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Motivation

e Green transition requires research and learning-by-doing on green technologies.

— Typically studied in models with non-distortionary fiscal settings.
(e.g. Fischer and Newell, 2008; Acemoglu et al., 2012, 2016; Fried, 2018)

e However, governments must raise revenues using distortionary fiscal instruments,
— To fund aging societies, public infrastructure, and research subsidies.
— Distortionary settings often studied w/o directed technical change and learning-by-doing
(e.g. Bovenberg and De Mooij, 1994; Goulder, 1995; Barrage, 2020)

¢ and fiscal instruments affect the allocation of R&D and learning-by-doing:
— Labor taxes lower learning-by-doing, especially in the green sector.
= An innovation-learning dilemma of fiscal policy emerges.

— A carbon tax fosters both green R&D and learning, but excessive use is costly.

= What is the optimal fiscal mix to support the transition to net-zero emissions?
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This paper

¢ Quantitative model calibrated to US 2015-2019 (Fried, 2018):

— Three sectors: green, fossil, and non-energy sector

Research makes sector-specific machines more productive.
— Workers accumulate expertise to utilize machines through learning-by-doing.
Labor supply is elastic.

e Government ...

— chooses paths of carbon taxes, research subsidies, and labor income taxes to
maximize welfare ...

— subject to an emission limit and an exogenous government revenue condition.

e Fiscal effects cannot be corrected w/o costs:

(i) Research subsidies are fiscally expensive.
(i) Types of labor hard to distinguish. (Vona et al., 2019; Scholl et a., 2023)
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Preview of results

e The optimal fiscal mix internalizes its impact on learning-by-doing and R&D:

— In the long run, the carbon tax exceeds the social cost of carbon to boost green
learning-by-doing and research.

— In the short-run, when the green sector is still relatively unproductive, the carbon tax
falls short of the social cost of carbon.

— Labor income taxes are lowered in all periods to foster especially green
learning-by-doing.
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Production: final and energy good

Final good Y; =

Energy FE

F
Demand energy producers LA

F;: fossil energy PGt price green

Gy: green energy pry: price fossil

Nt: non-energy TFt- Carbon tax
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Production: intermediate goods J € { N(on — energy), F(ossil), G(reen)}
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max  pyeJy — wil g — / DeJitTgirdi
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1
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st. Jy =13, /0 Ay x5y di

Ly labor A ;¢ productivity wy : wage labor
2 it : machines machine @ «y : capital share
PzJgit: price machine J : sector N,F,or G
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Production: machines and innovation

max  Prpgit(1+ Cre)Tgie — Tyt — wet(1 — Tegt)s it

Pz JitsSJit
1
ogpgt \ s
s.t. (1) T it = ( ) Lyt A i
Pax.Jit
— LL LK
(2) AJit - QJtKJt
listi bid b Si¢. scientists
- monopolistic : subsidy machines . L.
e Gt ] y b A yjy: productivity machine 4
it. price machine . .
ad 17 o K j;: knowledge stock firm Ji
- one-period patents Wgsy: Wage scientists

. Q. expertise in J
Tsjt: research subsidy e and 1y clasticity of

technology
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Learning-by-doing

R LL LK
Agir = JitKJit

Qrit = Qrit—1 + Jir—1

— Expertise increases with output (Fischer and Newell, 2008)

— 17, < 1 = Less mature sectors learn more quickly

Ay productivity firm ¢ in J Q jit: workers' expertise in firm i in J
K jy;;: technology firm ¢ in J vp: elasticity of productivity to expertise
Jiv: Output firm 4 in sector J Li: elasticity of productivity to technology
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Knowledge

5 n K, ¢
K=Ky |14+7 (SJ t> <t_1)
PJ K

1. within-sector knOW|edge Spi”OVerS (“Path dependency” e.g. Acemoglu et al., 2012; Aghion et al., 2016)

K ;4 sector-specific knowledge p: number of research processes in sector J

K aggregate knowledge 71 : returns to research
~ : productivity of scientists ¢ : relative importance knowledge spillovers
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Knowledge

. n é
S Jit Ki
pJ K

Kt =Kpna |1+

1. within-sector knoWledge Spi”OVerS (“Path dependency” e.g. Acemoglu et al., 2012; Aghion et al., 2016)

2. decreasing returns to research, 7] < 1 (“Stepping on toes” e.g. Jones and Williams, 1998)

K ;4 sector-specific knowledge py. number of research processes in sector J

K;: aggregate knowledge n:
~ : productivity of scientists o :

returns to research
relative importance knowledge spillovers
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Knowledge

n - 10}
S git K

Ki :K - 1—|— =
Jit Jt—1 Y 07 K

1. within-sector knOW|edge Spi”OVerS (“Path dependency” e.g. Acemoglu et al., 2012; Aghion et al., 2016)

2. deCI’eaSing returns to research, n < 1 (“Stepping on toes” e.g. Jones and Williams, 1998)

3. cross-sectoral knowledge spillovers (eg. Aghion et al., 2016; Hart, 2010; Barbieri et al., 2023)

K ;4 sector-specific knowledge py: number of research processes in sector .J
. returns to research

K;: aggregate knowledge n:
~ : productivity of scientists ¢ : relative importance knowledge spillovers
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Model

Government

max lifetime utility
s.t. (1) emission limit:
wFt - 5 S Qt
(2) exo. budget constraint:
Govf > mf + mz + Tpubs

Research subsidies: .
TsGt> TsFt linear labor tax 7,4
and transfers

Tax on carbon: Ty

Representative
Production =

Household

Q;: emission limit Govl? = 1w Hy + Tre Fy Toubs —
. —C .
w: emissions per F Govy : gov. consumption TePtWstS ft + TsGtWstSGt

. T -
&: carbon sinks Gov; : gov. minimum transfers 10
— markets — formal
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Calibration

e Calibration to the US in 2015-2019

e Emission limit

- global CO, emissions consistent with 2°C climate target (ipcc Are)
- equal-per-capita distribution of emissions across economies (UN population projections)

[ ] |mp0rta nt para meters — all parameters, — evolution of knowledge

Parameter | Value Meaning Target Literature
0.1879 (Hart, 2019
n 0.41 returns to research ( o )
0.79 (Fried, 2018)
0.1 (Hart, 2019)
¢ 0.62 cross-sector knowledge spillovers growth in knowledge stocks (PATSTAT) 0.3124 (Aghion et al., 2016)
and R&D investment (NCSES) 0.5 (Fried, 2018)
2 0.4 (Fried, 2018
‘IK,G“ 0.67 relative knowledge stock (Frie )
Fo 0.68 (Acemoglu et al., 2016)
L 0.15 elasticity of productivity to expertise  Fischer and Newell (2008)
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e To support green learning, the government raises carbon taxes above Pigouvian

taXeS and CUtS |ab0r taXeS more. — learning, — levels,— Is and no Ibd,— lump-sum financed research subsidies
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Conclusion

e | study the optimal fiscal mix to support implementing emission targets with
learning-by-doing and directed technical change.

e The optimal fiscal mix internalizes its effect on learning-by-doing and research:

— Labor income taxes are diminished, and the fiscal mix relies more on carbon taxes.

— In the long run, carbon taxes exceed the Pigouvian tax to boost green
learning-by-doing and energy research.
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Effect of carbon tax on the allocation of scientists

wage fossil scientists wage green scientists
7\ 7\

g 0Ap 0Aq

¢FPFF8—<¢GPGG Dse

=1 Trt=1

e carbon tax lowers wages of fossil researchers and raises wages of green researchers

psJ: revenues sector J A productivity sector J
1y : sector-specific constant sy : scientists sector J



Effect of carbon tax on the allocation of scientists

wage fossil scientists

wage green scientists
- dArp 9Aq
Yr prF —— =Yg peG
N~~~ 8SF N~~~ 850
TEt=l S~ TET=1 S~
spd=71 sagT=4

e carbon tax lowers wages of fossil researchers and raises wages of green researchers

e scientists transition from fossil to green sector (decreasing returns to research)

pyJ: revenues sector J

Aj: productivity sector J
1y . sector-specific constant

S @ scientists sector J
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In a nutshell: Carbon Tax and Allocation of Research

e Goal of government intervention
a) lower emissions
b) keep productivity high

e Carbon tax
a) reduces emissions by lowering fossil demand
b) directs research across sectors
- if want to foster green research = higher carbon tax = costly in terms of
output
- if want to foster fossil research = smaller carbon tax = but too high
emissions

o Fossil research subsidy used to counter effect of carbon tax on fossil research

— back



Markets

Hours workers  H; = Lpy + Ly + Ly

1
Hours scientists S = / (spit + Sqit + snit) di
0

1
Final good Y;=C;+ / (xpit + xqit + Ti) di + Govtc
0

— back



Government

[e.9]

1+o
ZO Bt <1Og‘(0t) - X?l a)

max
{TFt}toio7{Tbt}toio{TsFt}?io7{7-3Gt}1?i() -

st. (1) %tc +Gov, + T = 1w, Hy + Ty Fy
(2) wF;—0d < (dynamic emission target)
(3) T = Toqrwstsar + TerWstSr
(4) behavior of firms and households
(5) resource constraints
B : household discount factor Q;: net emission limit
@C: exo. gov. consumption w : emissions per unit of fossil

— T
Gov : exo. gov. transfers d : natural carbon sinks (forests, moors) o Pl



Model and mechanisms

Learning and Research

Concave learning-by-doing: sectors with low experience learn more quickly.

Research and knowledge spillovers:
- Within-sector spillovers: more innovation today makes spurs future research.
- Cross-sector spillovers: innovation in one sector stimulates research in others.
- Stepping on toes: diminishing returns to research within each sector favor
smooth R&D allocation.

Learning-by-doing and within-sector knowledge spillovers generate fossil lock-in.

Limited-horizon patents justify research subsidies.

— model
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Parameters

Parameter Target Value

Household

o Chetty et al. (2011) 1.33
average hours worked per

X economic time endowment 9.53
by worker: 0.34 (OECD, 2021)

Discount factor § Barrage (2020) 0.93

Working time endowment [ 14.5 hours per day (Jones et al., 1993) 1.00

s Fried (2018) 0.003

Research

Returns to research 7 0.41

Knowledge spillovers ¢ growth in knowledge stocks and R&D 0.62

Scientists’ productivity 4.99

Sector size (pr. pG. pN)

Initial knowledge stock (Ko, Kco, Kno)

Expertise (Qif, Q% Q%)

Fried (2018)
knowledge stock in 2010-2014

matching knowledge stock and output

(0.01, 0.01, 1.00)
(125.38, 100, 63.60)
(211, 0.85, 1.20)

Elasticity of productivity to knowledge (11,.¢) | Fischer and Newell (2008) (0.15, 0.15)
Depreciation knowledge stock (5 years) o5 | Noailly and Smeets (2015) 0.56
Production
Fried (2018),
Elasticities of substitution (c,, <) i) (P (0.05, 1.50)
Papageorgiou et al. (2017)
Weight on energy in final good 4, CERLITOEIES 021

Capital shares (ap, ag. a)

on energy (EIA, 2023)
BLS and Green Jobs and
Compensation of employees

(0.75, 0.86, 0.36)

Government

Policy instruments (7,0, F0, 7sF0, TsGo)

Fed St. Louis Gov Expenditures, R&D investment (NCSES)

(041, 0, 0.53, 0.32)

Emissions

Carbon sinks &

Emissions per fossil energy w

EPA (2022)
EPA (2022)

3.19
308.56
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The Optimal Fiscal Mix

(a) Carbon versus Pigouvian Tax
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Optimal implementation of the emission target

(a) Green-to-fossil Energy (b) Fossil-to-green expertise

60 2473
----FB no target

50 —FB with target 23
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e Rising share of green-to-fossil energy and more expertise on green technologies



Optimal implementation of the emission target

(a) Green-to-fossil Energy (b) Fossil-to-green expertise
60 2.4 =<
---- FB no target
50 —FB with target 23
——SB with target 22

2.1

0 1.6
2020 2030 2040 2050 2060 2070 2020 2030 2040 2050 2060 2070

e Rising share of green-to-fossil energy and more expertise on green technologies.

e Second-best: Implement target at lower output and higher fossil share =

dampens green learning-by-doing.



Optimal implementation in levels: lump-sum versus distortionary

(a) Tax per ton of carbon,

2022 US$ (b) Labor income tax (c) Fossil-to-green subsidy
300 0.6
20 04l
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Optimal implementation in levels: learning-by-doing

(a) Tax per ton of carbon,
2022 US$

(b) Labor income tax

(c) Fossil-to-green subsidy
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—with learning-by-doing
200 05 ----no learning-by-doing
045
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With lump-sum financed research subsidies

1.06

1.04 -

1.02 +

1
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——1s for Res with 1bd
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0927 -1 for Res no 1bd
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0.94 1

0.9
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o When research subsidies have to be financed with distortionary instruments =
lower carbon tax to lower fiscal distortions.

e |earning-by-doing explains the excessive carbon tax in the long run;

e Only negligible importance of use of carbon tax to direct research to energy sector
(but only when Ibd makes labor tax more costly!)
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