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Abstract

Policies such as Pigouvian carbon taxes that increase fuel prices in proportion to their emis-
sion intensity are often considered a solution to internalize the social cost of pollution. In
this paper, I develop a dynamic production model incorporating multidimensional energy input
choices and fuel productivity heterogeneity. Leveraging advancements in production function
estimation, I identify fuel productivity while accounting for the costs associated with inter-
temporal switching between fuel sets. I estimate the model using a panel of steel establishments
from the Indian Survey of Industries (2009-2016) to examine establishments’ responses to carbon
taxation via fuel-specific tax rates, which affect input choices. I demonstrate that accounting for
heterogeneity in fuel productivity and inter-temporal switching between fuel sets significantly
reduce the economic cost of decreasing emissions through policy. Additionally, I show that using
proceeds from carbon taxation to subsidize the fixed cost of cleaner fuel adoption only minimally

improves welfare.
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1 Introduction

Fossil fuels are widely used in manufacturing industries, where large quantities of fuels are burnt
as part of industrial processes such as the melting of iron ore to produce steel and the calcination
of limestone to produce cement. While providing energy for production, fossil fuels also contribute
to negative externalities such as air pollution and climate change. Overall, manufacturing activity
accounts for 37% of global greenhouse gas emissions (Worrell, Bernstein, Roy, Price and Harnisch,
2009), which led to a number of important studies on fuel substitution and carbon-based policies
across diverse manufacturing industries (Ganapati, Shapiro and Walker, 2020; Hyland and Haller,
2018; Fowlie, Reguant and Ryan, 2016; Ryan, 2012; Stern, 2012). Following recent evidence calling
for a more in-depth investigation into fuel substitution, this paper aims to refine our understanding

of this phenomena.

One key finding emerging from Lyubich, Shapiro and Walker (2018) is that firms vary sub-
stantially in how productive they are at using energy inputs. These disparities in productivity
may stem from divergent heat efficiency, inherent to different fuel-burning technologies (Allcott
and Greenstone, 2012). Furthermore, the proficiency of a plant’s workforce can play an important
role in how optimally resources are allocated towards the operation of specific fuel-burning technol-
ogy, and certain industrial facilities implement energy retrofit programs aimed at curbing energy
waste (Christensen, Francisco and Myers, 2022) while others stick with old and inefficient energy

consumption practices (Indian Ministry of Steel, 2023).

Another significant finding pertains to the enduring impact of large fixed costs and time com-
mitments associated with the adoption of new fuels (Scott, 2021). This encompasses a spectrum of
changes, including technological adaptations, new storage facilities, and the establishment of requi-
site transportation infrastructure. For instance, consider the scenario where a steel plant seeks to
transition from coal to natural gas. Such transition necessitate going from coal-based blast furnaces
to electric arc furnaces, as well as the installation of dedicated distribution pipelines, directly linking
the plant to existing transmission networks. Consequently, the inertia stemming from entrenched
technologies, commonly referred to as technological lock-in (Hawkins-Pierot and Wagner, 2022),
impedes the seamless migration from dirty to cleaner fuel alternatives. Together, these findings
challenge the prevailing assumptions of fully flexible and static fuel substitution (Ganapati, Shapiro
and Walker, 2020; Hyland and Haller, 2018; Wang and Lin, 2017; Ma, Oxley, Gibson and Kim,
2008; Cho, Nam and Pagan, 2004; Pindyck, 1979), which may have implications for the economic

cost of reducing emissions.



In this context, this paper aims to provide a more nuanced understanding of the role of fossil fuels
in plants’ input mix and how fuel demand responds to policies such as carbon taxation. Second,
it aims to quantify the welfare implications of such policies, particularly emphasising the trade-off
between social benefit of emission reduction and economic cost of increased fuel prices. As a preview
of results, I find that the economic cost of reducing emissions through a carbon tax is significantly
lower than previously thought — largely due to heterogeneity in plants’ exposure to the tax. To
alleviate fixed costs, I then show how proceeds from the tax can be used to subsidize the cost of

cleaner fuel adoption, and find positive but minimal welfare effects.

To get at these results, I develop and estimate a dynamic production model with multidimen-
sional energy input (fuel) choices and heterogeneity in fuel-augmenting productivity. The model
features monopolistic competition and two nests of production: an outer nest with capital, labor,
intermediate inputs and energy, and an inner nest where plants combine fuels to produce energy.
Fuel choices are then separated between an inter-temporal fuel set choice subject to fixed switching
costs and a within-period relative fuel quantity choice conditional on the fuel set. Consistent with
the literature on input complementarity (Broda and Weinstein, 2006), there is an option value from
adding more fuels to a set, which decrease marginal costs. In the absence of fixed costs, plants would
always use all fuels. Fixed cost thus creates a trade-off between a reduction in contemporaneous

profits and a decrease in expected future marginal costs.

Quantifying the role of fossil fuels in this production model highlights two important measure-
ment issues. First, energy that plants use in production, which is referred to realized energy, is
unobserved because it is the outcome of combining fuels with technology. This is in contrast with
physical quantity of fuels measured in common heating potential units, which is referred to as
potential energy." The wedge between potential and realized energy underlie differences in the
productivity of fuels that compose energy. Second, studying switching between fuel sets underlie
dynamic selection that hampers the evaluation of counterfactual costs and production under dif-
ferent fuel sets. For example, consider a plant deliberating whether to use coal and/or gas in the
upcoming period. If the plant chooses to use coal exclusively, its choice might hinge on an anticipa-
tion of high coal productivity and low gas productivity. However, the researcher lacks insight into
the plant’s actual gas productivity as it abstains from using gas. This holds significance due to the

potential for policy to prompt plants to adopt counterfactual fuel combinations.

To address these issues, I rely on important development on the estimation of production function

!The use of potential energy in the context of this paper should not be confused with potential energy in physics.



and dynamic discrete choice models in the presence of unobserved heterogeneity. My identification
method follows three steps. First, I identify the quantity and price of realized energy, jointly with
demand and the outer nest of production following the work of Grieco, Li and Zhang (2016) and
Ganapati, Shapiro and Walker (2020). This method relies on optimality conditions from profit
maximization to map observed relative input spending to unobserved relative input quantities.
Second, I identify the distribution of fuel productivity across plants and the inner nest of production
following the work of Zhang (2019) and Blundell and Bond (1998, 2000). This allows me to exploit
first-order conditions to recover relative fuel productivity that equate relative fuel prices to relative
marginal products. The energy production function is then identified using lagged inputs and
prices as instruments. Third, I follow Arcidiacono and Jones (2003); Arcidiacono and Miller (2011)
to recover fixed costs and the distribution of fuel productivity for counterfactual fuel sets. Using this
three-step approach, I am able to recover all production function parameters, the distribution of fuel
productivity, and switching costs between fuel sets. This allows me to conduct policy counterfactual

that affect plants’ fuel choices at the intensive and extensive margin.

I then apply this model to the Indian steel industry between 2009 and 2016 using data from
the Indian Survey of Industries (ASI), a panel of manufacturing establishments. The panel features
quantities and prices of disaggregated inputs that plants purchase and outputs that plants manu-
facture, as well as plants’ location into 775 districts, which I map to the entire network of natural
gas pipelines. Quantities of fuels such as coal, natural gas, oil and electricity are converted into
British thermal units (mmBtu), a standard measure of potential energy in the literature (EPA). I
narrow the focus to steel manufacturing because it is one of the most environmentally damaging
industries in India, with coal accounting for nearly 70% of its energy sources. In this context, there
are various shocks affecting plants that substantively help estimating the model. These include ag-
gregate factors that affected fuel prices such as the global oil shock of 2014, as well as the expansion

of the natural gas pipeline network between 2009 and 2016.

Preliminary results suggest a higher elasticity of substitution among fuels than between fuels
and non-energy inputs. I also find large and persistent heterogeneity in fuel productivity, consis-
tent with stylized facts about productivity found by Bartelsman and Doms (2000) and Syverson
(2011). Moreover, plants with more fuels in their set face a significantly lower marginal cost of
energy even after controlling for fuel prices. This phenomenon can be explained by factors such
as higher fuel-specific productivity, and the option value that an additional fuel provides. Overall,
plants that do not utilize natural gas would be 30% less productive at using gas compared to their

gas-utilizing counterparts. This disparity is accentuated by significant fixed costs of natural gas



adoption, averaging between 28 and 40 million U.S. dollars, and natural gas prices quintupling coal
prices. These interrelated factors collectively point towards a technological lock-in, shedding light

on the prevalent utilization of coal within the Indian steel sector.

On the policy side, I first explore a carbon tax levied on fossil fuels, where the relative tax rate on
each fuel is equal to its marginal externality damage. I explore various levels of the tax corresponding
to different social cost of carbon (SCC) to characterize the trade-off between emission reduction and
output along various percentages of emission reduction. While the trade-off is nonlinear because the
marginal cost of emission reduction is increasing in output, I find that reducing aggregate emissions
by 50% implies a reduction in aggregate output of only 7% relative to a laissez faire economy. In
contrast, If heterogeneity in fuel productivity was omitted from the model, output would decrease
by 12% for the same reduction in emissions. Plants who are productive at using high emission
fuels such as coal and oil specialize in those fuels, and are thus more exposed to the carbon tax.
Consequently, these plants become less competitive, and some output reallocates from high emission
to low emission plants. This composition effect induced by heterogeneity in fuel productivity reduces

the economic cost of emission reduction.

I then show how proceeds from the carbon tax can be used to subsidize the adoption of natural gas
to help alleviate technology lock-in induced in parts by large fixed costs. I show that a 10% subsidy
can be fully financed by a carbon tax with a social cost of carbon of $51 per ton of carbon dioxide.
The subsidy leads to a 26% increase in natural gas uptake, from 19 % to 24 % of establishments.
This increases the net present value of variable profits in the economy by USD 19 millions (0.09%),
consumer surplus by USD 14 millions (0.05%), and emission damages by USD 10 millions (0.38 %).
The net effect is a positive but small welfare increase of USD 1.18 millions (0.003%). However, this
welfare effect is very small when compared to the total subsidized amount of USD 2.79 billions, as

the net societal benefits only account for 0.04% of the subsidy’s cost.
Literature and Contribution

I contribute to the longstanding empirical literature on energy input/fuel substitution in man-
ufacturing industries by combining the two canonical approaches of Joskow and Mishkin (1977),
who consider fuel switching as a discrete choice between sets of fuels, and Atkinson and Halvorsen
(1976), who use a continuous fuel demand approach. I show that empirically matching these choices
has multiple new implications, requiring a more flexible model. Indeed, matching the intensive mar-
gin of observed fossil fuel consumption, particularly the heterogeneity in relative fuel shares, has

implication for fuel-specific productivity. Additionally, matching observed inter-temporal fuel set



switching has implication for fixed costs, the option value that different sets provide, and dynamic
selection a la Roy (1951) when combined with fuel productivity. Together, these choice margins un-
derlie novel welfare implications of policies aimed at mitigating externality damages from emissions,

such as carbon taxes. Along the way, I contribute to multiple strain of literature.

First, I contribute to the literature on production function estimation (Olley and Pakes, 1996;
Blundell and Bond, 2000; Levinsohn and Petrin, 2003; Ackerberg et al., 2015; Grieco et al., 2016;
Zhang, 2019; Gandhi et al., 2020; Demirer, 2020). I make a methodological contribution by showing
how to identify and estimate a dynamic production function with input-augmenting productivity,
where some of the inputs are not always used by plants and can change over time, which creates
dynamic selection on unobservables. I solve this selection problem by combining the aforementioned
literature with methods from the dynamic discrete choice literature in the presence of unobserved

heterogeneity (Arcidiacono and Jones, 2003; Arcidiacono and Miller, 2011).

Second, I contribute to the literature investigating the effects of environmental policies on firm-
level pollution, and the optimal design of policies aimed at mitigating climate change and other
pollution externalities. I relax the canonical assumptions of a pollution function that underlie a
uni-dimensional choice of pollution abatement that has been staple in this literature (Copeland and
Taylor, 2004; Shapiro and Walker, 2018). T also contribute the very large macroeconomic literature
on climate change using integrated assessment models (IAM) (Golosov, Hassler, Krusell and Tsyvin-
sky, 2014; Hambel, Kraft and Schwartz, 2021; Miftakhova and Renoir, 2021; Dietz, van der Ploeg,
Rezai and Venmans, 2021). I show that commonly made assumptions on the aggregate production
function for energy that combines different fuels may understate the extent of fuel substitution in

the economy.

Third, I contribute to the literature on energy productivity /efficiency which has put much atten-
tion to the consumer/residential sector (Fowlie and Meeks, 2021; Chan and Gillingham, 2015) and
the power generation sector (Cicala, 2022; Davis and Wolfram, 2012; Fabrizio, Rose and Wolfram,
2007).% Yet, manufacturing activities contribute to 37% of global greenhouse-gas emissions (Worrell,
Bernstein, Roy, Price and Harnisch, 2009), and energy productivity improvements through more
efficient furnaces and better heat waste management in this sector can help dealing with climate
change. While there is a literature on energy efficiency that extends to the industrial sector (Gerar-
den, Newell and Stavins, 2017; Allcott and Greenstone, 2012), this literature studies the adoption

(or lack thereof) of specific physical technologies. There is also one exception by Hawkins-Pierot and

2The terms ” productivity” and ”efficiency” can be used interchangeably in this context, and throughout the paper.



Wagner (2022), who estimate the energy productivity of manufacturing plants and its implication
for technology lock-in. Considering the heterogeneous nature of industrial activity, my paper inter-
prets energy productivity from a more general perspective, where technology can be both physical
and intangible (such as worker’s knowledge) and where energy productivity can be decomposed into
the relative productivity of different fuels. I show that the distinction between fuel productivity

and energy productivity is crucial to understand the impact of carbon policy on the economy.

Fourth, I contribute to the literature investigating gains from variety in the composition of inter-
mediate inputs, which underlie complementarity between inputs (Ramanarayanan, 2020; Goldberg,
Khandelwal, Pavcnik and Topalova, 2010; Kasahara and Rodrigue, 2008; Broda and Weinstein,
2006; Romer, 1990; Ethier, 1982). My paper provides some evidence in support of this theory. In-
deed, the prevalence of switching between fuel sets combined with large fixed costs of fuel adoption
can be explained by such gains from variety, in which marginal plants are willing to pay a fixed
cost to reduce variable production costs through input complementarity and ability to substitute
when facing fuel-specific shocks. This is particularly relevant in the Indian context which often face
electricity shortages(Allcott, Collard-Wexler and O’Connell, 2016; Mahadevan, 2022; Ryan, 2021).
This argument is strengthen by the observation that plants with more fuels tend to face lower

marginal cost of production.
Paper outline

In section 2, I discuss relevant features of the data. In Section 3, I provide evidence on emissions
and fuel usage by ASI establishments. In section 4, I elaborate on the model. In section 5, I show
how the outer and inner (energy) production model can be identified and estimated. In section
6, I show how fixed costs and fuel productivity for counterfactual fuel sets can be identified and
estimated. In section 7, I discuss estimation results for for Indian steel industry. In section 8, I

discuss policy counterfactuals.



2 Data

I use longitudinal data on inputs, location, and emission of manufacturing establishments in India.
This allows for an in-depth analysis of the role of fuels in the production processes of these estab-
lishments and the evolution of fuel usage over time. I then link this data to India’s vast natural
gas pipeline infrastructure network, providing a unique level of detail and enabling estimation of a
rich model of establishment dynamics. The findings therein offer novel insights into the impact of

policies, such as carbon taxes, in reducing the negative effects of climate change.

Manufacturing Establishments 1 use a panel of establishments from the Indian Survey of
Industries (ASI) covering 2009-2016 with 300,000 establishment-year observations. The panel ASI
is a restricted-use dataset that covers all manufacturing establishments with at least 100 workers,
and a representative sample of establishments with less than 100 workers. The sample is stratified at
various levels, including number of workers and location. More details on sampling rules, including
changes over time, can be found in Appendix A.1. The ASI features measures of costs and revenues
such as inputs, outputs, and prices. In particular, it contains information on prices and quantities
of Coal, Oil, Electricity, and Natural Gas, which I convert to million British thermal unit (mmBtu)
using standard scientific calculations from the U.S. Environmental Protection Agency (EPA, 2022).
Since the ASI is known to contain large number of extreme outliers (Bollard, Klenow and Sharma,
2013), I follow standard practices by top-coding and bottom-coding the 1% tails of plant-level inputs
and output by industry (winsoring).> The analysis is applicable to industries that uses fossil fuels

for combustion such as steel, non-ferrous metals, cement, glass, pulp & paper, etc.

Location I extract detailed location data from the publicly available version of the ASI, enabling
me to assign establishments to one of 775 districts across 28 Indian states. This information al-
lows me to relate cross-sectional variation in fuel prices from the panel ASI to spatial variation in
transportation costs. Additionally, I map the entire natural gas pipeline network to these districts
from public records by the Petroleum and Natural Gas Regulatory Board (PNGRB, 2023), which
oversees all pipelines in India. This allows me to capture variation in the fixed costs of using natural

gas, and helps explaining fuel set choices, as I show in Section 3.

Emissions To get establishment-level measures of greenhouse gas emissions, I convert units of
potential energy (mmBtu) of each fuel into metric tons of carbon dioxide equivalent (C'Osc). This

method is applicable to manufacturing industries that use fossil fuels for combustion, where each

3Such outliers are typically due to reporting errors, and are inconsistent with a wide range of official statistics.



mmBtu of fuel releases some quantity of carbon dioxide C'O2, methane C'Hy, and nitrous oxide
N0 in the air, which varies by industry based on standard practices in the Indian context (Gupta,
Biswas, Janakiraman and Ganesan, 2019, Annexure 3). I then convert emissions of these three
chemicals into carbon dioxide equivalent (C'Oq.) using the Global Warming Potential method (GWP,
see Appendix A.4.1). The conversion rate of carbon dioxide, methane and nitrous oxide to carbon

dioxide equivalent is the same across establishments and industries.

Deflation Lastly, I follow standard procedures to deflate all production variables in the Indian
manufacturing context (Harrison, Hyman, Martin and Nataraj, 2016). Particularly, I deflate output
values by industry-specific wholesale price indices (WPI). I deflate material inputs by the aggregate
wholesale price index following Martin, Nataraj and Harrison (2017). Capital stock is deflated
using the WPI for machinery as well as an India-specific capital deflator from the Penn World
Table Feenstra, Inklaar and Timmer (2015). Both deflation methods produce similar outcomes.

Labor spending is deflated using the consumer price index (CPI) to get a measure of wages that

reflects the value it provides to consumers.

3 Facts about Emissions and Fuels in India

Using this data, I highlight a set of facts about fuel usage and carbon emissions, that motivate my
choice of India’s manufacturing sector to conduct this analysis, and influences modeling choices to

capture plants’ fuel choices.

Fact 1: High Pollution Levels from Indian Manufacturing Establishments

Indian establishments in heavy manufacturing industries exhibit high levels of pollution. Total
annual greenhouse gas emissions averages 25 million tons of C'Oy. in Steel manufacturing, and
55 million tons of C'Oy. in Cement manufacturing, together accounting for nearly half of annual
emissions in Indian manufacturing. See table 1. This is primarily due to two reasons. First, the
aggregate share of coal as part of the energy mix is significantly larger than other fuels, and is much
larger than in developed countries, who typically rely on natural gas. Indeed, switching from coal to
gas has been a large contributor to the manufacturing clean-up in developed economies (Rehfeldt,
Fleiter, Herbst and Eidelloth, 2020). In appendix A.5.1, I provide evidence comparing Indian with
Canadian establishments in similar industries, and I find stark differences in pollution intensity.
Second, the aggregate share of energy as part of the input mix averages 23% in these industries,

significantly larger than the average across all other Indian manufacturing industries. At a high



level, this evidence reinforces the scope of this paper in studying fuel substitution among highly

polluting and energy-intensive establishments.

Annual Average Average Annual Annual Total Emissions Aggregate Aggregate
Industry Number of Plants Revenue (Million USD) (million tons cog.) Energy Input Share Coal Fuel Share
Paper 275 6.35 6.52 0.16 0.89
Glass 199 4.16 0.92 0.22 0.01
Cement 317 21.87 54.79 0.41 0.93
Steel 1,080 17.61 24.76 0.12 0.69
Other 32,224 5.67 157.95 0.11 0.17

Table 1: Descriptive Statistics for Selected Industry (2009-2016)

Note: The energy input share is calculated as the aggregate spending on energy by industry, as a fraction of total
spending on labor, materials and energy. It is then averaged across years. Similarly, the coal fuel share is calculated
as the aggregate share of coal (in mmBtu) relative to other fuels in each industry, averaged across years.

Fact 2: Indian Manufacturing Establishments use Different Fuel Sets

I find that plants operating in narrowly defined industries use different fuel mixes at any given
time. Moreover, the vast majority of fuel sets include both oil and electricity. Most of the variation
in fuel sets thus comes from whether plants also use coal, natural gas, neither or both. There are
many reasons why plants in the same industry use different fuel sets. For example, plants in steel
manufacturing can use different types of furnace to melt iron ore. They can use blast furnaces which
relies on coke (coal) as a primary fuel, or electric arc furnaces which can burn natural gas, oil, or
coal to generate high voltage electricity, which is then discharged through an electric arc to melt

iron ore.

Steel Casting of Metal Cement Glass

Oil, Electricity 51.3 51.5 42.1 53.6
Oil, Electricity, Coal 19.3 23.7 42.00 3

Oil, Electricity, Gas 10.8 12.2 1 31
Oil, Electricity, Coal, Gas 7.4 3.5 1.3 1.2
Other 11 9.2 13.7 11.2

Table 2: Percentage (%) of ASI Establishment That use Different Fuel Sources - Selected Industries

Notes: The Other category comprises of any other mix of these 4 fuels. The total number of plant-year observations
is 10,360 in Steel, 5,889 for Casting of Metal, 3,162 in Cement and 2,009 for Glass.

This heterogeneity in fuel sets has many implications. First, plants that use coal are likely to
release more C'Os. than plants who use gas. Second, plants who have more fuels have access to
additional margins of substitution, which are particularly relevant in a world where many fossil fuels
are susceptible to geopolitical turmoil that can have long-lasting effects on fuel prices. Consider, for
instance, the Ukraine-Russia war of 2021, which sent natural gas prices soaring worldwide, or the
oil shock of 2014, which resulted in a significant drop in the price of both oil and natural gas due to

the civil war in Libya and economic sanctions against Iran (see figure 1). In this volatile geopolitical
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landscape, plants’ decisions carry significant weight in terms of how they plan to weather potential
future shocks and coal may be particularly desirable due to the stability of its price relative to other

fuels.
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Figure 1: Median Fuel Prices

Additionally, the Indian economy frequently experiences disruptions in its electricity supply
(Allcott et al., 2016; Mahadevan, 2022; Ryan, 2021) due to financial struggles faced by state-owned
utility suppliers. (Mahadevan, 2022). Fuel substitution can serve as a means of adjustment for plants
to insure themselves against these shortages, for example, by using other fuels to perform tasks that

were previously performed by electricity, or even by using other fuels to generate electricity in-house.

Fact 3: Indian Manufacturing Establishments Often Switch Between Fuel Sets

I find that 40% of all plants add at least one fuel to their mix at some point in the sample, and
40% of all plants drop an existing fuel at some point in the sample. Additionally, I find that plants
who switch tend to switch on average two times, which is likely to be an underestimate of switching
because I only observe plants for a maximum of 8 years. See Appendix A.5.2. Importantly, this
isn’t a feature of Indian plants, but rather a prevalent feature of fuel consumption in manufacturing
across the world. In Appendix A.5.2, I also look at fuel switching in U.S. based plants and find

similar results.

There may be many reasons why plants switch between fuel sets. The development of new
technologies may increase the productivity of some fuels (e.g. electric arc furnaces vs. blast furnaces,

rotary vs vertical shaft kilns. See Appendix A.2 for more details.). Large and persistent fuel

4In addition to the explanations provided in the text, some establishments may change their position in the supply
chain, which requires them to either perform new energy-intensive tasks, or outsource existing tasks to other plants.
While this paper does not tackle this explanation directly, Boehm and Oberfield (2020) provide a way to measure the
level of vertical integration of an establishment from the ASI dataset. In Appendix A.5.6, I construct this measure
and assess whether switching between fuel sets is correlated with changes in vertical integration.
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Adds New Fuel (%) Drops Existing Fuel (%)
No 58.5 60.4
Yes 41.5 39.6

Table 3: Percentage of unique plants that add and drop a fuel.

Notes: To construct the table, I partially balanced the panel, keeping establishments that operate in at least 5 years
between 2009-2016 (N = 120,916). When keeping plants that operate in all 8 years, the prevalence of adding and
dropping fuels increases to 50% for both. When keeping plants that operate for at least 2 years, the prevalence of
adding fuels reduces to 16% and the prevalence of dropping fuels reduces to 18%. Nevertheless, this is an underestimate
of switching because many plants exist before and after the sample period.

price shocks may provide incentives for plants to readjust their input mix, and the expansion of
transportation infrastructures, particularly pipeline networks, may ease the access to new fuels. see
Fact 5. The next two facts provide further clarity to understand the heterogeneity in fuel sets and

the prevalence of fuel set switching.

Fact 4: Establishments Increase the Number of Fuels as they Become More Productive

As plants produce more output per worker, which can be interpreted as a proxy for productivity,
they tend to increase the number of fuels in their set. Moreover, I show in Appendix A.5.3 that
this pattern also persist across plant age. I interpret these findings as suggestive of the importance
of fixed costs for fuel adoption. Indeed, establishments would like to use more fuels to leverage
their complementarity, but may not always find it profitable to pay the necessary fixed costs. More
productive plants have marginally more to gain from combining multiple variety of fuels since any
gain in marginal products will lead to larger increase in total product®. This is the same type of
mechanism that explains why more productive plants are more likely to pay fixed costs to enter

international markets in trade models (Melitz, 2003).

Moreover, there are plenty of substantive reasons why fixed costs may be relevant. Expensive
Furnaces/kilns are required to extract the heating potential of fuels, and plants who want to use
natural gas may need to pay for distribution pipelines that connect their plant directly to main
transmission lines (Scott, 2021). In this context, a positive gradient between the number of fuels
and productivity coupled with large fixed costs of fuel adoption may create situations of technological
lock-in where plants are not productive enough to overcome fixed costs. Similar technological lock-

in have been previously documented in manufacturing by Hawkins-Pierot and Wagner (2022), and

This is one particular mechanism that can explain why more productive/older plants use more fuels, and will
be the primary machanism in this paper. Other complementary explanations include borrowing constraints due to a
lack of collateral that prevents small plants from investing in new infrastructure to diversify their fuel choices. This
explanation could rationalize Figure 2 if plant size is correlated with productivity. This is something that I can include
in the paper, albeit at a large computational cost.
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has important implications for policy to help plants overcome this technological lock-in.

2.3
- 95% Confidence Interval — Average Number of Fuels

Number of Fuels

T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Percentile of log(Output/Worker)

Figure 2: Number of Fuels by Output per Worker, Average of all AST Plants

Fact 5: Proximity of Plants to Pipelines Increases the Probability of Gas Usage
Plants located near transmission pipelines have access to the main distribution network. This
access reduces costs compared to those located far from the pipeline network, who need to either
have access to or construct expensive gasification terminals to convert liquified natural gas (LNG) to
its usable form. In the Indian context, I investigate the impact of the natural gas pipeline network

expansion between 2009 and 2016 on the likelihood of adding natural gas as a fuel source.

I use a simple logit regression where the dependent variable is an indicator for whether a plant
in district j added natural gas between year ¢t and ¢t + 1. The dependent variable of interest is
whether the pipeline network expanded in that district between t and t + 1.9 The results indicate
that an expansion in the pipeline network within a plant’s district leads to a 2.2 percentage point
increase in the probability of adding natural gas. These results are consistent with Scott (2021)
who provides evidence that proximity of power plants to gas pipelines in the U.S. is a critical factor
in determining the fixed costs of adding natural gas as a fuel source, which affects the probability

that a power plant adds natural gas.

4 Model

Consistent with the evidence provided so far, I develop and estimate a rich dynamic production

model which allows me to quantify establishments’ fuel choices, both at the intensive and the

SWhile pipeline expansions are not exogenous, I show in Appendix A.5.4 that the vast majority of aggregate
demand for natural gas comes from fertilizers, power generation and oil refineries. In this context, the expansion of
the pipeline network can be seen as a plausibly exogenous shock for the manufacturing sector.
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Figure 3: Indian districts by zone of access to natural gas transmission pipelines.

Notes: Zones are defined according to regulations under the Petroleum and Natural Gas Regulatory Board (PNGRB)
and are defined by each pipeline segment of 250km from the source. Zone 1 is closest to source and Zone 4 is furthest
from source. Moreover, unlike the U.S. and Canada, transportation tarrifs do not depend on long term contracts
between the pipeline and suppliers. Instead, tarrifs are fully regulated and depend on the fixed and variable cost of
each pipeline, and vary by zone.

Added Natural Gas (1) (2) (3)

Pipeline Expanded 0.013**  0.013**  0.02***
(0.004)  (0.004) (0.005)

Industry Fixed effects Y Y
District Fixed effects Y
Observations 128,496 128,496 128,496

Standard errors in parentheses
*p<0.05, " p<0.01, ™ p <0.001

Table 4: Probability of adding natural gas, logit average marginal effects from pipeline expansion
between two years.

Notes: The coefficient for ”Pipeline Expanded” is the average marginal effect of increasing the pipeline network in
a plant’s district on the probability that the plant adds natural gas. Probabilities come from the following model,
estimated with logit errors: ADgasi;: = Bo + 81ADpipeline;s + controls;; + €;¢, where ADgas;; is an indicator for
whether plant i added natural gas in year ¢t and ADpipeline;: is an indicator for whether the natural gas pipeline
network expanded to reach plant ¢’s district in year ¢. Individual marginal effects are calculated as Pr(ADgas; =1 |
ADpipeine;s = 1, controlsi) — Pr(ADgas;s = 1 | ADpipeine;; = 0, controls;:).
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extensive margin. Decisions in the model are reliant on the channels discussed above, and include
many reasons why establishments use different fuels. Particularly relevant are differences in fuel
productivity due to variation in heat management practices and technologies (furnaces/kilns) that
plants operate, as well as heterogeneity in fuel prices and fixed costs. This model enhances the
existing literature on externality mitigation by more accurately predicting the impact of policies like
carbon taxes on manufacturing establishments’ emissions, achieved through alterations in plants’

input mix.

Each period, plants have access to a set of fuels from a combination of oil, natural gas, coal and
electricity. Fuels are combined to produce energy that goes into the outer nest of production. The
production model for energy is the same across fuel sets, but each fuel in the plant’s set has its own
productivity term. Plants can choose to change fuel sets across periods, either by adding new fuels
and/or dropping existing fuels. Ideally, a plant would use all fuels to leverage their option value, and
gain an additional margin of substitution to hedge against various shocks. However, adopting a new
fuel requires paying a fixed cost, because the utilization of fuels involves complex heating processes
that require fuel-burning technologies such as furnaces/kilns, storage facilities, and transportation
infrastructures. For similar reasons, a plant can get a salvage value from dropping a fuel. As a
result, adding a new fuel involves a trade-off between between reduction in contemporaneous profits

and decreases in expected future marginal costs, and vice-versa for dropping an existing fuel.

To understand these dynamics better, I first present the structure of production for a given plant
in a static setting, and then consider inter-temporal decisions. Throughout the exposition, subscript
1 refers to a plant and t refers to a year. The analysis is conducted at the industry level, so I omit

the industry subscript going forward.

4.1 Production Model

There are two levels of production which correspond to two nests. The outer nest is a standard CES
production function and features Hicks-neutral productivity z;, labor (L /L), capital (K;/K),
intermediate inputs (M;/M) and realized energy (E;/E).” Following Grieco et al. (2016), the

production function is explicitly normalized around the geometric mean of each variable X =
1

(H?:l Hthl Xit) s

"The particular functional form of the CES is not necessary. Identification works for a large class of production
functions. This is true for both nests of the production function.

8Tt has been known for a long time that all CES functions are either implicitly or explicitly normalized around
a point (Ledn-Ledesma, McAdam and Willman, 2010). I choose the geometric mean as a normalization point to be
consistent with the literature, but the choice of any particular normalization does not carry any meaning beyond
mathematical convenience, or lack thereof. Details on the explicit derivation of the CES normalization can be found
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Where o > 0 is the elasticity of substitution between inputs, and 1 > 0 is the returns to scale. In

the outer nest, plants choose input quantities given input prices, which includes realized energy, EE“ .

Then, given the current fuel set F;; C F = {oil, gas, coal, elec}, plants combine all fuels available

in the set to produce a quantity of energy EE” in the inner nest of production:

il

_ ( 5 (wf@-fg;t)*_l)H @)

fEFit

eri refers to quantity of fuel f for plant 7 in year t. py; and 9y are the corresponding fuel
price and productivity, respectively.” The fuel-specific productivity terms are novel as they allow for
flexible variation input usage at the intensive margin and heterogeneity in fuel substitution. This is
a significant departure from the literature, where most previous papers that estimate a production
function with fuels do not allow for fuel-specific productivity (Hyland and Haller, 2018; Ma et al.,
2008; Pindyck, 1979; Joskow and Mishkin, 1977; Atkinson and Halvorsen, 1976). More recently,
Hawkins-Pierot and Wagner (2022) allowed for the productivity of the total energy bundle to vary
across plants. While this allows for heterogeneity in the substitution between energy and other
inputs, it does not capture salient features of fuel consumption and differential responses to fuel

price changes.

A > 0 is the elasticity of substitution between fuels. This parameter plays a crucial role in this
model because it determines the magnitude of the option value that a plant would get by expanding
its fuel set F;;. As long as A > 1, there is an option value to have more fuels. However, the more
complements fuels are conditional on being gross substitutes, the larger is the option value. This is
because a lower A implies that marginal products from a given fuel decrease faster with quantity, so
there are larger marginal gains from adding a new fuel. In section 4.4, I explore these comparative

statics in more details.

in the appendix
9Note that fuel productivity terms %y are in units of normalized fuel quantities ey /€s, but can always be
rewritten in units of physical fuel quantities (mmBtu): ¥f;r = rit/e5
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On the policy side, both elasticity of substitution (o, A) and the return to scale n will play
an important role in the own and cross price elasticity of fuel demand, which will be paramount
to understand how plants readjust their input mix when facing different policies. Additionally,
heterogeneity in fuel productivity may induce distributional effects from taxation which will affect
the aggregate trade-off between emission reduction and output. Next, I show how plants compete

and set prices.

4.2 Static Decisions

Assumption 1. Plants produce different output varieties and engage in monopolistic competition.

In each industry, there is a representative consumer with quasi-linear utility over the total output
produced in a given period Y; and an outside good Yy;. Total output is produced by aggregating all
the varieties with standard Dixit-Stiglitz preferences across varieties. Given a mass of V; operating

plants, income I; and an aggregate demand shock e'*, the representative consumer solves:

Op

el 1 p—1 p—1
max U =Yo + / (NeYie) v di
{Yie}¥t, Yor 0 \ Nt Jo,

(3)
st Yoot [ Pa¥di <1,

Where p > 1 is the elasticity of substitution between varieties, and 6 € (0,1) indexes the
substitution between consumption of the differentiated varieties and the outside good. Following
Helpman and Itskhoki (2010), I restrict 6 < p;pl, which ensures that output varieties are more
substitutable between each others than with the outside good. These quasi-linear CES preferences
were first proposed by Helpman and Itskhoki (2010), and provides analytical convenience for welfare
evaluation. Indeed, quasi-linear preferences are standard in the literature on externality taxation
(Fowlie et al., 2016) and allow researchers to use the social cost of carbon (SCC), which expresses
the net present value of expected future damages from carbon emissions in dollars.'’ As such,
externality damages affect consumption of the outside good by varying aggregate income, and thus

directly affect consumer surplus. Solving the representative consumer’s problem in (3) yields the

following downward slopping demand for each varieties Yj;, which is augmented with an ex-post

0This is the approach typically taken in applied microeconomics. However, there is an alternative approach in
macroeconomics which relies on integrated assessment models (IAM) to explicitly study the dynamic relationship
between aggregate emissions and concentration of C'O2 in the atmosphere, which affects future aggregate output in
various ways. See Nordhaus (2008); Golosov et al. (2014); Hassler et al. (2019, 2020); Golosov et al. (2014).
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idiosyncratic demand shock ef:

Yip = — P, P, 7 e (4)

N 1
Where et = " and P, = <N% i Pzi_p di) """ is the CES aggregate price index across all

varieties. Detailed derivations can be found in Appendix B.1.
Plants mazimize profits

Given set of fuels F;; C F, technological constraints, inverse demand, and all input prices, the

plant’s problem is a static profit maximization.'> To avoid notation clutter, I will define X;; = )%f

for normalized quantities and P = pzit X for normalized prices from now on.

max {Pz (Y;t)}/it —wilit — e Kit — pmic Mz — Z pfitefit}
Kit,Mit,Lit,{efit} rer,, ,
fefzt
no
~ _ o=l ~o=1 L o=1 =t A
st. Yy=zy|laxK,” +orl,” +oapyM,” + OéE( Z (Priu€pic) X )
fEFit
_ 1
eFt P %
P (Yz ) = P, o
NiYi

The nested structure of production is such that it can be express in two stages:
1. Fuel choices to minimize cost given quantity of realized energy (Inner nest):

Given fuel prices, plants find the combination of fuels that minimizes the cost of producing a
given unit of energy. Note that fuel prices in mmBtu are observed and allowed to vary across plants.

Appendix A.3 discusses the main reasons underlying cross-sectional price variation.

min { Z pfitefz‘t} st. By = ( Z (@Z}fitéfit)%)ﬁ (5)

{erit}rer;, FEFu feFit

1T expose the decision of plants under the assumption that plants flexibly rent capital with unit cost of capital 7.
While T use this assumption to reduce the computational burden in the dynamic discrete choice model of fuel sets, I
do not need nor use this assumption to estimate the production function.
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The solution to this problem is an energy cost function C(Ej) that satisfies:

- ﬁfit 1-A 1i>\ =~
CE)= (Y (2% E;
(i) (fE]:it (wfit) ) !

:pEitEit = Z Prit€fit
fe€Fit
Where the unobserved price of realized energy pg,, correspond to a CES price index in fuel prices
over productivity. Constant returns in the energy production function implies that the marginal

cost of realized energy is the price of realized energy and is constant MC (Ezt) =D,
2. Input choices to mazximize profit (outer nest):

Given a cost-minimizing allocation of fuels that produce a quantity of energy, plants pay a price
pEqt for each unit of energy. They take this price as given when choosing quantity of energy because
Pt is only a function of the optimal relative allocation of fuels, not the scale of energy. This is due
to the constant returns assumption in equation 2. Then, at the beginning of each period, plants
start with a set of fuels F;; C IF, observe their hicks-neutral productivity z;, productivity for each
fuels {¢fit} rer,, and all input prices {wit, Tkit, Pmit, {Dfit} fe 7., }- Together with location identifiers
and year of production, these form a set of state variables s;;. Given these state variables, plants

maximize profits which yield a period profit function 7 (s, Fit).

elty L 1J(rp(9;1) p=1
n(sit, Fir) =  max {(—)”P "0 Y7 — wyLiy — Kt — Pooit Mit — EE}
(zt7 z) Kip.Mis Lir. Ers Nt t it tLiat ktd\it — PmitMit — PEitLit
e (6)

o—1

~o—1 ~o—1 ~ ~o—1
s.t. Yz‘t:Zit[OéKKit” +arLy,” +ayM,” +apk o

4.3 Inter-temporal Fuel Set Choices
Inter-temporal fuel set choice

Every period, plants take expectation over the evolution of state variables, and choose a fuel set

for next period F' to maximize expected discounted lifetime profits:
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V(sit, Fir € F) = H}QX{ 7(sit, Fit) — K(F' | Fity sit) + 0cerriv + BE[V (sitg1, F') | sit] }

static profits fixed switching costs continuation value

Where K(F' | Fit,sit) is the net cost of switching from fuel set F to F' and €F;, capture
idiosyncratic shocks to these switching costs. Fuel set switching costs are allowed to vary with some
state variables. In particular, I allow these costs to vary by plant size (proxied by hicks-neutral

productivity z;;) and whether a plant is in a district d that has access to natural gas pipelines:

K(F' | Fit, sit) = k(F' | Fit,dig) +v1n 2

The switching cost function k(F' | Fit, d;) is composed of two types of arguments. First, there
are fixed costs of adding a fuel ky. Second, there are salvage values of dropping a fuel ; that plants
obtain by selling technologies. Since 90% of plants in the dataset always use electricity and oil, I
assume that the choice set of plants is as follow, where e = electricity, o = oil, g = gas, ¢ = coal.
Given this fixed costs structure, I show in the next section what motivates plants to switch between

fuel sets.

F = { (06); (oge): (oce); (ogee) |

F ‘ oe oge oce ogce

oe 0 Kg Ke Kg + Ke
oge —Yy 0 —Yg + ke Ke
oce —Ye —Ye + Ky 0 Kg
ogce | —7V;— Ve —Ye —Yg 0

Table 5: k(F' | F)

Notes: rows correspond to fuel sets today F, whereas columns correspond to fuel sets next period F'. I assume that
fixed costs and salvage values for coal are the same across districts. However, fixed costs and salvage values for natural
gas vary by plants’ proximity to the natural gas pipeline network in a binary fashion, where I define d = 0 if plants
have no access to pipelines and d = 1 if plants have access to pipelines. Then kg = kg1 if d = 1 and kg = Ky if
d = 0, and likewise for v,. I define plants having access to pipelines if they are located in a district in which a pipeline
directly passes, or in a district immediately adjacent to a district in which a pipeline passes.
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4.4 Comparative statics: Option Value of Larger Fuel Set

In this section I show why a plant would want to pay a fixed cost to add a new fuel to its set. The

price that plants pay for its energy bundle is a CES price index in all fuels available Fj;:

pi = (2 (B2

fEFit

Broda and Weinstein (2006) and others show that this CES price index is decreasing in the
number of input varieties it contains, here [y, as long as inputs are gross substitutes (A > 1).
This means that absent of fixed costs, all plants would always include all fuels in their set. The
intuition underlying this option value and can be understood through decreasing marginal products.
Indeed, the energy production function is concave in each inputs, so fuel-specific marginal products
are decreasing in fuel quantities. Adding an additional fuel allows to substitute away from the
least productive units of existing fuels, towards the more productive units of the new fuel due to
gross substitution (A > 1), which in terms increases the marginal product of all existing fuels. The
net effect is an overall decrease in the total quantity of fuels required to produce a unit of realized
energy E;;, which decreases marginal costs p By In Section 3, I showed evidence consistent with this
conceptualization of this option value. In Appendix E.1, I show how similar comparative statics can
be derived from a task-based model for realized energy similar to Acemoglu and Restrepo (2021).

The following three propositions formalize these ideas.

Proposition 1. Gains from variety: ceteris-paribus, if a fuel set F is a strict subset of F' and

fuels are gross substitute (A > 1), then the marginal cost to produce energy is higher under F.

_ 1 _ 1
Proof. Assume not, such that (Zfef (Z?fi)l—*) =X (ngf/ (ijtt)l_x) = By convexity of the function

flz) = 2% when \ > 1, we know that Vz,y € dom(f), f(y) > f(z) + f'(z)(y — x) using a first-order Taylor

expansion of f. Let y =3, (fszz:)l_A and z =3 .7 (i;i‘t)l_A Then,

(%)kA)ﬁ S (Z (%)14\)&

feF! fer
~ 1 ~ A
> (Pfit)l—A = 1 (pfit)l—)\ == _ (sz't)
ferr e ) 1—>\(fezf, Vit ) ( fE;\]-‘ Vit )
1 Prit \1—X)\ T2X Dfit
0> —— —— >0 =<
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O

In addition, by expanding its fuel set, a plant also gains the option value of being able to hedge
against negative price shocks and quantity shortages. The following two propositions demonstrate
the differential effects of a fuel price increase and a binding quantity shortage based on the size of

a fuel set.

Proposition 2. Option value against positive fuel price shock: ceteris-paribus, if a fuel set F is a

strict subset of F', an increase in the price of a fuel in both sets will increase marginal costs under

Opg, s (!
/ E'Lt(]:) Ezt(-;_)
F by a larger amount. FCF — B fat > B it

apEit(]:) apEn(]:’) Dfit A1 A A
e Obra <¢fit) Yrit [pE“(f) _pEit(]:/)] >0

if FC F since A>1 and PaF) > Phy(F) by Proposition 1

The idea behind Proposition 2 is that a larger set of fuels can act as a form of insurance against
negative price shocks, which is relevant in a world where many fossil fuels, in particular oil and
natural gas, are susceptible to geopolitical shocks that have persistent effects on fuel prices. The
final proposition demonstrates that a larger fuel set allows plants to hedge against binding quantity
shortages of a particular fuel more effectively. This proposition is particularly applicable in the In-
dian context, where the economy frequently experiences disruptions in its electricity supply (Allcott

et al., 2016; Mahadevan, 2022; Ryan, 2021).

Proposition 3. Option value against binding fuel shortage: ceteris-paribus, a binding shortage
on the quantity of a specific fuel €f will increase the perceived marginal cost to produce energy.
Moreover, if a fuel set F is a strict subset of F', the increase in perceived marginal costs will be

larger under F. FCF — PiuFzp) > PhaF e

. ~ - A—1 —1
min { Z pfitefit} st. By = ( Z (Yru€ri) ¥ )A '

{erit}rer;, feFu feFit

epir < ey for some f

The Lagrangian can be written as:
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feFit
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feFit

In the first order condition for fuel f, the Lagrange multiplier for the supply constraint ps acts
as an increase in the shadow price of fuel f. Since I assume that the constraint is binding, the value
of this shadow price will be such that the quantity purchased of fuel f would be €; if the plant
was facing pyi; + p2 as the true price. Hence, the binding quantity shortage is analogous to a price

increase.

1
_ N = Ty
Drit + p2 = p1 (Z(¢f¢t6fit) A ) 1%3 €fit
feF

Marginal Product of ef;;

Then, the perceived marginal cost of energy, pg, (re,) will include the shadow price of fuel f.
By proposition 2, the increase in marginal costs will be larger under F than F’. Thus, the plant is

better of under the larger fuel set, 7' when facing a shortage.

5 Identification of the Production Function

Estimation of the model is done is three steps, each of which rely on different methods, and require
solving non-standard challenges. First, I estimate the outer production function in the presence of
an unobserved input (energy). Following Grieco et al. (2016), identification relies on the mapping
between observed expenditure share of inputs and optimal quantity share of inputs under profit
maximization. This method allows me to identify the outer production function and both the price
and quantity of energy. Since I observe plant-level output quantity and prices, I also separate the
curvature of the production between demand and returns to scale by estimating demand using the
Bartik style shift-share instruments of Ganapati et al. (2020), which exploit aggregate fuel price

variation as cost shifters.

Second, I jointly identify the inner nest of production, including all fuel-specific productivity
terms for fuels that plants are using. To do so, I rely on recent development in production function
estimation in the presence of input-augmenting productivity (Demirer, 2020; Zhang, 2019) coupled

with dynamic panel methods (Blundell and Bond, 1998, 2000, 2023). More specifically, I exploit
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plants’ optimality conditions, allowing me to infer fuel productivity that would make fuel marginal
products equal to observed fuel prices. I then assume a Markovian structure for the evolution of
fuel productivity to consistently estimate parameters of the production function using lagged inputs

quantities and prices as instruments

Third, while the previous method allows me to recover fuel productivity for fuels that plants
are using in a given period, selection bias in this distribution may arise if plants are using their
fuel productivity as a basis for fuel set choices. As a result, the distribution of observed fuel
productivity may not correspond to the distribution of counterfactual fuel productivity, which is
needed to identify switching costs between fuel sets and to perform counterfactual policies. To
tackle this selection bias, I allow for systematic difference in fuel productivity across plants and I
infer the distribution of counterfactual fuel productivity that would rationalize observed fuel set
choices in a full information likelihood, borrowing from the literature on unobserved heterogeneity

in dynamic discrete choice models (Arcidiacono and Jones, 2003; Arcidiacono and Miller, 2011).

5.1 Identification of outer production function

In the outer nest, the main unobserved quantity that departs from standard models is realized
energy Ej;. In contrast to heating potential of fuels, realized energy is the output of combining
different fuels in production, and is unobserved by construction. Fortunately, Grieco et al. (2016)
show there is a way to uniquely recover the price and quantity of such unobserved input if other
flexible inputs are observed and if plants are price-takers in the input market.'”> The key method
relies on using relative first-order conditions to map observed expenditure shares to unobserved
input quantity shares. To see this, one can look at the ratio of first-order conditions for labor and

energy from profit maximization in equation 6, and rearranging:

wiLy  ag ( Lit/L >("*1)/" (7)
PE;, Eit ag\ E;/E
—— ——
Expenditure ratio Quantity ratio
Ei

Given production function parameters, =4 can be recovered from (7) because I observe expen-
ditures for both inputs (recalling that energy expenditure is the sum of fuel expenditures from the

energy production function: pg,, Eit = ) fer, Prite #it) and I observe quantity of labor. Identifica-

12The assumption of price-taking in the input market allows for unobserved variation in input prices (the main
motivation underlying the Grieco et al. (2016) paper), which could be related to plant size, productivity, location,
and any other state variables. However, this assumption rules out quantity discounts.
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tion of E;; comes from variation in the relative price of labor to energy, which induces variation
in the expenditure ratio that isn’t one-for-one with relative prices. For a given o, observed vari-

ation in spending on energy Sg,,, spending on labor Sz,, and the quantity in labor L; implies a

it )
unique quantity of realized energy by the optimality condition between both inputs. Only when
o = 1 (Cobb-Douglas), the percentage change in relative prices is always offset by an equivalent

percentage change in expenditure shares, such that expenditure shares are constant.

Eit _ (peitEit> o1 (%) 721 Lit (8)
E wit Lt

In this setting, one can identify production parameters by replacing Ej; for (8) in the production
function and exploiting first-order conditions to control for the transmission bias from unobserved
hicks-neutral productivity z; to observed inputs, a method that is also used by Doraszelski and
Jaumandreu (2013, 2018). Following Grieco et al. (2016), I also use the same method to control for

unobserved price dispersion in the bundle of material inputs:

M _ (pmitMit) 757 ( ag, )ﬁ@
M L

wit Lt am

The main dependent variable is revenues, where e“i* is an unobserved iid shock which is meant to
capture measurement error and unanticipated demand & productivity shocks to the plant (Klette
and Griliches, 1996). Detailed derivations of the estimating equation can be found in Appendix

C.1. Taking logs of revenues yields the main estimating equation:

(Kit/K

o—1
T/T ) 7 ) + Pmit Mt + Peir Bt

InR; =In wiy Lt (1 4 2K

ar

+uy (9)

1
p +In—+1n
1 n

The main parameter of interests are the elasticity of substitution (o), the elasticity of demand
(p) and the returns to scale (1) in (9). While the elasticity of substitution is identified from observed
variation in the capital to labor ratio, the elasticity of demand/markup is not separately identified
from the returns to scale. This is a standard problem with revenue production function, whereby

the curvature in the revenue function is driven by both technology (returns to scale) and market
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power (markup). Fortunately, I observe output prices and quantities, and I have access to exogenous
cost shifters, which I use to to recover the elasticity of demand p in section 5.1.1. Lastly, since Ej
and M;, were substituted out of the production function, the main estimating equation (9) does
not recover ag and ajps. To recover ap and ajps, I take the geometric mean of relative first-order

conditions in equation (7) for energy and labor, and likewise for materials and labor.'

ag +arp+ay+ag=1

Then, I estimate (9) subject to (10) with non-linear least squares.'*

5.1.1 Estimating Elasticity of Demand

To separate the demand elasticity p from the returns to scale 7 in estimating equation (9), I estimate

demand from observed output prices and quantities using the demand equation (4).

lnYit :At—phljjit‘i‘Eit (11)

Where A; = Iy + In (N%) + % In P;, and contains both the unobserved aggregate output
price index and aggregate demand shocks. Due to standard simultaneity bias, the elasticity of
demand p is not identified from price and quantity data alone. To solve this issue, I instrument
output prices with a Barktik style shift-share cost shifter proposed by Ganapati et al. (2020) and
used by Hawkins-Pierot and Wagner (2022). The instruments have two components: an exogenous
shock to aggregate fuel prices (the shift) and pre-shock variation in exposure to aggregate fuel prices

by Indian States (the share).

Zsit = [T?_S,tj * 0'5,20087]0], f € {coal, gas, oil}

13This is the convenience given by the geometric mean normalization of the CES. However, any other normalization
would work, but would require some more algebra to recover the distribution parameters.

" Consistency of the parameters is shown by Grieco et al. (2016) using the first-order conditions of the NLLS
objective function as moment conditions.
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P—s4,f 1s the average price (leaving out state s) of fuel f in year ¢, and acts as an exogenous shock
to production cost. This is because much of aggregate fuel price variation stems from worldwide
variation in demand and supply induced by geopolitical turmoil, aggregate technological evolution
& growth, all of which are unrelated to Indian manufacturing plants. o200 ¢ is the pre-sample
aggregate share of fuel f used to generate electricity in state s. Since electricity prices in India
are set by state-owned utilities, variation in the price of a fuel is going to induce more variation
in electricity prices in states that use more of that fuel to generate electricity. This is going to
create exogenous exposure to aggregate fuel price shocks since all plants use electricity as an input.
Moreover, the shares are taken in 2008 (before the sample starts), and are thus unaffected by shocks

to fuel prices.

For the remaining parts of the demand equation, the aggregate output price index P; is part of
the year fixed effect in equation (11), and is endogenously determined by the elasticity of demand
p. I first estimate demand using year dummies ]\t, and then solve for the price index ex-post, which
is a fixed point given the estimate of p and observe output prices Py;. Once I have the output price
index, I can recover the elasticity of the outside good 6 and the aggregate demand shifter I'y by

exploiting the restrictions on 6.

5.2 Identification of inner production function for energy

The energy production function in equation (2) can be rewritten by taking out the productivity of

a fuel that plants always use, such as electricity, and redefining the productivity of all other fuels

relative to electricity, it = :ii ::

Ey = %z’t( Z (1/~1fz‘t egf) AA_I) o (12)

fe€Fir

~

At this point, I have an estimate of the quantity and price of energy, (Ej;, p E-t) from the previous

step, fuel quantities, {efyt} ez, and fuel prices: Pp, = SEEZ-?’{pf“ = Z;Z}fe}‘it. I show how to

recover the elasticity of substitution A, and all productivity terms v ;. To do so, I rely on optimality
conditions from the energy cost-minimization problem coupled with a Markovian assumption on the
productivity of electricity. This is similar to the method proposed by Zhang (2019) and Demirer
(2020), but relies on insights from the dynamic panel literature (Blundell and Bond, 2000, 1998)

rather than the proxy variable/control variable approach to deal with endogeneity of productivity
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(transmission bias). As a reminder, the energy cost-minimization problem of the plant is as follows:

A

A—=1\ x—1
i r— ~ e . —_—
min E Dfit€fit St Eit:q/]eit< § : <¢fit 6f;t) p) )

lesitdrers feFit feFir

Relative first order conditions identify relative productivity of fuel f as a function of observables

up to parameter values:

i (2) (22) 2 i

Deit Ceit €e

The intuition underlying equation (13) is that relative fuel productivity equate relative fuel price
) ~A—1 1
to relative marginal products % = wf;t (z;—’i) *. I then exploit these optimality conditions by

plugging back the implied relative fuel productivity terms (13) into the energy production function

(12) and rearrange:

E't S it =1
P 3 2) (1)
et FEFu et

Where sp;; = priseyir is spending on fuel f. Recalling that é.; = eg—;f The intuition underlying
equation 14 is fairly straightforward. The LHS is the value added of an additional unit of electricity
in terms of realized energy. Naturally, plants that are more productive at electricity (€e;r) will
generate more value added. Moreover, the more complement fuels are, the more important are
spending on fuels other than electricity to explain the value added of electricity (A — 0 implies
that (ﬁ) — 00). Note that I haven’t used the first-order condition (in level) for electricity in the
cost-minimization problem. This is because given some quantity of energy FE;;, one of the input

choice is free. Details in Appendix C.2.

At this point, the only unobservable left in the energy production function is the productivity
of electricity, which is correlated with current period quantities and spending on fuels since it is
assumed to be known to the plant at the time of choosing fuel quantities. This is a standard

transmission bias. To deal with this issue, I assume that the productivity of electricity follows an
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AR(1) Markov process with year fixed effects.!” Moreover, I allow for plant-specific fixed effects in

the productivity of electricity u;pe

Ineir = (1= py, ) (1 + 1) + 1 — pyo iy + py. Mteip—1 + € (15)

I then take log of equation (14) and use the Markov process above to get an estimating equation:

S R ~ B A S Sfit— "
lnEit_lneeit:Ft‘szpe(lnEitfl_lneeitfl)‘Fi(lHZ fzt—pweln Z M)—l—ui—l—e-

Where T'y = ,ug)e(l — py.) + uipe — Pie ufjl is a year fixed-effect and pf = (1 — pwe),ug)e is the
normalized plant fixed effect. Since e;ﬁe is a shock to productivity of electricity at time ¢, it is

uncorrelated with choices made at time ¢ — 1:

E(e\ | Tir_1) = 0

The estimating equation (16) is very similar to the canonical model in Blundell and Bond (2000)
who estimate a Cobb-Douglas production function, and can be written in its canonical form as a

linear dynamic panel regression with a common factor restriction (85 = —pf]):

Vit = o + ap + pYi—1 + Bixit + BoyTit—1 + u; + €it

There are two main endogeneity concerns in this model. First, the lagged value added of energy

and the lagged relative spending on other fuels are correlated with the plant fixed effect 7, which

5The choice of these modified AR(1) processes where the mean is normalized by the persistence are standard
in the dynamic panel literature with short panels (Blundell and Bond, 2023). It ensures that the average of each
state variables observed in the data corresponds to the unconditional average of this process. This means that many
even though the model is estimated from a short panel (between 2 and 8 years), forward simulations multiple years
ahead will match the support of the data. It is equivalent to the assumption that the residuals of the productivity
distribution follows an AR(1) process, rather than electricity productivity itself.
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biases the persistence of electricity productivity p,,. This is the standard concern in the dynamic
panel literature. See Bun and Kleibergen (2022) for a review. Second, contemporaneous relative
spending on other fuels are correlated with both the fixed effect p] and the innovation term e;ﬁe
to electricity productivity, which biases the estimate of the elasticity of substitution A. Blundell
and Bond (2000, 1998) and many others show that these concerns can be addressed with properly

specified moment conditions conditions. Following Blundell and Bond (1998), I use the system

GMM approach which combines both level and difference moment conditions as follows:
E(AXi -1 (] + €)= 0
E(X;: 1Ae) =0

For X;;—1 € {In E@t_l —Inéc;¢—1,In Zfefi, °1#-1% and likewise for AX; ;1. Moreover, these

t—1 Seit—1

moment conditions yield a consistent estimate of the elasticity of substitution A under the assump-
tion that shocks affecting relative fuel spending are persistent. This assumption is consistent with
many geopolitical shocks affecting fuel prices that are prevalent in the fuel market. In this dataset,
this includes, for example, the oil crash of 2014 which persisted until 2016. For the price of elec-
tricity, Mahadevan (2022) documents many state-specific reforms to electricity markets which had
persistent increases on the price of electricity. In the dynamic section, I specify a Markov process
for the price of oil and electricity which is consistent with these assumptions. Lastly, I get standard

errors on the elasticity of substitution using the delta method.

6 Identification and Estimation of Fixed Fuel Switching Costs

Each plant have access to a set of fuels F;+ and is considering all alternative fuel sets for the next
period: F' = Fy11 C F = {oe,oge,oce,ogce}. Since all state variables s;; are assumed to follow
a Markovian process, I can start from the recursive formulation of the problem, where the plant
chooses a fuel set next period F’ to maximize a bellman equation, the net present value of lifetime

profits:

V (sit, €it, Fit) = max {W(Sit, Fit)|oe — K(F' | Fitysit)/0c + €xrit + BE(V (Sit41, €it41, F') | Sit)}

(17)
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Where the fuel set switching cost function, K(F' | Fi, sit), was defined in Table 5. It is a function
of productivity z;; and access to natural gas pipelines. o, is a parameter that maps units of profits
(dollars) to units of the shocks to fixed costs.'® From now on, I define the parameters governing the
switching cost function 01 = {Kg1, kg0, Ke, Vg1, V90, Ve for coal ¢ and gas g, and 6 the parameters
underlying the evolution of state variables. I use k41 to denote the fixed cost of adding natural gas
for plants that are located in a district near the pipeline network, and x4 for plants that are located
in a district that isn’t immediately adjacent to the pipeline network, and likewise for salvage values.
I make the assumption that cost shocks are iid and come from a standardized Type 1 Extreme value
errip ~ Gumbel(0,1). This allows me to analytically integrate over these shocks and work with the

expected value function, W (s, Fir) = E(V (84, €it, Fit)):

W (s, Fie) =7 +In ( S exp (wlsies o = K(F' | Favosi) o+ 6 [ Wlsiewn, F)f s | sit>dsit+1)>
F'eF

—~y+In ( > exp <U]-"(Sit"7:i ))>

F'eF

Where v &~ 0.5772 is the Euler-Mascheroni constant and vz (s, Fit) is the choice-specific value
function. Then, the probability of choosing fuel F’ has a logit formulation, which simplifies the
likelihood. Note that this probability is implicitely a function of both 61 and 5. Below is the main

assumption underlying plants’ expectation over state variables:

exp (U]-'/ (sit, Fit; 01, 92))
Z]—'EF €xp <U]-'(5ita Fit; 01, 92))

Pr(F"| Fit, sit; 01,62) =

Assumption 2. Plants take expectation over the evolution of all productivity terms, fuel prices and
material prices ({1 ¢it, Pfit} few, Zit, Pmit ). However, they are agnostic about the evolution of wages

and rental rate of capital (wy, Tt

This assumption for wages and the rental rate of capital is only to reduce computational bur-
den, because the state-space is already extremely large with 12 state variables. See Appendix

C.3 for all computational details on the expected value function. I then separate state variables

16 An equivalent approach would be to map units of the fixed cost shocks to units of profits (dollars) because once
oe is known, I can always switchback to dollars by multiplying everything by o..
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into two categories: non-selected state variables, which I observe for every plant in every year
(Voit, Veit, Pot, Peits Zit, Pmit) and selected state variables, which I only observe when plants are using

the relevant fuel (Veit, Ygit, Peit, Pgit). Next, I discuss the evolution of each state variable.

6.1 Evolution of non-selected state variables

I assume a specific process for the evolution of state variables that is consistent with previous
sections of the paper. The productivity and price of both electricity and oil follow a persistent

AR(1) process with time (t) fixed effects. Vf = {e,0} :'7

wr | " "
nris = (1= py, Jitg” + 11" =yt + o, MPpi_1 + €

Inppy = (1 - pr)ﬂgf + fo - prliﬁl + pp; Inprie—1 + eftf

I also assume a similar persistent AR(1) process for hicks-neutral productivity z;:

Inzy = (1 — po)ug + 15 — paprzi—1 + p-Inzi—1 + €2

I allow all shocks to productivity and prices to be arbitrarily correlated in a multivariate normal
distribution. For example, baseline Electricity prices are set by state-owned electricity utilities,
but vary non-linearly based on demand across the grid. Moreover, due to widespread electricity
shortages, many states have made reforms in different years to modernize the electricity sector,
at the expense of higher prices. Mahadevan (2022) shows that these reforms also increased plant
productivity, thereby increasing demand for electricity, which motivates a joint process for shocks

to prices and productivity.

(Eﬁo7 6?{’7 6;@67 Efte’ ezit) = €t ~ N(O’ 2)

171 allow for the shock to productivity e;ﬁf to include a plant fixed effect uzbf when estimating parameters of the
productivity transition process to get a consistent estimate of the auto-correlation parameters (Blundell and Bond,
1998). However, I do not currently separate this plant fixed-effect from the shocks eif when simulating the choice
probability due computational reasons. Indeed, it would effectively double the state space or would require to solve
the model plant-by-plant. Future versions of this paper will allow for these plants fixed-effects in the estimation of
fixed costs.
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6.2 Evolution of selected state variables — Systematic heterogeneity

Selected state variables refer to price and productivity pertaining to specific fuels that are only
observed when a plant uses that fuel. This selection creates a non-trivial challenge to both the
estimation of fixed costs and counterfactual policy experiments. Allowing for systematic differences
in the productivity of coal and gas across plants, which I call fuel comparative advantage, I show that
both fuel switching costs and the conditional and unconditional distribution of these comparative

advantages can be recovered. The transition for these state variables follows a Markovian process.'®

Vf e {c g},

P P P P
g = pg’ +p + "+ ey

Inpgi = po' +py’ + €

,u;ﬁf is plant’s ¢ comparative advantage for coal and gas, which are assumed to come from some
distribution. These comparative advantages, which are assumed to be known to the plants when
making decisions but unknown to the researcher, underlie a central econometric issue of selection
on unobservables. Indeed, recovering the distribution of uff only from plants that use coal and/or
gas in a given year may not reflect the true distribution of comparative advantage due to selection
bias. Not accounting for this selection bias would bias counterfactual fuel choice predictions under

9 Lastly, I also allow for shocks to

alternative policy regimes as well as fixed cost estimates.!
productivity and prices to be correlated. In the next section, I show how to recover the unselected

distribution of gas and coal comparative advantages jointly with fixed costs.

Yy 2

€5 0 o O p

b | >N : v ; ! Vf={g,c}
€iF 0 Thspr Opy

8There is one key distinction between the assumptions underlying the distribution of selected and non-selected
state variable, which is due to methodological/computational constraints. For non-selected states, I allow for shocks
to be persistent at a decaying rate with an AR(1). Allowing for such decay in the persistence of shocks that affect
selected states is currently difficult because it would require to keep track of the hidden Markov process underlying
the evolution of these shocks when the state variables are not observed. An alternative specification would be to allow
for shocks to states only when plants are using the particular fuels, and to draw initial conditions when they are not.
I am currently considering on this approach as well.

19T assume that only the distribution of fuel productivity is biased, rather than both prices and productivity. This
is for two reasons. First, fuel prices and productivity always enter together as prit /1 i+ in the static profit function of
plants. Second, much of the heterogeneity in coal and gas prices can be explained by observable. For example, much
of the historical variation in fuel prices is due to aggregate shocks that affect all establishments such as the oil crash
of 2014.
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6.3 Identification

To learn about the extent to which the distribution of comparative advantage for natural gas and
coal is selected, I follow the algorithm proposed by Arcidiacono and Jones (2003); Arcidiacono
and Miller (2011). T assume that the distribution of comparative advantages comes from a finite
mixtures with K = 3 points of support for each fuel. I parameterize the initial guess of the mean

and variance of the finite mixture to the mean and variance of the empirical (selected) distribution

(ﬂf?a-z,f)
K K
0 ~ ~ \2_0 ~2
> mne = iy > upr — fop)°7, = 65,
! !

Where ﬁ?k = Pr(uysy) is the unconditional probability of being type k, where types refer to support
point of the fuel comparative advantage distribution, and ), 71?% = 1. In this context, external

estimation of parameters governing the distribution of random effects from a selected sample of

2

4. Indeed, plants with larger

plants who use these fuels leads to biased estimates of fig, fic, 63g,5
comparative advantage at coal are more likely to use coal, and likewise for gas. Thus, I expect
to get upward biases in both the mean of coal and gas. Using the law of total probability, I can
integrate over the unconditional distribution of comparative advantages using the full information
(log) likelihood. Assuming there is only one finite mixture over both coal and gas for notation

convenience, and where the distribution of comparative advantages are independent across fuels

such that 7, € IT = vec(lly ® I1.), where 7y, € II; and 7. € Il

n T

+ Z Z In f(S@'t | Sit—1; 92)

T
HPT(]'—th | Fits it i = g3 01, 02)
t=1 =1 t=1

lnﬁ(}',s | 01,92) = Zln [Zﬁk
i=1 k

(18)

In particular, the likelihood in (18) assumes that the state transitions are independent of the
distribution of comparative advantages for coal and gas.?’ This is possible if the parameter estimates
05 are unbiased from selected data. In Appendix C.4, I show Monte-Carlo simulation results that
are consistent with this assumption. Initially, the true probability weights m; over the support of
the finite mixture are unknown due to selection, but Arcidiacono and Jones (2003); Arcidiacono

and Miller (2011) provide a method to recover the unselected distribution by sequentially iterating

20This assumption isn’t necessary but it simplify computation of the model in the presence of these comparative
advantages.
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over the fixed costs to maximize the likelihood and updating the probability weights wg,w,i, w,%,

using an EM algorithm.?" Following Baye’s law, one can show that the solution to this maximum
likelihood problem is the same as the solution to a sequential EM algorithm that uses the posterior

conditional probabilities that plant i is of type k given all observables, including choices made:

6, = argmaxiln [Zﬂ'k

61,02, i=1 k

T
HPT(Et+1 | FitSity fi = [0k 91,92)”
=1

N T
= argemaXZZZP(uk | Fiy 8301, 00, %) In Pr(Fip1 | Fit, Sit, i = ps 01, 62)
Lod=lt=1 &k

Where F; is the sequence of choices that we observe establishment i making. Using Baye’s
rule, the conditional probability of that plant i is of type k is given by the current guess of the
unconditional probability 7 weighted by the probability that the plant makes the observed sequence

of fuel set choices conditional being type k:

. T (Fix=F)
T | [Tz | Ircr [PT’(]:it | sit, i = Mk§91792)}
p(pr | Fiy 8i;61,02,7) = - (19)
it =
>k T [HtT:1 !H]—‘QF [PT(E‘t | sits i = pr; 91792)} ”

The idea underlying the EM algorithm is to iteratively estimate fixed costs parameters 61 given
some guess of the distribution of comparative advantages {7y }r — M step, draw new comparative
advantages using Baye’s law from (19), which are used to then update the unconditional distribution
of comparative — E step, and repeat this procedure until the likelihood in (18) is minimized. Details

of the algorithm can be found in Appendix C.5.

7 Application to Steel manufacturing

I then apply this production model to Steel manufacturing. I do so for several compelling reasons.
First, steel production is one of the most environmentally damaging industries in India, with coal
accounting for nearly 70% of its energy sources. See figure 21 in Appendix A.5.1. Second, compared

to other heavy manufacturing industries like Cement, Steel manufacturing is highly competitive.

21For now I assume the support of the finite mixture is known. In future versions, I will also allow the support
points to vary.
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Steel plants significantly outnumber similar industries in India, and face intense international com-
petition, particularly from the Chinese Steel industry. Moreover, I show in Appendix A.5.7 that
steel plants produce a number of differentiated varieties of steel, such as alloy and non-alloy steel
ingots, billets, blooms, bars and rods. Overall, there are 404 unique varieties produced by Steel
plants between 2009 and 2016, where varieties are defined from the Indian National Product Clas-
sification for Manufacturing Sector (NPCMS, 2011). High level of competition with a large number

of varieties makes the assumption of monopolistic competition compelling in this context.

From a policy perspective, studying steel manufacturing is particularly interesting because a
majority of Steel plants are situated in Eastern and Central India, particularly in regions that
form the ”steel belt”, where most iron ore and coal mines are located. See Figure 17. However,
there is limited access to natural gas pipelines in these regions. See Figure 3. Considering these
significant geographical features, exploring policies that subsidize fixed costs to complement carbon
taxation may be relevant in order to generate more substitution from coal to natural gas. I first

show estimation results for Steel manufacturing, then discuss policy counterfactuals.

7.0.1 Outer Production function estimation results

Preliminary estimates of the production function parameters can be found in Table 6. I also report
the average output and revenue elasticities with respect to each input to be consistent with the

literature (Gandhi et al., 2020).

Table 6: Production Function Estimation (Steel Manufacturing)

Production and Demand _ Average Revenue
Parameters Average Output Elasticities Elasticitios
Elasticity of substitution & 1.80 Labor 0.040 0-030
[1.374,3.054] [0.037,0.048] [0.029,0.030]
Returns to scale i 1.23 Capital 0-023 0.017
[1.137,1.444) 0.014,0.035] 0.010,0.025]
Elasticity of demand p 3.84 Materials 1.008 0.745
[2.695,4.914] [0.935,1.185] [0.741,0.749]
Elasticity of outside good 6 0.63 Energy 0-155 0'11?
[0.552,0.683] [0.144,0.182] 0.113,0.117]
Observations 8,547

Bootstrap 95% confidence interval in bracket (499 reps)

Notes: the average output (revenue) elasticities are defined as the average of the individual output (revenue) elasticity,
where the output elasticity is 2%t 2% for ¢, € {Yit, Rit} and xjir € {Lit, Kit, My, Eir}

0T jit Yit
65

The average output and revenue elasticities with respect to intermediate materials is much larger

than other inputs, which is consistent with the vast majority of manufacturing production function

36



estimation in the literature (Gandhi et al., 2020; Grieco et al., 2016; Doraszelski and Jaumandreu,
2013, 2018).%? In Steel manufacturing, this is because iron ore is the primary raw material that goes
into steel production. Moreover, average output and revenue elasticities are considerably larger for
energy than labor and capital, which is expected in such an energy-intensive industry. The estimated
demand elasticity is also consistent with estimates by Zhang (2019) who finds a demand elasticity of
around 4 in the Chinese Steel industry. Using these estimates I can construct estimates of the price
Pg., and quantity of the energy bundle for each plant E;; from the relation first-order conditions in

equation 8, which I use to provide some evidence in favor of the energy production function.
Relationship between Estimated Price of Energy and Number of Fuels

To motivate the energy production function in the Indian steel context, I look at the relationship
between the price of energy and the number of fuels available to plants. The findings reveal a
significant and consistently negative relationship. It indicates that plants may be selecting larger
fuel sets based on their productivity in utilizing those fuels, or that there might be a considerable
option value associated with having a greater variety of fuels within a set. These factors, which are
encompassed within the energy production model, could reasonably explain the observed negative

relationship.

Table 7: Relationship between Inp By and the number of fuels available to plants.

(1) (2) (3) (4)

Inp N Inp o Inp o Inp o
Three Fuels -0.684***  -0.710*** -0.714*** -0.687***

(0.0425)  (0.0420) (0.0418)  (0.0319)
Four fuels -0.794**  -0.803***  -0.828*** -0.571***

(0.0698)  (0.0690)  (0.0686)  (0.0526)
Year Dummies Yes Yes Yes
Controlling for fuel prices Yes Yes
Controlling for TFP Yes
N 7,603 7,603 7,565 7,565

Standard errors in parentheses
*p<0.05 " p<0.01, "™ p < 0.001

Notes: the third and fourth columns control for the prices of electricity and oil, and are based on plants that always
use these two fuels. Since 90% of plants always use oil and electricity, and since the remainder of the analysis focus on
these plants, I only kept plants who always both oil and electricity in this regression. This means that the benchmark
number of fuels in these regressions is two rather than one.

22Note that the average output elasticity is greater than 1. This is because it only captures a technological con-
straints. However, increasing say materials by 1% will not lead to an increase in output by 1% in practice because
of downward sloping demand. In this context, the revenue elasticity is more appropriate because it captures both
technological and demand constraints.
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Moreover, the evidence provided in Table 7 may also have policy implications. Indeed, a policy
whose aim is to incentivize adoption of new fuels, such as a fixed cost subsidy, may be more
effective if adding a fuel causes a decrease in energy marginal costs through the additional option
value of the new fuel. On the other hand, if differences in energy marginal costs are explained by
selection channels such as prices and productivity, then such a policy may not be as effective at
incentivizing adoption of new fuels. I show in the next section that selection channels, particularly

fuel productivity, dominate the option value.

7.0.2 Energy production function estimation results

Table 8: Estimates of Energy Production Function

Steel
Elasticity of substitution A 2.224***
(0.231)
Persistence of electricity productivity p,, 0.649™**
(0.118)

Observations 3,459

Standard errors in parentheses
*p<0.1, " p<0.05 * p<0.01, ™ p<0.001
Notes: Since the estimating equation (16) is a linear reduced-form IV, I get an estimate of ¥ = ﬁ with corresponding

standard errors . I use the delta method to recover the standard error of A where &» = (A — 1)6-,. Moreover, The
number of observations in the energy production function (3,459) is lower than in the outer production function
(8,547). This is because the method to estimate the energy production function constructs moments that require at
least 3 years of observation per plant to yield consistent estimates (Blundell and Bond, 2000, 1998).

Turning to the energy production function, results suggest that the elasticity of substitution
across fuels \ is at least as large as the elasticity of substitution across labor, capital, materials
and energy & from Table 6.%® This is important because the larger is the elasticity of substitution
between fuels, the larger are the aggregate gains from carbon taxation (Acemoglu, Aghion, Bursztyn
and Hemous, 2012). Indeed, more substitution possibilities means that more emission reduction can
be achieved by substituting away from polluting fuels rather than by reducing output, which is a
key trade-off when evaluating carbon policy. Next, I can construct estimates of the fuel-specific
productivity for each plant in each year gﬁﬁt and I find large and persistent heterogeneity in the

distribution of fuel productivity.

Heterogeneity in fuel productivity across fuel sets

Z3While the point estimate for X is 25% larger than &, the 95% confidence interval is much larger for 4, and includes
both the lower bound and upper bound of the 95% confidence interval for A. Hence, I make the conservative claim
that fuels are at least as substitutable than other inputs
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In Table 7, I provided evidence of systematic differences in the marginal cost of energy across
different fuel sets, which can be driven by a combination of the option value of having more fuels
and fuel prices/productivity heterogeneity. Using estimates of fuel-specific productivity, I do In
Table 9 a full Shapley decomposition of the observed differences in the price of energy p 7, ACToss

fuel sets between three main factors: option value, fuel productivity and fuel prices.

OCE OGE OGCE

Total Difference ~ Percent (%) Difference with OE -65.65 -71.54 -86.97
Option Value 36.14 542 6.3

Fuel Productivity Contribution of Total Difference (%) 62.6  97.75  94.84
Fuel Prices 125  -3.18 -1.14

Table 9: Shapley Decomposition of the Difference in Average Marginal Cost of Energy Between
Fuel Sets

Notes: I compare the observed differences in the average (across plants) marginal cost of realized energy between
plants who use coal and/or gas on top of oil and electricity (OCE,OGE,OGCE) relative to plants who only use oil
and electricity (OE).

I find that fuel productivity explains the majority of observed differences in the price of energy
(between 60 and 97%). This is consistent with a productivity-efficiency argument in which more
productive plants have more to gain from paying the fixed costs, thus select into larger fuel sets,
similar to the argument made in markets with fixed costs of entry (Melitz, 2003; Hopenhayn, 1992).
General details of the Shapley decomposition can be found in Appendix D.1 and specific details to
this particular decomposition can be found in Appendix D.1.2. To understand this result better,
I provide some evidence of systematic differences in fuel productivity across plants and across fuel

sets.

Results are summarized in Table 4. There are few takeaways. First, electricity is by far the most
productive fuel, both in terms of physical quantity and dollar invested. On average, one mmBtu of
electricity is three times more productive than one mmBtu of oil, while one dollar of electricity is
two times more productive than one dollar oil. Additionally, while 1 mmB¢tu of coal is on average 30
% more productive than 1 mmBtu of gas, this gap widely expands when looking at productivity per
dollar. Indeed, one dollar invested in coal is on average 1.85 times more productive than one dollar
invested in natural gas. This is because coal is significantly cheaper than other fuels — averaging

one fifth of the price of natural gas.

Second, when looking at electricity and oil, there is a positive gradient between the number of
fuels and productivity, consistent with the decomposition of Table 7. However, I find that more

productive plants at using coal tend to specialize in coal, and likewise for gas, whereas plants who
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use both coal and gas tend to be less productive at either fuel. This specialization mechanism can
explain why, for example, plants who have four fuels tend to have slightly higher energy prices

after controlling for all controlling for year fixed effects, fuel prices and hicks-neutral productivity

in Table 7.
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(a) Fuel productivity per mmBtu — In(¢s;¢/€f)  (b) Fuel productivity per dollar — In(¢ /(8¢ * pyit))
Figure 4: Mean and 95% CI for (log) fuel productivity, by fuel set

Notes: The figure is created by taking the sample average of the estimated log productivity for all four fuels, by fuel
sets. Fuel set labels are created as follows: oe = oil and electricity, oge = oil,gas, and electricity. oce = oil, coal,
and electricity. ogce = oil, gas, coal, and electricity. The reason I divide by the geometric mean of fuel quantities
€y is because fuel productivity are originally in normalized units due to the normalization in estimation. There is no
observation for gas and coal productivity for fuel sets that exclude these fuels.

Third, I investigate how important is the heterogeneity in fuel productivity across plants. To
do so in compelling way, I compute the marginal return to one mmBtu of each fuel in dollars of
revenue, keeping every other input constant, I find significant heterogeneity. While plants at the
bottom of the distribution get between $0.5 to $2 in revenue per mmBtu, these returns can go up

to $1,000 per mmBtu, which is considerably larger than the unit price of the most expensive fuel.

Percentile Natural Gas Coal QOil  Electricity

10th 2.2 5 7 2.2
25t 7.1 1.5 34 8.5
50t 24.7 50 16.8 43.72
75th 86.5 16.8 728 209.0
90th 283.4 53.5 246.7  927.17

Table 10: Distribution of Ceteris-Paribus marginal returns ($) to one mmBtu of each fuel

Notes: The returns is computed by taking the derivative of the revenue function with respect to physical quantities

of fuels: g el?'_"t, which is evaluated at the observed quantities of all inputs.

In summary, the previous evidence suggests that fuel productivity is highly heterogeneous, and
can explain the majority of differences in marginal costs across fuel sets. In a context where plants

with different fuel sets systematically differ in how efficiently they use fuels, technology lock-in may
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be important. This argument is reinforced by the Indian Ministry of Steel’s own statements on
energy management which reports that inefficient plants face difficulties in transitioning out of old

technologies:

” The higher rate of energy consumption is mainly due to obsolete technologies including
problems in retrofitting modern technologies in old plants, old shop floor & operating

practices” Indian Ministry of Steel (2023)

Moreover, technology lock-in will be exacerbated if fixed costs of fuel adoption are very large,

which I document in the next section.

7.0.3 Estimation of Fixed Costs and Selection Bias in Fuel Productivity

Fixed costs are report in Table 11. The estimates of fixed costs encompass both the tangible expenses
related to new fuel-burning technologies, and intangible costs associated with fuel adoption. This
includes logistical challenges, new contractual agreements for transportation and storage, as well
as potential opportunity costs from diverting labor away from production. On average, these costs
are substantial, ranging from 28 to 40 million dollars, and align well with upper echelon of existing

accounting estimates.??

Fixed Costs Salvage Values
(Million USD) (Million USD)

N Pipeline Access 28.83 9.02

Natural Gas No Pipeline Access 40.46 17.21

Coal 28.82 8.33

Total Factor Productivity (100 % Increase) 0.82 0.25
Observations 2,393

Table 11: Estimates of Fuel Set Fixed Costs and Salvage Values

Notes: this table shows the fixed cost and salvage value estimates for each fuel in million U.S dollars. For natural
gas, these costs vary based on whether plants are in a district with access to a natural gas pipeline. The parameter
in front of ”Total Factor Productivity” is the effect of doubling productivity on the fixed costs and salvage values
of any fuel, and is meant to capture how these costs vary with plant size. The sample size is lower than the energy
production function because I remove the last year of observation since I don’t observe subsequent fuel set choices.

In the context of this paper, raising productivity by 1% leads to an $8,200 increase in the fixed
cost of adopting any fuel and a $2,500 increase in the salvage value of dropping an existing fuel.

Additionally, coal adoption tends to be 30% cheaper than gas, consistent with coal-based methods

24While recent comprehensive accounting estimates of switching costs are hard to find, a single elec-
tric arc furnace may cost between a few hundred thousand dollars and a few million dollars (Source:
alibaba’s listings https://www.alibaba.com/product-detail/WONDERY-Custom-Made-Siemens-PLC-Industrial_
1600732474634 .html), whereas switching from pig iron, typically produced with coal-powered blast furnace, to direct
reduced iron, typically produced with gas-powered oxygen furnaces would historically cost upwards of USD 70 millions
Miller (1976)
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being more outdated. Moreover, plants without access to high pressure natural gas pipelines incur
40% higher costs of adoption due to the need for alternative transportation methods, such as
liquefied natural gas (LNG) which can be costly to gasify. This effect of pipeline accessibility is
consistent with findings from Scott (2021) in their study of U.S. Power Plants. The observed salvage
values for both coal and natural gas are significantly lower, ranging from 57% to 71% below the
fixed costs. These salvage values are in line with depreciating capital over time. Importantly,
the combination of substantial fixed costs and relatively low salvage values likely contributes to

situations of technology lock-in.

To further understand factors that prevent plants from transitioning out of old technologies, I
revisit the distribution of fuel productivity by taking into account selection bias. I find significant
evidence of selection bias for both coal and gas. Indeed, plants who do not use gas would be 30%
less productive at using gas than plants who do, whereas this effect goes up to 80% for coal. This
evidence of selection bias is also likely to exacerbate technology lock-in and undermine how much

switching between fuel sets we might except from policy.
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Figure 5: Distribution of fuel productivity — Including counterfactual fuel sets

Notes: This figure shows the distribution of fuel productivity per mmBtu (In;:/€r) with 95% confidence intervals
for coal and natural gas, and includes counterfactual productivity for plants with fuel sets that exclude gas and/or
coal. The distribution of fuel productivity for counterfactual fuel sets was computed by simulating draws from the
estimated distribution of unobserved heterogeneity (comparative advantages) in the dynamic discrete choice model,
using the conditional probability distribution p(ux | Fsi, Ss; 917 ég, 7).

Model fit

Overall, the estimates of switching costs and the distribution of comparative advantage allow
the model to predict quite well the unconditional empirical distribution of fuel set choices and the
observed transition patterns between fuel sets. The model does worse at predicting the transitions
for plants that start with all four fuels because it only represents 8% of the sample. In all figures

below, the organe bars (Data) are constructed as follows:

42



Pr (data) =

TZZ]I i1 =F),

]P’].-/|].-(data)

1 !/
= N7 Z thﬂ(ﬂm =F' | Fir = F)

The blue bars (model) are constructed by adding the predicted probability that each plant uses

each fuel sets, integrated over the conditional distribution of comparative advantages:
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Figure 6: Conditional distribution of fuel sets (transition), model vs. data
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Figure 7: Unconditional distribution of fuel sets, model vs. data (N = 2,393)

8 Externality Mitigation - Steel Manufacturing

In this section, I study the effectiveness of various policies at mitigating externality damages from
fuel combustion to improve social welfare. I detail how externality damages are constructed, and
I perform two counterfactual policy experiments. First, I quantify the trade-off between emission
reduction and output for various levels of a carbon tax levied on fossil fuels. T then compare this
trade-off with an economy where plants cannot switch between fuel sets and an economy without
heterogeneity in fuel productivity. I find that under the no-switching restriction, the aggregate loss
of output required for any reduction in emission slightly larger than in the unrestricted economy.
In contrast, I find that under the restriction that imposes no heterogeneity in fuel productivity, the
aggregate loss of output required for any reduction in emission is much larger. Overall, accounting
for both those channels jointly improves how the economy responds to a carbon tax, by reducing

aggregate costs of emission reduction.

Second, I allow the government to use carbon tax revenues to finance a subsidy that reduces the
fixed cost of adopting natural gas, in order to alleviate technology lock-in. I find as the subsidy
rate increases (in percentage of the fixed cost), externality damages slightly increases, because more
and more plants add natural gas, but don’t drop coal. This additional fuel provides them with an
option value, which reduces marginal costs and improves both consumer and producer surplus, at
the expense of increased emission damages and total investment costs. I then investigate the welfare
implications of this trade-off with a permanent 10% subsidy. Despite the subsidy being nominally
very large, the welfare effects are positive but quite small relative to the economy with a carbon

tax that rebates its proceeds as lump-sum transfers to consumers.
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Externality Damages

Externality comes from the release of pollutants in the air by the combustion of fuels. All pollutants
are converted into carbon dioxide equivalent (COz.) using standard scientific calculations from the
US EPA. Then, each unit of potential energy of fuel f contributes to contemporaneous greenhouse
gas emissions as follows: 1 mmBtu of ey releases vy short tons of COs.. s are fuel-specific
emission intensity, and are calculated using the global warming potentital (GWP) method detailed
in Appendix A.4. For example, 1 mmBtu of coal releases roughly twice as much carbon dioxide
equivalent in the air as 1 mmBtu of natural gas 3—; ~ 2. Fuel-specific emission intensity -y are
then multiplied by the social cost of carbon (SCC) to get a monetized value of externality damages:
y¢ = SCC x~¢. As an example, a conservative social cost of carbon for India would be $5.74 USD
per short ton of COy. (Tol, 2019), and would imply the following carbon tax, where the tax rate

on each fuel is equal to marginal externality damages 7y = 3¢ Vf € {o,g,c,e}.

Fuel Prices (rupee/mmBtu)

No Tax Carbon Tax % Change

Coal 262 308 17.5
Oil 665 701 5.4
Elec 1,681 1,715 2

Gas 1,307 1,331 1.8

Table 12: Example of Average Fuel Prices With and Without Carbon Tax

Notes: These prices are averaged across all sample periods. Coal is by far the most polluting fuel, so the average price
change of coal is an increase of 17.5%. Interestingly, since 50% of Indian electricity is generated with coal, natural
gas is slightly less polluting than electricity, making it the cleanest of the four fuels.

8.1 Carbon Tax and the Trade-off between Output and Emission Reduction

In figure 8, I trace the trade-off between output and emission reduction for various carbon tax rates.
Each point on the curve corresponds to a different level of the carbon tax, and together they form
a production frontier in output and emission reduction. In particular I simulate the economy with
and without the carbon tax for 40 years and look at the net present value (NPV) of outcomes along
the entire path. If the level of the tax approaches zero, then the model converge to the no-tax or
laissez-faire economy with 100% of output and 0% of emission reduction. As the level of the tax

increases, the aggregate output decreases but so does emission reduction.

The production frontier is concave because at the aggregate level, there is an increasing marginal
cost of reducing emissions, consistent with previous findings by Fowlie et al. (2016). This is because

fuel substitution (and more generally input substitution) is a low hanging fruit, where much of
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emission reduction can first be achieved by substituting away from coal to cleaner fuels such as
natural gas and electricity. However, as the carbon tax rate increases, more emission reduction
comes at the cost of plants scaling down their operation which decreases aggregate output because

marginal plants already substituted towards cleaner fuels.
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Figure 8: Production Frontier in Output and Emission Reduction for Various Carbon Tax Rates

Notes: This production frontier was constructed by simulating the economy under 21 different levels of the carbon
tax, ranging from 0 (no tax) to approximately infinity. Linear interpolation is assumed for the trade-off in-between
each tax level. As the level of the tax approaches infinity, aggregate output does not reach 0. This is a feature of
the CES production function. Indeed, as fuel prices are extremely high, fuel consumption approaches zero but plants
always use some positive amount of fuels.

The role of inter-temporal switching between fuel sets

I then compare in figure 9 what happens when I don’t allow for inter-temporal switching between
fuel sets and don’t allow for heterogeneity in fuel productivity in the economy to highlight their
role in this trade-off. First, removing the ability of plants to pay fixed costs and switch between
fuel sets removes a substitution channel. As a result, one may expect that more emission reduction
comes at the cost of plants scaling down, such that any desired reduction in emissions will result in
lower aggregate output. However, the opposite is happening. This is because the carbon tax leads
to a net decrease in the fraction of plants that use coal and gas. Natural gas is significantly more
expensive than coal, and has an average fixed costs of adoption twice as large. As a result, plants
are more likely to salvage their coal and/or gas technologies rather than replace coal with gas. The
net effect is an increase in the fixed portion of their profit through salvage values, but a decreases in
variable profits. Indeed, as plants salvage expensive fuels, they lose an option value which increases
their marginal cost through a higher price of energy pg,,. In Appendix D.2.1, I confirm this intuition

by showing that as the level of the tax raise, the average fraction of plants that use coal and gas
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decreases, and the average price of energy increases relative to the economy in which plants are
not able to switch between fuel sets. Overall, this leads to an increase in the marginal costs which

increases output prices and decreases aggregate output for any level of emission reduction.
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Figure 9: Comparison of Production Frontier Across Model Specification

However, while qualitatively valid, this aggregate phenomena is not quantitatively large. For
example, to reduce emissions by 50%, the economy originally produces 93% of the laissez-faire
output in the full model, with an implied elasticity between emission reduction and output of
7.14.% This is in contrast to the economy without fuel set switching which can produce 93.5%
of its laissez-faire output for a 50% decrease in emissions, with an implied elasticity of 7.7. This
small difference can be partially attributed to the inability of carbon taxes at incentivizing much
inter-temporal switching between fuel sets. As as shown in Figure 27, it would take a carbon that
raises the price of coal by 400% to incentivize a 10% decrease in plants who use coal a 2% decrease

in plants who use natural gas.
The role of heterogeneity in fuel productivity

Second, I do the same exercise while removing heterogeneity in fuel productivity on top of re-
moving fuel set switching. To do so, I re-estimate an energy production function in which plants
have heterogeneous energy productivity ¥ g;;, but have the same average fuel productivity. cap-
tured by Bf. Details on estimation of this production function are in Appendix D.2.2, and follow
the dynamic panel approach, similarly to the energy production function with fuel-augmenting pro-
ductivity. Crucially, estimating this production function matches average levels of fuel quantities

and aggregate levels of emissions, but misses the heterogeneity in fuel shares across plants.

25This elasticity between emission reduction and output goes down to around 2 as the level of the tax approaches
infinity.
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The green production frontier in figure 9 corresponds to this economy, and shrinks inwards even
more than in the model without fuel set switching. For example, to reduce emissions by 50%,
the economy operates at 80% of laissez-faire output, with an implied elasticity of 2.5. Allowing
for heterogeneity in fuel productivity diminishes how much output must decrease to achieve any
reduction in emissions because it increases the aggregate elasticity of substitution between fuels.
Intuitively, even though the individual elasticity of substitution is the same across plants, the
aggregate elasticity of substitution is larger because output reallocates from high emission to low

emission plants. There are two channels that explain this reallocation.

First, conditional on fuel prices and fuel set, the elasticity of the cost energy with respect to
relative fuel prices isn’t constant across plants. For example, as the price of coal increases relative to
the price of gas, plants who are more productive at using coal relative to gas face a larger percentage
increase in their cost of energy. This is because larger coal productivity induces specialization in
coal, making them more exposed to the relative price increase, as long as fuels are gross substitutes
A > 1. Since the carbon tax is effectively an increase in the relative price of polluting fuels, plants
who are more productive at using polluting fuels and initially use more of those fuels face a larger
increase in their marginal costs. To see this, let pir = prit/Dgit be the price of fuel f relative to gas

and likewise for relative fuel productivity @ZJ fit = Yfit/Vgir - Then,

~ 1-X
Olnpg, _ (pCit/wCit> Pcit€cit

= - - _ A -
zfe}—it (pfit/¢fit> ZfE}—ztpflt fit

(20)

Jln ﬁcit

The elasticity of the marginal of energy with respect to relative price of any fuel (here coal
relative to gas) is just the plant-specific spending share of that fuel relative to all fuels. Details in
Appendix D.2.3. Moreover, this elasticity is increasing in relative fuel productivity when A > 1,
which is the key result here. This means, conditional on fuel prices and fuel set, plants who are
more productive at using coal spend more on coal, and are more sensitive to relative changes in the

price of coal:
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In contrast, in the model without fuel-specific productivity, the elasticity of the price of energy
with respect to relative fuel prices is constant up to fuel prices and fuel set. Second, this heteroge-
neous increase in marginal costs of energy makes polluting plants less competitive relative to cleaner
plants, consistent with the aggregation result by Oberfield and Raval (2021). The tax thus induces
a reallocation of output from more polluting to less polluting plants, which increases aggregate fuel
substitution and diminishes how much aggregate output must be reduced to achieve any emission
reduction target?®. Moreover, this reallocation channel is function of the elasticity of demand and
the returns to scale. Indeed, as the elasticity of demand increases and different output varieties
become more substitutable, any variation in relative marginal costs across plants will lead to larger
reallocation of output. In Appendix D.2.5, I confirm this intuition by showing that the difference
between both production frontier expands as the elasticity of demand increases. In summary, not

allowing for this rich heterogeneity between fuel productivity shuts down the reallocation of output

from high emission to low emission plants, and decreases the effectiveness of a carbon tax.

To benchmark this result with the literature, I do two exercises. First, I compare the aggregate
trade-off between output and emissions with Fowlie et al. (2016) who conduct similar policy exer-
cises for U.S. cement plants. Crucially, their margin of interest is plant entry/exit and dynamic
investments in output capacity. However, they do not allow for input substitution. I show in Ta-
ble 14 that a version of my model without input substitution yields an average elasticity between
emission reduction and output more than half as large as in the full model, and closer to Fowlie et
al. (2016).?" Comparing this to the more flexible economy in which plants can substitute at both
margin in Figure 13 sheds light on the important role that input substitution plays in mitigating

the loss of output for any emission reduction target.

Second, I show that heterogeneity in fuel productivity and inter-temporal switching between fuel

20Note that the correlation between fuel productivity and total factor productivity (TFP) also matters for this
result. Indeed, if plants who are more affected by the carbon tax were also initially more productive overall, this
reallocation effect may reduce aggregate TFP and aggregate output. However, I show in Appendix D.2.4 that the
opposite is true. Plants with higher fuel productivity tend to be less productive overall.

2TNote that a gap still remains and the production frontier is still concave without input substitution at the plant
level. This is for two reasons. First, even without input substitution, plants are differently affected by the tax based
on their fuel sets, which affects aggregate input substitution due to the reallocation of output across plants. Second,
the difference between the two elasticities is also attributed to the entry/exit margin in Fowlie et al. (2016), which
decreases both output and emissions through plants exiting in the aftermath of carbon policy.
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Table 14: Comparison of Average Elasticity

Emission Reduction (% Relative to No Tax)

—o— Full Model
—#— No Switching and .No lFucl Productivity
ol ¢+ No Input Substitution Notes: The average elasticity U.S. Cement plants is con-
0 0 0 % 100 structed by approximating Figure 2 A (aggregate output
Aggregate Output (% of No Tax) capacity) and C (aggregate emissions) in Fowlie et al.

(2016). They do various carbon policy exercises across
Table 13: Comparison of Trade-off Including No different carbon price. I specifically approximate their
Input Substitution Auctioning policy which is isomorphic to a carbon tax.

sets also serve as a cautionary tale for larger-scale climate models in which an aggregate production
function in different fossil fuels is typically assumed as part of a larger integrated assessment model
(IAM). Such models are used to study the relationship between climate change and economic growth.
For example, Golosov et al. (2014) rely on an aggregate CES production for a composite energy
which combines oil, gas and coal. In Appendix D.2.6, I show that such an aggregate CES production
function can be micro-founded from an economy in which many plants have an energy production
function without heterogeneity in fuel productivity, and where plants have access to different fuel
sets but cannot switch between them. Given the results of this section, the use of such a production
function may understate the extent of fuel substitution as a response of policy because it does
not capture the underlying heterogeneity in fuel productivity, and the ability of plants to inter-

temporally switch between fuel sets.

Alleviating Technology Lock-in - Combining Carbon tax with Fixed Cost Subsidy

To complement the carbon tax, I now investigate how proceeds from the tax can be used to finance
subsidies to the fixed cost of natural gas. The underlying motivation is that fixed costs are found
to be economically large, which can lead to situations of technology lock-in in which some plants
cannot substitute away from polluting fuels such as coal. Particularly, the vast majority natural
gas pipeline infrastructure in India is on the West Coast. See figure 15. Meanwhile, a large fraction
of Steel plants that form the ”Steel Belt” are located in Central and Eastern India (Odisha, West
Bengal, Jharkhand, and Chhattishgarh) nearby India’s largest reserves of coal and iron ore. See
figure 17. Plants in these regions are far away from the natural gas pipeline network, and face a
fixed cost of gas adoption 50% larger (see Table 11), with gas prices averaging 5 times the price

of coal. These plants could potentially benefit from fixed cost subsidies to incentivize natural gas
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adoption, which can take many forms.”®

Below I show results for various permanent subsidy, ranging from 0% to 100% of the average fixed
cost of natural gas. I do these experiments jointly with a carbon tax. To choose a representative
social cost of carbon (SCC), I first set the social discount rate to 3% (8 = 0.7) to match the average
real interest rate in India during the sampled period. Then, following the most recent estimates
from the Inter-agency Working Group on the Social Cost of Carbon (IWG, 2021), I set the SCC
to the 2020 estimates for a social discount rate of 3% at USD 51/tCOg.. This SCC corresponds

9

to a mid-range estimate in the literature.?” in Figure 10, I show what happens to carbon tax

revenues/externality damages and total subsidy paid out as the subsidy rate increases

60 |~ Subsidy Paid
—eo— Carbon Tax Revenue

Billion U.S. Dollars

0 10 20 30 40 50
Natural Gas Subsidy (% of Fixed Cost)

Figure 10: Carbon tax revenue and subsidy paid out along subsidy rate

Notes: this figure was calculated by simulating the expected total tax revenues and subsidy paid out to plants for
an horizon of 40 years. Note that carbon tax revenues corresponds to externality damages since the carbon tax rates
equates marginal externality damages. As such, evolution of the carbon tax revenues is indicative of emissions.

First, up to 10% the subsidy can be fully financed by a carbon tax in expectation. More
importantly, carbon tax revenues monotonically increase as the subsidy rate increases. I show this
more clearly in Figure 11, where I compare the evolution of the tax revenues with the fraction of

plants who use natural gas and coal.

These results are important. Indeed, as the subsidy rate increases, more plants add natural gas,
but there is almost no change in the fraction of plants who use coal. This isn’t surprising because
coal is still significantly cheaper than gas, and the salvage values of coal are much lower than gas.

In this context, it makes more sense for plants to keep coal for the option value it provides. In

Z8For example, it can be done through infrastructure subsidies to expand the natural gas pipeline network or the
development of liquefied natural gas (LNG) in Eastern India. However, such projects often involve large investments
that go beyond the scope of this paper. For analytical tractability, I will assume there exists some technology that
allows the government to directly subsidize plants’ fixed costs by utilizing carbon tax revenues.

91 also experiment with other social cost of carbon, ranging from USD 5.74/tCOa. (Tol, 2019) to higher end
estimates of USD 196/tC Oz, by the IPCC (IWG, 2021). All results are with different carbon prices are qualitatively
similar but have different quantitative implications.
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Figure 11: Comparison of selected outcomes along subsidy rate

Notes: carbon tax revenues corresponds to externality damages since the carbon tax rates equates marginal externality
damages. As such, evolution of the carbon tax revenues is indicative of aggregate emissions.

the aggregate, these results create two countervailing effects on carbon tax revenues/externality
damages. On one hand, plants who add natural gas substitute away from more polluting fuels
such as oil, electricity and coal. This substitution effect reduces tax revenues. On the other hand,
as plants add natural gas, they have more fuels which increases their option value and decreases
the price of energy. The net effect is a decrease in marginal costs of production and an increases
in output, which increases all input demand. Thus, even with substitution towards natural gas,
the input demand for other fuels such as coal, oil and electricity goes up, which increases tax
revenues. In Figure 13, I do a full Shapley decomposition of the change in tax revenues as the
subsidy rate increases between these two channels. Details of the Shapley decomposition can be

found in Appendix ?7.
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Figure 13: Shapley Decomposition of Changes in Tax Revenues
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Unsurprisingly, I find that the scale effect dominates. From a welfare perspective, it is unclear
whether the subsidy is preferable to an economy with only a carbon tax because while both profits
and consumer surplus increase, this comes at the cost of more externality damages and considerable
investment subsidies which could be allocated towards more profitable ventures. For this reason, I

do a formal welfare analysis of this policy in the next section.

Welfare Analysis of a 10% Subsidy

I choose to narrow the focus on a 10% subsidy because it can be financed by a carbon tax and
internally satisfies the government’s budget constraint. With such a policy, per-period welfare
is standard and features four components: consumer surplus, producer surplus, net government

revenues and externality damages (Fowlie et al., 2016):

wt(T’ 5) = Vt(Ta 5) + H(T7 S) + G(Tv 5) - E , E erfit(Ta 5)
~— ~—— —— -
consumer surplus  producer surplus  net gov. revenue fo

externality damages

Where consumer surplus is the indirect utility function, which is decreasing in the aggregate
output price index P;. This is due to quasi-linear aggregate utility: v4(7,s) = %Rﬁ(’l‘, s)_%. As
such, we can think of the remaining three parts of this welfare function as shifting aggregate income
of the consumers if it owns all plants and gets aggregate profits net of fixed costs, government
revenues as lump-sum transfers and suffer externality damages from pollution in dollars from the
social cost of carbon. To include a fixed-cost subsidy towards natural gas adoption, I make some
simplifying assumptions for tractability. I assume that the subsidy is financed by government
revenue from the carbon tax, and that every plant faces the same permanent subsidy amount s. In
this context, producer surplus is defined as the sum of total profits net of subsidized fixed costs,

and net government revenue is total tax revenues minus subsidy paid out.

N
I(r,s) = Z ( it (T, 8) —;ZC:F [K(F | Fir) + sl(gas € F'\ Far)|W(Firr = F | 7, 5))

=1

variable profits subsidized fixed costs

G(r,s) = Z (Z Treri(T,8) — sIl(gas € Fippq \]:z't))
=1 S subsidy

tax revenue
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Note that externality damages cancel out with tax revenue, and the subsidy cancels out because
it is a transfer from G(7,s) to II(7,s). As a result, period welfare is effectively equal to consumer

surplus plus variable profits minus total fixed costs:

N N
wi(rs) = wlrs) +> mul(rs) - ( 3 K(F | Fi)l(Fuer = F | 7, s)) (21)
v i=1 i F'CF
consumer surplus | , =
variable profits total ﬁ;gd costs

Total welfare is then defined as the net present value of expected period welfare. I approximate
total welfare by averaging multiple Monte-Carlo simulations of the economy (indexed by k) over
an horizon of 40 years. Lastly, the subsidy rate s was chosen such that expected net government

revenues is weakly positive.

Wi(r, s) = Eo (Z Bluwy(r, 5)) Eo(G(r,5)) > 0

t=

1 040
~ 7 Z Z Brwm(r, s)
k

t=0

Below are the welfare results. In net, there is a small but positive welfare effect from the
subsidy, which means that using carbon tax revenues to subsidize the adoption of natural gas is
slightly better than rebating it as a lump sum transfer to consumers. This welfare effect is explained
by two countervailing effects. On one hand, variable profits and consumer surplus increase by 19
and 13 million dollars, respectively. This is because more plants add natural gas, but the fraction
of plants using coal remains constant. This leads to a decrease in the average price of energy, a
decrease in average marginal costs and a decrease in output prices. Thus, more steel is produced
at a lower cost which benefits producers, and sold at lower price which benefits consumers. On the
other hand, there is an increase in externality damages and an increase in total fixed costs paid in
the economy by 10 and 31 million dollars, respectively. While externality damages cancel out with

tax revenue, total fixed costs do not.

To understand how small the welfare effects really are, I compare in Table 16 how much of the
total fixed costs are financed by the subsidy. While 2.7 billion dollars go towards the adoption of

natural gas, the fraction of plants who use natural gas only goes up by 20% from 0.18 to 0.24, while
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Carbon Tax .
Carbon Tax + 10% Subsidy Difference

Billion U.S Dollars Billion U.S Dollars Million U.S. Dollars

Total Welfare 63.415 63.417 1.18
Variable Profit 22.58 22.60 19.18
Consumer Surplus 22.21 22.22 13.62
Total Fixed Costs (Paid by plants + subsidy) -18.633 -18.601 31.61
Externality Damages/Tax Revenue 2.64 2.65 9.78

Table 15: Decomposition of Welfare Effects — Carbon Tax with and without Subsidy

Notes: All welfare components are reported by their net present value (NPV) over an horizon of 40 years from the
last year of observation in the data (2016) with a social discount rate of 3%. Also, externality damages and tax
revenue exactly cancel out in the welfare function. the subsidy also cancels out because it is simply a transfer from
net government revenue towards producer surplus. As a result, variable profits, consumer surplus and total fixed costs
are the remaining components in the welfare function such that Wel fare = ConsumerSurplus + Variable Profit —
Total FizedCost

variable profits and consumer surplus jointly increase by 31 million dollars. Hence, private gains

from the subsidy are only 1.1% of the policy’s cost.

Carbon Tax

Carbon Tax + 10% Subsidy Difference
Fraction of Gas Users 0.19 0.24 0.05
Total Subsidy paid (Billion U.S. Dollars) 0.0 2.793 2.793

Table 16: Total Subsidy paid

Notes: This table reports the long-run fraction of plants who use natural gas after the policy, and the net present
value of expected total subsidy paid to plants.

There are a few reasons explaining this small effect. First, by virtue of being a universal subsidy,
the government effectively finances the adoption of natural gas for plants who would have still
adopted natural gas in the absence of the subsidy. This can be seen from the increase in total fixed
costs by 31.61 million dollars in Table 15 after the policy, which is considerably lower than the
subsidy’s cost of 2.7 billion. Second, plants at the margin who are actually incentivized to adopt
natural gas in the aftermath of the policy are on average 30% less productive at using natural gas
than plants who already use natural gas. See Figure 5. At the same time, natural gas is on average
less productive per dollar invested into it than any other fuel. See Figure 4b This raises the question
of whether the government could find more profitable avenues to invests proceeds from the carbon
tax revenue. For example, it could invest in energy efficiency training programs to increase energy
and fuel productivity, or carbon capture technologies that reduce emissions ex-post. While outside

the scope of this paper, I believe this is an interesting avenue for future research.
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9 Conclusion

In this paper, I develop a rich dynamic production model to capture salient features of fuel consump-
tion in manufacturing. This includes the prevalence of switching between fuel sets and heterogeneity
in fuel productivity. By combining various methods from the production function estimation and
the dynamic discrete choice literature, I show how this model can be estimated with a panel of
plant-level data that features both output and input prices/quantities. I then apply this model to
the Indian Steel industry, which is high in energy and emission intensity due to the prevalence of
coal usage, among other factors. From a normative standpoint, I perform various counterfactual
policy experiments aimed at reducing emissions in this industry, which include a carbon tax and a

carbon tax with a subsidy towards the adoption of cleaner fuels.

I show that novel features of this model have important quantitative implications for the scope
of these policies. Indeed, carbon taxation is much more targeted towards high emission plants
than previously thought due to the presence of multiple layers of heterogeneity. As a result, high
emission plants become relatively less competitive, which reallocates output towards low emission
plants. This considerably reduces the overall economic cost of reducing emissions. However, a
carbon tax alone does not lead to more adoption of cleaner fuels such as natural gas. For this
reasons, I show how proceeds from the carbon tax can be used to subsidize the fixed cost of natural
gas adoption. Doing so, there is a small but positive effect welfare effect, unexpectedly through
larger private surplus (producer and consumer) at the expense of higher emissions. This is due to
the option value that an additional provides, which lowers production costs. Overall, these results
highlight the importance of producer heterogeneity and inter-temporal decisions when quantifying

the impact of carbon policy.
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A Data

A.1 Details on sampling rules

In the ASI, Manufacturing plants are surveyed either as part of a census or as part of a sample.
All plants who qualify for the census are required to fill the survey by the Government of India’s
Central Statistics Office. The remaining plants are surveyed based on stratified sampling rules.
The definition of census vs. sample and the sampling rules went through some changes over the
years. In 2008, all plants with more than 100 workers and multi-plant firms, as well as plants
in the lesser industrialized states (Manipur, Meghalaya, Nagaland, Tripura, Sikkim and Andaman
Nicobar Islands) were part of the census. For the remaining plants, strata were constructed by

state/industry pairs and 20% of plants were sampled within each stratum.

By 2016, the rules for a plant to be considered in the census expanded. Plants in the following
states with more than 75 workers were part of the census: Jammu Kashmir, Himachal Pradesh,
Rajasthan, Bihar, Chhattisgarh and Kerala. Plants in the following states with more than 50
workers were part of the census: Chandigarh, Delhi and Puducherry. Plants in the seven less
industrialized states where part of the census: Arunachal Pradesh, Manipur, Meghalaya, Nagaland,
Sikkim, Tripura and Andaman Nicobar Islands. Lastly, plants with more than 100 workers in all

other states were part of the census.

A.2 Fuel Productivity and Distinction Between Potential and Realized Energy

Energy inputs are measured in different units. For example, coal is typically measured in weight
whereas natural gas is typically measured in volume. As a result, scientific calculations converts
baseline fuel quantities into equivalent heating potential (million British thermal units, mmBtu).
In this paper, I call this potential energy. This is because it captures what energy may be extracted

from combustion of a particular fuel.

However, what plants get in terms of energy service from the combustion process, which I call
realized energy, depends on a variety of factors, such as the technology used for combustion and
plants’ knowledge on wasting energy. In essence, realized energy is what plants get after combining
fuels with some technology. As such, there is a conceptual gap between potential and realized
energy, which underlies productivity differences. These differences come in many forms, and I

highlight three examples:

1. Across fuel types: In the transformation of liquid iron into liquid steel, electric-arc furnaces
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which use a combination of electricity, natural gas and recycled materials, are more produc-
tive than blast furnaces (coal) at using heating potentials of the underlying fuels (Worrell,

Bernstein, Roy, Price and Harnisch, 2009).

2. Within fuel types: In cement manufacturing, coal used in rotary kilns is more productive
than in vertical shaft kilns for the production of clinker as part of cement manufacturing

(Galitsky and Price, 2007).

3. Wasted resources: FEnergy retrofit programs underlie large heterogeneity differences on
how efficiently agents in the economy use the heating potential of fuels (Christensen, Francisco
and Myers, 2022). Examples include keeping lights opened unnecessarily or forgetting to turn

off machinery.

A.3 Fuel Prices and Transportation Costs

Identification of plants’ responses to changes in fuel prices rests on two important sources of price
variation. First, it relies on persistent shocks that are largely driven by worldwide variation in
supply and demand related to macroeconomic conditions and geopolitical events such as wars,
trade agreements, and sanctions. Figure 14 shows the evolution in the median fuel prices paid by
AST plants. Notably, the oil shock of 2014 led to a 50% decrease in the price of oil and a 30%
decrease in the price of natural gas. At the same time, the price of coal is much more stable. This
will play an important role in the government’s provision of insurance against price shocks through

taxation.
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Figure 14: Yearly Median Fuel Prices (INR/mmBtu)

Second, identification relies on spatial variation in fuel prices, which I argue is related to trans-

portation costs. As an example, natural gas is expensive to transport because it needs to be carried

66



in high pressure pipelines. The Petroleum and Natural Gas Regulatory Board of India (PNGRB)
sets transportation prices according to a 4 zone schedule in a vicinity of 10 km on both sides of the
pipeline: 1 being the closest to the source and 4 being farthest from the source of the pipeline".
By 2016, there was 13 gas pipeline networks, each with their own 1-4 zone tariffs (depending on
the length of the pipeline). However, different pipelines have different baseline transportation costs,
such that it is possible for a plant in the zone 4 of a pipeline to pay less than a plant in the zone 1
of another pipeline. For example, transportation costs the zone 4 of the integrated Hazira-Vijaipur-
Jagdishpur pipeline costs 49 INR/mmBtu, whereas transportation costs in the zone 1 of the East
West Gas Pipeline (PNGRB) is 65.5 INR/mmBtu. If the plant is not in a vicinity of a pipeline, it
can carry liquefied natural gas (LNG), but it needs to re-gasify it which is costly. Below is a schema

describing how the natural gas pipeline tariffs work:

;' End

Source s outside network

Figure 15: Hypothetical Structure of Transportation Costs for Natural gas Pipeline

Overall, the transportation cost structure of natural gas should lead to large dispersion in the
price of natural gas that plants pay. On the contrary, coal is much simpler to transport because it
is a solid and because it is mostly extracted domestically®'. As such, 17% of all coal is transported
directly from the mine to plants through conveyor belts, 33% is transported by road, and 50%
is transported by train. These cheaper and simpler transportation methods should lead to lower
dispersion in the price of coal. If fuel prices in the ASI reflect differences in transportation costs,
then the price distribution should reflect this difference in dispersion. This is indeed what I find, as

Figure 16 suggests a much larger dispersion in the price of gas relative to that of coal.

Moreover, I find that accounting for pipeline fixed effects, there is a positive and significant jump
in the price of natural gas from being in zone 2-4 relative to zone 1. However, the effect for zone

4 does not seem robust. Zones and pipeline data were constructed by mapping the entire natural

39The Indian government is considering changing its pricing structure, and it would be an interesting counterfactual
to consider
31Khanna (2021) shows that Coal India Limited (CIL) is the largest coal mining company in the world
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Figure 16: Histogram comparing price of natural gas and coal (INR/mmBtu)

gas pipeline network to the districts in which they pass, directly or indirectly. Thus these results
are subject to measurement error.

Table 17: Relationship between (log) natural gas prices and proximity to pipelines

(1) (2) (3)

(10g) Pnatgas (10g> Pnatgas (log) Pnatgas

Zone 2 0.278* (0.044) 0.235"* (0.045) 0.219"* (0.045)
Zone 3 0.214**  (0.046) 0.176*** (0.047) 0.163*** (0.047)
Zone 4 0.119**  (0.033) 0.052 (0.036) 0.038 (0.035)
year dummies Yes Yes Yes

Pipeline dummies Yes Yes Yes

Industry dummies Yes Yes

Additional controls Yes
Observations 11,780 11,780 11,780

Standard errors in parentheses

Baseline zone is 1 (closest to source of pipeline).

Additional controls: number of workers and quantity of gas purchased.
tp<0.1,* p<0.05 ** p<0.01, *** p<0.001

Lastly, I argue that spatial fuel price variation captures some exogenous variation from the
plants’ perspective because plants location decisions are somewhat constrained by the language
locals speak. Indeed, there are 22 official regional languages in India, which are broadly related to
one of 28 States. For examples, Bengali is the main language in West Bengal, Gujarati is the main
language in Gujarat, Punjabi is the main language in Punjab, and so on. For this reason, I will use

States as the main driver of spatial price variation in the model.

Location of Steel Plants and ”Steel Belt”
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Figure 17: Concentration of steel plants by regions

Source: https://en.wikipedia.org/wiki/File:State_wise_Steel_Production_India, _2019.jpg

A.4 Emissions Data
A.4.1 Calculation of Emissions
Ezxcluding FElectricity

To get establishment-level measures of greenhouse gas emissions, I convert units of potential
energy (mmBtu) of each fuel into metric tons of carbon dioxide equivalent, as a result of combustion.
Each mmBtu of fuel releases some quantity of carbon dioxide CO2, methane C Hy4, and nitrous oxide
N50O in the air, which may vary by industry based on standard practices and technology. Emissions

of chemical k for a plant in industry j can be calculated as follows:

EMiSSIONSjf, = Z Z Crrj *ef
f ok

V k={COy,CHy, N;O} V f = {Natural Gas, Coal, Oil}

The fuel-by-industry emission factors of each chemical (f1; are found in the database provided
by GHG Platform India, and come from two main sources: India’s Second Biennial Update Re-
port (BUR) to United Nations Framework Convention on Climate Change (UNFCCC) and IPCC
Guidelines. Quantities in mmBtu of each fuel e; are observed for each establishment in each year.
Then, quantities of each chemical is converted into carbon dioxide equivalent C'Oqe using the Global

Warming Potential (GWP) method as follows:
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COse = GW P.pg *CO9 + GW Py x CHy + GW Py, * NoO
=1

From the calculations above, I can define fuel-specific emission factors which will be used to

directly convert fuels to COze (or GHG):

Yfi = GW Peoo * Cf,co2,j + GW Pepy * Cf,ch4,j + GW Py, * Cf,n2o,j

Total greenhouse gas emissions in units of C'Oqe for plant i in industry j and year t is defined as

follows:

GHGijt = > V1 * Efijt

fe{natgas,coal,oil}

Including Electricity

Calculations of emissions from electricity is done slightly differently than from fossil fuels because
emissions comes from production rather than end usage of electricity. Figure 1 shows that coal is
used to consistently generate above 60% of total electricity in India, which increased in 2010 and

started to decrease after 2012.

M.

2010 2012 2014 2016
Year

—&— Coal —e— Natural Gas
—=&— Hdro ——®—— Nuclear and Renewables

Figure 18: Annual Indian Electricity Generation by Source (% of Total)
Source: International Energy Agency (IEA)
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To construct measures of emissions from electricity, I will take the distribution of emissions from
different fuels used to produce electricity, averaged across years for the entire grid. Let wes € [0, 1]

Vf € {Coal,Gas} be the share of fuel f used to generate electricity, then

Ve = Z Wef * Yef
fe{coal,gas}

Where v.s is calculated exactly as in 2.2.1 for the electricity generation industry. Including

electricity, total GHG emissions for plant i in industry j and year t is defined as:

GHGijt = e * €eijt + Z Vfi * €fijt
fe{natgas,coal,oil}

Below are the tables detailing emissions factors. Note that for oil, I take hte average over all
pretoleum fuels. The dispersion between oil types is much lower than the dispersion between the

average of oil and coal/gas.

Emission factors (kg COze/mmBtu)

Fuel Industry COy CHy N2O Total (v¢;)
Cement 100.90 0.03 0.42 101.34
Non-ferrous metals 101.67 0.03 0.42 102.11

Coal Pulp and paper 101.59 0.03 0.42 102.04
Electricity generation 102.09 0.03 0.42 102.54
Other 98.84 0.03 0.42 99.29

Oil All 77.34  0.09 0.17 77.59

Natural Gas All 50.64 0.03 0.03 50.70

Table 18: Emission factors from fuels to carbon dioxide equivalent (fi; * GW Py, (kg CO2e/mmBtu).
Source: (Gupta et al., 2019, Annexure 3)

Share of Electricity Generated by Source
Natural Gas Coal Hydro Other Emission factor (kg CO2e/mmBtu)
0.052 0.68 0.046 0.23 72.05

Table 19: Emission factors from Electricity
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A.5 Further Evidence
A.5.1 Evidence of Large Levels of Pollution in Indian Manufacturing

Indian manufacturing establishments exhibit a higher level of pollution intensity compared to their
counterparts in developed economies. As demonstrated in Figure 19a, half of Indian cement man-
ufacturers emit twice the amount of carbon dioxide per unit of energy compared to the average
of Canadian cement manufacturer. This trend is not limited to the cement industry, but prevails

across all heavy manufacturing industries that use fuels as primary means of combustion (Figure
19b).

- Indian plants (ASI) -e- Canadian plants (NPRI)

0.4 70

0.3
65

0.2+

Fraction

60
0.14

Emission intensity (mmBtu/kg CO2e)

\\ P
0.0 %5 — .
53 50 67 74 a1 88 95 2009 2010 2011 2012 2013 2014 2015
CO2e per mmbtu Year

\ Indian plants (AS) [ Canadian plants (NPRI) |

(b) Evolution of Pollution Intensity - Heavy Manufac-
(a) Pollution Intensity - Cement Manufaturing turing Industries

Figure 19: Pollution Intensity of Energy in India and Canada (kg COg./mmBtu).

Note: Information from Canadian plants come from the National Pollutant Release Inventory (NPRI) (Government of Canada,
2022). This is a publicly available dataset that records emission of specific pollutants by Canadian manufacturing plants, which I
convert into COg, emissions using the Global Warming Potential (GWP) method. In Figure 19b, I compare the within industry
average pollution intensity for 5 heavy manufacturing industries: Pulp & paper, cement, steel, aluminium, and glass.

The main reason underlying this gap in emission intensity is the use of different fuels. The
cluster of Canadian establishments that emit on average 55 kg of COsy. per mmBtu in Figure 19a
reflect establishments that primarily use natural gas. Indeed, switching from coal to gas has been a
large contributor to the manufacturing clean-up in developed economies (Rehfeldt, Fleiter, Herbst
and Eidelloth, 2020). In contrast, a large portion of Indian plants primarily use coal, which pollutes
twice as much as gas. In Figure 20, I show that coal consistently contributes to 40% of all fuels used

by Indian Establishments. This prevalence of coal usage among Indian manufacturers explains the

cluster of plants that emit on average 95 kg of COs. per mmBtu in figure 19a.
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Figure 20: Comparison of Fuels used by ASI establishments

Note: Figure 20a aggregates across all manufacturing establishments in the ASI by year, and suggests a much lower usage of
natural gas compared to coal. Figure 20b shows the average emission intensity of each fuel, where the average is taken across

industries according to scientific calculations made by Gupta et al. (2019).
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Figure 21: Comparison of Fuels used by Steel Establishment
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A.5.2 Evidence on Switching and Mixing

Indian Plants

40%) |
30%
20%
10%
d1L .
0 2 4 6 8

Number of times plants switch

Figure 22: Number of Times Unique Plants add or drop a Fuel (ASI)

U.S. plants

Here I show some of the evidence presented in the main text from manufacturing plants located
in the U.S. The data is from the Greenhouse Gas Reporting Program (GHGRP), which reports fuel
consumption (oil, gas, coal) from large manufacturing plants in selected industries. Below I show

evidence from the Pulp & Paper industry between 2010 and 2018.

Table 20: Different Fuel Sets

Table 21: Percentage of unique plants that

F, %
TOAReney 2 add and drop a fuel

Natural Gas 602 50.76
Oil 36 3.04 —
Natural Gas, Coal 9 6.07 Adds New Fuel (%) Drops Existing Fuel (%)
. No 77.13 76.68
Natural Gas, Oil 332 27.99
. Yes 22.87 23.32
Coal, Oil 9 0.76 Total 100.0 100.0
Natural Gas, Coal, Oil 135 11.38 ota - s
Total 1186 100.00

Pulp and Paper Manufacturing (U.S. GHGRP)

A.5.3 Relationship between Number of Fuels and Plant Age

As plants become older, he number of fuels in their set rises on average, which is similar to the
pattern found with output per worker in the main text. Moreover, the magnitude of the relationship

is larger with age.

A.5.4 Natural Gas Demand by Sector
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Figure 23: Number of Times Unique Plants add or drop a Fuel (U.S. GHGRP - Pulp & Paper
Manufacturing)
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Figure 24: Number of fuels by plant age, average of all ASI plants
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Figure 25: Projected Natural Gas Demand by Sector - all of India (2012 and 2016)

Notes: Data retrieved from the Petroleum and Natural Gas Regulatory Board’s Data Bank (Petroleum and Natural
Gas Regulatory Board, 2023)

A.5.5 Fuel Expenditure Shares - ASI

.05 2
.04
15
< 03 c
g £
g g 1
£ £
.02
.05
.01
0 0
0 2 4 6 8 1 0 2 4 6 8 1
(a) Coal (b) Gas
’ 15
.08
A
< 06 c
g g
g g
w w
.04
.05
.02
0 0
0 2 4 6 8 1 0 2 4 6 8 1
(c) Oil (d) Electricity

Figure 26: Distribution of Expenditure Shares
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A.5.6 Relationship between changes in vertical integration and fuel switching

TBD

A.5.7 Number of Steel Varieties

Product Category Percentage of Occurence

Ferrous products from direct reduction of iron ore 5.5
Mild steel billets, blooms 4.5
Mild steel bright bar, rectangular cross section 4.3
Bars and rods, hot-rolled, in irregularly wound coils, of iron or non-alloy steel 3.8
Sponge Iron 3.6
Ingots alloy steel 3.5

Number of Unique Varieties 404

Table 22: Top 6 Output Varieties from Steel Plants in the ASI (NPCMS)

Notes: Unique varieties are taken from the primary product made by each plant.

B Model

B.1 Closing the Model: Aggregation details

Given a mass of N; operating plants, income I; and aggregate demand shock e'*, the representative

consumer solves:

Op

el't 1 p—1 =1
max U=Yy+ — / (NyYy) 7 di
{Yit}?glym 0 \ NV Q

s.t. Yo +/ Py Yidi < I
Q.

7

(22)

Following Helpman and Itskhoki (2010), this can be separated in two problems. First, the
consumers chooses consumption of the aggregate final good Y;, given some aggregate price index P;

and aggregate demand shock e'*:

€Ft 0
max Yo + —Y;
Yot, Y 0

st. Yo+ BY, < I
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—1

1-6 .
i) , and consumption

Optimal consumption of the aggregate final good is given by Y;(P;) = (eF -
1 =0

of the outside good is given by Yy (P) = It = PYi(P) = I; — erthtl_e. Putting the two

together yields the indirect utility V, which corresponds to the consumer surplus due to quasi-linear

preferences:

1 1 =6

Vet (g 1A
This is the same indirect utility function as in Helpman and Itskhoki (2010), augmented with an
aggregate demand shock. Keeping income constant, consumer surplus is decreasing in the aggregate
price index. Then, the representative consumer chooses which varieties to allocate for a given

quantities of good Y; by minimizing the cost of different varieties:

P

1 =1\ P!
min / P.Yy st. Y= / (NtY;t)pﬂldi
i Jo Nt Jo,

Solving this cost-minimization problem yields the following conditional demand of each varieties:

Y, <Pit ) —p (23)

Yi(Yy) = AV

Combining both steps together yields the demand for each varieties, corresponding to equation 4 in

the main text:

Ftﬁ p(1—0)—1

-0 —p
Pt Pit

1

Where the aggregate price index is such that th P Y di = PY; and is given by P, = ( N% sz P;_p ) E.
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C Identification

C.1 Derivation of Estimating Equation for Outer Production Function

Production function:

_no_
Yit w; Ki\ % L\ %+ M\ 75+ Eu\ %5\ 7!
R R C R (0 Lo g
Y (’“ K \'T "\ ‘\E (24)
_ . o=1 Lo=1 . o=1 _o=1\ 1%
= Wit (ak‘Kitg +o L, +amM,” +a.k,” ) (25)

Where I define XY = Xy

Assumption 3. L;, My, E;; are flexible inputs

Assumption 4. [ observe the quantity for Ly and Ky but only spending for materials and energy:

SMit’ SEit

Profit-mazximization subject to technology and demand constraint:

Lit%?t},{Eit {Pit(Yit)Yz’t — pmit My — pEit by — thit}

o—1 o—1\ 1%

_ ~ o—1 ~o=1 ~ o=1 ~ oL\ S

st. Y= Y evit (aKKit" "‘OéLLitU +04MMZ‘tU _f‘aE'Eitg ) '

eFt % 1‘2'60(91)—1)

Pu(Yi) = p, =
W)=\ Ny, )

First-order conditions:

M/ Ly

g _

Miz (ﬂ SMit) 571

M

L
— 26
anr Srit L (26)

Eit/ Li:
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E; Sei\ 527 L;
E ap SLit L
Lit:
eF % p((ll 99) p_ 1 o—1 plo (n(*l)lw;l]*n
Wy o o= —
<A@> B P (e )T apLy ces, © =51,
~o=1 . o—1 L o=1
Where ces;; = (akK + alth + o M,7 + ok, )
using the FOC for labor, I can solve for total factor productivity e“i:
N 1 1-p(1-6) o—plo(n—1)+1]
ot =7 L L (Neye p T Sy ey T (28)
p _ 1 7/’ eFt L = )
ap b

Plug (28) into revenue equation:

Rit = ( )Yteuit
1

14p(6-1)  p—1

( );P (6—1)p YT Uit

p—1
1+p(60—1)

. o—1 o=1 a=1y\ 1% B
( > o-Dp (%t(aKKito +06LL e +aMM +aEE ) 1> ettt

1 o—1 ~o—1 o—1
e 7’0 7(aKKitU +O[LLl'tg +aMM +aEE ) tit
p—1n

Plug ratio of FOCs (26) and (27) into the previous equation:

o—1

it) e Swmit . SEit \ w
14 My et

' Srit  Srit )

K\ %5+ .
. Sth(l + *( ~zt) ) + Swmit + Spir | €
p—1n ar \ Ly
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Estimating Equation:

1 Qp f(z't =
+ 1n5 +1In (Sth<1 + L ( f/it> ) + Swrit + SEzt) + ugt (29)

InR;; =In p
p—1

C.2 Remark on the Identification of the Energy Production Function

I haven’t used the first-order condition (in level) for electricity in the energy cost-minimization
problem. This is not an issue because plants choose the level of energy in the first stage of production,
given some price of energy. Once I recover the price of energy and the quantity of energy that plants
want to buy, cost minimization implies that one of the input choice is ”free”. That is, I only need
to recover the optimal quantity of all fuels relative to electricity, whereas the quantity of electricity
will be pinned down by the plant’s choice of energy. The first order condition for energy in the
cost-minimization problem is as follows, where I sub in equation (13) for all relative fuel-augmenting

productivity:

1

A—1\ X—1
3 s \x 1/
Deit = Mt%it( > (1/1f7;t€fit) ’ ) et/

fEFit

1
St —1
zuweit( Z ﬂ>A '

Seit
fE€Fit

(30)

Once I take into account all first-order conditions, plants’ optimality condition implies that the
shadow cost of electricity (Lagrange multiplier s;;) is the marginal cost of realized energy. Plugging
the equilibrium condition for the shadow cost of electricity into equation (30) implies that the first

order condition for electricity is always satisfied:

- 1 ﬁ it N 11—\ % S fit %]5 it
Hit = PEit = (Z(ﬁ) >1A:<z:i>lAﬂ
Peit FEFu wfit FeFu Seit Peit

C.3 Computational Details on Solving the Dynamic Discrete Choice Model

I show how to iterate over the expected value function W until || W™*+! — W™ || is small enough

with a very large state space, where for any set of states today s, F.
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W (s, F) = + log < > exp (nls F) 4 @(F | 7) 45 [ WS P | s))>
F'eR

To evaluate the expected value function, note that there are originally 12 state variables: prices
and productivity of all 4 fuels, hicks neutral productivity, the price of material inputs, year of
observation, and whether a plan is located near a pipeline. I can reduce the dimension of the
state space to 8 state variables, 2 of which are deterministic and 6 of which are follow a Markov
process. The 6 Markovian state variables are hicks-neutral productivity z, price of materials p,,,
price/productivity of electricity p./te, price/productivity of oil p,/1,, price/productivity of gas
Pg/%g, and price/productivity of coal p./t., which are allowed to be correlated. Then,

/ / / /
/Wn+1(sl,fl)dF(S/‘S):// / / / / wmr Z/7p’mp777p7‘/)7p77,p—f7‘7-77t7d X
zJpm % % % % e Yo Yg c

v, Py pl Pe Do Py D
e (o} C
/AW e o g9 c g rc dzdpmd%d

7 T 0 s B Pmy Ty Ty T
" abe o Wy the

2P po dpg dpe
Y rrm? wé?wé?w;?wé

), Pk ph Po bl P D
2z e o c o m c
,pm’d)éuwngévwé 9

Where t corresponds to year of observation and d is an indicator for access to natural gas pipeline.
I approximate this high dimensional expected value function by discretizing the state space and the
underlying Markov process. Since most state variables are highly persistent AR(1) processes, I use
Rouwenhorst (1995) to discretize the process. Let M be the number of points on each grid. I am
currently using M = 4 which gives me 45 = 4,096 grid points for the Markovian state variables.
When adding the 6 years of observations between 2010 and 2015 as well as the access to pipeline
indicator, I get (4%) * 6 * 2 = 49,152. However, the curse of dimensionality really starts to kick
in when I add the distribution of comparative advantages for gas and coal (see later sections).
With three possible values for gas and coal, this gives me 9 possible combination of comparative
advantages. Ultimately, I am left with (45) 6% 29 = 442, 368 grid points. Using this discretization
process, I can then represent the value function as a block matrix W™ that contains all combinations
of states. Let S be the set of all state variable combinations, I'(s’ | s) be the vector of all state
transition probabilities when starting at state s (in vectorized form), IT be the vector of all possible

profit combinations, K be the vector of all possible fuel set switching costs. Then
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W%v+log<2exp <H+l€(}"')+ﬁ[®F(s'|s)}TW>> (31)

F'elF seS

Lastly, to reduce computational burden, I iterate over equation (31) by paralellizing across all
possible combination of starting states using graphics processing units (GPU) Arrays with CUDA.
Computational gains using GPU Arrays are significant order of magnitude over standard CPU

parallelization. Detailed Julia code is available on my Github.

C.4 Monte-carlo simulations to recover the distribution of comparative advan-

tages over selected fuels

I create a sample of plants with all state variables present in the main model. External estimation
of parameters governing the distribution of random effect from the sample of plants who use gas
and/coal leads to upward biased estimates. Indeed, plants with larger comparative advantage to

use coal are more likely to use coal, and likewise for gas. Monte-Carlo simulations confirms this

intuition:
Natural Gas
Hpg O—ig 01279 Opgpg Hg UZQ
Unselected Sample (N = 3,000) -0.0004 (0.003) 0.03 0.03 -0.0122 0.28 0.48
Selected Sample (N = 694) 0.005 (0.006) 0.03 0.028 -0.0128 0.41 0.48
True value 0 0.03 0.03 -0.0120 0.3 0.5

Table 23: Selected and unselected state transition parameters for price and productivity of natural
gas (Monte-carlo data, standard errors in parenthesis)

Coal
e Ohe  Ope  Tgepe Mo Oh
Unselected Sample (N = 3,000) 0.003 (0.002) 0.21 0.01 -0.018 0.19 0.39
Selected Sample (N = 936) 0.002 (0.003) 0.21 0.01 -0.019 0.25 0.39
True value 0 0.2 001 -0.0179 02 04

Table 24: Selected and unselected state transition parameters for price and productivity of natural
gas (Monte-carlo data, standard errors in parenthesis)

In this Monte-Carlo simulation, there isn’t much selection going on for coal because gas has a
higher average productivity so plants are mostly selecting on the basis of gas, and almost all plants

either use oil and electricity or oil,electricity, gas and coal.
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C.5 Details of EM Algorithm to recover distribution of fixed costs and compar-

ative advantages

The procedure to estimate the fixed costs parameters #; and the unselected, unconditional distri-
bution of fuel-specific random effects is explained below. I experimented with both the Arcidiacono
and Jones (2003) version that relies on a nested fixed point algorithm to update the value function
and the Arcidiacono and Miller (2011) that uses the conditional choice probabilities (CCP) and
forward simulations to update the value function. In the main version of the paper, I am using the

nested fixed point version with a large grid for the state space as discussed in Appendix C.3.

n T n T
I L(F,s|61,65) =) In [Zm [T Pr(Firsr | Fies sivs mpi = s 01, 02) [ | + DD In f(sie | sir—15062)
i=1 k t=1 i=1 t=1
n U]:zt+1 FitsSitsthi=Hk301,02) n T
- Zln Zﬂk H eU}_(}—ztaszulM Bi;61,62) + Z lnf Sit ’ Sit—1; 92)
=1 k i=1 t=1

In principle, one can directly estimate both the fixed costs 1 and the distribution of comparative
advantages from the full information likelihood above. However, this is computationally very ex-
pensive and rarely used in practice. For this reason, Arcidiacono and Jones (2003) use Baye’s law to
show that the first-order conditions of the full information likelihood with respect to all parameters
are the same as the first-order conditions of the posterior likelihood with respect to fixed costs 6,
given some prior guess of the distribution of unobserved heterogeneity. This is the key result that

allows me to use the EM algorithm

6, = argmalen [ZTFk
k

91702y i=1

HPT it+1 ‘ fztsztalh = /1k701792)]]
t=1

—argmaXZZZp pik | Fiy 56301, 02, %) In Pr(Figya | Fir, sits i = pa; 01, 02)
=1 t=1 k

Estimation then proceeds iteratively as follows:

1. Estimate the distribution of state variables externally f5. These stay fix throughout the

procedure.

2. Initialize fixed cost parameters 8 and guess some initial probabilities {ﬂ?fl, 79, .., }. T use

the distribution of selected random effects to initialize this distribution.
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3. Do value function iteration (VFI) to update the expected value function W for all combination
of state variables conditional on these guesses, where different realizations of the random effects

1 are just another state variable that is fixed over time.

W(S,f, ,u'kaggvéQ) =7+ IOg ( Z exp (W(Sajr> +’C(F, ‘ fa870(1)) +6/W(8,aflauk;9(l)vé2)dF(S/ ‘ saé2))>

F'eF

4. Get posterior conditional probabilities that plant i is of type k, p'(uz | fi,si;G?,ég,Wo),

according to Baye’s law:

- I(Fi=F)
0 [HtT1 [Hng [PT‘(Et | Sity i = Mk,;9(1),92)} ”

p (x| Fiy 50509, 02, 70) =
ol AT o 4 \HFa=T)
Zk Ty, Ht:l Hng [PT(]:it | Sity i = [k 91,92)}

5. E-step: Update the unconditional comparative advantage probabilities as follows:

S o k| Fiy 5669, 0, 70)
n

T = Vk

6. M-step: Find fixed cost parameters 03 that maximize the (log)-likelihood conditional on

current guess of unconditional and conditional probabilities 7}, p' (g | .)

7. Repeat 3-6 until the full information likelihood is minimized.

D Counterfactuals

D.1 The Shapley-Owen-Shorrocks Decomposition
General Definition

Given an arbitrary function Y = f(X1, X, ..., X;,), the Shapley-Owen-Shorrocks decomposition is
a method to decompose the value of f(-) into each of its arguments X, Xo, ..., X,,. Intuitively, the
contribution of each argument if it were to be “removed” from the function. However, because the
function can be nonlinear the order in which the arguments are removed matters in general for the
decomposition. The function f can be the outcome of a regression, like the predicted values or sum

of square residuals, or the output of a structural model, such as a counterfactual value for a variable

85



given a list of model parameters or components, or a transformation of the sample, for example the

Gini coefficient.

The Shapley-Owen-Shorrocks decomposition is the unique decomposition satisfying two impor-
tant properties. First, the decomposition is exact decomposition under addition, letting C'; denote

the contribution of argument X; to the value of the function f(-),
n
> Cj = (X1, Xa, .., Xn), (32)
j=1

so that C; f(+) can be interpreted as the proportion of f(.) that can be attributed to X;.** Second,
the decomposition is symmetric with respect to the order of the arguments. That is, the order in

which the variable X is removed from f(-) does not alter the value of Cj.

The decomposition that satisfies both those properties is

—_

n—

o= DR S s uxg) - s ) (33)

k=0 sCSE\{X;}:|s|=k
where n is the total number of arguments in the original function f, Si \ {X,} is the set of all

“sub-models” that contain k arguments and exclude argument X j.33 For example,

Sn,1 \X = f(XlaX27 "'7Xn71)

S1\ Xn = {f(X1), f(X2), -, f(Xn-1)}-

The decomposition in (33) accounts for all possible permutations of the decomposition order.
Thus, W can be interpreted as the probability that one of the particular sub-model with &
variables is randomly selected when all model sizes are all equally likely. For example, if n = 3,
there are sub-models of size {0, 1,2}. In particular, there are 22 permutation of models that exclude

each variable: {(0,0),(1,0),(0,1),(1,1)}.
—— ——

32The interpretation holds as long as f is non-negative. If f can take negative values, then the interpretation of C;
under the exact additive rule can be misleading as some arguments can have C; < 0.

33We abuse notation here. A sub-model is an evaluation of function f with only some of its arguments. This
language is motivated by the function corresponding in practice to the outcome of a regression or structural model.
Formally when we write f(X1) we mean f(Xi,02,...,0,), where we assume the j-th argument of the function can
always take on a null value denoted @;. The null value plays an important role in our context, because it serves as
the reference point for the variable in question, which isn’t 0.
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D.1.1 Application to Decomposition of the Carbon Tax Revenues Along Subsidy Rate

Given a subsidy rate s € [0, 1] towards the fixed costs of natural gas, the function of interest is the
change in tax revenues/externality damages between the economy with subsidy s and the economy

with no subsidy:

AT(s)=T(s)—T(0)

_E, (Zﬂt ZTfef”(s)> —E, (Zﬁt erefit(0)>
t=0 i t=0 ‘

Note that this function is implicitely a function of all state variables and the carbon tax rate. As
such, it can be decomposed into multiple arguments. The two arguments of interests here are the
total quantity of energy E, which corresponds to the scale effect (higher quantity of energy equals
higher quantities of all fuels), and the distribution of fuel sets in the economy F, which corresponds

to the substitution effect. Then, expected tax revenues can be rewritten as:

scale substitution

—E, (Z B85S rresin(Euls), }'it(s))> _ K (th S rresin(Eal0), ﬁ-t(O)))
t=0 [ t=0 7

Here I define the null case for both scale (g and substitution @z arguments as the case with no

substitute, such that the function is well defined, satisfying the criteria laid out in Shorrocks (2013).

ATz, 05) = T(E(0),F(0)) — T(£(0), F(0)) =0
Since there are two arguments, there will always be only two submodels that can exclude each
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argument: when the other argument is present and when it is not, with associated probability of
% for each submodel. It is then quite easy to show that the total partial effect of adding the scale

and substitution effect, respectively is as follows:

Cscale =

(AT(E(s), F(s)) ~ AT, F(5))) +5 (AT(E(s), 05) — AT(05,07))

N =

Vv Vv
adding scale with substitution adding scale without substitution

- %(AT(S) - AT((Z)E,f(S))) + %(AT(E(S)’ @f)>

Csubstitution =

(AT(E(S),]:(S)) — AT (E(s), @}')) +% (AT(@E,]:(S)) — AT(@E7@f))

N =

adding substitution with scale adding substitution without scale

_ %(AT(S) — AT(E(s), @}') + %(AT 0z, F (8)))

Lastly, it can be seen that this decomposition satisfies the additive criteria laid out by Shorrocks

(2013):

1 1 1 1
Cscale + Csubstitution = AT(S) - iAT(®E7F(S)) + iAT(Q)Ea ]:(S)) + iAT(E(S% (Z)]:) - iAT(E(8)7 @]—')

= AT(s)

D.1.2 Application to Decomposition of the Marginal Cost of Energy

The function of interest in this paper is the difference in sample average between the marginal cost
of realized energy for a given fuel relative to oil and electricity only. The function takes three broad

set of arguments: fuel prices p, fuel productivity ¥ and a fuel set F:

flp, ¥, F)= ]\}]-' Z ( Z (i%‘t/dh”z‘t)1_/\)ﬁ - ]\306 Z < Z (Jﬁﬂze/iﬁfz'lt)l_)\)m (34)

©F  feF i:oe  f€oe

The function excluding each of its argument requires a reference point for the excluded argu-

ments, which plays an important role in this context. For the reference point of fuel productivity
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and prices, I will use the average productivity/price that plants using oil and electricity would get
ﬂf(oe). For coal and gas, since there is no sample average productivity for plants that use oil and
electricity only, I will simulate histories of coal and gas productivity for those plants, and take the
sample average of the simulated history. I will do this with both the selected distribution of compar-
ative advantages (from plants who use coal and/or gas in the data) and the estimated unselected
distribution to see the extent to which selection on unobservables plays a role in explaining the
difference in energy marginal cost. The function (34) is equal to zero when all its arguments are

null, and thus satisfies the criteria laid out in Shorrocks (2013):

F(@p, 0, 07) = ]\}f Z ( Z (ﬁf(oe)/@f(oe))l_)‘)m - ]\;O Z ( Z (ﬁf(oe)/@f(oe))1_/\>m

©F  f€oe i:oe  f€oe

= (%ﬁ - xjj) (X (pf<oe>/wf<oe>)“)l* ~0

f€oe

Since there are three arguments, there will always be 4 submodels which can exclude each of
the arguments. For the first argument (prices), that would be: {0,0,0},{0,1,0},{0,0,1},{0,1,1}.
Moreover, two of of the submodels exluding the variation of interest always contain one argument,
and two of the submodels contain either 0 or two arguments. As such, the associated probabilities

with each of the submodels will be as follows: {%, %, %, %} Overall, since the function takes 3 argu-

ments, there are 23 = 8 possible sub-models: {(0,0,0), (1,0,0), (0, 1,0), (0,0, 1), (1,1,0), (1,0,1),(0,1,1),(1,1,1)}.
~——

M k=1 k=2
Then, as an example, the total partial effect of adding the gains from variety would be:

Cp = é(ﬂ@p, Dy, F)— (0, 0y, @;))% (£(p.04, F)— (0.0, @J-‘))‘}'é (/0 %, F)=1(0,,9,05))

+ é(f(pﬂIl,]:) - f(p,‘I’,@}‘))

The total partial effect of adding fuel productivity is

1

Co =1 (f(@p, O, 05)— £(0,,0,, @f)>+é (f(wp, O, F)—f(0p, Oy, f))+é (f(p, ., 07)—f(p, Oy, @f))

2 (702 F) ~ f0.0,. 7))
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The total partial effect of adding fuel prices is

Co = 3 (F0.00.05) 1 By, 0.07)) 5 (1004 F) = (0,0, F >)+é (P, 2.05)= /(0 %.05))

3 6
+%(f(p7‘11af)_f((bpa‘:[’vf))

Below I show results of the decomposition. I find that fuel productivity explains the majority
of the average difference in energy marginal costs across fuel sets. This result acts as a cautionary
tale against the effectiveness of fixed cost subsidies at incentivizing the adoption of new fuels, and

particularly natural gas.

OCE OGE OGCE
Total Difference ~ Percent (%) Difference with OE -65.65 -71.54 -86.97

Option Value 36.14  5.42 6.3
Fuel Productivity Percent (%) of Total 62.6 9775  94.84
Fuel Prices 1.25 -3.18 -1.14

Table 25: Shapley Decomposition of the Difference in Average Marginal Cost of Energy Between
Fuel Sets

Notes: I compare the observed differences in the average (across plants) marginal cost of realized energy between

plants who use coal and/or gas on top of oil and electricity (OCE,OGE,OGCE) relative to plants who only use oil
and electricity (OE).
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D.2 Details to Compare Trade-off Between Emissions Reduction and Output

D.2.1 More Details on the Comparison between Switching and No Switching

Full Model
—— - No Switching ! 1750 |

-
'
T

=
)

Average Profits
’g

Average Price of Energy

Lo 1550
os 1500 |
' Full Model N\
1450 [ |— - No Switching >~ ~
0 1 12 150 1800 1 20 400 8000 160000
Level of Carbon Tax (% of average coal price) Level of Carbon Tax (% of average coal price)
(a) Average Price of Energy pg,, (b) Average Profits (Including Fixed Costs)
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(c) Aggregate Share of Gas Users (d) Aggregate Share of Coal Users

Figure 27: Comparison of Model with Switching and Without Switching for Selected Variables
Across Carbon Tax Levels
D.2.2 Estimation of Energy Production Function with Energy Productivity

The energy production function is as follows:

A

Ey = ¢Eit< Z 5;“%?)ﬁ Z 5f =1

fej:it fG{O,g»Cye}

Assuming that the log of energy productivity follows and AR(1) process with year dummies

Invg; = ,usz + "+ pyp N VEg 1 + eZ/E , the production function can be written in log as
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A asl A Act
In By = 15" + " ﬁ( > Bresh ) + Py I Bip—1 = pypy— In ( ) ﬁfef;t—l) + e
fE€Fit feFit

This is very similar to the estimating equation for the fully flexible energy production function
in the main text, where e;iE is the innovation to energy productivity between t — 1 and ¢. As such,

it is independent of period ¢ — 1 decisions:

E(eW? | Ty 1) =0

However, this innovation is correlated with fuel choices at t. I instrument fuel choices at t
with aggregate variation in fuel prices due to exogenous reasons such as geopolitical events, which
I interact with the share of each fuel to generate electricity by Indian States. These shift-share
instruments are the same instruments proposed by Ganapati et al. (2020), which T also use to
estimate demand in the main model. Together, these instruments and fuel choices at ¢ — 1 form
a set of moment conditions that satisfy exogeneity and identify the relevant parameters of the

production function: A, 3,, By, B¢, Be. Below are the estimates of the production function:

Table 26: Estimates of Energy Production Function with Energy Productivity

Steel
Elasticity of substitution A 2.173***  (0.240)
Relative productivity of oil 5,  0.099***  (0.011)
Relative productivity of gas 5,  0.049***  (0.012)
Relative productivity of coal . 0.426** (0.033)

Observations 3459

Standard errors in parentheses
tp<0.1,* p<0.05 " p<0.01, *** p<0.001

D.2.3 Elasticity of the Price of Energy with Respect to Relative Fuel Prices

The price of energy in the fully flexible model is as follows:

PE, = ( > (10]%1:/7#)fit)1_A)11A

feFit
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and can be written in terms of price ratios for a given fuel (say gas), where pgix = prit/pgir and

likewise for ﬁﬂt

e = v 3 Gruliga)' ™)

fE€Fit

The the elasticity of this price of energy with respect to relative fuel prices (say coal relative to

gas) is as follows:

Olmpg, 1 [ Dyit ( Z (ﬁfit/%zjfit));l dexp((1 — AN)(In peit — ln@/?cit))]

OIn(peit/Pgit)  PE. _1 - A fer s Olnpyy

- L pgit( > (ﬁfit/&fit))H(ﬁcit/&cit)l—)\]
PEi L FEFit

_ (ﬁcit/@zcit)}i/\
> e, (Brit/ Vi)

which is found in the main text. Additionally, the derivative of this elasticity with respect to

coal productivity can be easily found as (SHOW THIS):

D.2.4 Correlation between Fuel Productivity and TFP

‘Total Factors Gas Coal Oil Elec

Total Factors 1

Gas -0.19 1

Coal -0.11 0.14 1

0il -0.24 0.02 0.02 1

elec -0.56 0.13 0.07 0.06 1

Table 27: Correlation Matrix of Fuel Productivity and Total Factor Productivity

D.2.5 Trade-off Across Values of Demand Elasticity

Below I show the trade-off between aggregate output and emissions for different levels of the carbon
tax, comparing how much better the economy fairs when allowing for heterogeneity in fuel produc-
tivity rather than just energy productivity. I do this exercise by varying the elasticity of demand,
which affects the extent of output reallocation across plants. Consistent with Oberfield and Raval

(2021), I find that more elastic demand increases output reallocation across plants when allowing
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for fuel productivity, which increases the gap between the two production frontiers. This confirms
the importance of the output reallocation channel in explaining the aggregate trade-off in the main

text.
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Figure 28: Graphs comparing and contrasting the difference in the aggregate trade-off between
emission reduction and output, across different elasticities of demand.

Notes: Figure (a) corresponds to perfect complement output varieties, and refers to a representative consumer who
has Leontief preferences across different varieties. While both production frontier get closer to each others with such
preferences, there is still a gap is due to the fact due to initial differences in fuel concentration. The economy with
heterogeneity in fuel productivity allows for more concentration of fuels across plants, particularly coal, and thus
yields more substitution away from coal in level, even though the elasticity is the same.

D.2.6 Aggregation of production function without switching

In this section, I show that when plants do not have fuel-augmenting productivity and cannot switch
between fuel sets, the economy can be aggregated into a single CES production function similar to
the one of Golosov et al. (2014) who study optimal externality taxes on fossil fuels in an aggregate
economy. This allows me to benchmark results from my model with the existing literature. For
reference, Golosov et al. (2014) postulate the existence of an aggregate production Cobb-Douglas

production function which nests an aggregate CES production function for energy. The aggregate

94



Demand Elasticity = 6
[ |= = Demand Elasticity = 8 /
24  |e=--- Demand Elasticity = 10 '

[ | = = Demand Elasticity = 12 v
= = Demand Elasticity = 14 /

15 F

Ratio of Emission Reduction
[0/s]

12 f

70 80 90 100
Aggregate Output (% of No Tax)

Figure 29: Comparison of the gap between the economy with fuel productivity and the economy
with energy productivity.

CES production function for energy takes the following form, where f indexes fuels

(2 )

f6{07g7c76}
> Br=1
f

In my paper, there are multiple plants with a different fuel sets F available to them. To be
consistent with Golosov et al. (2014) and get aggregation results, I assume that all plants are
identical but differ in the fuel set available to them F C F = ({0, e}, {o,g,¢e},{0,c,e}, {o,9,c, e}).

Then, plants in each fuel set have the following production function:

A

Er = < > 5f6;Al> B (36)

fer

From equation (36) and cost-minimization, I can solve for the quantity of each fuel demanded

ef(F) given fuel prices and fuel sets as
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For pre-determined quantity of energy F, where Pg(F) is the energy price index of plants using
fuel set F.

)= (o)™

fer

Let soe; Soges Soces Sogee b€ the share of plants that use each fuel sets such that see + Soge + Soce +
Sogce = 1. I can then use these share of plants in each fuel set to define the total quantity of each

fuel demanded by summing over all fuel set that use fuel f.

er=> I(f € F)sres(F)

f

A
:E(Bf> (Z]I (f E}")SIPE(}")>

I postulate that there exist an aggregate CES energy production function E such that the total

quantity demanded of each fuel is equal to (37).

Proposition 4. There exist an aggregate energy production function in all fuels E with aggregate
productivity W such that cost-minimizing input quantities € are the same as cost-minimizing imput

quantities in equation (37).

Proof. 1 show this proposition by constructing the following aggregate production function:

—1

E=< S wfep ) (3)

fe{o.g,c.e}

Where 9 is the endogenous loading of each fuel into the production function. As I show below,

it takes into account both the share of each fuel in the original production function Sy as well as
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the share of plants who are using each fuels. The cost-minimizing quantity of each fuel from the

production function in (38) for a given quantity of energy F is

A
P-
éf:st(pf) (39)

Where Pj is the price index of energy:

PE:< > W}p}”) 7

fe{oﬁg7c7e}

Then, the loadings on each fuels are implicitely defined by

B IS € F)srPe(F)
_ ”

(oF

Then, é; from (39) is equal to e; from (37).

E Alternative Energy Production Models

In this section, I show how the model and identification can be adapted to different energy pro-
duction function models, including a task-based model and a non-parametric model. I worked out
identification and estimation of the energy task model and I show that the gains from variety argu-
ment also holds in the energy task model, but some additional assumptions are required to identify

the non-parametric model

E.1 Energy Task Model

for a given quantity of realized energy, plants allocate fuels to energy tasks that compose a given
unit of F in an inner nests. This task model is very similar to Acemoglu and Restrepo (2021)
which I adapt to study energy substitution. It features the assignment of a mix of energy inputs to

energy tasks which allows for flexible variation in input usage. Specifically, the inner nest features
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a continuum of energy tasks in the w € (0,1) interval that are perfect complements in producing a

unit of F.

E =inf {r(w):w € [0,1]} (40)

I assume that tasks are perfect complements, where plants have to complete steps that are
necessary for production. However, the task production function can be relaxed to more general
functional forms like CES. Each energy task 7(w) can be performed with physical quantities of fuels
ey that are available in the plant’s fuel set F, where fuels are in principle perfectly substitutable at

performing each task:

T(w) =Y drw)es(w) (41)

fer

Where 9)f(w) are fuel-by-task specific productivity terms. The latter is important distinction
from standard task-based production models and allows for very flexible input usage. To motivate
this framework one should be thinking of tasks such as the steps required to produce crude steel:
preparation of raw material, conversion of iron ore into iron, and conversion of iron into crude steel
(Luh, Budinis, Giarola, Schmidt and Hawkes, 2020). The preparation of raw materials typically
requires coal whereas the two subsequent steps can be done with different fuels and the 1) (w) terms
can reflect the different fuel-specific technologies that the plant can use for each step. Moreover,

these steps are complementary and require high amounts of energy.
Going back to the model, the inner nest problem can be solved in two steps:
1. Find the cheapest fuel to perform each task

2. Aggregate across tasks into fuel categories to get fuel demand.

E.2 Task choices:

Minimize the cost of producing one unit of energy E given task prices p(w)
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min{ [ o)

st. B =inf {T(w):we[0,1]}

Which implies that demand for each task is the same and equals total energy demand. Then,
the cost of producing one unit of realized energy p, is given by aggregating across all tasks and is

equivalent to the price index of tasks:

[ s =5 [ e

= Epe (42)

Assignment of fuels to energy tasks:

Given the set of fuels available to the plant, F, and fuel prices, a plant finds the fuel that

minimize the cost of performing task w:

e1(w),....,ep(w

C(w)=  min ( )pref(w)
f
s.t. wa(w)ef(w) =7(w)
f
The linearity of the constraint implied by perfect substitution across fuels is such that the plant

chooses the fuel that has the lowest unit cost to produce the task. Hence, the task price and fuel

choices follow a discrete choice:

p(w) = min{ by } (43)

Aggregation from tasks to fuels

From the problem before, I can define the set of tasks that are performed by each fuel:
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O T VR
Tf_{ 'wf<w)§wj<w> v]#fef} i

From the optimal assignment of fuels to energy tasks, I also get fuel demand for each task:

Evr(w) ! ifweT;
ef(w) = d ! (45)
0 otherwise

I can then aggregate fuel demand across all tasks to get fuel demand at the plant-level (conditional

on some level of realized energy FE):

= w_lw
ef—E/Tf«m )Ld (46)

N—_————
r-1

f
Rearranging terms, I can defined realized energy E as the product of physical fuel quantities e

times a terms that converts fuel quantities into realized energy I';.

E:(Bfl_‘f erf

The I'y term is an important novelty of this model, and contains information about both the
share of tasks performed by fuel f, and the average productivity of fuel f. One one hand, I'y could
be large if there are many tasks are allocated fuel f which would happen if fuel f is relatively cheap
(price/task channel). On the other hand, I'y could be large if the productivity for each task is high
(productivity channel). An important empirical challenge will be to separate these two channels
to separately identify the share of tasks performed by a fuel from the average productivity of that
134

fue I can now rewrite the price index of realized energy as a weighted sum of fuel prices:

34note that both channels interact with each others. Ceterus-paribus, higher task productivity also implies a higher
share of tasks performed by a fuel.
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1 1
De = E/o p(w)T(w)dw
_ 1 Py
B Zf:/Tf i)

=> pTy (47)
f

Both the price of realized energy and the quantity of realized energy are a function of fuel prices
and unobserved fuel efficiency terns, hence are by definition unobserved. However, I observe energy

spending which equals fuel spending:

_ p; E
PeE—Zf:/de}f(w)M

= pyes (48)
!

This identity is very important and will play an important role in identifying the production
function, from which I will identify the weighted share of tasks performed by fuel f, Iy and later on
to identify the underlying distribution of fuel efficiency. This production model in energy inputs is
fairly flexible because it allows for very large variation in relative fuel quantity shares, an important

feature of plant-level fuel consumption.

Proposition 5. Ceteris-Paribus, increasing the number of fuels available F weakly decreases the

price of energy pe(F).

| F' > F | pe(F) < pe(F)

Proposition 1 highlights the option value that an additional fuel provide. Indeed, when a fuel is
added, plants have more productivity draws to choose from for each tasks. Since fuels are perfect
substitutes within tasks and tasks are perfect complements, this means that the overall productivity

of energy sources will increase, leading to a lower marginal cost of realized energy
Identification

My approach to identifying fuel productivity is novel and exploit the task-based nature of pro-
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duction. I show how to simultaneously recover the production function and the normalized quantity

of realized energy % I can use this result to recover the weighted share of tasks performed by
each fuel (also the cost-minimizing quantity of potential energy from fuel f required to produce one

unit of realized energy), up to the normalization of Grieco et al. (2016):

= FE
ETgit = ejit (Et>
(A

(49)

I need to separate the unweighted share of tasks performed by each fuel (77;) from the produc-
tivity of each fuels at performing each tasks W;;. To do so, I rely on two assumptions which allow
me to aggregate fuels across tasks and exploit observed fuel price variation in order to separate
the share of tasks performed by each fuel from the efficiency of each fuel. The first assumption
is standard in the task-based production function literature (Acemoglu and Restrepo, 2021). The

second assumption is standard in the literature on technological choice (Boehm and Oberfield, 2020;

Oberfield, 2018; Kortum, 1997).

Assumption 5. 1Symmetric tasks Energy tasks are all equivalent and for a given fuel, plants draw

from the same productivity distribution across tasks.

Under this assumption coupled with a continuum of energy tasks in the w € [0, 1] interval, the
(unweighted) share of tasks performed by each fuel T7;; can also be interpreted as the probability
that fuel f is is preferable over all other fuels, where the probability is taken over the distribution

of fuel efficiency:

Ti = Pr(tEt < Bltyj 2 re 7,) (50)
Yrit — Yjit

Then, I'y is the joint distribution of the inverse productivity of a fuel when that fuel is chosen.

By Bayes’s rule, it is also the distribution of inverse fuel productivity conditional on fuel f being

chosen times the probability that fuel f is chosen. Since the fuel f needs to outperform all other fuels

to be chosen, the distribution of observed fuel efficiency is a truncated version of the underlying

true fuel productivity. In this sense, realized fuel efficiency is an endogenous outcome of the choices

that plants make.
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T = / Wi (w) ™ dw
Ti
= Eo (V74 (@),w € Tra)

= Fo(Wpw) lweTm) X Tyit
N

inverse fuel efficiency when f is chosen ~ Probability f is chosen

For a given plant, I'¢;; integrates out the inverse of productivity for fuel f over the probability

that each draw makes fuel f chosen over all other alternative fuels:

Ly = /”%71 [E/H(wf > pf maX{%/pj})f(l/Jj)dwj} fWp)diby (51)

Pr(efficiency draw for f is chosen over all other fuels)

However, I am interested in recovering the underlying exogenous distribution of fuel efficiency
which doesn’t vary with fuel prices. Otherwise, I cannot separate fuel price variation (needed for

counterfactual tax experiments) from fuel efficiency. To do so, I make the following assumption:

Assumption 6. 2Pareto Distribution I assume that the distribution of fuel productivity/efficiency

across tasks follows a Pareto distribution with plant and year-specific scale and common shape.
Vi ~ Pareto(i) sy, 0)

From now, the scale of the fuel efficiency distribution will be referred as fuel efficiency. Under
assumption 2, I's;; has a closed-form solution. If the plan has access to two fuels, e.g. gas (g) and

coal (c), then

4 6—1770 peit\ 0 0 9_1,— —
Doiw= —Q 0, — ( ) 02010 )P 52
g g+1 9% d}gzt Dyit 20 + 1 9it (%Mﬁm) ( )
Direct task displacement  [pdirect task displacement through fuel ¢

Where Qg = max{f) 9?2 @Cit,@gict}. Note that there is an analogous expression for I'.;;. For

a given shape parameter (6), this is a system of two equations (I'g i, I'cit) and two unknowns
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(@git, ), which can be solved easily to recover the scale of the exogenous fuel efficiency distribution
that each plant has for each fuel it is using. In the appendix, I show extension of equation (23)
to the case with more than 2 fuels. I also show that in the 2 fuels case, there is a unique solution
(@git, ;) that solves the system of equation in (23). This means that there for a given set of prices,
there is a unique optimal allocation of fuels to tasks. In the case of more than 2 fuels, Monte-Carlo

simulations also suggest uniqueness.

When there are more than 2 fuels, the number of interaction terms increases exponentially with
the number of fuels. For example, if one adds oil (0) to gas and coal, then there will be two
second-order task displacement terms (the interaction of oil with gas, oil with coal and coal with
gas), and one third-order task displacement term (e.g. the task displacement of tasks performed
by gas induced by the price of oil caused by changes in the price of oil). This proves to be a fairly
general micro-foundation for the production of realized energy under different fuel sets. I only
observe I'f;; up to an industry-specific normalization (the geometric mean of realized energy, which
is unobserved), ET f;z. While I can use (22) to recover the scale of fuel efficiency for each plant, I

cannot compare fuel efficiency across plants in different industries.

Lastly, I normalize the shape of the Pareto distribution 6 to 1. This is because for different shape
parameters, I can always recover different scale parameters that will exactly solve the system of
equations in (23). Since the weighted share of tasks captures all information about the substitution
of fuels to task, any moment related to fuel consumption/expenditure shares will not recover the
common shape 0 separately from the individual-specific scale @ﬁt. Intuitively, this is because the
same fuel substitution patterns can be achieved with a high Pareto tail (low 6) and low scale

parameters, or with a low Pareto tail (high ) and large scale parameters.

E.3 Non-parametric Energy Production Function

Given a fuel set F, plants produce realized energy according to the following unspecified production

function:

Ei = g(Vriteri, Yaiceait, -, Vit fit)

= g(¥iei)

Vf € F, where 1y is the productivity of fuel f. Taking input prices {pfi}ser and the set of
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fuels F as given, fuel quantity choices are static. Given a unit of realized energy FE;;, the cost-

minimization problem of the plant is as follows:

min Z Dfit€fit + )\<Ez‘t - g(lI’iteit)) (53)
{eritper, A ter

In this approach, I do not seek to recover the production function g directly. Rather, I seek to
recover a structural equation for the endogenous price of realized energy peit(pit, Wit ), which is what
the outer production function allows me to do in the main text.?> Indeed, knowing the endogenous
price of realized energy is sufficient to perform all counterfactual. Given standard assumptions on
g, the solution to (34) gives a cost function, which can be mapped to total spending on energy.

Then, I know that the endogenous price of realized energy is the unit cost function:

PeitEit = C(Eit, Pit, ¥it)

Peit = C(1, pit, ¥it)

To identify the unit cost of energy, I exploit plants’ optimality conditions. Using Sheppard’s
Lemma, I can characterize optimal fuel choices as the derivative of the unit cost with respect to

fuel prices:

OC(Eit, pit, ¥it)
dp fit

efit = Vfe Fi

= H(Eit, pit, Yir)

Which gives me a system of structural equations:

3°Note that in the main text, I assume an energy production function that is homogeneous of degree 1. However,
it can be easily extended to homogeneity of degree k > 1 (Grieco et al., 2016).
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erit = H1(Eit, Prit, P2its - Viits V2its -, Vfit)

e2it = Ha(Eit, Prit, D2its - Viits V2its -, Y fit)

erit = Hy(Eit, Prits P2its - Vit V2its - Y fit)

Matzkin (2008) shows that identification of both the structural equations {#H} tcr and unob-
served terms {1 s } e F is possible under certain conditions.?® First, fuels must be ordered such that
there is monotonicity in ) ; and 1_ ;. Second, unobserved productivity terms must be separable
from the observed prices. Unfortunately, this is not usually the case, even in log. For examples,
only the ratio of (log) fuel quantities admits separability with a CES production function. With
the task-based model used in the main text, there is no separability at all. In this context, if may
be difficult to rationalize what kind of production functions this approach admits. Relaxing this
assumption is an interesting question, but it is realistically beyond the scope of this paper. Lastly,

these structural equations must be integrated to recover the unit cost.

36T omit some technical assumptions which are standard in non-parametric identification of systems of structural
equations.
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