
=— <0 —— =0
8GYC (1—|—5)LYD aGYC
JADARE _ OADARE _ 0
doyp Jdg
proving the remaining claims in the lemma. O

Lemma A.3. Arrre < 0 with equality if and only if oyc = 0 or ¢ = 0 (or both).
ArTTE is decreasing and linear in Oyc, increasing, concave, and convergent to zero
in Oyp, and decreasing and convex in G.

Proof. Substituting 7y using equation A.8.4, the ITTE is given by

Ovpe (Lx0cByc + Lyc) Oycg
1+ 6)[(LxapOypr+Lyp) Oyp + Lx Oypeg]

ArTTE = — (

If oyc = 0or ¢ =0, then Arrrg = 0. If 6y¢c > 0 and ¢ > 0, then by lemma A.1
Arrte < 0 even if oyp = 0. For clarity, substitute

Ovpe (Lx0cOyc+Lyc) :=A
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(14+6) (LxapbypL +Lyp) :=B

(140)Lx6ype :=C

for the the present proof, and observe that by lemma A.1 all three elements are
strictly positive. Differentiating Arrrg with respect to the elasticity parameters
yields

dAmre _ Ag < 9?ArrtE _0
d0yc Boyp+C¢ — 80§C
dAmrte _ ABoycs O’Airre _ 2AB’0vcg  _ 0
doyp  (Boyp+C¢)* dopp (Boyp+Cg)®
dArrte _ ABOycOyp <0 9*Arrte _ 2ABCoycOyp 0
ds (Boyp+Cg)” ~ d¢>  (Boyp+Cg)® ~
proving the remaining claims in the lemma. 0

Lemma A.4. Ajare > 0 with equality if and only if oyc = 0 or oyp = 0 (or both).
AIARE IS increasing and linear in Oyc, increasing and concave in oyp, and de-
creasing, convex, and convergent to zero in G.

Proof. Substituting v using equation A.8.4, the IARE is given by

ocbycLyp (Lx 0cbyc + Lyc) OycOyp
14 6)[Lyc (Lxop6ypL + Lyp) 0yp + LycLx Oy peG]

AIARE = (

If oyc =0 or oyp =0, then Ajarg = 0. If oyc > 0 and oyp > 0, then by lemma
A.1 Ajarg > 0 even if ¢ = 0. For clarity, substitute

ocOycLyp (LxacOyc +Lyc) :=A

(14+6)Lyc (LxapOypr +Lyp) :=B

(140)LycLx6ypg :=C

for the the present proof, and observe that by lemma A.1 all three elements are
strictly positive. Differentiating Ajarg with respect to the elasticity parameters
yields
2
JAIARE _ Ag >0 9" AIARE _

= 0
aGYC BGYD—I-CQ - 363C
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JdAarRe _ ACOycg d*Aiare _ 2ABCoycg

= >0 = <0
doyp  (Boyp+Cg)’ Io7p (Boyp+Cg)® ~
dAaRe __ ACOycOyD 9> AIARE _ 2AC*0ycOyp
s (Boyp+Cg)” ~ ds>  (Boyp+Cg)®
proving the remaining claims in the lemma. O

Lemma A.5. A <0 with equality if and only if 6yc = 0. Ais decreasing and linear
in Oyc, increasing and concave in Oyp, and decreasing, convex in G.

Proof. Consider the total leakage effect in the form of equation A.9.1. If 6yc =0,
then A = 0. If oyc > 0, then (since the denominator is positive by lemma A.1)
A > 0if and only if the expression in square brackets in the numerator is greater or
equal to zero. Rearranging this condition yields

S - LypacOyc —LycapBypr

A9.2
Oyp — LycOypE ( )

Using equations A.4.3, A.5.3, and A.8.1 to substitute the parameters on the right-
hand side back into the fundamental variables, we have equivalently

S - wLypYp (ILY _ 1) (A.9.3)

oyp ~ rEkyY t
By assumption ¢ > py the right-hand side is strictly negative. Since by ¢ > 0 and
oyp > 0 the left-hand side is non-negative, the condition is never true, such that

A > 0 is impossible. Conversely, if oyc > 0, then A < 0 if

OypD rEyY

; (A94)

LypY,
S > WLypIp (PY 1)
which is by t > py, ¢ > 0, and oyp > 0 always true. This concludes the proof of
the first claim in the lemma.
It remains to analyze how A depends quantitatively on the three elasticity pa-
rameters. Consider the easy cases first. Differentiating A with respect to oyp yields

JdA _ JApARE . JAIARE  IAITTE
doyDp doyDp doyD doyp
—_——— —— ——

>0

-0 >0 >0

%A B J’Apare  9*AaRe | 9°ArTTE

= <0
2 2 2 2 —
a0y doy ) doyp Jdoyp
—— N —
=0 <0 <0

i.e. A is increasing and concave in parameter oyp. Differentiating A with respect
to ¢ yields
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JdA  IJA JdA IdA
0N _ OADARE IARE | OAITIE _
dJg dJg dJg Jg
——— —— ~——
=0 <0 <0
2N 9%A %A %A
_ DARE + JARE + ITTE Z O
d¢? d¢? d¢? d¢?
——— —— N——

-0 >0 >0

i.e. A is decreasing and convex in parameter G.
Finally, consider the properties of A with respect to oy¢. First, we have

d°A B ’AparRe  9’Aiare  9*ArTTE _

= 0
2 2 2 2
90y 0y d0y d0y
N——

such that A is definitely linear in oyc. To identify the slope, differentiate expression
A9.1

JA  (Lypac6byc—LycopOypr) 6yp — LycOypEg (A.9.5)

doyc (Lxop6ypr+ Lyp) oyp + Lx OypES

Since the denominator is positive by lemma A.1) the expression is greater or equal
to zero if and only if the numerator is greater or equal to zero. Rearranging this
condition yields condition A.9.2 (or equivalently condition A.9.3), which is never
true, as shown above. Thus, A cannot be increasing in oyc. Conversely, expression
A.9.5 is negative if A.9.4 is true, which is always the case, as shown above as well:
A is unambiguously decreasing in Oyc. O

A.10 Proof of lemma 5.1

Let Py = py + s denote the gross price of Y. The households’ problem changes to

(x,y) € argr(r@;f (X,5) = u(X,5) + Au (pxx+Pry—M)
’x7y

with income
M = pxX + pyYp+tYc+w(1 —Lx —Lyp — Lyc)

The program yields the first-order conditions

a .
g( ) +Aupx =0
X
ag(’) + AyPy =0 (A.10.1)
y

pxx+Pry=pxX+pyYp+tYc+w(l —Lx —Lyp — Lyc)
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Rearranging the the budget condition yields
px (x—=X) + py (apy —Yp) +1t (acy —Yc) =w(l — Lx — Lyp — Lyc)

which is true by the market clearance conditions.
Rearranging the first two first-order conditions yields by the same steps as in
section A.6

X-V=ch (A.10.2)

Now, totally differentiate the definition Py = opppy + Oct, divide both sides by Py,
use again the identity Py = oppy + Ot on the right-hand side, and expand the

terms by f)—; and %, respectively, yields

dPy . prYp dpy tYe dt

Py pyYp+itYe py  pyYp+iYe t
~ —— ——
By /) Py Ye t

Using this equation to substitute Py in equation A.10.2 yields the result. By the
exclusion of boundary-equilibria we have

Lemma A.6. y¢ > 0and yp > 0.

A.11 Proof of lemma 5.2

By lemma 5.1 it holds that X = ¢ (wppy + wci) + Y. Use condition A.8.1 to sub-
stitute ¥ and lemma 4.7 to substitute py to get

X = ¢ (¥pOypef+ cf) + ap¥p + ace (A11.1)
Now use lemma 4.4 to substitute Y- and lemma 4.5 to substitute ¥p:
X = (g¥p6ypr + 0pBypLOyD) F+ (SWe + 0cBycOve) F

Finally, using lemma 4.3 to substitute X, and in turn lemmas 4.4 and 4.5 to substi-
tute Lyc and Lyp yields after rearrangement

(Lx0cOyc + Lyc) oyc + Lx Weg :
(LxapOypr + Lyp) ovp + Lx Oy pE VDS

=7

(A.11.2)

F=—

Since all parameters in the expression in brackets are non-negative, it holds that
¥ >0, and by lemmas A.1 and A.6 we have ¥ = 0 if and only if oyc =0 and ¢ =0.
Furthermore, 7 is increasing in Oyc (since it is in the numerator) and decreasing in
oyp (since they are in the denominator), with ¥ — O for oyp — 0. Furthermore,
we have

¥ _ Lxycoyp (LxapbypL+ Lyp) + Ly e Wpbype (6 — 6?) >0
dg [(LxopBypr + Lyp) Oyp + Lx 8ypE W) B
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i.e. ¥1is increasing in G.

Finally, ¥ is increasing in W¢, as Y is in the numerator and Yp =1 — yc isin
the denominator. For y¢ = 0 equation A.11.2 becomes identical to equation A.8.4,
that is, ¥ = 7. However, this case is ruled out: by lemma A.6 it holds that y¢ > 0
such that (because ¥ is increasing in yc) it follows that ¥ > 7.

A.12 Proof of theorem 5.1

Consider equation A.11.1. By equations A.4.2, A.4.3, A.5.5 and A.5.8 this be-
comes

X = ¢ (wpOypef+ wet) + oapbyprLyp + ocByclyc

Using the labor-capital market clearance condition A.3.1 to substitute Lypand Lyc,
recognizing X =Ly = Ex (lemmas 4.2 and 4.3), and using the definition of &
(section A.9) yields

A ~ A LYC A LYD A
Ex (14+68) = ¢ (wpOypei+ yct) — EOCDGYDLLYC - TYCO‘CGYCLYD

Finally, using lemma 4.4 to substitute ﬁyc, lemma 4.5 to substitute Ly, lemma 4.8
to substitute 7, and rearranging yields

A _ 0cBycLyp _WpOype _ apbyprLyc Yc N
Ex= |V 57..0m0— - Oyc+ i
X 0o e ™ V16 1)Ly ¢ T (146)°
[\IARE ;\ITTE ADARE ADTTE

The term in brackets is the total leakage effect. Completely resolved, it has the
form

[(LypOoc6yc — LycapOypr) 6yp — WpLycOypeS] Ovc + WeLypOypg

A=
(LxapOypr + Lyp) Ovp + WpLx OypES

(A.12.1)
The leakage effect can now be positive. To see this, consider the case oyc =0,
such that sector Y does not expand at all. In this case, we have

YcLypoypg

A= >0
(LxapOypr+ Lyp) Ovp + WpLx OypES

which is by lemmas A.1 and A.6 unambiguously positive. Generally, if oyc =0
and ¢ = 0, then A = 0. Otherwise, (since the denominator is positive by lemmas
A.1 and A.6) A > 0 if and only if the the numerator of A.12.1 is greater or equal to
zero. Rearranging this condition yields

S (LycOypES + (LycopOypr — LypOcbyc) Oyp) Ovc

(A.12.2)
(Lyc6ypeOyc +LypOyp) G

i.e. if the share of income earned in sector Y¢ is sufficiently large.
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The difference between the leakage effects in the levy case and the lump-sum
case is

A — A = (Aiare + ArrtE + AparE + ApITTE) — (A1ARE + ArTTE + ADARE)
= (Aware — Aiare) + (Arrre — Arrre) + Aprre
- acbycLyp - Oy pE Ve
(¥ Y)(1+5)LYC yp+ (¥ VWD)(1+5)€ 1+0)°
= }/; YAIARE _ e ArrTE + ApTTE
= }/; YAIARE + <W;D - 1) ArrTE + ADTTE (A.12.3)

Now, first observe that if Yo = 0 we have ¥ = v by lemma 5.2 and hence
A — A =0. For any y¢ > 0, we have ¥ > y by lemma 5.2. Specifically, if ye = 1
we have N
Y=v S
A —ArrrE+ (7 >0
¥ TARE — /\ITTE (1+9)

A—A=

Since l; > 0, all terms in equation A.12.3 are positive for we > 1, and A — A is
strictly increasing in Y.

A.13 Proof of theorem 5.2

By construction it holds that X = Xp + X¢. Totally differentiate this condition,
divide both sides by X, and the expand the right-hand-side terms by i% and %,

D
respectively, to get

aX _ Xp dXp | Xe dXec

_ i (A.13.1)
X X Xp X Xc

N SN NN
D¢ Bo  xp Be %

By the exclusion of boundary-equilibria we have
Lemma A.7. B¢ > 0 and Bp > 0.

By lemma 4.6 it holds that X = ¢py + Y. Use condition A.8.1 to substitute ¥,
and condition A.13.1 to substitute X to get

BoXp = ¢py + an¥p + ac¥e — BcXc (A.13.2)

Now use lemma 4.4 to substitute ¥, lemma 4.5 to substitute ¥p, lemma 4.7 to
substitute py, and recognize that 7 = 0 by construction:

BoXp = (¢6ypE + apByprLoyp) F — BcXe
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Using lemma 4.3 with X replaced by Xp to substitute Xp, and in turn lemmas
4.4 and 4.5 to substitute Lyc and Lyp, respectively, yields after rearrangement

= he i (A.13.3)

OvpEG + (aDGYDL+ﬁD%f) OyDp

=0

Now, return to A.13.2. By Xp = Ly = Ex (lemmas 4.2 and 4.3) equations
A3.1,A4.3, AS5.5 A5.8, A.13.3, and lemmas 4.4 and 4.5 we get

A VOypE Be N
Ex = Lyp ® Lyp Xc
Bp + ap OypL 72 Bp + ap OypL 72
TPE YRE

The term in brackets is the total effect Y.
From lemmas A.1 and A.7 it follows that Yrg < 0. By replacing

L
OCDGYDLE =A
Lx
and recognizing A > 0 by lemma A.1, we have
oY 1+A XY 2(1+A
QE _ + <0 (gE:_ (+)%<0
9fc (1—PBc+A) s (1=Pc+A)

i.e. the replacement effect is decreasing and concave in f¢. Furthermore, it is di-
rectly apparent from the expression that the effect is independent from the elasticity
parameters Oyc, Oyp and G.

Plugging v into Ypg and simplifying yields

Bfcg
(C+BBp)s+ (Bp (BpLxLyp+D) +E) oyp

Ypg =

with
L)Z( 9YDE =B

LxLypap6yprOypr :=C
opOypr (L)Z( —l—L%D) =D

LXLYDageYDL =F

From lemmas A.1 and A.7 it follows that Ypg = O only if ¢ = 0, else Ypg > 0.
Differentiating with respect to B¢ yields
JdYpE 9> YpE

>0
dBc dB2

<0
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with respect to ¢

dYpE 9% YpE

>0 <0
dg dg?
and with respect to oyp
dYpE <0 9*Ype -0
0 OypD d GI%D
Now, observe that
Bc OyDES

_ 1
i3
Pp + apbypr 72 OypEG + (aDeYDL + ﬁDLL%) OyDp

Since the first term is positive (by lemmas A.1 and A.7) and the first term in brack-
ets is smaller or equal than one, it follows that ¥ < 0. Furthermore, the term in
brackets is zero if and only if oyp = 0, else it is strictly negative. Differentiating
with respect to B¢ yields

oY 0°Y
— >0 — <0
dBc eli%
with respect to ¢
oY %Y
—>0 — <0
dg dg?
and with respect to 6yp
oY 20°Y
aGYD aGYD

A.14 Proof of lemma 5.3

Each converter demands input quantity Yx and supplies output quantity X¢ to max-
imize profit subject to the technology constraint, taking the price vector (px, py)
as given:
(Yx,Xc) € arg max “c (?X,gc)
(¥x.Xc)

where Zxc (+) is the Lagragian function
Zxc (?X,ch) = pxXc — pr¥x + Axc (Xc —Xc <?x>>
The first-order conditions of this program are
Axc = —px

dXc (-
—Axc 8;;5 ) =Dy

Xc =Xc (Yx)
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By the first two FOC profit maximizing behavior is characterized by

dXc (¥) _py
dYx Px
Define the elasticity of electricity demand

(A.14.1)

dry

Yx
Oxc =
)

rx

such that
Py
dYx o d (Px >
—— = OxcC
Yx o

or in growth rate notation
Yx = oxc (px — pr)
Since 7 = 0 (by construction) and w = 0 (w is numeraire) pxy = 0 holds, such that
we have Yy = —oOxcpy.
Now, totally differentiate the third FOC and use condition A.14.1 to get

dXe = X ayy
Dx

Divide both sides by X¢ and expand the right-hand side by % , yielding

dXc  pyY¥x d¥x
Xc  pxXc Yx
—~— —~—

Xe Px

(A.14.2)

Consider the definition of scale elasticity (which in this case is equal to the
elasticity of output with respect to electricity, since this is the only factor of pro-
duction)

0o 9% () Yx
X oy Xe
Use again condition A.14.1 to obtain
Y,
Oxc = 21X (A.14.3)
pxXc

such that we have (by equations A.14.2 and A.14.3) Xc = OxcYx. Plugging in
Yx = —oxcpy finally yields Xc = —0xcoxcpy.

It remains to show that 8yc < 0. Since the conversion sector operates under
decreasing returns, we have X¢ (n¥x) = n*Xc (Yx) with k < 1 for any n > 0, and
therefore by Euler’s homogenous function theorem and condition A.14.1

kXc (Yx) = ;LYYX & pxkXc (Yx) = prYx
X

Since k < 1, this equation can only be true if pxXc > pyYyx. Using this condition
in equation A.14.3 yields Oxc < 1.
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A.15 Proof of lemma 5.4

By lemma 4.6 it holds that X = ¢py + Y. Use condition A.8.1 to substitute ¥, and
condition A.13.1 to substitute X to get

BoXp + BcXc = gpy + ap¥p + ac¥c (A.15.1)

Now use lemma 4.4 to substitute ¥, lemma 4.5 to substitute ¥p, lemma 5.3 to
substitute X¢, and lemma 4.7 to substitute Pr:

BoXp = ($6vpEe + BcOxcoxcOype + pBypLOyD) P+ 0cByc Oyt

Finally, using the adjusted lemma 4.3 to substitute Xp, and in turn lemmas 4.4 and
4.5 to substitute Ly and Lyp, respectively, yields after rearrangement

L (Lx ocOyc + BpLyc) oyc A
Fo— P (A15.2)
(LxopOypr+ BoLyp) oyp + (6 + BcOxcoxc) Lx Oype
=y

By the same arguments as in section A.8 it is straightforward to show that 7 has
the same properties as 7 stated in lemma 4.8. Furthermore, for B¢ = 0 (i.e. there is
effectively no conversion sector, such that we are back in the benchmark case) we
have ¥ = v. Differentiating ¥ yields

Py
Tﬁ}/c =A""Lyoyc[(LxacOyc — Lx opBypr) — B —C]

with
A= (LxopOypr+ BpLyp) oyp + (¢ + BcOxcOxc) Lx Oy pE
B := Lycbypeg
C := oxc (0xcOype (Lyc + Lx 0cHyc))

From lemmas A.1 and A.7 it follows that A > 0, such that derivative is greater or
equal to zero if
Ly oc6yc — Lxopbyp, > B+C

or after some rearrangement

S _ Lypacbyc —Lycapbypr c

OyD LycbypE Lyc6ypeoyp

By lemma A.1 the second quotient on the right-hand side is non-negative, and the
rest of the expression is identical to condition A.9.2. By the same argument as
in section A.9 the right-hand side is strictly negative and the left-hand side non-
negative. such that the inequality is never true but the reverse. It follows that ¥ is
strictly decreasing in B¢, such that ¥ < 7y, and (since 7 is independent from B¢) the
difference y— ¥ is strictly increasing in B¢.
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A.16 Proof of theorem 5.3
Consider equation A.15.1. By equations A.4.2, A.4.3, A.5.5, A.5.8 and lemma 5.3
this becomes

BoXp = (¢ — BcOxcOxc) Py + 0pOyprlyp + ocbycLyc

Using the labor-capital market clearance condition A.3.1 to substitute Lyp and I:yc,
and recognizing Xp =1Ly =Ex (lemmas 4.2 and 4.3) yields after some rearrange-
ment

r . Lyc . Lyp N
Ex (Bp+90) = (¢ — BcOxcOoxc) Oypri — —apOyprLyc — — acOycLyp
Lyp Lyc

Finally, using lemma 4.4 to substitute Lyc, lemma 4.5 to substitute Lyp, equation
A.15.2 to substitute 7, and rearranging yields

By=|7 OcbycLyp P OypE c— }"/BC OxcOype oy — 2P OyprLyc ove |
(Bp+8)Lyc (Bp+9) (Bp+9) (Bo+6)Lyp
Aiare Al Aftre Apars

The term in brackets is the total leakage effect.
Comparing the expressions for Aparg and Apagg, it is immediately apparent
that Apare = Apare only if ﬁc =0or oyc =0, and

) /O\DARE

<0
e

such that by lemma A.7 /O\DARE < Aparg with equality only if oyc = 0. Likewise,
we have AIARE = AIARE only if ﬁc =0or Oyc = 0Oor Oyp = 0 and

) ;\IARE
e

such that by lemma A.7 f\lARE < Ararg With equality only if oyc = 0 or oyp = 0.
Finally, we have AﬁTE = Arrrg only if Bc =0 or 6yc =0 or ¢ =0 and

<0

a;\ﬁ"TE
e

such that by lemma A.7 Al > Arrrg with equality only if oyc = 0 or ¢ = 0.
In completely resolved form, the total leakage effect is given by

>0

A= —__tAovo—Bs —Coxc]orc (A.16.1)
D[6ypE (G + OxcOxc) + apByprOyp)
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with
A= 0Z07cLyp — 0507 Lyc
B:= LycOypr (GcLyp6yc + opLycBypr)
C := LycOype6xc (BctcLypbyc + opLycOypr)
D := (0cLxLypOyc + apLxOypr + BpLyp) Lyc

From lemmas A.1 and A.7 it follows that the denominator is positive, such that
A > 0 if and only if either oyc = 0 (with equality) or
¢  Coxc S A

Aoyp — B¢ —Coxc|loyc >0 —
[Aoyp 9 xc| Oye > GYD+ Boyp — B

The left-hand side is positive (by lemmas A.1 and A.7). Substituting the parameters
on the right-hand side back into their fundamental variables and rearranging yields

wLypYp Dy t
— <0 A.16.2
rEyYt <1+,fy 1+pj> ( )

from assumption ¢ > py, such that A > 0is ruled out and A < 0 holds (with equality
only if oyc = 0).
Now, observe that for fc =0

/"\:yOCCQYCLYD Oyp—7 OypE c— opOyprLyc
(1+8)Lyc ">~ 1+8)° (1+6)Lyp

GYCZA

Differentiating A with respect to B¢ yields

A LycLypH (F+V +2)

8ﬁC (GH + ﬁ[)LycLyDI'I)2

with
Vi=-— (AGYD — Bg) Oyc

which is positive by condition A.16.2, and

F := L§0pOxcOypEbypL

G := (0¢cLypbyc+ apbypr) LxLyc
H := 6ypg (¢ + 6xcOoxc) + apOypLOyD
Z := dcLycLyp6ycOypeOxcOyc

which are all non-negative by lemma A.1, such that the derivative is non-positive.
It follows that A > A for all B¢ > 0, and that the difference A — A is increasing in

Be-
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A.17 Proof of theorem 5.4

By the adjusted lemma 4.6 it holds that X = ¢py +Y¥ — é. Use condition A.8.1 to
substitute ¥ and lemma 4.7 to substitute py to get

X = 6Oypri+ apYp +acYc—é
Now use lemma 4.4 to substitute Y- and lemma 4.5 to substitute ¥p:
X = (¢OypE + apOypLOyD) F + CcOycOyct — &

Finally, using lemma 4.3 to substitute X, and in turn lemmas 4.4 and 4.5 to substi-
tute Lyc and Lyp, respectively, yields after rearrangement

Lx
(LxapOypr +Lyp) 6yp+ LxOypES

=€

e—vt (A.17.1)

F=

By the adjusted lemma 4.6 it holds that X = ¢py + ¥ — é. Using lemma 4.7 to
substitute py and equation A.8.1 to substitute ¥, we get

X = GOypef+ OZD),}D + (X(;YC —é
By equations A.4.2, A.4.3, A.5.5 and A.5.8 this becomes
X = ¢Oypef+ apbypLlyp + 0cOycLyc —é

Using the labor-capital market clearance condition A.3.1 to substitute Lypand Lyc,
and recognizing X = Ly = Ex (lemmas 4.2 and 4.3) yields after some rearrange-
ment

Lyp

. . Lyc A A N
Ex (1+8) = gOypef — ——opByprlvc — ~2 acbyclyp —
Lyp L

YC

with § > 0 by lemma A.1. Finally, using lemma 4.4 to substitute Lyc, lemma 4.5
to substitute Lyp, lemma 4.8 to substitute 7, and rearranging yields

R N 6ypE 0cBycLyp 1

Ex =Ar+ | € —¢€ ovp— — | &

X 1+6)° “U+d)Lyc ™ (1+9)
‘I;le ‘I;I;E

The total effect on emissions of an increase in technical efficiency is the term in
bracket. Note that

c OypE c— 1 Lx6ypES 1l <o
(1+6) (1+3) (1+5) (LXaDGYDL+LYD)GYD+LX9YDEg

such that ® < 0.
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A.18 Proof of theorem 5.5

Specifically, define the concept of actual emission reduction (in relative terms) as
AER:= —F

which is by lemma 4.1 and theorem 4.1 equal to —@Af.
Define the bias of the VER statistic as

B:= VER — AER
such that B > 0 indicates that the VER overestimates the actual emission reduction,

and B < 0 indicates an underestimation. Using the definitions of the two right-hand
side quantities yields

B=|(1-9¢) gZGYCGYCJr(PA] i

Substituting A using equation A.9.1, we get

L Oyc — Lycop6 Oyp — Lyc6: n
B— (1_¢)ZLC)9YC+¢[( yDOcByc ycOp YDL) YD YC YDEQ]}G

yct
(Lxop6ypr+ Lyp) oyp + Lx6ypES
b

(A.18.1)
Thus, the bias is a linear function of 7 and oyc, which proves the third statement of
the theorem.

By direct application of theorem 4.1, b is strictly increasing and concave in
Oyp, and strictly decreasing and convex in g, which proves the second statement of
the theorem. Furthermore, substituting the parameters in expression A.18.1 using
equations A.4.3, A.5.3, A.8.1, and definition ¢ = Ex/E, it holds that b <0 (i.e.
consistent underestimation) if

OwLyppyOyc +RYYps <0
with
Q =tYpYZ (E — Ex) (pywYpLx +Y) + Ex (tYZ — pyYp)
R = tw?YpY2LxLyp (E — Ex) — rExEy

otherwise b > 0 (i.e. consistent overestimation).

The bias B is zero only if either Oyc or b is zero (assuming 7 > 0, otherwise the
analysis is meaningless), otherwise B # 0, which gives rise to the first statement of
the theorem.

Rearranging the term Q yields

E
0= <fYc2YDEY e ) 01+ Q0
WLX
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with

pyYpwLy
— PYIDPEX S0
01 Yo
and Yot ¥ v
0r = YpYeEy L 1 Ex >0

Yp
i.e. the lower the emission intensity in sector X the more likely Q is positive.
Rearranging the term R yields

Yo E
R= <thwLyC — X> R
r wlLyx

with
Ry =rEywLx >0
Again, the lower the emission intensity in sector X the more likely R is positive. In

sum, the lower the emission intensity in sector X, the more likely b > 0 and hence
B > 0 (i.e. consistent overestimation).

B Replication of Baylis et al. (2013, 2014)

Baylis et al. (2013, 2014) analyze the setting 7 > 0 with 7 = 7 = 0, that is, the effects
of an exogenous increase of the carbon price (in a setting with permit scheme this
amounts to reducing the cap E such that the respective price change results) with
all other parameters constant.

By lemma 4.6 it holds that X = ¢py + Y. Using lemma 4.2 to substitute X,
lemma 4.7 to substitute py, equation A.8.1 to substitute ¥, and assumption 7 = 0
we get

Ex = ¢Oypef+ apYp (B.0.2)

Now, by equations A.5.5 and A.5.7 it holds that
Yp = Lyp — 6ypeoypf
Using lemmas 4.2 and 4.3 to substitute Lyp, and assumption 7 = 0 we get

5 Lx . R
Yp = —TEX — GYDEGYDr (BO3)
YD

Using equation B.0.3 to substitute ¥ in equation B.0.2 yields

A

Ex = B¢ — apoyp|Oype? = | Bs6ype — BapoypbypE | 7 (B.0.4)
TTE ARE

with

-1
Ly
—(1+a >
B ( s



Expression B.0.4 is the analogue to expression 11 in Baylis et al. (2013, 2014).
An exogenous increase of the carbon price (7 > 0) induce two leakage effects that
operate in different directions: the first effect is the TTE that happens because the
higher price of Y induces consumer substitution into X (to an extent that depends
on the elasticity of substitution ¢). Alone, it would raise output of X and therefore
raise Ey (positive leakage). The second effect is the ARE that happens because
the firms in sector Yp substitute from carbon into labor-capital for abatement (to
an extent that depends on the elasticity of technical substitution 6yp) and thus bid
labor-capital away from sector X. Alone, it would decrease the output of X and
emissions Ey (because of constant factor prices firms in that sector choose not to
substitute but reduce the input of both factors), and is therefore a negative leakage
term.

But note that in Baylis et al. (2013, 2014) setting we have at the same time
Ey < 0, that is, emissions in sector Y are not constant. They allow for both a
carbon tax or a cap-and-trade scheme, such that the following two interventions are
equivalent in their setting: (i) an exogenous raise of a carbon tax (# > 0) such that
firms adjust their emissions downwards (Ey < 0), or (i) an exogenous reduction
of the cap by the same amount £y < 0, resulting in an increase of the permit price
(7 > 0). If they would assume the cap to be fixed, there would apparently be no
intervention to be analyzed, because then 7 = 0. In our setting the cap is assumed
to be fixed, but the permit price can change because there is a second instrument:
the FIT.

C Electricity as an input: alternative setting

Adjust the model such that the production function in sector X is X (Lx,Ex,Yx),
where Yy is the quantity of good Y demanded by firms in sector X as an input.
Thus, in equilibrium production of good Y must meet demand from households
and firms in sector X, ¥ = y+ Yx.

Lemma 4.1 remains true in this setting, but lemma 4.2 must be modified as
follows:

Lemma C.1. Let Yy be the growth of demand for good Y, and O the elasticity if

output with respect to factor Y in sector X. Then Ex = 17}9” (Y — BXyYX), where

Oxy is equal to the factor Y payroll share of total costs and thus 0 < Oxy < 1.

The proof is equal to section A.2 but with the new production function. This
means that emissions in sector X are not only driven by changes in output but also
by a substitution between electricity and the other two factors. This substitution is,
of course, driven by changes in the electricity price:

Lemma C.2. Let oxy be the elasticity of technical substitution between factor Y
and labor-capital or emissions. Then Ex — Yx = Oxy py or equivalently Ly —Yx =
Oxy Py-
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The proof is again equal to section A.6 with the respective indices replaced.

Those two results are the key differences to the benchmark setting, and given
what we know about the structure of the leakage effects, it is readily apparent
where they are going to bring us: in essence, firms in sector X will respond to
electricity price changes just as households do. If the price increases, they will
substitute away from electricity into labor-capital and emissions, and vice versa.
Since the electricity price will fall in response to a raise of the FIT, firms in sector
X will substitute into electricity, lowering their emissions, ceteris paribus. This,
the consumer induced ITTE is supplemented by an industry induced ITTE.

The formal derivation is rather straightforward. First, we recognize that the
permit price adjustment will be different in size compared to the benchmark case.
We replace lemma 4.8 by

Lemma C.3. ? = —i, where ¥ =0 if and only if 6yc = 0, and for oyc > 0
* 7>0
» Vis strictly increasing and linear in Gyc

 Yis strictly decreasing and concave in Oyp, Oxy and ¢, with Y — 0 for either
Oyc — © OF Oxy — o or G — oo or both.

This implies that the indirect effects will be different to the benchmark case as
well.

Theorem C.1. Let A denote the elasticity of sector X'’s emissions with respect to
the FIT, that is, Ex = Af and (by lemma 4.1) E = ¢ Af. Then

A = Aparg + Alarg + /v\f{TTE + Afe
—_——

ArrTE

whereas

o Apare < 0 and Apare < Aparg with equality, respectively, if and only if
oyc =0,

. /V\IARE > 0 and IV\IARE < AIARE With equality, respectively, if and only if
oyc = 0 or oyp = 0 (or both),

. /v\f{TTE <O0and lv\ﬁTE > ArrTE With equality, respectively, if and only if oyc =
0 or ¢ =0 (or both),

o AXrg < 0 with equality if and only if oxy =0,

« A <0 with equality if and only if oyc =0, and A > A with the difference
A — A being increasing in Bc.

The proof is a straightforward adjustment of section A.16, so we avoid repeti-
tion here.
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