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Abstract

In the presence of intersectoral linkages, sector-specific carbon tax changes can have
complex general equilibrium effects. In particular, a carbon tax on the emissions of
a sector can lead to an increase in aggregate emissions. We analytically characterise
how incremental taxes on the emissions of any set of sectors affect aggregate emissions.
We show that carbon tax reforms that target sectors based on their position in the
production network can achieve a greater reduction in aggregate emissions than reforms
that target sectors based on their direct emissions alone. We illustrate the effects of
carbon tax reforms by calibrating our intersectoral network model to the economies of
two countries.
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1 Introduction

To have a reasonable chance of avoiding the dangerous effects of climate change, cumu-
lative anthropogenic carbon emissions must be limited to one trillion tonnes (Allen et al.,
2009, Meinshausen et al., 2009). Achieving this target requires coordinated global action
and a substantial increase in the price of carbon (High-Level Commission on Carbon Prices,
2017). However, current carbon pricing policies around the world are piecemeal and are
imposed only on certain sectors (World Bank and Ecofys, 2018). In this paper, we analyse
the effects of incremental (or marginal) sector-specific carbon tax changes, which we refer
to as carbon tax reforms. In the presence of intersectoral linkages, such reforms can have
complex general equilibrium effects on aggregate emissions.

We analyse the effects of carbon tax reforms in an intersectoral input-output network in
which firms trade intermediate inputs and sell their goods to a representative consumer. A
sector’s use of different intermediate inputs produces emissions directly and indirectly. For
example, a factory might use coal, electricity, and labour. For every unit of coal that it uses,
the factory produces emissions directly. But when the factory uses electricity, it does not
produce emissions directly; rather the utility company that supplies the factory is likely to
produce emissions in the process of electricity generation. Therefore, by using electricity the
factory also produces emissions indirectly. The impact of taxing the emissions of a sector on
aggregate emissions will therefore be determined by all the intersectoral linkages.

We assume that the government can only implement incremental sector-specific carbon
taxes. The main contribution of our paper is to track the propagation of the effects of such
taxes throughout the economy. Our analysis focuses on marginal tax changes and ignores
damages resulting from emissions.!

Our main result characterises the effects of carbon tax reforms in the presence of in-
tersectoral linkages. We show that the effect of any multi-sector carbon tax reform can
be linearly decomposed into the aggregate emissions impacts of the taxed sectors. The ag-
gregate emissions impact of a sector is the change—which can be positive or negative—in

aggregate emissions that results from incrementally taxing the emissions of that sector alone.

'In contrast, the analysis of optimal, non-marginal carbon taxes would require the policy-maker either
to know the damages from emissions or to specify an emissions reduction target. The calculation of optimal
carbon taxes is usually done with sophisticated Integrated Assessment Models (IAMs) that combine a {multi-
sectoral, multi-regional, dynamic, stochastic, computable} general equilibrium model of the economy and
an earth science model (Metz et al., 2001). These models are broadly of two types. Policy evaluation
TAMs, such as GCAM, IMAGE, and MESSAGE, used by the Intergovernmental Panel on Climate Change,
calculate the most cost-effective paths to a fixed emissions target (e.g. net zero carbon emissions by 2050).
Policy optimisation TAMs, such as DICE/RICE, PAGE, and FUND additionally include a damage function
(that maps emissions to the effects on output and consumption) which allows them to calculate the socially
optimal level of cumulative emissions.



We refer to sectors with negative aggregate emissions impacts as key sectors. Therefore, a
policymaker, who is interested in emissions reduction but is (politically or technologically)
constrained to incrementally taxing the emissions of only certain sectors, targets key sectors
with the greatest aggregate emissions impacts (in absolute value). The carbon tax reform
that delivers the greatest reduction in aggregate emissions—the most effective carbon tax
reform—imposes a carbon tax on a sector if and only if it is a key sector.

A sectoral carbon tax affects aggregate emissions in three ways. First, a taxed sector’s
production mix switches from more polluting to less polluting direct inputs. The fall in the
sector’s input demands reduces the output and emissions of all direct and indirect suppliers
to the sector. Second, the taxed sector’s output price rises which causes its buyers to switch
away from using the sector’s good as an input and reduces the output and emissions of all its
direct and indirect buyers. The magnitudes of these upstream and downstream influences of
a sector are a function of the sector’s position within the intersectoral production network.
Third, the tax revenue is rebated to the consumer who is therefore able to consume more
from every sector. This taz rebate effect (or aggregate demand channel) increases sectoral
output and aggregate emissions.

Whether taxing the emissions of a sector has a positive or negative impact on aggregate
emissions depends on (i) the tax rebate effect, (ii) the sector’s intersectoral influence on
emissions, and (iii) the sector’s level of emissions relative to aggregate emissions. If the
sector’s emissions are sufficiently high, the sector will always be a key sector. But even sectors
with low emissions might have high intersectoral influence on emissions in the intersectoral
network, and could therefore be key sectors. However, if the sector’s emissions are low,
then the tax rebate effect can exceed the other effects, netting a positive effect on aggregate
emissions following a sectoral carbon tax.

We calibrate our model to the economies of the United States and Pakistan and estimate
the aggregate emissions impacts of each industrial sector. For Pakistan’s economy, we find
that while the non-metallic minerals sector (e.g. cement) emits approximately three times
less carbon than the electricity production sector, taxing the emissions of the non-metallic
minerals sector would result in a greater fall in aggregate emissions than taxing the emissions
of the electricity sector. The fact that the non-metallic minerals sector has a greater aggregate
emissions impact (in absolute value) than the electricity sector is a result of the centrality of
the non-metallic minerals sector in the intersectoral network. Moreover, taxing the emissions
of the non-metallic minerals and electricity sectors alone would deliver most of the emissions
reduction from the most effective carbon tax reform.

Our paper connects two strands of the literature: intersectoral input-output networks

and environmental tax reforms. The first strand is a rapidly growing literature that looks



at the propagation of shocks in an interconnected economy. In the zero-tax benchmark, our
general equilibrium model is a static version of Long Jr. and Plosser’s (1983) real business
cycles model which is analysed by Acemoglu et al. (2012). In this paper, we analyse the
effects of adding emissions and emissions taxes to that model. Sectors produce emissions
according to an emissions function which is assumed to have constant returns to scale in
the inputs to production and we place no restrictions on the structure of the input-output
network. We therefore generalise the insights of Baylis et al. (2013) and Baylis et al. (2014)
who pointed out that carbon taxes in some sectors can lead to emissions reductions in other
sectors thereby causing “negative leakage”.?* The upstream and downstream effects of carbon
tax reforms in our model are similar to the structure of technology shock propagation in other
models (Shea, 2002, Baqaee, 2018, Huremovic and Vega-Redondo, 2016).* In an important
contribution, Baqaee (2016) showed that in the presence of intersectoral linkages fiscal policy
could be targeted at certain sectors in order to maximise impact on employment and output;
our results have a similar flavour. Our set-up is also related to models used in the input-
output analysis of carbon content of consumption and production (e.g. Turner et al., 2007,
Wiedmann et al., 2007, Wiedmann, 2009, Davis and Caldeira, 2010, Caron et al., 2017).
The second strand is a rich literature on environmental tax reforms. This work stems
from the classic public economics literature on tax reforms (Buchanan, 1976, Feldstein, 1976,
Guesnerie, 1977, Weymark, 1981).° One of the key questions in the environmental tax re-
forms literature is whether the shift of the tax burden away from employment and income
towards consumer-harming pollution makes the consumer better off (Copeland, 1994, Boven-
berg and De Mooij, 1994, Bovenberg and van der Ploeg, 1994, Bovenberg and Goulder, 1996,
Bovenberg and van der Ploeg, 1996).° In contrast, in our model, emissions do not affect util-
ity directly i.e. emissions are not an externality. In the absence of externalities or other
distortions, optimal carbon taxes are zero in our benchmark economy. To motivate the rea-
son for government intervention, we imagine that the government simply has an exogenous

reason to reduce carbon emissions (e.g. adhering to the Nationally Determined Contribution

2The possibility of an overall positive effect on aggregate emissions resulting from sectoral taxes in our
model is different from the channels described in carbon leakage (i.e. offshoring of production due to domestic
emission pricing; see, for example, Babiker, 2005). The tax rebate to the consumer is central to our results,
but it plays little role in carbon leakage.

3Jarke and Perino (2017) discuss negative leakage in the context of incomplete cap-and-trade schemes.

4Since taxes introduce non-linearities into our model, we solve our model using the first-order approach
suggested by Acemoglu et al. (2015).

®See Myles (1995, Chapter 6) for a summary. In this spirit, Allouch (2017) and Allouch and King (2019)
examine the social welfare impacts of small and incremental budget-balanced transfers in networks with
private provision of local public goods. Galeotti et al. (2018) analyse targeting policies in networks in which
a planner has a budget to affect the marginal benefits of agents’ actions.

6See Bovenberg and Goulder (2002, Section 3) for a summary.
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as part of the Paris Agreement) and is constrained to implementing incremental sector-
specific carbon taxes. Moreover, we assume that all the tax revenue is rebated in full to
the consumer and that the economy has no unemployment or distortions (such as income or
commodity taxes) prior to the introduction of a carbon tax reform. However, we expect that
the crux of our analysis would go through even in an economy with preexisting distortions
(Dréze and Stern, 1987, 1990).

This paper is organised as follows. Section 2 introduces the model. Section 3 provides
the benchmark solution in the absence of emissions taxation. Section 4 considers the effect of
carbon tax reforms on sectoral consumption, labour demand, intermediate input use, output,
and emissions. Section 5 introduces aggregate emissions impacts, identifies the key sectors,
and characterises the most effective carbon tax reform. Section 6 presents our calibration
results. Section 7 concludes. The Appendix provides the proofs and further details of the

calibration.

2 Model

2.1 Sectors

Our model and notation build directly on Acemoglu et al. (2012). Each of n competitive
sectors produces a distinct good. Sector ¢ produces output Y; according to the Cobb-Douglas

production function
n

V=1 a5, (2.1)
j=1
where w;; > 0 is the share of expenditure on input j in sector ¢’s expenditure on intermediate
inputs, a € (0,1) is the share of intermediate goods in production, x;; is the input demand
of sector i for the good produced by sector j, and [; is sector i’s demand for labour.” The
matrix W = [wy] is the economy’s input-output matrix. We assume that 7 w;; = 1 for
all 7 which ensures constant returns to scale in production.

The emissions of sector ¢ are determined by a constant returns to scale emissions function
Ei(z1, ..., i) that is increasing (and differentiable) in intermediate inputs.® Sectoral emis-
sions are a function of inputs directly rather than a function of sectoral output. Therefore,
depending on its input mix, a sector can produce the same level of output at different levels

of emissions.

"Since our focus is not on total factor productivity shocks, we normalise the usual TFP parameter to 1.
8We will take the second-order conditions of the profit maximisation problem to be satisfied e.g. when
E; is linear.



The profit of (a representative firm in) sector i is given by
n
= piY; — ijxij — wl; — NtwEs, (2.2)
j=1

where w is the competitive wage rate and ¢ is the tax rate on emissions. We anchor the value
of the tax to the wage so tw is a per-unit tax on emissions. Here, \; € {0, 1} is a parameter
such that sector i taxed if and only if A; = 1. By selecting an appropriate vector A € {0,1}"

we can analyse the effects of emissions taxes on any set of sectors.

2.2 Consumer

A representative consumer inelastically supplies one unit of labour (I = 1) that can
be hired by the sectors, and has Cobb-Douglas preferences over consumption with utility

function

U(Cy,...Co) = [[ € (2.3)
=1

The utility function does not depend on the level of emissions. Emissions are not an exter-
nality in our model but rather act as a friction on the production side in the presence of
emissions taxes. We take the government’s reasons to reduce emissions as exogenously given
and we are not attempting to estimate the socially optimal level of emissions.

We assume perfect mobility of labour across sectors so there is a unique competitive
wage w. The government redistributes the emissions tax revenue in full to the consumer.

Therefore, the consumer’s budget constraint is given by

> pCi<wl+T=w+T, (2.4)

=1

where T' = tw Z?:l A E; is the total emissions tax revenue. There are no profits from sector

ownership due to the constant returns to scale exhibited by production and emissions.

3 Zero-tax benchmark

When the emissions tax is zero, our economy essentially coincides with the economy

presented in Acemoglu et al. (2012).

Definition 1. A competitive equilibrium consists of prices py, ..., p,, a wage w, consumption

levels C1, ..., C,, labour demands [4, ..., l,, and intermediate input quantities z;; for all 4, j,



such that (i) the consumer maximises her utility subject to her budget constraint, (ii) the

sectors maximise their profits, (iii) the markets for each good and labour clear, that is,

n

dli=1=1, (3.1)

i=1
and, for each 1,

j=1

In order to characterise the competitive equilibrium, we will employ standard definitions

from the input-output literature (Leontief, 1966).
Definition 2. The matrix V = [v;;] = (I — aW’)™! is the economy’s Leontief inverse.’

We can alternatively write the Leontief inverse as
V=I4+aW)+aA (W) +... (3.3)

The ik element of the matrix W', w;, measures how much of sector k’s production
depends directly on the use of the good produced by sector . In Figure 3.1 we represent this
dependence as a thin arrow going from i to k (only links with positive weight are shown).
The ik element of the matrix (W’')? aggregates all weighted walks of length two going from
1 to k: it measures how reliant k’s production is on the use of good i through its use of
the intermediate input j. In the network shown in Figure 3.1, the ik element of (W')? is
equal to the product wyjw;;. Similar reasoning applies to the elements of (W')" for h > 2.
The element v;;, then measures how reliant sector k’s production is on the output of sector
1 taking all direct and indirect effects into account. We therefore refer to the term as the
downstream influence of ¢ on k. We will also interchangeably refer to this term as the
upstream influence of k on 4 since vy, also measures how reliant sector i’s production is on
input demand by sector k£ taking all direct and indirect effects into account. In Figure 3.1,
Vi = QWp; + akajwji is represented by a thick arrow going from i to k.

The Bonacich centrality of sector ¢ is its average downstream influence on others or,
equivalently, the average upstream influence of other sectors on 7. In other words, it measures
direct and indirect reliance of other sectors on sector i’s output (Bonacich, 1987, Ballester
et al., 2006, Jackson, 2008).

Definition 3. The Bonacich centrality of sector i is given by b; = %Z?:l Vi

9V is well-defined because o € (0,1) and W is row-stochastic. Acemoglu et al. (2015) refer to the
transposed matrix V' as the Leontief matriz.



Figure 3.1: Thin arrow i —% k represents how much of sector k’s production depends directly
on good 4. Thick arrow i —% k represents how much sector k’s production depends directly

and indirectly (via j) on good i.

Proposition 1 shows that b; is the (relative) value of the sales of sector ¢ in the zero-tax
equilibrium (Hulten, 1978).

Proposition 1 (Acemoglu et al., 2012). When ¢ = 0 there is a unique competitive equilib-

rium and it is characterised by

) 9 n n
pi = exp (— T © ; Vj; hz_; wip In(wjp) + ln(w)> : (3.4)

Ci = w/(np;), (3.5)
s7 = wb;, (3.6)
Y = i/l (3.7
Ti; = S; 0w/ pj, (3.8)
IF=s(1—-a)w, (3.9)
U* =w/p", (3.10)

where § = (1 — a)In(1 — @) + aln(a), p* = n ], (p})/" is the ideal price index, and the
sales of sector ¢ are defined by s; = p;Y;. The equilibrium emissions of sector ¢ when ¢t = 0

are given by Ef = E;(x}, ..., z5)).

oy Lin

We anchor all values to the nominal wage w. Note that in the zero-tax equilibrium utility

is simply equal to the real wage (and to real GDP).



Figure 4.1: Thin dashed arrow j Hk represents input j’s elasticity of emissions for sector
k. Thick dashed arrow i 2% k represents how much a change in k’s demand for inputs

affects sector 7 following a tax on sector k’s emissions.

4 Carbon tax reforms

We now consider the impact of introducing a carbon tax reform around our benchmark

zero-tax equilibrium.'"

Definition 4. For any sector i, input j’s elasticity of emissions evaluated at ¢t = 0 is

*

., = 2 OF:

LV * .
Ei 8xij =0

(4.1)

For each ¢ and j we assume that ¢; > 0 only if w;; > 0. We refer to £ = [¢;;] as the
emissions elasticity matrix or as the emissions network.
Emissions elasticities will be crucial in determining how the effects of emissions taxes

propagate through intersectoral linkages.

Definition 5. The downstream emissions influence of sector ¢ on sector k or, equivalently,

the upstream emissions influence of sector k on sector i is

n

Yik = Z'Uijfk;j. (4.2)

j=1
Note that 1);; is the ik element of the matrix ¥ = [¢;;] = V&'

Let us now illustrate 1;, as upstream emissions influence of k on i (Figure 4.1)."" Recall

that €;; measures how sensitive the emissions of sector k are to the use of input j. Following

10When emissions taxes are strictly positive, the system of equations that determines competitive equi-
libria in our economy becomes highly non-linear. Therefore, we cannot give a closed-form analytical solution
to the effects of a tax reform around an arbitrary positive emissions tax.

1Tn general, sector i could be both upstream and downstream from sector k. In that case, sector i will
be subject to both upstream emissions influence ;; and downstream emissions influence ¢y; of k on 4. In
our analysis of tax reforms these effects turn out to be completely separable.



a tax on its emissions, sector k changes its demand for input j. Since demand for good j
has changed, sector j adjusts its demand for its direct (and indirect) inputs. Recall that v;;
measures the effect of j’s input demand change on sector i (i.e. upstream influence of j on
i). Aggregating over all of k’s direct inputs (i.e. j and j" in Figure 4.1), ¢;; is a measure of
how an emissions tax on sector k£ would affect the demand for sector i’s good via the changes
in demand for all of £’s direct and indirect inputs.

Armed with precise interpretations of the 1, and v;;, terms, we are now in a position to
trace the effects of carbon tax reforms on relative prices and on real variables (intermediate

input use, labour demand, sectoral output, sectoral emissions, and consumption).

Proposition 2. Consider any sectoral tax vector A € {0,1}", then'?

algipi) g _ ; )\hEh bh (4.3)
A = (-5 ) i o
algili) - Z ME: ( ¢bh) 7 (4.5)
(91%9/}) et _a)algi ) t:ﬁ&g“’“%ﬁ . (4.6)
alna_(tm - jif“ % » (4.7)
el (i) .

where 0; is the Bonacich centrality of sector 7, vp; is the downstream influence of sector i on
sector j (equivalently, the upstream influence of j on h), and 1)y, is the downstream emissions

influence of sector i on sector k (equivalently, the upstream emissions influence of k on 7).

We can unpack the contents of Proposition 2 by considering a special case in which only
sector k’s emissions are taxed (so A\, = 1 and \; = 0 for all ¢ # k). Let us consider the
effect on prices first. Equation (4.3) shows that, when sector k’s emissions are taxed, only
the prices of goods produced by sectors downstream from £ increase relative to the wage.
The sectors downstream from k face a new set of relative input prices, which distorts their

input mix, thereby reducing their output and increasing their prices. However, the first-order

12The derivative of input j with respect to tax for sector 4 is zero when w;; = 0, but in order to economise
on notation, we omit this fact in the proposition.
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conditions that determine the input choices of sectors upstream (but not downstream) from
k do not change: upstream sectors simply face a new level of demand by sector k (directly
or indirectly) for their output. In response to the new demands for their goods, sectors
upstream from k simply scale the use of all their inputs thereby maintaining the same prices
and zero profits for all upstream sectors.

Now let us examine the change in sector i’s demand for good j, again when only sector
k’s emissions are taxed (and ¢ # k). This change is given by the first term in equation (4.4)

which, in this case, we can write as

] Yk Uy
Ek< 1 b, b . (4.9)

tax relative relative
rebate upstream downstream
effect emissions influence

influence

The term £} outside the parentheses states the obvious: the higher the emissions of sector k,
the greater its impact on the whole network. The first term inside the parentheses is the tax
rebate effect (aggregate demand channel): since the consumer has a higher income, she can
consume more of good ¢ thereby increasing sector ¢’s demand for all its inputs. The second
term is the relative upstream emissions influence of sector k on sector i. The reduction in
sector k’s demand for inputs dampens sector i’s demand for inputs. However, the magnitude
of this effect is attenuated by the sales (Bonacich centrality) of . The third term is the
relative downstream influence of sector £ on sector 5. When sector k is taxed, its output
price rises. This raises the price of downstream sector j’s good which, in turn, reduces i’s
demand for good j. The magnitude of this effect is attenuated by the sales of sector k since
taxing the emissions of a sector with large sales (relative to a fixed level of emissions E)
will have a small impact on its price and therefore on the prices of its downstream sectors.

To understand the relevance of the final term in equation (4.4) we need to consider a
setting in which sector i’s emissions are among those that are taxed (so A\; = 1). This
final term is always negative and measures the additional self-distortion to the first-order
conditions of sector ¢ from a tax on its own emissions.

Let us now look at the effects of a tax reform on the remaining variables in the case
in which only sector k’s emissions are taxed. The labour demand of sector ¢ is affected
only by the tax rebate effect and by the relative upstream emissions influence of k on i (see
equation 4.5). Since the wage is our anchor price, it remains unchanged, and therefore there
is no downstream (or price) effect of an emissions tax on labour demand. The impact of
the tax reform on sectoral output and sectoral emissions can be decomposed into weighted

sums of changes in the use of the relevant inputs (see equations 4.6 and 4.7). In the case

11



of output, the weights are simply expenditure shares on factors of production, and, in the
case of emissions, the weights are emissions elasticities. Finally, from equation (4.8), we
can observe that the change in the consumption of good i depends only on the tax rebate
effect and on the relative downstream influence of sector k& on sector 7. This is because the
consumer cares only about relative prices of goods and only the prices of goods produced by
sectors downstream from k change following an emissions tax on k.

The effect of incremental taxation on the consumer’s utility is zero because the tax
rebate exactly offsets the relative price changes. Indeed, by equation (4.8) and the definition

of Bonacich centrality,

oIn(U)
ot

" 181nC’Z
-y L (Cs)

_:ln ot

t=0 t=0

n n 1 Uni
= E M ES g —([1—-——]=0. 4.1
h=1 o 1 < bh) ! (4.10)

Since real GDP is equal to utility by Proposition 1, an incremental emissions tax has no effect
on real GDP. Of course, if taxes were away from the margin or if utility were a function of

emissions, then emissions taxation might have consequences for real GDP and welfare.

5 Targeted carbon tax reforms

In this section we analyse the impact of carbon tax reforms on aggregate emissions. We
first characterise the effect of taxing the emissions of individual sectors. We introduce two
new concepts: key sectors and aggregate emissions impact. We then consider the effects of

taxing the emissions of any set of sectors. Finally, we draw implications for policy.

5.1 Key sectors: taxing the emissions of individual sectors

Let us first characterise the effect of taxing the emissions of one sector on aggregate

emissions. Define T; to be the aggregate emissions impact of sector i, that is,

_ J0ln(FE)

T
ot

Y
)\:ei

where e; denotes the ith standard basis vector. Of course, the aggregate emissions impact

of a sector i is different from the change in the emissions of sector i following a carbon tax

on i alone (that is, mg—gE) reer 81na(tEi)

aggregate emissions impact of sector 7.

r=c;). The following proposition characterises the
t=0

12



Proposition 3. The aggregate emissions impact of sector i is given by

"VEXEY (b by (B9)? [ €
Y, =Ef — SN A KT C" N B S 4 ) 1

J=1

Let us now unpack the terms of equation (5.1). The first term is simply the tax rebate
effect. The higher the emissions of sector i, the greater the amount of tax revenue that the
government can raise following a tax. As before, this effect makes the consumer wealth-
ier which induces greater spending across the economy, higher output, and higher emissions.
This is the only positive term in the expression.'® We call the second term sector i’s intersec-
toral emissions influence: it is a weighted sum of relative upstream and relative downstream
emissions influences. Note that the relative downstream emissions influence part is new to
Proposition 3 (and did not appear in equation (4.4) of Proposition 2): when i’s emissions are
taxed, i’s price rises which distorts the input mix of its downstream sectors, thereby reducing
their output and their emissions. The final term comes from the familiar self-distortion to
sector ¢ when its own emissions are taxed (cf. equation 4.4).

In general, T;, the aggregate emissions impact of sector i, can be positive or negative (in
the sense that one can construct theoretical examples in which some sectors have a strictly
positive aggregate emissions impact and others have a strictly negative impact). It should
be clear that if the size of the tax rebate term outweighs the intersectoral emissions influence

and the self-distortion terms then the aggregate emissions impact of a sector will be positive.
Definition 6. Sector i is a key sector if its aggregate emissions impact is strictly negative.

Using equation (5.1), we can see that a sector is more likely to be a key sector if it has
a large intersectoral emissions influence or high emissions. Indeed, the aggregate emissions
impact of sector 7 is generally inverse-U-shaped in sector i’s emissions. So, for low levels of
sector i’s emissions, the tax rebate term might outweigh the self-distortion term (potentially
rendering the aggregate emissions impact positive), whereas when sector ¢’s emissions are
sufficiently high, the (squared) self-distortion term will dominate the other two effects.

To appreciate how intersectoral linkages affect the relationship between a sector’s emis-
sions and its aggregate emissions impact, let us consider what happens in an economy without

any intersectoral linkages.
Proposition 4. Assume that W = I. Then, for any key sectors ¢ and j,

ITi| > |Y;] if and only if E} > E7.

13Tn a partial equilibrium setting in which only a fraction of the tax is rebated to the consumer, this term
would be scaled down correspondingly.
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When W = I, there are no intersectional linkages in the economy. Each sector uses
only labour and its own output as inputs.'* In this case, €; = 1 for all sectors. When a
tax is imposed on the emissions of sector k, the price of good k rises relative to all other
prices, while k’s input use, output, emissions, and the consumption of good k all decrease.
Conversely, the input use, output, and consumption of all other goods (i # k) rise. Following
a sectoral carbon tax on k, the consumer spends the tax rebate equally on the goods of all
sectors and the emissions of all sectors but k rise. Therefore, when the emissions of a high-
emitting sector k£ are taxed, the reduction in k’s emissions is large and, at the same time,
the consumer spends the tax rebate on the goods of sectors less-emitting on average than
k. In fact, Proposition 4 shows that, in this economy, a key sector has a higher aggregate
emissions impact (in absolute terms) than another key sector if and only if it has higher
emissions in the zero-tax equilibrium. Therefore, if a policymaker were interested in reducing
emissions by taxing one sector, they could simply look at the key sector with the greatest
sectoral emissions. In the presence of intersectoral linkages, however, Proposition 4 no longer
holds.'® Therefore, the sector with the highest aggregate emissions impact might not have

the highest sectoral emissions in general.'¢

5.2 Taxing the emissions of multiple sectors

Having characterised the effects of taxing the emissions of any single sector, we now
consider the effect of taxing the emissions of any set of sectors. For any set of sectoral
emissions taxes pu € {0, 1}™ we define the aggregate emissions impact of a carbon tax reform

as
_ 0In(E)

ot |r=p
=0

T ()

4 Acemoglu et al. (2017) also consider a counterfactual “simple economy” without intersectoral linkages
by setting o = 0. This implies that every sector uses only labour as an input. This counterfactual economy
is less appropriate in our setting since we have assumed that emissions do not depend on labour directly so
this economy would produce no emissions.

15Tn general, Proposition 4 would also break down in the presence of heterogeneity in consumer preferences,
sectoral production functions, or sectoral emissions elasticities. See Remark 1 after the proof of Proposition
4 in Appendix C.

16In Appendix E, we study an extension of the economy without intersectoral linkages considered in
Proposition 4 that allows for heterogeneity in the consumer’s preferences. As consumer expenditure shares
are no longer assumed to be equal, the monotonic relationship between sectoral emissions and aggregate
emissions impacts predicted in Proposition 4 no longer holds. Yet, we show that accounting for intersectoral
linkages remains important for calculating aggregate emissions impacts. To see this, we match sectoral sales
of the interconnected economy with those of the economy without linkages by adjusting the consumer’s
preference weights. Despite having identical sales, the aggregate emissions impacts are quantitatively and
qualitatively different in the two economies.

14



Notice that T; = Y(e;). The effect on aggregate emissions of taxing the emissions of any
set of sectors can be linearly decomposed into the aggregate emissions impacts of individual

sectors.

Proposition 5. For any sectoral tax vector A € {0,1}",

T(N) = Zn: AT (5.2)

As Proposition 5 shows, the impact of a multi-sector carbon tax reform on aggregate
emissions is the sum of the aggregate emissions impacts of each taxed sector. In other
words, the aggregate emissions impact of taxing the emissions of sectors ¢ and k is equal
to the aggregate emissions impact of sector ¢ plus the aggregate emissions impact of sector
k. Therefore, taxing the emissions of any key sector will reduce emissions while taxing the

emissions of any additional non-key sector will dampen this reduction.

5.3 Policy implications

Let us consider the implications of our analysis for policy. We say that the most effective
carbon tax reforms are the sets of incremental sectoral taxes that produce the greatest
reduction in aggregate emissions (around the zero-tax equilibrium). Let us define the most

effective carbon tax reforms formally.

Definition 7. The most effective carbon tax reforms are vectors A* which satisfy

A" € arg min{T(u) such that T(u) < O}. (5.3)
ne{0,1}n

Recall that any carbon tax reform leads to no loss in real GDP or utility, but the most
effective carbon tax reforms will lead to the greatest reduction in emissions at the margin.
The most effective carbon tax reform is, of course, not the socially optimal carbon tax;
instead we want to find the steepest gradient of emissions in the direction of an incremental

tax.
Taxing the emissions of all sectors will unambiguously reduce aggregate emissions as the

following proposition shows.

Proposition 6. Taxing the emissions of all sectors reduces aggregate emissions, i.e.,

T(1) < 0. (5.4)
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However, because some sectors may have a positive aggregate emissions impact, taxing
the emissions of all sectors might not constitute the most effective carbon tax reform, as the

following corollary of Proposition 5 shows.

Corollary 1. In the most effective carbon tax reform, sector ¢’s emissions are taxed if and

only if 7 is a key sector.!”

Corollary 1 gives a stark characterisation of the most effective carbon tax reform by
focusing only on whether a sector is key or non-key. However, in practice, due to political
or technological constraints, the most effective carbon tax reform may not be achievable.
Nevertheless, the magnitudes of aggregate emissions impacts (derived in Proposition 3) can
serve as a guide to the policymaker who is interested in effective emissions reduction. The
policymaker can use the aggregate emissions impacts of sectors to rank sectors according
to their importance in reducing emissions in the economy. And, recalling our discussion of
Proposition 4, in the presence of intersectoral linkages, the policymaker cannot simply rely
on a ranking by sectoral emissions as a basis for the most effective carbon tax reform because
sectors with highest emissions might not have the greatest aggregate emissions impact (in
absolute value). As Proposition 5 shows, the greatest emissions reduction following a carbon
tax reform, is achieved by targeting as many of the key sectors that have the highest aggregate

emissions impact (in absolute value) as possible.!®

6 Calibration

We now illustrate our main results by tracing the effects of carbon tax reforms in a version
of our model that is calibrated to real-world data. In the calibration, we will maintain
our competitive equilibrium assumption but introduce more heterogeneity in the sectoral

production functions and in the representative consumer’s preferences. We therefore assume

I7If the government were also able to subsidise certain sectors then the most effective carbon policy reform

would be
A* € argmin {T(u) such that YT(u) < 0 and T > —w}.
pe{—1,0,1}»

That is, the government can choose which sectors to tax and subsidise subject to the constraint that the
consumer’s income remains strictly positive. The solution to this problem is an immediate consequence of
Proposition 5: tax all the key sectors and subsidise as many sectors with the largest positive aggregate
emissions impacts as possible. The reason subsidies for non-key sectors reduce emissions in our model is
that the reduction in the consumer’s income (the negative tax rebate effect) exceeds the (positive) emissions
influence and self-distortion terms. This policy reform relies heavily on the assumption of fixed technology: if
firms can adjust their production functions, they could easily exploit the subsidy while increasing emissions.

8Rather than having to optimise over 2" possible subsets of taxed sectors!
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that

n

V=1 [, (6.1)

=1
where a; € (0,1) for all sectors 4, and that

n

U(Ch,....C.) =[] o (6.2)

=1

where without loss of generality > v = 1. Moreover, we assume that the emissions

function for each sector 7 is linear, i.e.
n
Ei(@14, s Tpi) = E NijTij, (6.3)
=1

where 7;; > 0 measures the emissions intensity of sector ¢’s use of input j.

To calibrate a;, w;;, i, and n;;, we use data from the Global Trade Analysis Project
(GTAP 8) database which contains consistent information on input-output and emissions
networks for 57 sectors across many developing and developed economies in 2007 (Narayanan
et al., 2012)."

In particular, we use data on sectoral sales and intersectoral spending patterns to calibrate
the production and consumption sides of our economy, and we use the data on intersectoral
emissions to back out sectoral carbon emissions (in tons) as well as the emissions elasticities.
The details of our calibration method are given in Appendix D.

We should stress that our calibration is for illustrative purposes only and we ignore
important factors such as other taxes and government spending, international trade, and
capital investment. We focus on the United States and Pakistan. We chose these countries
mainly because they have: (i) a relatively low fraction of trade/GDP (28% and 33% of GDP,
respectively); (ii) relatively low general government final consumption expenditure (15% and

10% of GDP, respectively); and (iii) no substantial, explicit, and nationwide carbon taxes.*

Since our comparative static results apply only to incremental taxes, we calculate the
effects of a small carbon tax of $10 per ton of carbon emissions. We do not suggest that
this is an appropriate carbon tax. The World Bank High-Level Commission on Carbon
Prices led by Nicholas Stern and Joseph Stiglitz recommended a tax of between $40 and $80
per ton of COy emissions by 2020 (High-Level Commission on Carbon Prices, 2017), which,

19The data are available at https://www.gtap.agecon.purdue.edu/databases/archives.asp.
20World Bank Open Data: https://data.worldbank.org/.
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adjusting for inflation, would correspond to roughly $32-$64 per ton of carbon in 2007. Our
derivative calculations may not extrapolate well to analysing the effects of carbon taxes of
this magnitude. To estimate the percentage change in aggregate emissions as a result of
the $10 tax, we extrapolate linearly around the estimated zero-tax equilibrium using an
expression for the aggregate emissions impact that is derived for the generalised model in
Appendix D.

Panel 1 in Figure 6.1 plots sectoral emissions against the absolute value of aggregate
emissions impacts for all sectors in the United States (on a log scale).?! We can see that the
emissions and the aggregate emissions impact of the electricity production sector are higher
than those of any other sector. In general, however, the relationship between emissions and
aggregate emissions impacts is not one-to-one: for example, the air transport sector is more
polluting than the non-metallic minerals sector, yet the aggregate emissions impact of the
latter exceeds that of the former.?> Panel 2 in Figure 6.1 shows the estimated percentage
reduction in aggregate emissions from individually taxing the emissions of any of the top
twenty key sectors with the highest aggregate emissions impacts. For example, taxing the
emissions of the electricity production sector alone gives a 4.893 percent reduction in aggre-
gate emissions. Panel 3 in Figure 6.1 shows the estimated percentage reduction in aggregate
emissions of cumulatively taxing the emissions of the key sectors with the highest aggregate
emissions impacts. For example, taxing the emissions of the electricity sector alone gives a
4.893 percent reduction in emissions while taxing the emissions of the electricity and trans-
port sectors together gives a 5.106 percent reduction in emissions.”> Note that taxing the
emissions of the top twenty sectors (out of 57) with the highest aggregate emissions impacts
delivers most of the aggregate emissions reduction (of around 6.05%) from an economy-wide
$10 carbon tax reform.

Panel 1 in Figure 6.2 plots sectoral emissions against the absolute value of aggregate
emissions impacts for all the key sectors in Pakistan (on a log scale).?! The emissions of the

electricity production sector are around three times higher than those of the non-metallic

21Sector codes and descriptions are available on the GTAP website: https://www.gtap.agecon.purdue.
edu/databases/v8/v8_sectors.asp.

22ely corresponds to “Electricity: production, collection and distribution”. nmm corresponds to “Non-
Metallic Minerals: cement, plaster, lime, gravel, concrete”. atp corresponds to “Air transport”. otp corre-
sponds to “Other Transport: road, rail; pipelines, auxiliary transport activities; travel agencies’, which we
simply refer to as “transport”.

23In Appendix D, we explain why the estimated percentage change in aggregate emissions from a tax on
the emissions of the electricity (4.893%) and transport sectors (0.224%) individually does not add up exactly
to the estimated percentage change from a tax on their emissions jointly (i.e. 4.893+0.224£5.106%).

24The only non-key sector — dwellings — has zero recorded emissions and therefore an aggregate emissions
impact of zero. While theoretically possible, we do not find empirical evidence of non-key sectors with a
strictly positive aggregate emissions impact in our data.
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minerals sector. However, the aggregate emissions impact of the non-metallic minerals sector
is approximately four times higher than that of the electricity production sector. From Panels
2 and 3, one can see that, similarly to the US, taxing the emissions of the top twenty sectors
would deliver most of the carbon reduction (of 4.35%) from an economy-wide $10 carbon
tax reform.

In summary, multi-sector carbon tax reforms in these countries may be poorly judged
if they were made on the basis of sectoral emissions alone rather than by looking at the
sectoral aggregate emissions impacts. In Appendix E we show that the effects of carbon
taxes in our calibration are driven by the structure of the production network and not solely

by the sector size distribution.

7 Conclusion

This paper formally analyses carbon taxes in the presence of intersectoral linkages. Our
results highlight the importance of considering general equilibrium effects when implementing
carbon tax reforms. We provide closed-form expressions for the network effects of carbon
tax reforms on output, labour demand, consumption, intermediate input use, as well as
aggregate and sectoral emissions. We show that a carbon tax reform imposed on all sectors
may not reduce aggregate emissions by the greatest amount. The most effective carbon
tax reform involves taxing key sectors: those with a negative aggregate emissions impact.
Taxing additional non-key sectors dampens the reduction in aggregate emissions due to the
tax rebate effect. We also showed that the magnitudes of the aggregate emissions impacts—
rather than sectoral emissions alone—matter a great deal for any effective carbon tax reform.

Our formal analysis is valid only for small changes in carbon taxes: since the system
defining our economy is non-linear in the presence of distortionary taxes, the derivatives
that we present may not extrapolate well to large carbon taxes. However, the basic logic
of our results—that targeted sectoral taxation might be more effective than economy-wide
taxation—might well extend to non-marginal tax changes. This suggests that the quantita-
tive gains of adopting targeted sectoral taxation should be considered as a policy scenario
in more sophisticated integrated assessment models.

A marginal analysis similar to the one in this paper could be used to examine two policy
levers beyond the sector-specific emissions taxes that we have focussed on. Firstly, commonly
advocated and used cap-and-trade schemes might have complex aggregate and distributional
effects in the presence of intersectoral linkages (Montgomery, 1972, Stavins, 2008, Hepburn
et al., 2013). Modifying the model to analyse a cap-and-trade scheme would allow us to

investigate the economy-wide impacts of two policy changes: either tightening the aggregate
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emissions cap, or making changes to the allocation of sector-specific emissions permits.?”
Secondly, one could also consider direct taxation of polluting inputs in which each sector i
could be subjected to input taxes (or subsidies) 7;; that apply to the dirtiness of each input
(Fasiy)-"

Moreover, in an international trade version of our model, input-specific taxes could allow
us to trace the effects of border carbon adjustments (Fischer and Fox, 2012, Helm et al.,
2012) and to investigate carbon leakage (Babiker, 2005).

There are several ways to enrich the production side of our economy. One could include
firm profits (Baqaee, 2018, Huremovic and Vega-Redondo, 2016), financial frictions (Bigio
and La’0O, 2016) or other fundamental market distortions (Liu, 2017), firm entry and exit
(Baqaee, 2018), dynamics and unemployment (Baqaee, 2016), distributional concerns (Klen-
ert et al., 2016), international trade (Antweiler et al., 2001, Davis and Caldeira, 2010, Bosker
and Westbrock, 2014), and production network formation (Acemoglu and Azar, 2017, Ober-
field, 2018). Further work could also examine the extent to which our results are affected
by existing taxes (Goulder, 1995, Bovenberg and Goulder, 1996, Parry et al., 1999), partial
rebates of tax revenue (Metcalf, 2009), and technological progress induced by changes in
relative prices (Di Maria and Van der Werf, 2008).

25Suppose that the government allocated each sector i an emissions permit allowance o;Q, where Q is
the overall emissions cap and o; is sector i’s share of the cap (> .-, 0; = 1). Permits are competitively
traded across firms at price pg and the market for emissions permits clears when 2?21 E; = Q. Hence (a
representative firm in) each sector i chooses I; and x;; to maximise p;Y; — Z?Zl pi%ij —wly —poFi +pooiQ.

26Tn the presence of polluting input taxation, (a representative firm in) each sector i chooses l; and z;;
to maximise pi}/'i - Z?:l pPjTi; — wli - Z;’l:l Tij gTE;;l‘”
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Top twenty sectors, ordered by ||

Figure 6.1: Calibration for the United States

10—
F 1y
[ ofp ]
108;' atp 3
5 P 3
F P nmm 1
7L trd 'gdfpp%p |
107 ¢ pofd 1S z
E 10, t & e
[ 'v_gr-o S ]
108 oap i
feloroded
* o E n Oﬁﬁﬂ coa E
Lﬂ L . r ?D 4
5 S omn
10° £ E
E cb per 3
4L =
107 dwe :
3L =
10 wol E
102 M| M| M| Lol Lol | L
10* 105 10° 107 108 10° 100 10"
|T;|, for key sectors only
0N £ oy o ' . o) o) o) o) o)
g T 6O 0 0O 0 O O 0 0O U v v v 9o 9v—9—0
-
S J
= 5
— QO
%38 2T 1
g =
TS 3| i
< =
s
X g 4r .
=
o Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
> o € O o o o u o X © T E T ¢ 9o = o £ =
0} = = = o P7:) _l | S = £ = c = > o
S E ® 5 g 8 a © § £ © o ¥ = E g
Top twenty sectors, ordered by ||
o
— N4 T T T T T T T T T T T T T T T T T T
g O .
= £ o
g o
[
& .z o
=< 551 1) .
< = o
S 2 o o
IS § © o (@] (@) le)
O © 0 0 0 o o o
~ ‘6 [ Il Il Il Il Il Il Il Il Il Il Il Il Il Il 1 1 1 1 1
> o € QO o o o »u o X ® T E T ¢ o = o £ =
— — = ) | | © = £ = c E=a > o
o B E ©® © g8 &8 - o ° § £ © & T = E g

21



% change in E
(Individual effect)

% change in E
(Cumulative effect)

1O7V T E T EEEET \BERBARLL L EEEREEEEL] LEERI R AL ] T E L EEEN] LUEREEREAER LEE] "'”%'y' Ty
otp nmm|
5 <rp
10°F ; 3
i ﬁtﬁ B-ele 18 ]
5; " nfm _
107 E ST tomviP ome
E L cns 3
A fsh gl 0" ]
0°F Swbhefo E
F omt ap ]
r crysdflea 1
103 v_f =
i ro 1
H mR 1
102 E osd 9as =
F o8p ]
101 E frs J
E wol E
s coa 1
100 8 A A R B T B T B A R R A N T B R A T
10’ 102 108 104 10° 108 107 108 10°
|T;|, for key sectors only
0 T T T S5 & 0 0 0 0 0 0 0O 00 OO0 O 0O
o
(o]
-0.5 o .
4k i
1.5+ -
oL i
o Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
E 2 2 9 2 g 2 o 2 c »E 2 5 £ & B 5 & E
E ° E - 8 ¢ © 5 & E 8 § § 5z & = 2 5 5
Top twenty sectors, ordered by ||
o
N4 T T T T T T T T T T T T T T T T T T
25 i
(o]
3L i
(@)
35| @) o 4
o
(o]
4 (0] O o o o o o -
Il Il Il Il Il Il Il Il Il Il Il Il Il Il 9 Q Q Q Q
E = ¢ » o g £ 2o 9 £ » E o F £ 2 T ¥ & E
g [ g - € © &5 & g 8 g g o E s = £ ¥ 35

Top twenty sectors, ordered by ||

Figure 6.2: Calibration for Pakistan
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A Proof of Proposition 1

The steps of this proof closely follow Acemoglu et al. (2015).

The consumer’s problem. Due to Cobb-Douglas preferences, the consumer spends a

fixed proportion of her income on each good:
1
piC; = ﬁ(w + 7). (A1)

Sectoral profit maximisation. The first-order conditions of (a representative firm in)

sector i are given by*’

Y; oE;

piawijx—; = pj + )\ltwaTz], (A2)
Y;
pi(1— 04)7 = w. (A.3)

Equilibrium prices. For each sector ¢, define ¢’s sales as s; = p;Y;, and let z;; = A\;tx;; gf?.
ij

Then we can re-write the sectoral first-order conditions as

SiQW;j = PjTi; + WZij, (A.4)

si(l — ) = wl;. (A.5)

Now take a log of the production function in equation (2.1) to obtain

In(Y;) = (1 —a)ln(l;) + @sz‘j In(z5). (A.6)

J=1

Plug in the first-order conditions (A.4) and (A.5) to get

In(Y;) = (1 —a)ln(s;(l —a)) — (1 — o) In(w) (A7)
+ « Z wi; In(s;opw;; — wzij) — a Z w;; In(p;).

2TWe take the second-order conditions to be satisfied, e.g. when Ej is linear.
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Subtract In(s;) from both sides and then multiply both sides by —1 to obtain

In(p;) =1In(s;) — (1 —a)In(s;(1 —a)) + (1 — @) In(w) (A.8)
-« Z wij In(s;qw;; — wzi;) + a Z w;; In(p;).

At t = 0 equation (A.8) becomes

In(p;) =—(1—a)In(l — a) — aln(a) + (1 — «) In(w) (A.9)

-« 2”: wi; In(w;;) + o Zn: wij In(p3).
=1 =1
Let = (1 — a)In(l — «) + aln(a). We can now re-write equation (A.9) in matrix form
In(p*) = =01 —a(W oln(W))1 + (1 — o) In(w)1 + aW In(p*), (A.10)

where o denotes the Hadamard product. Solving equation (A.10) one obtains

In(p*) = =V'[01 + a(W oIn(W))1 — (1 — @) In(w)1]. (A.11)

The ith entry of the equilibrium log price vector is therefore given by

In(p;) = —0 Z Vj; — o Zvﬁ Z wip In(wjp) + (1 — ) Z vj; In(w). (A.12)
j=1 j=1  h=1 j=1

Now notice that V'1 = (I + Y32, *W*) 1 = (1 — )71, where the second step follows
from the fact that W is row stochastic. It follows that " v;; = (1 —a)~' for each i.

Therefore,

In(p}) = — b aZvﬂ ijh In(w;jp) + In(w). (A.13)

l1—a :
j=1 h=1

Equilibrium sales. Multiply both sides of the market clearing condition in equation (3.2)
by p; to obtain that

piYi =p;C; + Zpil‘jm (A.14)

Jj=1
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Plugging in the consumer’s demands from equation (A.1) we have

1 n
S; = E(W +T) + Zpixji- (A.15)

J=1

Using the sectoral first-order conditions in (A.4) and (A.5) we get

1 n n
S; — E(OJ —+ T) + Z SjWji — Z ZjiW. <A16)
7j=1 7=1
In matrix form,
1
s:g(w—i—T)l—{—aW’s—wZ'l. (A.17)
And so,
1
s=V [—(w—l—T)l—wZ’l] . (A.18)
n

The ith entry of the equilibrium sales vector is therefore given by

S; = (w —I—T)bz —WZUZ‘J‘ZZ}U‘. (Alg)
h=1

j=1

Clearly, when ¢ = 0, we have that s; = wb;. We can therefore use this result in conjunction
with the equilibrium prices in equation (A.13) and the sectoral first-order conditions (A.4)
and (A.5) to obtain the results stated in Proposition 1. The fact that C} = w/(np}) follows
from equation (A.1). We obtain U* by plugging the equilibrium consumption values into the

utility function.

B Derivatives of essential terms

For a given vector A € {0,1}" we need to evaluate the derivatives of consumption,
labour, inputs, sectoral outputs, and sectoral emissions with respect to ¢t around the zero-tax
benchmark. To do this, we first evaluate the derivatives of essential terms such as z;; and
T (among others) in this section. Throughout, w is treated as a constant: we use it as the
anchoring price and therefore hold its level fixed. The proofs of the propositions that are

stated in the main text are derived in section C of the appendix.
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Derivative of z;;. Recall that z;; = A; t:zc” a . Therefore

= N —— + Nt— [ 2, ) B.1
ot g, TN (‘”]a ”) (B-1)
Evaluating at ¢ = 0 we obtain
ﬁzij
— = NE€;;. B.2
at o i € J ( )

Derivative of 7. We have that T = tw Z?:l M E;. Therefore

=wy NE;. (B.3)

Derivative of In(s;). The equilibrium sales for sector i satisfy equation (A.19). Therefore

—w ZU” Z Ozn

=1 h=1

8si .
ot |,

or
Cot|,_

(B.4)

=0
Using equations (B.3) and (B.2), we obtain

832-
ot |,

= wh; Z MEE —w Z vij Z MEjen = w Z A B (b — i) (B.5)
7j=1

Notice that since s; = wb; when t = 0,

. 1 831»
1=0 n Wbi (975 =

J1n(s;)
ot

Z ME; ( W) (B.6)

Derivative of In(s;aw;;—wz;;). This term appears in equation (A.8) which the equilibrium

prices must satisfy. Taking a derivative of this term with respect to ¢ yields

ds; 0z
— o T (B.7)

ot 8;0W;j — WZj

0ln(s;aw;; — wz;j)

Evaluating at ¢ = 0, using equations (B.6) and (B.2) and the fact that s; = wb; at t = 0, we

obtain

alIl(Siawz‘j - WZz‘j) . 1 aSi )\ZEZGZ] . aln(sl) AZE:GZ_] (B 8)
ot =0  wb; Ot o owgb; Ot o ow;jb; ' ’
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C Proofs of Propositions 2 to 6

Proof of Proposition 2.

Prices. Taking the derivative of equation (A.8) with respect to t yields

dln(p;) Jln(s;(1 — a)) & Oln(s;qwi; — wzyy)
=~ ((1 —a) > + a;ww o ) (C.1)

Oln( p] 81n(si)
+ az P

Using equation (B.8), the term inside the parentheses evaluated at t = 0 is equal to

_AE; Z": ) 9ln(sy)
4 Sl BT

t=0 bi j=1

J1n(s;)
ot

NE?
t=0 b

(C.2)

where the second part follows from Euler’s theorem for homogeneous equations (emissions

are homogeneous of degree one). Substituting this back into equation (C.1) we obtain

J1n(p;) N ES - 0In(p;)
_ i y ) C.3
ot - b, —l—a;w] ot o (C.3)
Solving this linear system yields
0ln(p;) LY E*
A4
] S X

Consumption. Taking a derivative of the consumer’s demand in equation (A.1) with

respect to t yields

oI(C) 1 1 <<9T N am_@)) (C.5)

- T
(915 Cl np; (975 (UJ ) 8t
Evaluating at ¢t = 0, using the fact that C} = w/(np}), and using equations (B.3) and (C.4),

1 (8T B
im0 W\ Ot |

we obtain

91n(Cy) aln

ot

) Z/\ E( —@) (C.6)

J
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Labour demand. To obtain the result on labour demand, take a derivative of the log of
both sides of equation (A.5) with respect to ¢ to obtain
Jln(l;) Jln(s;(1 — @) = Wi
= = MES 1 — 7
at |,_, ot ; hh b )’ (G.7)

t=0

where the second step follows from substitution of equation (B.6).

Inputs. For the intermediate inputs take a derivative of the log of both sides of equation
(A.4) with respect to ¢ to obtain

Oln(x;;) _ Oln(sjow; — wzy) _ 9ln(py)
ot |, ot —o ot |y
. . Vi Unj NiE €
= MEF (1 — - - — .
hz:; h=h ( bl bh awijbi (C 8)

where the second step follows from substitution of equations (B.6), (B.8), and (C.4).

Sectoral outputs and emissions. For sectoral outputs, observe that

oIn(Y;) lr oY, 0ln(l) ~ z}; 3Y; Oln(x;;)
et 7’* . * : (09)
ot t=0 Y ol; t=0 ot t=0 ;Yz axw t=0 ot t=0

From the production function in equation (2.1) the elasticity of output i with respect to
labour is (1 — «) while the elasticity of output ¢ with respect to intermediate input j is aw;;.

This gives us the desired result. A similar derivation allows us to obtain the derivative of

" 8111(301])
= > )

t=0 j=1

log emissions. Namely,
ot

(C.10)

t=0

O

Proof of Propositions 3 and 5. Since E =Y | E;, the derivative of log aggregate emissions

evaluated at ¢ = 0 is given by

i@aln(ﬂ')
L~ FE* Ot |,_

t=0 =1

O1n(E)
ot

B [~ Oln(zy)
L E (S

i=1

) , (C.11)

where the second step follows from substitution of equation (C.10). Plugging equations (C.7)
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and (C.8) into the above and evaluating yields

0In(E) " Oln(E)
= \j———2 , C.12
ot =0 ; ot A::% ( )
where
0ln(E) SEE; (i v (B (N~
- G S LT A —2 . 1

]

Proof of Proposition 4. When W = I it is easy to show that 1;; = (1 — «)™! if i = j and
;= 01if i # 7, and that b; = n~'(1 — «)~! for all <. The aggregate emissions impact of

sector 7 is then

0ln(E) nl+a 9 9
=FE - — EN* =FE' — k(E; C.14
B |y, = B = B (B (11
where k = %IJ?TO‘ The aggregate emissions impact of sector ¢ is concave in £} with roots at

0 and 1/k and reaches a maximum somewhere in between. When Ef > 1/k, the absolute
value of the aggregate emissions impact is strictly increasing in E. A sector ¢ is a key sector
if Ef > 1/k, so the result follows. O

Remark 1. Notice that, in the proof of Proposition 4, if the aggregate emissions impact
of sector ¢ were dependent on 7 other than through E; then ranking key sectors by their
direct emissions and ranking key sectors by the absolute value of their aggregate emissions
impact will in general produce different results. For example, see the expression for a sector’s
aggregate emissions impact in the economy analysed in Appendix E (in which the consumer’s
preferences are heterogeneous). We should therefore expect different rankings whenever
there is heterogeneity in intersectoral linkages, emissions elasticities, consumer preferences,

or production functions.

Proof of Proposition 6. Set \; = 1 for all ¢ and let M = max; ; %eij (and notice that M > 0).
Then by equation (C.11),

alg(tE) =YY Oln(zy) lna(fij) | (C.15)

t i=1 j=1 t=0
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Since we set \; = 1 for each i, by equation (C.8) we also know that

<Y E; (1 . 1/; ”’”) E* - ZEhW ZEh”hf. (C.16)
h=1 ! h=1

Let us now sum the above expression over all 7 to obtain

zn: 8lna(fz‘j) < nE* ”Z Ehwm Z ZEhvhj (©.17)

0 ln(:rij)
ot

t=0

j=1 t=0 j=1 h=1
— B - nZE;;W 0> (C.18)
h=1
= —nzn:E;;@. (C.19)
h=1 bi

The second line follows from the fact that 2?21 vp; = nby. Since the term in the final line

is weakly negative, we obtain the desired result. O

D Details of the calibration

One can follow the steps of Appendix A-Appendix C to show that, in the generalised
model with heterogeneous consumer preferences and heterogeneous labour shares in produc-

tion, when ¢t = 0 there is a unique competitive equilibrium and it is characterised by

= exp ( ZVW ZVJZO‘J Zw]hln (wjn) + ZV]Z — w)) , (D.1)

Cf = yiw/p;, (D.2)
x}; = sjowi; [p}, (D.4)
IF=si(1— ) /w. (D.5)

The equilibrium emissions of sector ¢ when t = 0 are given by Ef = E;(z},, ..., z},). Further-
more, for any A € {0,1}",

: (D.6)

=e;

Ol(E)] <, 0In(E)
ot to_;Al ot
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where the aggregate emissions impact of sector ¢ is given by

ﬁln(E) - E*E* gb]z gbij (Ez*)2 - E?j
o] e £E(58) (5 L) e

_ azwzgﬁz

The new terms are defined as follows: firstly, ¥; = (1 — ;) In(1 — ;) + o In(«;). Secondly,
define A to be an n X n matrix with the ith diagonal entry equal to a; and every other entry
equal to zero. Let V = (I — (AW))~!, and define 8 = Vv and ® = VE&'. One can verify
that the derivative of utility with respect to tax at the zero-tax benchmark is still zero here.
Notice also that when for all 4, v; = 1/n and a; = « for some scalar «, then ¥; = 6 for all 7,
il =V =V = [v;], B =0, and [¢;;] = © = ¥ = [¢;], which therefore recovers equation
(5.1), the expression for aggregate emissions impact when consumer preferences and labour
shares in production are homogeneous.

In order to calibrate the production and consumption sides of our model we use the GTAP
variables TVOM, VDPM, and VDFM. For any sector ¢ and country ¢, TVOM(i, c) are the sales of
domestic product (of ) in country ¢ at market prices. The sales are made to households or
to other sectors. For any sectors i and j in country ¢, VDFM(4, j, ¢) are the domestic purchases
by sector j of i’s good in country ¢ at market prices. For any sector i in country ¢, VDPM(i, ¢)
are the domestic purchases by households of i’s good in country ¢ at market prices. All the
variables are measured in millions of dollars.

We describe how we calibrate the production and consumption sides of our economy
below. The description applies in the same way for each country. We therefore omit the
country-indexing of the variables.

Since the consumer’s preference weight ~; is precisely the share of the consumer’s spending
on the good produced by sector ¢ (see equation (D.2)), we calibrate the consumer’s preference
weights as 7; = VDPM(¢)/ >, VDPM(¢). Similarly, for any sector ¢, (1 — o) is precisely the
spending of that sector on labour as a fraction of i’s sales (see equation (D.5)). Since
> _j—1 VDFM(j, i) is a measure of i’s spending on all intermediate inputs and TVOM(¢) measures
i’s sales, we obtain 4’s spending on labour as TVOM(i) — » ", VDFM(j,7). It follows that we
can calibrate a; via 1 —a; = (TVOM(i) — > 7, VDFM(j, ))/TVOM(7). Finally, having calibrated
a; we can work out the input-output matrix W as follows: since ojw;; is the spending of
sector ¢ on good j as a fraction of i’s sales (see equation (D.4)), we obtain the calibration

— (VDFM(j, i) /TVON(3)) /as:

The GTAP database contains information on imports and exports. We ignore interna-

tional trade in our calibration: we employ variables that report only spending by domestic

households and sectors on goods produced by domestic sectors. A full analysis that accounts
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for international trade is beyond the scope of this paper and may yield different numerical
results.

With the calibration for the production and consumption sides of the economy that is
described above, we can work out the equilibrium input values under a zero-tax regime.
These can straightforwardly be calculated using equations (D.1) and (D.4). Working out the
equilibrium inputs allows us to calibrate the emissions side of our economy.

GTAP 8 contains data on sectoral carbon emissions as part of the core database. (GTAP
7 and its associated CO, emissions data for 2004 have been used in previous studies of
sectoral emissions; see, e.g., Davis and Caldeira (2010)).?® For any sectors ¢ and j in country
¢, the variable MDF(¢, j, ¢) measures the CO5 emissions (in million tons) from purchases of
domestic energy commodity i by sector j in country ¢.?’ From this variable we create a
new variable C(i, j, ¢) which measures carbon emissions (in tons) from energy commodity i
produced in country ¢ and used by sector j in country c. We obtain this variable via the
transformation C(, 7, ¢) = (10°/3.67) x MDF(4, j, ¢), which uses the standard IPCC conversion
factor.?"

Below, we describe how we calibrate the emissions side of our economy. Since the descrip-
tion applies in the same way to each country, we once again drop the indexing by country.
5
calibrate the emissions coefficients via 1;; = C(j,4)/x};. In other words, the emissions that

Since we have worked out the equilibrium input levels z;, we can use equation (6.3) to
sector 7 produces from using sector j’s good as an input increases linearly with ¢’s use of
sector j's good. Finally, we obtain the elasticities via e;; = a7,/ Ef = C(j,1)/ >_7_, C(4, 7).

Equation (D.6) only provides us with a derivative for the log of aggregate emissions
with respect to a tax reform. To estimate the effect of targeted carbon tax reforms on
aggregate emissions, we use the derivative at the zero-tax equilibrium to linearly extrapolate
the change in emissions from a given carbon tax change. To do this, let E(¢,A) denote
aggregate emissions when the tax rate is £ and the tax reform is A. Now integrate equation
(D.6) with respect to ¢ and use the boundary condition that aggregate emissions are given

by E* when ¢ = 0 to obtain
Am} ) (D.8)
=0

28Lee (2008) provides details of the emissions estimation for GTAP 7. See also https://www.gtap.
agecon.purdue.edu/resources/res_display.asp?RecordID=1143 .

29The energy commodities in the dataset are: coal, crude oil, natural gas, petroleum products, and gas
distribution. The dataset also reports emissions by the government and by households. These emissions are
ignored in the calibration reported here.

30See http://www.ipcc.ch/ipccreports/tar/wg3/index. php?idp=477.

E(t,\) = E* exp {tz AialgiE)
=1
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It follows that for any tax reform A € {0, 1}" the percentage change in aggregate emissions

(%A) - 1) x 100. (D.9)

is given by

We use the equation above as our estimate of the percentage change in aggregate emissions
when the tax rate is t. Strictly speaking, our analytical results apply only for infinitessimal
tax rates and our estimates may worsen rapidly with large tax rates if the economy is highly

non-linear. Note that in general

(%_1%%%_1)%(%—1), (D.10)

i.e. the estimated percentage change in aggregate emissions of taxing individual sectors is
not additive.

To work out the tax rate we need to normalise by nominal GDP. We estimate nominal
GDP, or w, using equation (D.3) since w = > _»  s5/> " B = > TVOM(i)/ > 1, Bi,
and we obtain a nominal GDP of roughly 15,445,088 million dollars for the USA and of
162,421 million dollars for Pakistan.®! For our $10 tax we therefore set the tax rate t to

10/(15445088 x 106) for the USA and to 10/(162421 x 10°) for Pakistan.

E Role of intersectoral linkages

In this section we show that the aggregate emissions impacts estimated in Section 6
are not driven solely by the distribution of sector sizes; indeed, the structure of the whole
production network matters for our results. To do this we analyse an economy without
intersectoral linkages (in which sectors use only labour and their own output as inputs)
and we calibrate consumer preference weights to match the sector size distribution of the
interconnected economy of Pakistan examined in Section 6. We show that, while the economy
without an intersectoral network has the same sector size distribution as the economy with

an intersectoral network, the effects of sectoral carbon taxes differ across the two economies.

The economy without intersectoral linkages. The production function of sector 7 is
given by
Y; = I} (E.1)

31 According to World Bank estimates, in 2007, the nominal GDP in the USA was 14,451,858 million
dollars and the nominal GDP in Pakistan was 152,385 million dollars. See https://data.worldbank.org/
indicator/NY.GDP.MKTP.CD7end=2007&start=2006&year_high_desc=true.
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This implies that there are no intersectoral linkages and W = I. The profit function of sector
1 is given by
= piY; — wly — pity; — MtwEy, (E.2)

where F; = n;;x;;. The consumer’s preferences are given by

n

Uc,....C,) =[] cr, (E.3)

=1

where """ | 7; = 1. This economy is essentially identical to the one studied in Proposition 4
with the exception that there is now heterogeneity in the consumer’s preference parameters.
Using the notation of Section D we have that ; = v;/(1 —«a); ¢;; =1/(1 —a) if i = j and is
zero otherwise; and €;; = 1 if i = j and is zero otherwise. Using equation (D.7) we therefore

obtain the aggregate emissions impact of sector i:

ot A=e; ‘ CY’)/Z'E*

Oln(E) B 1+« (B (B.4)

)

Yi
l—«

When ¢ = 0, using equation (D.3), the sales of sector i are given by w

Calibration of the economy without intersectoral linkages. We set nominal GDP,
namely w, to match the nominal GDP for Pakistan’s economy that we obtained in Section
D. We calibrate the emissions directly to match sectoral emissions in Pakistan’s economy.

Finally, we calibrate the consumer’s preference weights v; by equating the sales of each sector

i, w=, to the sales in Pakistan’s economy. In other words, ; is proportional to the sales of
sector ¢ in Pakistan’s interconnected economy and the labour share, 1 — «, is set to satisfy
the normalisation that consumer preference weights sum to one.?? This calibration allows us
to compare the aggregate emissions impacts in the economies with and without intersectoral
linkages while keeping the sales distribution identical across the two economies.

Our results for the key sectors in the economy without intersectoral linkages are shown in
Figure E.1. The top panel shows that the aggregate emissions impacts of the key sectors in
the economy without intersectoral linkages are correlated with those of their counterparts in
Pakistan’s interconnected economy. There are, however, important differences: when inter-
sectoral linkages are accounted for (as was done for our calibration of Pakistan’s economy),
the non-metallic minerals sector is ranked first in terms of its aggregate emissions impact.

When linkages are ignored, this sector becomes far less important. The bottom panel of

Figure E.1 shows that the aggregate emissions impacts of the key sectors in the economy

32In this calibration, the labour share is 0.6. The aggregate labour share in Pakistan’s data is also 0.6.
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without linkages are correlated with sectoral emissions, however, because of heterogeneity in
consumer preferences the monotonic relationship predicted in Proposition 4 is not present

here (see Remark 1 in Appendix C).

35



36

109 F T T T T T 3
nmm
> L ]
g
S (8
g 10°F ely 3
S ; ome : 1
= L 1S i
% F otp 1
GEJ ] nfm ele o
g 10" omn : P E
g Qo P8R’ ]
! i my atp ]
<5}
= Fdum wip §
= b vol  fmp wir
£ 108t obs otn =
& z
F cmt ]
105 . fsh | R | R | il .
10% 104 10° 10° 107 108 10°
T;| in the economy without linkages
y g
7 T T T T T TTT T T T T T TTT T T T T T TTT T T T T T TTT T T T T T TTT T T T T TTT
10 F T T T T T <ly ]
[ otp ]
I fnmm 1
L o ]
108 F .
- r eRip 1
L gdt pBpf A
5 wifm wip
e ~ol .
10 i obs h omOemn ]
rdum otn ]
r ‘f%rr]nt fmp .
104 Lol Lol N | N | N | L
103 10* 10° 108 107 108 10°

|T;| in the economy without linkages

Figure E.1: Aggregate emissions impacts of the key sectors in the economy without inter-
sectoral linkages. The sales distribution of sectors is calibrated to match that of Pakistan’s

interconnected economy of Section 6.
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