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Abstract

We provide a general formula for optimal carbon taxes in a second best world where
governments may have concerns for redistribution, but only have access to nonlinear
taxes on labor income. Our formula requires adding to standard estimates of the social
cost of carbon an extra term that takes into account its potentially adverse consequences
on earnings inequality. This extra term depends on a few sufficient statistics, including
elasticities of relative wages with respect to changes in carbon emissions across quan-
tiles of the income distribution. Combining a model of the US economy with detailed
Census data, we provide the first estimates of these elasticities and explore their impli-

cations for carbon taxation.
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1 Introduction

We provide a general formula for optimal carbon taxes in a second best world where gov-
ernments may have concerns for redistribution, but only have access to nonlinear taxes on
labor income. Our formula requires adding to standard estimates of the social cost of car-
bon an extra term that takes into account its potentially adverse consequences on earnings
inequality. This extra term depends on a few sufficient statistics, including elasticities of
relative wages with respect to changes in carbon emissions across quantiles of the income
distribution. Combining a model of the US economy with detailed Census data, we provide

the first estimates of these elasticities and explore their implications for carbon taxation.

2 Carbon Emissions and Redistribution: Motivating Facts

A lot has been written about carbon taxation and redistribution via the expenditure side,
i.e. the fact that the consumption baskets of poor and rich people may differ in its carbon
content. In this paper, we focus instead on the incidence of carbon taxation on the income
side, i.e. the fact that the demand for skilled vs. unskilled workers (from different region)

may also be affected by carbon taxation.

2.1 Skill- and Carbon-Intensity: Between Industries
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2.2 Skill- and Carbon-Intensity: Within Industries

Within a given sector, we expect a similar relationship.

3 Optimal Taxation with Concerns for Redistribution

3.1 Environment

We model the US economy as comprising many local labor markets, indexed by m € M,
and multiple labor groups within each market, indexed by I € L. In our empirical analysis,
each market m corresponds to a separate commuting zone and each labor group I cor-
responds either to college or non-college graduates.Within each market and each group,
there is a continuum of workers with heterogeneous productivity 6 > 0. We let G,,; denote
the cumulative distribution of productivity among workers of group ! in market m. The
associated density is g,,;. If the wage per efficiency unit for a labor group in a market is
Wy, then workers with productivity 0 receive 0w,,; per hours worked. Throughout our
analysis, we normalize the total measure of workers in the economy to one and denote by

7,1 the fixed share of the population in a given market m and labor group /.

Preferences. All workers derive utility from consuming an aggregate final good, disutil-
ity from supplying work hours, and disutility from experiencing carbon emissions. In any

market m and for any labor group I/, a worker of type 6 has utility

€ 1te
uml(e):Dml(G)_mLml(e) ¢ _Xml<9)cr 1)
where D,;;(6) denotes her consumption of the aggregate final good; L,,;(6) denotes her
labor supply, with € > 0 the labor supply elasticity; and C denotes total carbon emissions,

which are taken as given by all workers and have marginal utility cost x,,;(6) > 0.

Technology. The aggregate final good is produced by a representative firm using inter-
mediate goods from different sectors, indexed by k € K, that are produced by different
firms, indexed by n € Ny. The production function of the representative firm is

Y=TT(x), )
keK

Yk:[ Z {X}l/a(yn)(afl)/a]a/(afl), 3)
nE./\/k



where y,, denotes the output of firm n used in the production of the aggregate final good,
o >0 is the elasticity of substitution between goods produced by different firms within the
same sector; and «,, > 0 is an exogenous technological parameter. The aggregate final good
can be used either for consumption or investment in physical capital.

Intermediate good producers belong to one of three broad sector categories: mining
(K nm), which extracts fossil f € F ={coal, oil, gas}; energy (Kr), which processes fossil fuel
and includes oil refining, gas utilities, and electric utilities; and production (Kp), which
consumes fossil fuels and includes manufacturing, agriculture, and services. By defini-
tion, K = Ky UKEgUKp. Each intermediate good producer 7 is located in a single local
labor market, with V, the set of producers from sector k located in market m.! By defini-
tion, Ny = Uie Nk Without risk of confusion, we also denote Ny, = Ui Nk the set
of intermediate producers in market m and N = U, (N, the set of all producers. Inter-
mediate good producers combine physical capital, local labor from different groups, and
intermediate goods from different sectors. Gross output of a firm n from market m that
operates in a sector k is equal to

G = Pu(Kn)P" (L) P (Qu) P, (4)

Qn=] H (an)ﬁjk](ﬁgn/ﬁgk)[ H (an)ﬁjk](l—ﬁgn)/(l—ﬁgk) (5)
jeKeU{coal} JEX MUK p\{coal}

Q]n— Zﬂél/gﬂhz 1)/0]0/(0 1)/ (6)
reN. j

Ly=[Y 8,/ 1L /=1, )
lel

where K}, is firm n’s demand for physical capital; L;, is its employment of workers of type
I from market m; g, is its demand for firm r’s output; # > 0 is the elasticity of substitution
between different labor groups; and ¢, f1,BLn,Bkn,LonOm Bk, LEn,BEk > 0 are exogenous
technology parameters, with fxn +Brn+Bon <1, Licrom =1, Pek = Ljekzufcoal} Bjk, and
Yjck Bjk = 1. For each firm n from market m that operates in a production sector k € Kp,
technology is the same, except that they do not demand extracted fossil fuels, i.e. equations
(4)-(6) hold with the additional restriction B, =0 forall f € F.

A few remarks are in order. First, the firm-level shifters {«, } appearing in (6) are the
same as those appearing in (3). This a standard restriction that derives from the fact that
we will only be able to observe a firm’s total sales in the data. For the same reason, we

For expositional purposes, we do not draw a distinction between firms and plants in our model. In
practice, a given firm may operate multiple plants in different markets. In such circumstances, one should
interpret the production function described below as the production function of a plant, with the total output
of the firm equal to sum of the output of its plants across all markets.
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assume that input-output linkages are sector- rather than firm-specific, i.e., fjx may only
vary with the sectors j and k in which the selling and buying firms operate. In contrast, we
let firms be heterogeneous in terms of their productivity, as reflected in ¢, below, as well as
in terms of their cost shares on capital, labor, intermediate goods, and energy, as reflected
in Bxn, Brn, Bon, and By, since such information IS available for firms in the oil refining
and manufacturing sectors. Finally, we allow the possibility that Bk, + B, +Bon <1. This
will be relevant for firms in the mining sector for which natural resources of fossil fuel are
treated as a fixed factor of production whose levels implicitly affect firms’ productivity and

supply elasticities.

Taxes. There are two types of taxes: carbon taxes and labor income taxes. Carbon taxes
create a wedge between the price received by firms that extract and sell fossil fuels and the
price paid by firms that buy and burn fossil fuels. We let carbon taxes t,, vary by the market
m in which firms burning fossil fuel are located. For any firm 1 € Ny that extracts fossil fuel
f and any firm r € V/,,, that is located in market m, the price p,, paid by firm r is equal to the
price p;, received by the seller n plus the adjustment due to the carbon tax,

Pnr = Pn +€ftm/

where ¢ f denotes carbon emissions per unit of fossil f. For future reference, we let C;, =
LfeF LaneN; LreN,, Efnr denote the total carbon emissions associated firms from market
m. Income taxes T(x) are may vary non-linearly with earnings, x. Earnings include both
wages and total payments to fixed factors in the mining sector I, which we assume are
uniformly distributed across the population. In the observed equilibrium, we assume that

income taxes satisfy
T(x)=x—kx'~¢

with ¢ € [0,1] and k such that government’s budget is balanced. We do not assume, how-
ever, that income taxes have to satisfy this restriction away from the initial equilibrium; as
a matter of fact, we have allowed variations of the income tax schedule that do not in order

to derive our optimal tax formula.

Market Structure. All markets are perfectly competitive. Good markets are perfectly in-
tegrated. We use the aggregate final good as our numeraire. Labor markets are segmented,

with w,,; the wage per efficiency units of labor group [ in market m.



Competitive Equilibrium. Inacompetitive equilibrium, foranyme M, € L, and 6 >0,
workers maximize their utility, as described in (1), subject to their budget constraint,

Di1 (6) = 0wy L(0) +TT—=T (010, L(6) +11); (8)
the representative final good producer maximizes its profits

Y — Z PnYn,
neN

for any m € M and n € N,,;, intermediate good producers maximize their profits

Pnln — Ky — EwmlLln - Z Prnqrn
lel reN

subject to technological constraints described in (4)-(6); for any m € M, n € N, and re N,
prices satisfy the non-arbitrage condition,

{pr+sftm ifre Ny for f€ F,
Prn=

pr otherwise,

good and labor markets clear,

Z Dml(e)dGml<9)+ Z Kp=Y )
m,l neN

Z Gnr+Yn=qnu foralln,

reN

)y Llnz/L(B)dGml(G) forall mand [;
neNy

and the government’s budget is balanced,

/ T(0w, L (8) + T1)dGp (8) + Y tmCon=0. (10)
memM

3.2 Carbon Taxes and Wage Inequality

Given carbon taxes t = {t,,} and an income tax schedule T, the competitive equilibrium
induces a schedule of utilities {U,,;(0)}. This, in turn, induces a cumulative distribution
over utilities, summarized by the utility levels U = {U(z) } associated with each quantile
z € [0,1]. For any worker at the quantile z € [0,1] of both the utility and wage distribution,
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let w(z), L(z), and %(z) denote the common wage per hour, hours worked, and earnings.
Wage inequality around each quantile is summarized by w(z) =dInw@(z) /dz.

Now consider a small change in the carbon taxes 6t = {t,, } accompanied by a variation
of the income tax schedule T that is designed to keep utility levels fixed at all quantiles of
the income distribution, dU(z) = 0 for all z. The goal of this subsection is to compute the
log-change in relative wages dlnw(z) associated with such a variation.

Let wy, = {w,; }1c denote the vector of factor prices in market m; and let w = {wy, } e pm
denote the entire vector of factor prices. Without loss of generality, we choose units of ac-
count for all labor groups I € £ and labor m € M such that w,,; =1 prior to the tax variation.

We start with a series of observations linking the vector of factor prices w to the wages
w(z) paid across different quantiles. Since any worker of group / in market m is paid 6w,
per hour worked, the fraction of workers of that group that receive a wage less than w is
G (w/wy,;). Thus, the wage @(z) associated with each quantile z is equal to the solution

W(z,w) to the following equation,

Y Y G (w/wyy) =z forall z. (11)
meMlel

Differentiating (11) with respect to z, we then obtain

w)

& (zw) =0l (zw0) /o2 =[ T Y rom 2 E ) o (@ (zw) o)) Horallz.  (12)

meMleLl ml
Along any variation of the carbon price and income tax, including the variation of interest
such that dU(z) =0 for all z, the local change in relative wages éInw(z) must be related to
the changes in factor prices {dlnw,,; } through

dn@ (z,w)
Snw(z)= Y Y ——"blnw,,, (13)
meMleLl alnwml "

where the vector of partial derivatives {dIn@(z,w)/dInw,, } can be computed by differ-
entiating (11) and (12) with respect to each factor price w,,; and using the normalization

Wy, =1 prior to the tax variation,

ahld]—(Z,w)_ﬂml(z)[Sml = ) ) wr (2)ew (2)]

dlnwy, meMl'el

with 71, (z) the share of the population in quantile z of the wage distribution that is of la-

bor group I and market m and ¢,,,;(z) the elasticity of the productivity density for that same



group market and quantile,

_ ﬂmlgml(w(z))
Thnl (Z) = ZmleMZZ’EEnm/l/fm/l/(u_)(z)) ’
z _ W0(2)8(@(2))
Eml( )— gml(u_)(z)) '

The next step of our analysis consists in solving for the changes in factor prices { dlnw,,; }
along the variation of interest. We then express all labor market clearing conditions as de-
mand equals supply relative to that factor.

Consider first the demand side. For any firm n € Ny, let B, denote the share of total cost

on intermediates that firm n spends on intermediates from sector j,

5= { ﬁ’;;i:" if j€ KpU{coal},
m=

—ﬁ"(kl(;zf)") if je CpyUKp\ {coal};

let m,, denote the share of firm n’s total cost spent on a firm r € \V;,

_ ar(prn) 7
Myn = ,BQn,B]n W’
with Py, = [¥,e N, a(prn) 101V =9 let M= {(pr/ prn)mem } denote the firm-level domes-
tic input-output matrix (evaluated at the seller prices {p,}); and let B = {b,,, } denote the
associated Leontief inverse, i.e. B = [1 —M]~!. Combining profit-maximization by firms
with utility maximization by households and good market clearing, we can solve for the
relative demand RD,;(t,w) = L1 / Ly, for workers of group I in market m as a function
of the vector of carbon taxes t and the vector of wages per efficiency units w,

-1 = - 0B _
w;y ZkeICZneNmk(Slan (wm)BLn [Ejelc,re/\/jbnr(t/w)ﬁj“rpr(trw)l an(tfw)U 1}

RDml(t,w): — p
7 ~n—1 7 ~ oD _

Wingly ZkelCZneNmOk‘sloan (Wmo ) BLn [ZjeK,reMbnr(trw)ﬁj“rpr(trw)l UPj(t,w)‘T 1}

(14)



with

Wy (wm) = Z‘Slnw I 1/(1 ’7)
lel

= Z‘Xn~1 o tw 1/(1—(7)’
neN;

= Z UCrP 1/(17(7)
reN;

Pn(tw) =exp{[Ing, + By (wn) +BonPon (tw)]},

Pon(taw) (l—[ﬁ]nﬁ]">e><p{ $ BB ()],

jek jek

B (£.20) {ﬁr(t,w)jteftm ifrENfandnEJ\/m,
m L, W

pr(t,w) otherwise,

and {b,, (t,w)} are the coefficient of the Leontief inverse associated with M(t,w) = {ri,,, (t,w)}
such that

forne N;and r € V.

Next consider the labor supply side. At any given quantile z, the amount L(z) of hours
supplied is equal to the solution to

mLaxLI subjectto D=w(z)L+11—T(w(z)L+11).

Summing up across workers of different types 6 within a given labor group / and market
m, we can then express the total efficiency units of labor L,,; supplied by these workers as

Lo = Tt X / 6L (0 (6wynr) ) gt (66 (15)

Changing variable to integrate across quantiles z = @~ !(0w,,), we can then express rel-
ative labor supply RS, (w,{L(z)}) = Ly /Ly, as a function of the distribution of labor

supply and the vector of wages per efficiency units w,

ot Jp @ (2,) (©(2:0) /00)°L(2) g ((2:20) /0 2.
4

TCmolg folw( aw)((z, w))2 ()gmolo(w(z’ w))dz

mi(w,{L(2)})= (16)



In equilibrium, relative demand for each factor must be equal to its relative supply
RD,,;(t,w) =RS,;(w,{L(z)}) forall (m,l) # (mg,ly) and L.

Taking log, totally differentiating, and using again the normalization w,,; = 1 prior to the

tax variation, we therefore get

m/ I
' eM Ot meMI'EL alnwm’l’
ah’1Rsml {L( )})

=) )

1
S,y + / SINL(2) [dA i (2) — d Ay, (2)]
meMl'el 0

alnw m'l

with A,;(z) the share of earnings of workers of type | in market m that are received by

workers in quantiles below z,

Aml(z) _ .
fo z’ z’ VT (2@ (2')dZ!

To conclude our analysis, we use the fact that, as established in the robots paper, changes

in labor supply dInL(z) and relative wages élnw(z) are related through

dInL(z) = —e_i_ilélnw(z).

Substituting in the previous expression, we obtain

8lnRDml(t ah’lRDml tc, )

w
Z ’ ot 1+ 2 2 511’1@() ' (17)
m'eM atm/ " meMllel alnwmq/ m
AInRS, (w{L(z)}) /1 €
= ol 1"r— ol dA —dA .
m;/\/”;g alnw - nwml 0 €+1 nCU(Z)[ ml (Z) mOl() (Z)]

The partial derivatives of RD,,; and RS,,;; with respect to tc and w can be directly com-
puted from (14) and (16), respectively. We report those in Appendix A. The changes in
relative wages dInw(z) is itself a known linear function of the changes in relative factor
prices {dInw,, } given by (13). Thus, (17) provides a system of M x L —1 linear equations
in {éInw,, }. To solve for {Slnw,, } as a function of ot = {dt,, }, we combine the previous

system with our choice of numeraire, which implies

SInPi(t, w) olnP;(t,w)

mp=0=Y 8 ¥ o sy, ¥ ¥ PRI

jek meM meMl'ell'eLl

olnw,, .
alnwm/l/ m'l



Once the factor prices have been solved for, we can substitute in (13) to obtain éInw(z), as
also described in Appendix A, and plug into our optimal tax formula, i.e. (25) below.

3.3 Carbon Taxes and Carbon Emissions

We now compute the change in total carbon emission C = {JC,, } associated with the same
variation. The total level of demand of each good is proportional to total spending on the
aggregate final good, Y. From the market clearing condition (9), it is equal to the sum of
final consumption and investment

Y=D+K,

with D=Y, | [ Dy (0)dGy,(0) and K =Y, Ky. Using the workers’ budget constraints
(8) and the government’s budget constraint, this can be rearranged as

Y= Z Zwmlel+ Z tmCm+K,

meMlel meM

with the total efficiency units of labor supplied by each labor group in each market such that

1
Lmz=ﬂmz></0 @(z,w) (W (z/w) / wy1)*L(2) g (W (z,0) / Wy )dz= L5y (w {L(2)});  (18)

the carbon emissions associated with burning fossil fuels in different locations m, C,, =
Zfe]—“ZneNf Ere]\/’m €fnr, such that

g
Cu=Y. Y Y & [ﬁQrﬁ]r ( Pur(t,0)) ] ) bm(t‘,w),Bjocvﬁv(t‘,w)lfUPj(t‘,w)‘F1
feFneNreNy ( H(t, )) jERveN;
(19)
and investment K=}, - \K;; such that
K=Y Bxn| Y bur(tw)Bjorpy(tw)  "Pi(tw)” 1| Y. (20)
neN jEKreN;
Along the variation of interest, we therefore have
siny= Y 2%Lml[(nmuml+51nL§nl(w,{i(z)})]+ ) me’”;’”‘ﬂnc’”]jLI;(San

meMIeL meM 1)
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For the same reason as in Section 3.2, the changes in labor supply are given by

Z ZalnL wAL(z)})

InL?®
oln ml( dlnw m'l

1
5lnwmq/—/ LKSIIIC(J(Z)d/\mI(Z) (22)
meMI'eL 0 €+l

Given changes in factor prices {dlnw,, }, we therefore compute éInL’ (w,{L(z)}) using
the partial derivative with respect to factor prices given by 18 and the changes in relative
wages given by 13. Next, consider the changes in carbon emission and capital. Differenti-
ating (19) and (20), we obtain

> —
nCr=Y ¥ Y () sin [Lw))” toln| Y Bpo(tw)Biopo(taw) 0B (taw) 1| 4
fEFneNre N Crn (P]Y(t'w)) JEKvEN;
(23)
TN ZZ(%) {51n { KZNEnr(t,w)ﬁjarﬁr(t,w)l‘Tﬁj(t,w)“] —HSlnY} (24)
n jER re i

Given changes in carbon taxes 6t and the associated changes in factor prices {dlnw,,; }, we
can use (23) and (24) to solve for /InC,;;, and JInK as a function of S/InY. Substituting into
(21), we can then solve for §InY. The change in carbon emissions JInC,, associated with
burning fossil fuels in different locations is then obtained by plugging dInY into (23). Given
initial carbon emissions Cy,;, we get 6C,,; required to implement (25).

3.4 Optimal Carbon Taxes

Following the same approach as in Costinot and Werning (2023) in an environment with

externalities from carbon emissions, one can show that the optimal carbon price satisfies

e dlnw(z)
e+1 6C,

where 7(z) is the marginal income tax at quantile z; Inw(z) is the local change in relative

tm =Pigouvian Tax+ / T(z)%(2) dz, (25)

wages computed in Section (3.2); and §C;;, is the change in carbon emission from market m

computed computed in Section (3.3).

4 Optimal Carbon Taxation Revisited

Our plan is to use US micro-level data in order to calibrate the model from Section 3 and

(z) 59 (51?(0( 2) dz,i.e. the extent to which carbon taxation should be affected

evaluate [7(z)x
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by concerns for redistribution.

5 Concluding Remarks

We provide a general formula for optimal carbon taxes in a second best world where gov-
ernments may have concerns for redistribution, but only have access to nonlinear taxes on
labor income. Our formula requires adding to standard estimates of the social cost of car-
bon an extra term that takes into account its potentially adverse consequences on earnings
inequality. This extra term depends on a few sufficient statistics, including elasticities of
relative wages with respect to changes in carbon emissions across quantiles of the income
distribution. Combining a model of the US economy with detailed Census data, we provide
the first estimates of these elasticities and explore their implications for carbon taxation.
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A Cross-Price Elasticities

A.1 Relative Factor Demand

In Section (3.2), we have established that relative factor demand is equal to

ZkEICZnENmkélan_l (wm)BLnen(pc,w)
Ytk EneNly Son®h (W) Braea(pe,w)

RDy(pe,w) = wﬂ

with
Wy (W) = Zélnw ; N/ a-n),
lel
k(pew)=[ Y anpy  (pew)]' 7,
nG/\/k
ﬁn(PC: )Eexp{[ln¢n+,BLnlnwn(wm)+,3Knlnrm+,BEnlnﬁEn<PC)+,8MnﬁMn(pC/w>]}/
pus(pe.0) = ([0, )exp{(LbueinPe(peo)]}
pEn Pc = ngn Psm+£snPC)1 K]l/(l K)
seS
and

&u(pe,w) =anpn(pe,w)' ™ Pegy (pe,w)” ! [Pk(n) (pc,w) "I+ Y 0uiBrww (pcw) |-

The goal of this appendix is to express the semi-elasticity dInRD,,;(pc,w)/dpc as well as the elas-
ticities {dInRD,,;;(pc,w)/dInw,, } as a function of the three structural elasticities 77, o and y and
initial shares. Using Shepard’s Lemma, we get

dInRD K7 _
aml(pC ) :(1—0- Z E (Smln—smolon)(XCn—XCk)
pc kE’CnGMHk mok
+(1-7) Z (8mik —Smglok ) Xk (A1)
keK

where s,,;, denotes the share of workers of type I in market m that are employed by firm n, 5,
denotes the share of these workers that are employed in sector k, xc, denotes carbon emission per
dollar of output, d,, denotes the share of expenditure on goods from sector k that goes to firm n, and
¥ denotes the average carbon intensity among firms from sector k, weighted by their expenditure
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shares within that sector,

L

Spin=——"1_foralll€ L, me Mand ne N,

Zn/e/\/m Lmln’
Y scs€snEsn
Xcn = foralln e Ny,
" Yte£Wmi Litn +1mKn + Lo es(Psim+esnpc) Esn "
d,= _ Pl goralln eNs,

YwreN, P dn

smlk_wf rallle L,me Mand ke,
ZneNm min

Xcr= Z dyexcy forall ke K.
nENk

The wage elasticities can be computed in a similar manner,
dInRD I\Pc,w
al - (p ) = _nﬂ{mlzm’l/}—i_(ﬂ - 1) Z Z (Smln _Smolon>x;%1’l/n
nwm/l/ kGKHENmk/MnUk
+(1_U) Z Z (Smln_Smolon)(xm/l/n_fm/l/k)
ke,cneNmkrMnok
—f—(l—’)/) Z (gmlk_ngl()k)xm’l’k' (AZ)
kel

where ern/l/n denotes the share of firm n’s labor cost devoted to group I’ from market m’; x,,,,, de-
notes spending on labor group !’ from market m’ per dollar of output; and %, denotes the average
of x,,/1,, among firms from sector k, weighted by their expenditure shares within that sector,

wmll/ L m'l'n

forallnenN,,,
Zleﬁwmlanln "

L
m'l'n

wm’l’an’l’n
Xnl'n = forallnEN ’
e Zleﬁwmlanln +rmen+Zs’eS(ps’m +8s’pC)Es’n "
xm’l’k = Z dnkxm/l/n for all k S IC
neNg

Note that since firms in market m only hire labor from that market, we have x,,;,, =0 if m’ #m.

A.2 Relative Factor Supply

In Section (3.2), we have established that relative factor supply is equal to

Tt Joy @ (2,0) (@(2,0) /W) 2L(2) fo (D (2,0) / Wpr ) d2

RS, (w,{L(z)})= T
) [10(2,0) (0(2,0) PL(2) fy (0z.10)

15



with

z= Z anlpml Zw)/wml)

meMleL
1

@(zw)= .
CmemEie e ) frur (@(2,10) / W)

Taking log and differentiating, we obtain

n w,{L Al (z,w
ol ngllrgwr,n«,{llL(z)}) :/ alal;uzf;z,,;p)+(2+SMI(Z))<7TMW<Z>_ﬂ{ml:mll/})]dAMI(Z) (A3)
1 .
_/ [W+(2+5molo(Z)>7Tm’l’(z)]d/\molo(z)
with
agifwwzﬂmw( Newr (@)= 3, Y e (@)ewne (2)),
o m'eMI'EL
o nmlfml(w(z))
TTnl (Z) - Zm/eMZl/Eﬁnm,l,fmll/(w(z)) ’
emi(2) = fu(@(2))
1(z)= Jow(2')L(2) 1t (2')d2’
T RE)LE) (2 )dz

A.3 Putting it Together

To summarize, the change in factor prices {dInw,, } associated with the change in carbon prices
Op. thatis the solution to

alnRDml(pC/ C+ Z Z alnRDml pC’ )(Slnwm/l,
aPC mweMllel alnwm/l/
m
m GMl’Gﬁ alnwmll/
' dn (z,w)
— | a1 R Pem— w — 11 ml = mol
/0 e+l [mg./\/llé alnw,,, Oy} [A N1 (2) = A1, (2)] for allml # molo

where the factor demand and supply elasticities are given by (A.1)-(A.3).

B Data

B.1 Industry Classifications

The paper defines oil and gas as a single pooled energy type for defining industries, though distin-
guishes oil from gas in measuring emissions intensity. Specifically, the input-output links like 6,
and d,,,, treat oil and gas as a single energy type, while carbon intensity measures like x¢, treat them
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separately. The rationale for this approach is that the US input-output table defines a single indus-
try, “oil and gas,” and NAICS industry codes also have a single detailed 6-digit code for “oil and gas
production,” 21111. In part this is because many wells produce both oil and gas. Because oil and gas
are mining rather than manufacturing industries, the paper does not conduct establishment-level
analysis of these oil and gas extraction. While it is possible to separate oil from gas in the US input-
output table by assuming that use of oil and gas in each industry is proportional to the national
share of MMBTU produced from oil versus gas (e.g., LYUBICH ET AL AEAPP), this assumption is
accurate on average but not for each individual industry, so we do not impose it here.

Our construction of the US input-output table from make and use tables follows LYUBICH ET
AL AEAPP. For calculating materials shares 6,;, we define one set of 381 industries observed as
inputs and outputs. Obtaining this classification requires dealing with four specific sets of unusual
industries. First are industries that are never used as an intermediate input to other industries, only
as an input to final demand. These industries have no associated industry (NAICS) code in the
BEA’s IO-NAICS concordance. We exclude these industries from calculation of 8, since they have
zero materials input shares anyways. This group includes customs duties, which used as an input
toimports which is a final demand column (4200ID); owner-occupied housing, which is listed as an
input to final demand but no other industries (531HSO); and federal defense spending, which is an
input to final demand but no other industries (S00500)

The second group of industries which require special consideration are those with zero output
but that are listed as input rows in the input-output table. This includes state and local government
educational services (GSLGE, which is distinct from the “elementary and secondary schools indus-
try”, which we keep); state and local hospitals and health services (GSLGH); and state and local
other services (GSLGO). We exclude these.

The third group of special industries are those where governments provide services that the
private sector also provides. For these, we recode the government industries to the same industry
as the private industries. So federal electric utilities (500101) and state and local electric utilities
(500202) both become part of 221100 (electricity generation and distribution); and state and local
passenger transit (500201) becomes part of "passenger and ground transportation" 485000).

The fourth group of special industries includes "other government services.” This includes
"other federal government" (500102); "other state and local government enterprises" (500203", and
"federal general government-nondefense" (500600). These don’t link to any industry (NAICS) code
and we exclude them from calculation of materials shares 6,;.

We then aggregate industries in the input-output table so that each 6-digit 2012 NAICS indus-
try maps to a unique industry in this paper’s final classification. In addition to combining private
and public industry codes for electricity (500101, S00202, 221100) and transportation (5002021 and
485000), as discussed above, we also combine construction (23) into a single industry, and we com-
bine tenant-occupied housing into other real estate (531HST and 5310RE).

B.2 Input-Output Tables

We work with input-output tables from the US Bureau of Economic Analysis (BEA), following their
guidelines (https://www.bea.gov /sites/default/files/methodologies/industry_primer.pdf). We
use data from 2012, a benchmark year. We use input-output tables after redefinitions. We work with
values in producer prices.

We use three files from the input output tables—the make, use, and import tables. The make table
describes the commodities that each industry produces. The make table has industries on rows and
commodities on columns. The use table describes commodities that each industry uses. The use
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table has has commodities on rows and industries on columns. The import table shows the value of
imports of each commodity that an industry uses. The BEA creates the import table by imposing the
proportionality assumption that each industry uses imports of a commodity in the same proportion
as the ratio of imports to domestic supply of the commodity

Gross output appears in both the make and use tables. The right-most column of the make ta-
ble shows gross output, which equals the sum of sales to firms as intermediate goods and to final
demand. The bottom row of the use table also shows gross output, which equals the sum of expen-
ditures on intermediate goods and value added. The right-most column of the make table and the
bottom row of the use table show the same measure of gross output.

We deal carefully with imports. The use table describes total use of each commodity, regardless
of whether the commodity is imported or domestically produced. Thus, each intermediate and final
good flow described in the use table represents the sum of domestic and foreign production of that
good. Gross output (the right-most column of the use table), however, represents only domestic
supply of a commodity. Because most of the use table describes the sum of domestic and foreign
production, but gross output represents only domestic supply, the use table must subtract imports.
For this reason, imports appear with a negative in final demand. For the roughly 15 percent of com-
modities with substantial net imports, the use table therefore describes final demand as negative.

To avoid negative final demand, we work with a domestic use table. Specifically, we subtract the
import matrix from the use table. The resulting domestic use table describes the domestic supply
of commodities (in each row) to each industry (in each column). Final demand in the domestic use
table includes only domestically supplied final demand. Gross output in the domestic use table is
the same as in the original use table.
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