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Introduction

Countries of the world have committed to ambitious climate goals
> Paris agreement, net-zero targets

Achieving those goals requires innovation in clean technologies
> Radical changes to many sectors of the economy (IPCC, 2023)

Policies affect market power
> Some firms rely more on fossil fuels than others (lock-in)

» Winners and losers within industries

How does market power affect the transition from a dirty to a
clean economy?
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» Empirical evidence on market power and the direction of innovation:
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» A theoretical model that incorporates empirical findings and explores the
relevance for climate policy
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Contribution and results

Contribution to the literature:

» Empirical evidence on market power and the direction of innovation:
cannot be explained by current theories

» A theoretical model that incorporates empirical findings and explores the
relevance for climate policy

Preview of findings:

» Data: market leaders are, on average, more invested in dirty technologies
than their direct competitors

» Theory: climate policy can lead to a strategic increase in dirty innovation
by some firms because of the “escape competition effect”

> Calibration: ambitious climate policy leads to a (mostly clean) research
boom and lower aggregate markups along the green transition
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Motivating evidence

Establish the following facts:
1. The direction of innovation is path dependent

2. Market power and path dependence are correlated within industries

Evidence suggests that market leaders are more invested in dirty
technologies than their competitors

» More difficult to make them switch to clean

Data from Orbis IP and Historical

> 130 million patent applications; 1.4 million inventions

» Classified as clean, dirty, neutral following Jee and Srivastav (2023)
» Mostly energy, manufacturing, transport technologies
>

Link between firms' patents and balance sheets



Path dependence in innovation

Knowledge stocks: K| = P + (1 —8§)K.]_;, with T € {C, D}
Innovation gap;, = sinh™*(PS$) — sinh*(P2)

Technology gap;, = sinh™}(K$) — sinh}(KP)
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Path dependence in innovation

Knowledge stocks: K| = P + (1 —8§)K.]_;, with T € {C, D}

Innovation gap;, = sinhfl(Pig) — sinhfl(PE)

Technology gap;, = sinh™}(K$) — sinh}(KP)

The direction of innovation is path dependent:
» Clean patenting depends positively on K€ and negatively on K°

» Vice versa for dirty patenting

» In line with the literature
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| define:
» Leaders: top 10 firms in terms of revenue in country-sector-year

» Laggards: firms in ranks 11-20
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Figure: Distribution of the technology gap for leaders and laggards in 2018
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Which firms are most invested in dirty technologies?

Within a country-industry-year, technology gap correlates
negatively with:
» Firm size, profitability and age

» Being a market leader

So, firms with more market power tend to be dirtier.

Suggests that:
» Large firms need a stronger incentive to switch to clean than smaller firms

» Climate policy can affect market power
Cannot be explained by the current literature, so let's incorporate

these findings in a model

» What does this mean for climate policy?
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Model overview

Continuous time endogenous growth model:
» Representative consumer
> Final good consists of a continuum of intermediates

> Exponential-quadratic damages from climate change (Nordhaus and
Moffat, 2017)

» Temperature linear in historical emissions (Dietz and Venmans, 2019)
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Model overview

Continuous time endogenous growth model:
» Representative consumer
> Final good consists of a continuum of intermediates

> Exponential-quadratic damages from climate change (Nordhaus and
Moffat, 2017)

» Temperature linear in historical emissions (Dietz and Venmans, 2019)

Each intermediate input sector has:
> Two firms that compete on prices (limit pricing) (Akcigit and Ates, 2023)
» Good produced using either a clean or a dirty technology
» Stepwise innovation in clean and dirty

» Knowledge diffusion
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Stepwise innovation
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A partial equilibrium result

The increase or introduction of a carbon tax in a single sector can
increase a firm's dirty innovation efforts:
» Tax decreases effective technology gap

» Increased competition and innovation due to escape competition effect
(Aghion et al., 2005)
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A partial equilibrium result

The increase or introduction of a carbon tax in a single sector can
increase a firm's dirty innovation efforts:

» Tax decreases effective technology gap

» Increased competition and innovation due to escape competition effect
(Aghion et al., 2005)

Innovation effort
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Effective technology gap

Figure: Innovation efforts for different technology gaps
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Calibration

Solve for the general equilibrium in closed form

General equilibrium mt by group we, we, Y, Et, th, RrD Law of motion Q¢, Yxime> mt

Calibrate model to world economy in 2010s
» External parameters from the literature
» Initial conditions based on patent and financial data

» Internal calibration of remaining parameters following Akcigit and Ates
(2023)

External parameters Initial conditions Calibration results and model fit
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Calibration

Solve for the general equilibrium in closed form

Calibrate model to world economy in 2010s
» External parameters from the literature
» Initial conditions based on patent and financial data

» Internal calibration of remaining parameters following Akcigit and Ates
(2023)

Two quantitative exercises:
» Simulate BGP: business as usual

> Transition after large carbon tax increase in 2024 (Paris goal in 2100)
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Balanced growth path
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The effects of a carbon tax
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Figure: Transition after a large carbon tax increase in 2024
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Conclusions

» Data suggests that market leaders are more invested in dirty
technologies than their competitors

» Model shows how this impacts the green transition

> Some firms increase their dirty innovation
P Increased innovation and competition along the transition

» Suggests that transition may be less costly than anticipated
» But it may not be so simple (overinvestment in R&D)

» Considering the strategic incentives for large incumbents is
key for a successful green transition

16/17



Thanks!

r.l.rozendaal@law.leidenuniv.nl

17/17



References

Acemoglu, D., Aghion, P., Bursztyn, L., and Hemous, D. (2012). The environment and directed technical change. American Economic Review, 102(1):131-66.
Acemoglu, D., Akcigit, U., Hanley, D., and Kerr, W. (2016). Transition to clean technology. Journal of Political Economy, 124(1):52-104.
Aghion, P., Bergeaud, A., De Ridder, M., and Van Reenen, J. (2024). Lost in transition: Financial barriers to green growth,

Aghion, P., Bloom, N., Blundell, R., Griffith, R., and Howitt, P. (2005). C: ition and i ion: An inverted-U relationship. The Quarterly Journal of Economics,
120(2):701-728
Aghion. P.. Dechezleprétre,

stry. Journal of Pol

Hémous, D., Martin, R., and Van Reenen, J. (2016). Carbon taxes, path dependency, and directed technical change: Evidence from the auto
ical Economy, 124(1):1-51

Aghion, P. and Howitt, P. (1992). A model of growth through creative destruction. Econometrica, 60(2):323-351
Akcigit, U. and Ates, S. T. (2023). What happened to US business dynamism? Journal of Political Economy, 131(8):2059-2124.
Blundell, R., Griffith, R., and Reenen, J. V. (1995). Dynamic Count Data Models of Technological Innovation. The Economic Journal, 105(429):333-344.

Calel, R. and Dechezleprétre, A. (2016). Environmental Policy and Directed Technological Change: Evidence from the European Carbon Market. The Review of Economics
and Statistics, 98(1):173~

Dietz, S. and Venmans, F. (2019). Cumulative carbon emissions and economic policy: In search of general principles. Journal of Envil ics and
108-129.

Diez, F. J., Fan, J., and Villegas Sanchez, C. (2021). Global declining competition? Journal of International Economics, 132:103492.

Eggertsson, G. B., Robbins, J. A., and Wold, E. G. (2021). Kaldor and Piketty's facts: The rise of monopoly power in the United States. Journal of Monetary Economics,
TAS15-536, e Real Inierent Roce andi the MargmalProduct of Capital in the XXIst CenturyOctober 15-16, 2020.

Friedlingstein, P., O'Sullivan, M., Jones, M. W., Andrew, R. M., Gregor, L., Hauck, J., Le Quéré, C., Luijkx, I. T., Olsen, A., Peters, G. P., Peters, W., Pongratz,
Schwmgshack\ C., Sitch, S., Canadell, J.'G., Ciais, P., Jackson R. B!, Alin, 5. R., Alkama, R., Arneth, A., Arora, V. K., Bates, N. R., Becker, M., Bellouin, % Bittig,
H. C., Bopp, L., Chevallier, F., Chini, L. P., Cronin, M., Evans W, Falk S, Feely R.A, Gasser T., Gehien, M., Gkritzalis, T., Gloege, L., Grassi, G., Gruber,
Giirsés, O Harvis, I Hefner, M, Houghton, . A, Hurtt. G, C.. liyina, 1., Jain, A, Ko, Jersila. A, Kadono, K.. Kato, E.» Kennedy, D, Klein Goldewijk, K.,
Knauer, . Korsbakken 1, Landschitzer, P, Lefoure, N Lmdsay, Lm G, 7, Marland G Mayot, N MeGrath, M. 1., Metel, N, Monacei, N. M, Munrs,

R., Nakaoka, S.-1., Niwa, Y., O'Brien, K., Ono, . Pan, N., Pierrot, D., Pocock, K., Poulter, B., Resplandy, L Robenson E., Rédenbeck, C.,

Rodnguez c “Rosan, T. M., Schwinger. 1., Séférian. R Shatler, J. D. Skjclvan, | Steinhoff. T, S, Q., Sutton, A. 1., S o, S., Tanhua, T, Tans,
PP Tian, X.. Tian, . Tilbrook, B, Tsufino, H.. Tubiello, F- van der Wert. G. K., Walker, A. P, Wanninkhof. .. Whitchéad: C. Wll\strand Wranne, A., Wright,
R Vuan W, Yue, ., Yue, X., Zachls, S Zeng, ., and Zheng, B. (2022). Global carbon budget 3023 Earth System Seience Dats, 14(11):4811-4900

Grossman, G. M. and Helpman, E. (1991). Quality Ladders in the Theory of Growth. The Review of Economic Studies, 58(1):43-61.

IPCC (2023). Climate change 2023: Synthesis report. Synthesis report of the sixth assessment report, Intergovernmental Panel on Climate Change, Geneva, Switzerland

Jaffe, A. B. and Palmer, K. (1997). Envi and ion: A Panel Data Study. The Review of Economics and Statistics, 79(4):610-619.

Jee, S. J. and Srivastav, S. (2023). Knowledge spillovers between clean and dirty technologies. Available at SSRN 4233536.

3

dohnstone, N.. Halte, |, and Popp. D. (2010). Renewable enerey policies and technalogical innovations evidence based on patent counts. Environmental and Resource
conomics, 45(1):13

Linn, J. (2008). Energy Pnces and the Adoption of Energy-Saving Technology. The Economic Journal, 118(533):1986-2012.
Matthews, H. D., Gillett, N. P., Stott, P. A., and Zickfeld, K. (2009). The proportionality of global warming to cumulative carbon emissions. Nature, 459(7248):829-832,

Newell, R. G., Jaffe, A. B., and Stavins, R. N. (1999). The Induced Innovation Hypothesis and Energy-Saving Technological Change*. The Quarterly Journal of Economics,
114(3):041-975

Noailly, J. and Smeets, R. (2015). Directing technical change from fossil-fuel to renewable energy innovation: An application using firm-level patent data. Journal of
i ics and 72:15-37.

Nordhaus, W. D. and Moffat, A. (2017). A survey of global impacts of climate change: Replication, survey methods, and a statistical analysis. Working Paper 23646,
National Bureau of Economic Research.

Popp, D. (2002). Induced innovation and energy prices. American Economic Review, 92(1):160~180.

Porter, M. E. (1990). The Competitive Advantage of Nations. Free Press, New York

Porter, M. E. and van der Linde, C. (1995). Toward a new of the Journal of Economic Perspectives, 9(4):97-118.
Ricke, K. L. and Caldeira, K. (2014). Maximum warming occurs about one decade after a carbon dioxide emission. Environmental Research Letters, 9(12):124002
Rozendaal, R. and Vollebergh, H. (2024). Policy-induced innovation in clean technologies: Evidence from the car market. Working paper.

Schumpeter, J. A. (1942). Capitalism, Socialism and Democracy. Harper and Brothers, New York.
Smulders, S. and de Nooij, M. (2003). The impact of energy conservation on technology and economic growth. Resource and Energy Economics, 25(1):59-79. 1/27



Literature

» Directed technical change and the environment

» Theory: direction of innovation responds to relative prices, market
sizes, and stocks of knowledge (path dependence)
Smulders and de Nooij (2003); Acemoglu et al. (2012, 2016)

» Empirics: DTC mechanisms and policies affect innovation
Jaffe and Palmer (1997); Newell et al. (1999); Popp (2002); Linn (2008); Johnstone et al. (2010);
Noailly and Smeets (2015); Aghion et al. (2016); Calel and Dechezleprétre (2016); Rozendaal and

Vollebergh (2024)

P> Porter hypothesis: environmental regulation and competitiveness
Porter (1990); Porter and van der Linde (1995)

» Market power and innovation

» Growth through creative destruction: technology ladders
Schumpeter (1942); Aghion and Howitt (1992); Grossman and Helpman (1991)

» Competition <= innovation; strategic interaction
Blundell et al. (1995); Aghion et al. (2005); Akcigit and Ates (2023)

2/27



Data

Orbis IP

> 130
| 4
>

>
>
>

million patent applications; 1.4 million inventions
1978-2018

Counts of triadic patent families to avoid double counting and low
quality inventions

Classified as clean, dirty, neutral following Jee and Srivastav (2023)
Mostly energy, manufacturing, transport technologies

Link to financial data

Orbis Historical

» Balance sheet and other financial data for millions of firms

>

>
>
>
>

2010-2018

Mostly developed countries

Revenue, employees, profit, age, sector

Issues with coverage and representativeness
Focus on matched firms and top firms per sector



Clean and dirty patenting
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Figure: Share of gray patents among dirty patents
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Figure: Patents by applicant country
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Figure: Patents by applicant sector

Share of all patents of this type
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Sectors are classified using the NACE Rev. 2 classification. The sectors in the figure are the following. 26:
Manufacture of computer, electronic and optical products; 20: Manufacture of chemicals and chemical
products; 28: Manufacture of machineryand equipment n.e.c.; 46: Wholesale trade, except of motor vehicles
and motorcycles; 27: Manufacture of electrical equipment; 72: Scientific research and development; 29:
Manufacture of motor vehicles, trailers and semi-trailers; 64: Financial service activities, except insurance and
pension funding; 22: Manufacture of rubber and plastic products; 30: Manufacture of other transport
equipment.
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Table: Path dependence in innovation

(1) (2) ®) 4

Clean Dirty Innovation gap (clean-dirty)
Log K© 0.525***  -0.196***  0.020***

(0.021) (0.013) (0.003)
Log KP -0.032 0.879***  -0.041***

(0.021) (0.017) (0.002)
Technology gap (clean-dirty) 0.241%*

(0.007)

Estimator Poisson Poisson OLS OLS
(Pseudo) R? 0.55 0.58 0.12 0.24
Observations 6,624,288 6,624,288 4,215,743 4,112,920

Notes: All independent variables are first lags. OLS regressions include country-sector-year fixed effects
(sectors defined at the four-digit level). Further controls in columns 1 through 3 are the stock of patents in
any category and dummies that are 1 if the stock variables equal zero (one dummy for each stock). Further
controls in column 4 are the stock of patents in any category, a dummy that is 1 if the stock of patents is
zero, and a dummy that is 1 if the technology gap is zero. Standard errors are clustered at the firm level.
The sample covers the years 1978-2018.
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Table: Technology gaps and market power

1) () © (4)

Technology gap (clean-dirty)

Log revenue -0.005*** -0.004*
(0.002) (0.002)
Log employment 0.001 -0.001
(0.002) (0.002)
Profit margin 0.000 0.000
(0.000) (0.000)
Log age 0.002 0.003
(0.002) (0.003)
Leader -0.045%** -0.023***
(0.011) (0.006)
Laggard -0.008 -0.003
(0.008) (0.005)
Sectors (for leader and f.e.) Two-digit Two-digit Four-digit Four-digit
R2 0.06 0.05 0.16 0.13
Observations 223,088 401,587 208,462 380,164

Notes: All regressions are OLS with country-sector-year fixed effects. Column 2 and 4 define leaders as the
top 10 firms in their two-digit and four-digit sector in terms of revenue, respectively. Fixed effects are defined
at the two-digit sector in columns 1 and 2 and at the four-digit level in columns 3 and 4. All independent
variables are contemporaneous values. Standard errors are clustered at the firm level. The sample covers the
years 2010-2018.
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Table: Heterogeneity in technology gaps (four-digit sectors)

@ @] ®3) 4

Technology gap (clean-dirty)

Log revenue -0.003***
(0.001)
Log employment -0.004**
(0.001)
Profit margin -0.000
(0.000)
Log age -0.004***
(0.001)
R2 0.13 0.14 0.15 0.10
Observations 372,506 342,421 262,588 835,951

Notes: All regressions are OLS with country-sector-year fixed effects. Fixed effects are defined at the
four-digit sector. All independent variables are contemporaneous values. Standard errors are clustered at the
firm level. The sample covers the years 2010-2018.
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Preferences, final good, global warming

Representative consumer: U; = [~ exp ( — p(s — t)) In(C)ds,

s=t

Labor L is supplied inelastically to production or R&D, L; =1

Final good: InY; = —%th + fol In yjedj,

with damages from global warming T, scaled by v

Global warming: T; = e(CS: — Te),

with ¢ the linear effect of cumulative emissions S; = fot Esds on temperature
and ¢ a delay parameter (Dietz and Venmans, 2019)
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Intermediate good sectors

Firms: each sector j consists of two firms, i and —/, which compete on prices

D €t

Production: yj: = y,-jct + y,-f-z = q,-JC-t/,-jCt + q;f-’t min {l,jt, 7},

with g productivity, / labor, e emissions, C clean, D dirty

Total costs: TCjt = thl'f —+ Wfli? =+ TtEe,'t = thif + Wt(]. —+ IiTt)I[?7

with w wage and 7E = 7 w: carbon price relative to labor

Marginal costs: MC;; = min{MCS, MCP} = min {qWT wi(ltnT)

it it
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Innovation

Innovation steps: in case of a successful innovation, q,-F(HAt) = A\qk,

where F € {C, D}

F . . : i 1
So, gk = A", where nf; is the number of innovation steps that firm i has taken
for technology F (assuming gl = 1)

Xit

Innovation costs: R = « 5 We,

where x is the innovation arrival rate

Knowledge diffusion: catch up with leader with exogenous arrival rate §
(technology gap becomes 0)
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Technology gaps

Own, clean, dirty:

Own technology gap: ml = n§ — n?
Clean technology gap: m,-f = n,-f — nf,-t

Dirty technology gap: m,-? = n,-Et’ — nE,t

Firm i uses clean to produce iff m] + 7 > 0 with 7 = '”(lan(r;)”)

Effective technology gap:

mi; if m{+7>0 ml+7>0
E, ¢ b T _\_ )miAmi+F if mi+7>0, ml+7 <0
m (mit7 M, mit77't) = c T - . T . o~ T -

mig —my — 7 if o m +7: <0, ml+7>0

m? if ml+7<0, m,+7<0
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Static competition

Demand: y; = &
‘yjt Pjt

Bertrand competition: limit pricing:

MC_, if mE>0
pPjt = . E
MCi, if m; <0

Only market leader makes a profit:

. (pjt — MCit)yie = (1 - L ) Y. if mE>o0
ﬂ(mit) = At
0 if mE<o

Also gives each firm's output, labor demand and emissions
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Innovation decision

Direction:
» Currently clean firms (m} + #: > 0) innovate in clean technology

> Currently dirty firms (m] + 7 < 0) innovate in dirty technology

Intensity: maximize NPV of profits given current effective technology gap m
A normalized value function for each possible m: vine = Vit /Y
For leaders (m > 0):

B

. _ 1 th
PVmt = Vme = max {1 — T — a=gtwe + Xme[Vim+1,6 = Vine]

Xmt

+ Xfmt[vmfl,t - th] + 5[V0,t - th]}
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General equilibrium

Define:

> Maximum effective gap m

» Maximum distance between clean and dirty 7’
> Aggregate productivity index Q; = exp (fol In(qut)dj)
> Gap size distribution to keep track of technology gaps (3 state variables

1 .
per sector): Yume = [, 1{m[jt =kAmf, =1Amfj, =mdj

> Effective gap size distribution pim: = ZT:T_ET ZiT_ET Yume (by group)

Gives closed form solutions for wy, E¢, we, Yi, th, RtD
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Balanced growth

Along the balanced growth path...
» The effective gap distribution is constant
» The gap between clean and dirty within sectors is growing
» There are no “mixed sectors” due to knowledge diffusion
» TFP growth is constant (but, if E; > 0, output growth is not)
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e = Y Y kit

keMP 1eMP
cD
Hmt = E § Yiimt,
keME IeMP
DC Z Z
Hmt = wk/mh
keMP 1emE
cc
Lmi = E E Yiimt
keME 1eME
DD
01 = Hmt 5
meM;
cD
O = 01 + E Homt s
meM;
cc
0315 =1- Hmt
meM;
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E:

Wt

—1
3 pie” + 1 e+ e 1= S el + )
(14 KrTe) XK Ak Pt \ Xy je 7 Xpje ;

keM; keM;

L2 Z Hkt + HthC
(1 k) NK K
o vl (14 k7e)X A

QA Zkere Mk ey (— 2 T2)

(14 Ke)02 ’
%
Wf7
Tew: Et
W,
Bt Z :u'kt th + kat x’ ke T :ukt (th +xC kt)
keM
Wt DD DC
8 Mkt (th + X—kt) + ,u'kt X—kt + ke Xli
keM
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IN(Qerae) — In(Q:) = [QMOtXOt + Z ke Xkt + ppt(Xpr + (1 — p)X—pt)
kEM>1,

+ 1pt(xipt + Pp-10)| In()AE + o(At)

wk,/,m,t+AAt; Vi 1,m,t :1{k +14+7< O}WH,,,m,lytxm_l’t

+1{k =147 > 0}t im1.mo1e
+ 1{/ +14+7 < 0}1/)k,/+1,m+1,tX7m—1,t

+ 1{/ —1+7> O}wk,l—l,mﬁ—l,txfmfl,t

o(At)
- m m —m 5 A £
it m,e(Xeme + Xom,e +8) + =4
.L"EjtJrAt - HZF,r __ FF FF
=Hm—1,tXm—1,t + Hm41,tX—m—1,t
At
o(At
- Ng:_t(xm,t + X—m,t + 6) + (At )

24/27



Calibration

Assume world economy is on a BGP in 2010s

Parameter Value Description Source
p 1% Rate of time preference Acemoglu et al. (2016)
o] 1/0.35 R&D cost curvature Akcigit and Ates (2023)

Dietz and Venmans (2019);

¥ 0.01 Climate damage elasticity Nordhaus and Moffat (2017)
Dietz and Venmans (2019);

¢ 0.00048 x 1.1 TCRE Matthews et al. (2009)

- 05 Initial pulse-adjustment time- Dietz and Venmans (2019);

scale of the climate system Ricke and Caldeira (2014)

Table: Externally calibrated parameters
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Calibration

Initial conditions:
» Initial share of clean and dirty firms
» Emissions since 1850 to compute initial (2019) temperature
> Initial gap distribution
> Define leaders as firm with highest absolute value of m” (as defined
in empirical section)
> Classify sectors as clean or dirty based on leader

> Laggard is second firm in terms of m’
> Fill in Wp,—o +=0 using BGP effective gap distribution
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Calibration

Initial conditions:
» Initial share of clean and dirty firms
» Emissions since 1850 to compute initial (2019) temperature
> Initial gap distribution
> Define leaders as firm with highest absolute value of m” (as defined
in empirical section)
> Classify sectors as clean or dirty based on leader

> Laggard is second firm in terms of m’
> Fill in Wp,—o +=0 using BGP effective gap distribution

Internal calibration procedure similar to Akcigit and Ates (2023):
» For given {)\, 4, a, k}, find BGP effective gap size distribution
» Compute model moments

» Minimize difference with data moments
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Calibration

Parameter Value Description
A 1.0656  Innovation step size
19 0.0374  Diffusion arrival rate
« 44.4299 R&D scaling parameter
K 68.5578 Emission scaling parameter

Table: Internally calibrated parameters

Moment Model Data Source

Average markup (2015) 1.2953 1.29 Diez et al. (2021)

Profit share (2018) 19% 19% Eggertsson et al. (2021)
Productivity growth (avg. 2011-2019) 1.0738% 1.0738% OECD

Emissions (2019, in GtCO;) 37.0826 37.0826  Friedlingstein et al. (2022)

Table: Model fit
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