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1 Model Setup

We study an infinite-horizon production economy with S > 2 sovereign countries
populated by four types of agents: oil & gas firms (upstream, section |1.1]), re-
fineries & transformation firms (midstream, section 1.2), consumers (downstream,
section 1.3), and national governments (section 1.4). The economy is affected by
climate change caused by anthropogenic greenhouse gas (GHG) emissions (section
1.5). In this section we present the setup of the model. Section 2 describes the
main analytical results. Section 3 illustrates the identification of the structural
parameters of the model.

1.1 Upstream: Oil&Gas Firms

In each country s there are K* infinitely-living oil&gas profit-maximizing firms.
Firm %k in country s owns I*® oil&gas fields denoted by i € {1,2, e I Sk} and
compete in a Cournot oligopoly fashion on the crude and natural gas markets.ﬂ

Production Technology. Let Oil** and Gasi** be the Barrel of Oil Equivalent
(BOE) amounts of crude and natural gas sold by field 7 in period ¢, respectively.
Flare** denotes the BOE amount of natural gas flared and PInS¥** the amount
purchased for in-situ use for electricity production or heating purposes. Miks is
the maintenance capital accumulated by the field and Z** the US dollar value
of other net outputs, such as labor and electricity Lastly, ReInSikS denotes the
amount of extracted gas that is reused in—sit and NRFiks is the amount of flaring
that field 7 cannot avoid to produce given the technology available in period ¢
(minimum non-routine flaring). Following standard Microeconomic Theory, we
assume that the oil&gas production technology is described by a field-specific real
analytic transformation function TF/* : (—oco,+00)” — R, whose argument,
the net output vector, writes (Oﬂi’“, Casi Flarel* PInSks Miks 7ziks, RelnS;*).

'However, oil fields usual produce modest quantities of gas, which make the effect of their
productive choices on gas prices small or negligible. Because of that, we assume that oil firms
are price-takers on the natural gas market.

2Note that the domain of Z** is (—oo0,400). However, it typically takes negative values
because it includes the value of all productive inputs, such as labor, energy purchases, etc.

3Note that formally ReInSikS is not a net output of the field transformation function, the
quantity of gas reused in-situ affects the production technology by partially replacing other
sources of energy required in the production process. Also note that the domain of each net
input is the entire set of real number. However, when we setup the firm’s problem, we restrict
the range of feasible values by adding appropriate constraints (e.g., Oﬂiks >0)



We assume that natural gas venting is a costless output and does not affect the
production technology in any way other than, of course, through regulatory and
fiscal costs, which we consider separately from the production technology in the
next section. As a consequence of this assumption, we suppress Vent! from the
arguments of T'F* (). Thus, the production set is defined by the inequality:

TE* (Oili*, Gas}*, Flare"*, PInS}**, M{¥*, Z; ReInS{*) <0 . (1)

Note that PInS¥** Mi*s 7 ReInS** are net input whose value is allowed to be
positive or negative. The sign of these variables is determined endogenously and is

aTFiks(-)
W S 0 for all

Oil,’;ks < 0 ensure that the oil production is always weakly positive. In particular,

shaped by the function TF**. For instance, the assumptions

we restrict the attention to the class of weakly separable and twice differentiable
convex transformation functions in the form:

TFjks = Fiks (TFifs (Oily) + TFiF* (Gas;) + TFif* (Flarey) @)
+TFj¥* (PInS{*; ReInS}*) + TFif* (M) 4+ TFiks (2;*))

where F** is strictly increasing and twice differentiable. Lastly, the production
of field 4 in period ¢ is bounded above by its capacity K/, such that the aggregate
production of hydrocarbons must satisfy the following inequality:

Oil** 4+ TotGasiFs < Kiks (3)

Where the variable TotGas!*® denotes the total amount of gas extracted from
the field in period ¢. Note that the constraint in (3) is stated in terms of total
hydrocarbons measured in BOE. Under the technological constraints we introduce
in section 1.1.1, this modelling choice is equivalent to imposing a constraint on the
oil production capacity. The management can sell, flare, vent, re-inject or use the
extracted gas in-situ for electricity production, therefore its formula writes:

TotGas** = Gasi** + Flare!** + TotVent** 4+ Relnj** + ReInS¥* | (4)

where TotVent?** denotes the total amount of gas released in the atmosphere in
period t.

Investment, Development, and Discoveries. The field faces investment
costs in field development and new discoveries, as well as in field’s capacity in the
form, represented by a real analytic function

InvCosti®* (D, I, ReInj{**, PInj{**, Olnj™*; PP, %

_ | . . ‘ . | ‘ s 0 O)
ID* + IM}* + PP S™PInj* + 1Ci* (Relnji**, PInj}**) + CjF*OInj;*
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where IDikS is the US dollar amount of investment in field development and explo-
ration, IM?** is investment in field maintenance and PP**%* denotes the purchase
price of natural gas from nearby fields[f] The field capacity can be increased through
the discovery and development of new reserves. Alternatively, the field’s manage-
ment can increase the pressure of the reservoir by injecting natural gas or other
liquids and/or gases through injection wells. Injections ReInjikS and PInjiks denote
the amounts injected natural gas produced by the field and purchased from nearby
fields, respectively, whereas OInjiks is the gas-equivalent amount of other types of
injections, such as steam and chemicals. The increase in field capacity depends
upon total injections, TotInjf;]iSl = ReInjf;kS + PInjf;kS + OInjf;ks. Lastly, the field’s
capacity declines with the amount of extracted hydrocarbons, capturing the fall in
well pressure due to depletion. In detail, the capacity of oil field ¢ in period ¢ + 1
solves the following inequality:

Kiks < Ki¥ + D (ID** | Li*) + B} (TotInji*) — ¢ [Oil}** + TotGasi™]  (6)

where D#** and B are real analytic functions capturing the effect on the field’s
capacity of investment in discoveries and injections, respectivel whereas Lf;]isl
denotes the cumulative investment in new discoveries up to period t—1 and follows
a low of motion:

L =L + D} "

Before describing the firm’s profit maximization problem we describe in detail the
technological and regulatory constraint an oil&gas firm faces in the management
of the natural gas produced by each field.

1.1.1 The Natural Gas Management Problem

Technological Constraints. Consider an oil&gas field ¢ owned by firm k. In
each period ¢, field 7 extracts Oilf;ks and a quantity of natural gas, denoted by
TotGas* and measured in BOE. Gas extraction may be either the outcome of a
deliberate choice of the management or a byproduct of oil production. In both

cases, we assume a constant field-specific gas-to-oil ratio GOR™** € [0, +00), and

“Note that the purchase price of gas PP;**% faced by field i is allowed to differ from the
gross sales price PZ ks.Gas - This capture cases in which oil firms purchase gas from nearby fields
that are not connected to a gas pipeline at a cheaper-than-market price.

5The use of an inequality constraint captures the possibility that the firm chooses to disregard
some of its productive capacity, for instance by postponing the start of productive activity of
some newly tapped wells.



impose the constraint TotGausf;kS > GORikSOiIikS. This constraint captures the fact
that a certain quantity of natural gas is extracted as a by-product of oil production
and is trivially non-binding for gas-only fields. The total quantity of gas vented is
divided into two macro categories. A quantity vented intentionally IVentiks and a
quantity vented unintentionally UVent* = UV enti* (Oiliks, Miks) (leaking, also
known as unintentional venting),

TotVentikS = IVentikS +U Ventiks(TotGasiks, Miks) (8)

The former is defined as the amount of gas vented as a direct and deterministic
consequence of a deliberate action or omission by the firm’s personnel which is not
justified by true health and safety concerns. It is mostly due to the disposal of
gas accumulated at the top of oil tanks. It therefore excludes leakages due to poor
maintenance. The latter is for the most part caused by the cleaning, testing, and
poor maintenance of the gas equipment and safety-related pressure releases.

The set of feasible net output vectors is determined by the production technology.
Following standard Microeconomic Theory, we assume that the production tech-
nology of the oil field in period ¢ is described a real analytic transformation function
TF* : (—o0,400)° — R, whose argument — the net output vector — is described
in detail in the next paragraphs. Note that TF* has a very large domain. How-
ever, we impose constraints to the firm’s choice problem (e.g., Oﬂi]~CS > 0) in order
to avoid unplausible outcomes. For the purpose of modeling the gas management
problem, we impose three key restrictions on TF**. First, even if natural gas is

often treated as a by-product of oil extraction by oil firms, its production for com-

BZTszs()
BGaLts%’CS

to capture and compress the extracted gas prior to entering the market. Second,

mercial purposes is costly for the firm; i.e., > 0, because it requires energy

flaring is also (weakly) costly and such cost is weakly increasing and convex in the
quantity of gas flared,

OTF™ () _  OTE* ()

A —= >0 9
OFlare** = OFlarei*2 ©)

for all possible values of the argument of TF/*s. This convex cost structure is
motivated by technological considerations. First, the high pressure gas contained
in the heater-treater can be flared at a very small marginal production cost —
virtually equal to zeroﬁ. However, the low pressure gas contained in the oil tank

6We assume that not all the gas, which goes into the flare-stack, is flared. In articular, we
assume a 98% flaring rate within the flare stack, which corresponds to the best practice in the
industry. In presence of strong wind and/or low tech combustors, the flaring efficiency could
decline (as low as ~ 91%) and a larger part of the gas in the heater-treater could be vented.
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cannot be flared at a marginal cost equal to zero. It is necessary to use a small
compressor, an air assisted blower, or a gas assist options to get the gas out of
the tank in a pressurized form and then burn it, see Figure [I. This operation
has a positive marginal cost, which is possibly increasing in the quantity of gas
flared because the energy required to get the gas out of the tank increases at a
more-than-proportional rate as the amount of residual gas in the tank decreases.
The magnitude of % depends upon the specific configuration of every field.
However, a rule-of-thumb estimation can be done multiplying the quantity of nat-
ural gas or electricity needed to re-pressurize the low pressure gas by the cost of
electricity (for a detailed description see section VRU (lines 54-63) of the OPGEE
3.0 manual Brandt, Masnadi, Rutherford, and Englander (2020))|Z|. Lastly, we as-
sume that the amount of unintentional venting is a real analytic function of the
Liks

amount of crude extracted Oil’** and the stock of maintenance capital M** in the

form:

UVent]™ (TotGas)™, M}*) = 9"**TotGas}** — Maint{* (M{**) + ¢, (10)
where Maint* () is weakly increasing and concave, and €** is an i.i.d. shock
with E [eikﬂ = 0. For the sole purpose of studying the effect of a change in the
leak detection technology, in section 2 of this document we assume the following
functional form: M ainti*s (Miks) = LDT/*MNT;ks (M;ks) for some increasing and
concave function MNT*s (-), where LDT}* > 0 denotes the effectiveness of the
leak-detection technology available to firm k in period ¢. Given the the assumption
on the functional form of UV enti* stated above, the formula for TotGas** in (4

can be solved recursively to obtain:

TotGas}* = (1 — 9™) - [Gasiks + Flare}* + IVent;" — Maint]" (M{**) + Relnj;** + ReInSikS}
(11)
Lastly, the stock of maintenance capital follows a law of motion:
MR, = M (1— ) + M (12)
where IM** is the investment in the maintenance of field i made in period ¢.

Information. In order to correctly design the regulatory and fiscal framework
in the next paragraphs, we first describe the information set of each player. Each
oil&gas firm is assumed to possess full information at the moment in which pro-
duction decisions are made. That is, a firm’s information set QF includes the

"Note that in world with stringent regulation on methane emissions also the flaring of high
pressure gas is costly because the flare stuck must be maintained to ensure that all the gas is
combusted all the time.
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Figure 1: Flaring Marginal Costs according to the pressure of the co-extracted

Gas.

full history of prices, own and other firm’s costs, own and other firm’s decisions
and outcomes, tax rates and regulation in place. Moreover, each firm knows the
future realizations of all fields” marginal costs and all other time-variant exoge-
nous variables, and possess perfect foresight regarding all endogenous variables,
such as prices and other firms’ production choices. Because of this assumption, we
can omit expectations in the firm’s problem and treat it as an optimization in a
deterministic environment. Note that under these assumptions, a the solution of
the problem of a firm choosing all it production plans in period 1 for all periods
t =1,2... is identical to that of a firm choosing the production plan for each period
t =1,2,... at the beginning of such period.

All the information —with one piece of information being a notable exception— is
assumed to be public and contractible for the government, whose information set is
denoted by QFVB. For instance, oil and gas sales are well-documented in the firm’s
balance sheets. Moreover, they are relatively easy to measure and verify for the
regulatory authority, implying that substantial misreporting for these variables is
very unlikely. Regarding flaring, the regulator may not rely solely on self-reported
quantities, which could be distorted using under/over billing tricks. In particular,
the regulator can assess the volumes of disposed gas using quantity-monitoring
technologies. They can supervise flaring activities using satellite, airplane and
in-person tracking. All these methods tend to be accurate. Given these consider-
ations, we assume thatOil !, Gas!, and Flare! are fully observable and contractible



by all agents. However, some information is not publicly available. In partic-
ular, gas venting is deemed hard to detect, measure and attribute to a specific
emitter (Allen, Chen, & Dunn) 2021). In principle, the regulator can supervise
venting using technologies similar to the ones adopted to monitor flaring. How-
ever, in the case of venting bottom-up as well as top- down measures tend to be
inaccurate. A general lack in the understanding of the spatio-temporal hetero-
geneity of methane emissions renders these measures prone to commit measure-
ment errors. Furthermore, most legislation regulate intentional venting, which is
not easy to separate form unintentional venting. In other words, the regulator
wants to supervise intentional venting but it is incapable to separate this quan-
tity from unintentional venting and/or measurement difficulties. Moreover, even
if some amount of venting is detected, it may be challenging for the regulatory
authority to establish in legally binding terms that such venting occurred as the
result of a voluntary action of the firm’s personnel which was not justified by
health and safety reasons. Thus, we assume that IVent?** and UVent** are ob-
servable with probability equal to 1 by firm ¢ only. The public only receives an
imperfect contractible public signal iventi*s € {0,1}, where ivent*s = 1 only
if IVent;* > 0, such that Pri* (iventi* = 1| QFUP IVent* > 0) € (0,1) and
Priks (jventits = 1| QFUB IVent{* = 0) = 0. This implies that even if TotGas}**,
Gasi’“, F lareiks, ReInjiks, ReInSikS are public information, such that it is possible
to obtain a reliable measure of total venting Vent!, the intentional part IVent! is
only partially observable and contractible.

Flaring & Venting Regulation. firms in their production decisions are not
solely shaped by technology. One must also account for the legal and fiscal restric-
tions that both flaring and venting face in most countries.

In the United States, flaring and venting are regulated at the federal and at the lo-
cal level. Federal laws focus on offshore production, local requirements on onshore.
Offshore fields must require flaring and venting permits to dispose of the extracted
Gas. The permits are released by the Interior Bureau of Safety and Environmen-
tal Enforcement if at least one of the following criterion is met: 1) the national
interest requires it (e.g. when a major hurricane could cause infrastructure dam-
age), 2) the production from a completed well would likely be permanently lost,
or 3) the short-term flaring or venting would likely yield a smaller volume of lost
Gas than if the facility were to shut in and restart later (with flaring and vent-
ing necessary to restart the facility). Similarly, onshore fields must require flaring
and venting permits. The latter are released by State Environmental agencies.
Several states release unlimited flaring permits, while regulating/forbidding inten-
tional venting (Alabama, Arizona, Colorado, Florida, Illinois, Indiana, Kentucky,
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Louisiana, Mississippi, Missouri, Nebraska, Nevada, Ohio, Oklahoma, Pennsyl-
vania, South Dakota, Tennessee, West Virginia). Other states release a limited
number of flaring permits, those capping the quantity of flaring, while regulating /-
forbidding intentional venting (Alaska, California, Idaho, Kansas, Michigan, Mon-
tana, New Mexico, North Dakota, New York, Texas, Utah, Virginia, Wyoming).
Finally, one state (Arkansas) taxes flaring, while regulating/forbidding intentional
venting. Table [I| provides the legal sources of the current flaring and venting
regulation in the United States.

11
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Table 1: Sources of Legal Regulation

Region Source

State Regulation

Alabama State Oil & Gas Board of Alabama Administrative Code, Rules 400-1 - 400-7. Alabama Statute, Title 09, Chapter 17, Section 9-17-11.
Alaska Alaska Oil & Gas Conservation Act, Section 31.05.095

Arizona Arizona Administrative Code Title 12; Chapter 7, Section R12-7-138

Arkansas Arkansas Code, Title 15, Section 15-72-105 and Section 15-72-208

California California Code of Regulations, Title 17, Division 3, Chapter 1, Subchapter 10 Climate Change, Article 4, Sub-article 13
Colorado Colorado Code of Regulations, Rule 912, Page 183

Florida Florida Statutes and Rules, Chapter 377, 62C-25 - 30

Idaho Idaho Administrative Rule 20.07.02, Sections 413 and 430

Illinois Illinois Oil and Gas Act (225 ILCS 725). Illinois Hydraulic Fracturing Regulatory Act, Section 245.900 and 245.910

Indiana Indiana Code, Title 14, Article 37, Chapter 11, Subsection 14-37-11-1. Indiana Administrative Code, Title 312, Article 29, Subsection 312 TAC 29-3-3.
Kansas Kansas Statute 55-102b. Kansas Administrative Regulations, Sections 82-3-208, 82-3-209, 82-3-314

Kentucky Kentucky Revised Statutes Chapter 353, Section 353.160, 353.520

Louisiana Louisiana Administrative Code, Title 33, Part III. Title 43, Part XIX

Michigan Natural Resources and Environmental Protection Act, 1994, Public Act 451, Part 615

Mississippi Mississippi Statewide Rules and Regulations, Rule 62

Missouri Revised Statues of Missouri, Chapter 259.060

Montana Administrative Rules of Montana (ARM) 17.8.1603, 17.8.1711, 36.22.1220

Nebraska Revised Statutes of Nebraska, Chapter 57, Section 902 and 903

Nevada Nevada Revised Statutes, Section 522.010 and 522.039. Nevada Administrative Codes, Section 522.3

New Mexico New Mexico Administrative Code, Chapter 15, Title 19, Subsection 18

New York New York Codes, Rules and Regulations, Title 6, Parts 550-559, Chapter V, Subchapter B

North Dakota North Dakota Administrative Code 33.1-15-07-02, 33.1-15-03-03.1, 33.1-15-20. North Dakota Industrial Commission Order No. 24665
Ohio Ohio Revised Code Title 15, Chapter 1509.20. Ohio Administrative Code, Chapter 1501:9-9

Oklahoma Oklahoma Register, Chapter 10, Subsection 3-15. Oklahoma Statues 2-5-102, et seq.. Oklahoma Administrative Code, Title 252, Chapter 100
Pennsylvania No specific Regulation

South Dakota Administrative Rules of South Dakota, Article 74:12, Section 74:12:05:04

Tennessee Tennessee Code, Chapter 1, Title 60, Section 60-1-101 and Section 60-1-102

Texas Texas Air Quality State Implementation Plan, Regulation 30 TAC 115.720-115.729. Texas Administrative Code, Title 16, Part 1, Chapter 3, Rule 3.32
Utah Utah Administrative Code, Rule R649-3

Virginia Code of Virginia, Title 45.1, Chapter 22.1. Virginia Administrative Code, Title 4, Agency 25, Chapter 150

West Virginia West Virginia Code, Chapter 22, Articles 5 and 18. West Virginia Legislative Rules, 45CSR, Series 6 and 13

Wyoming

Federal Regulation

US Federal Offshore At the discretion of the Department of the Interior’s Bureau of Safety and Environmental Enforcement (BSEE)




In order to capture these legal and fiscal restrictions, we assume that each oil&gas
field also faces expected regulatory costs RegCosti** which depend upon the fines,
taxes and emission permits the firm must pay to the government (if any). The
flaring regulation is in the form of a threshold mﬁ’“ such that a violation
occurs whenever the amount of gas flared exceed the threshold.ﬂ In line with the
current regulation of all US states we assume that intentional venting is illegal,
such that the firm faces a fine whenever IVent*® > 0 is detected.

Let vfi* and FF** denote the fines for violation of the venting and flaring reg-
ulation, respectively. Because flaring is assumed to be fully observable and con-
tractible by the regulatory authority, any violation of the flaring regulation results
in a fine with probability equal to 1. Conversely, because intentional venting is not
perfectly observable and/or contractible, venting activity is detected with proba-
bility equal to the accuracy of the venting detection technology available to the
regulator, denoted by V DT} > 0. If detected, venting activity constitutes a viola-
tion of the venting regulation and results in a fine only when a signal ivent!* = 1 is
observed, which occurs with probability Priks (iventiks =1] Qfs) For simplicity,
we model the expected regulatory costs of venting as an increasing and strictly
convex real analytic function of IVent** and Flare!**; i.e., a, where the inclusion of
Flareiks in the arguments of PF/*¢ captures any possible substitutability between
intentional venting and flaring for the oil&gas firm, whereas the second term in the
square brackets PU** models the possibility that the level of maintenance affects
the probability of detection of intentional venting, for instance because it may be
hard for the regulatory authority to provide sufficient evidence that a given amount
of venting performed by a poorly maintained field is the result of a deliberate ac-
tion of the field management rather than an unintentional leakage due to damaged
pipelines. Given these assumptions the formula for regulatory costs write:

RegCosti** (IVent;", Flare}**, M}**) = VF/* [PFj* (IVent;*, Flare;**) + PU** (M;**)]
FEERS % 1 [Flare;"“ > mtk]
(13)
where V Ei*s = v fiksV DT? denotes the expected value of the fine conditional on
iventi* = 1. While these assumptions deliver an admittedly stylized picture of

8The Zero Routine Flaring by 2030 Initiative aims to set Flare; ® >~ 0. We allow for a more
. ., =—tks
general regulatory scenario withFlare, >0 .
9Current United States regulation expresses Flarez * as a ratio between the volume of Gas
———ik ; ;
flared and the total volume of Gas extracted, Flare; = = Flare!** /TotGasi"® . Other legislation
(e.g. Canada) express Flare, = as a ratio between the volume of gas flared and the volume of oil

ik: . i
extracted, Flare, = = Flarel"* /Oili*.
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the highly heterogeneous regulatory framework concerning flaring and venting in
US States, we believe that it represents a useful simplification that incorporates
all the key features for the purpose of this analysis.

Market Structure. We assume that the markets for crude oil and unrefined
natural gas are imperfectly competitive. Specifically, oil firms compete on the crude
market in a global Cournot-style oligopoly and are price-taker on the gas market.
There is a unique global average crude price PP but individual fields face different
prices P01 — POl 5iks \where 0% captures the time-invariant quality of crude
from field 7. Conversely, we assume that the quality of natural gas is identical across
fields, and that gas firms compete in an oligopoly in quantities on the unrefined
natural gas market, whose demand side consists of a number of midstream firms
(gas-processing facilities), but we allow for gas produced in different countries to be
imperfect substitutes. Thus, we allow for different gas prices P,f’Ga“S across different
countries. This assumption captures the geographically segmented nature of the
natural gas market at international level and accommodates for the possibility of
transport costs and bottlenecks affecting specific local segments of the market.
Lastly, there is a market for each consumption good. Both midstream firms and
consumers are assumed to be price-taker on all markets they participate in. The
price of general consumption (numéraire) is normalized to 1, whereas the prices
of oil&gas goods are listed in the vector p; and they are allowed to differ across

, S
country. The collection of all prices in period t is P, = {PtOﬂ, {Rgsgas, p; } }7
s=1

whereas P = {P;};°, denotes the collection of all prices in all periods. All prices
are assumed to be endogenously determined in a competitive equilibrium in each
period t and all agents possess perfect foresight regarding future equilibrium prices.
In particular, the price of crude oil must clear the global oil market, whereas each
country possesses its own market for unrefined natural gas, resulting in a country-
specific natural gas price that clears such market.

Fiscal Framework. Oil&gas firms in the US face a complex system of taxation,
fees, and royalties collected at both Federal, State, and local level. For the sake of
simplicity, we reduce this complex and heterogeneous framework to a stylized sys-
tem of linear taxes. Moreover, the assumption on the information structure of the
model implies that taxation can be imposed only on quantities that are observable
and contractible by the government. As a result, the government can tax flaring,
but taxation of intentional venting is not feasible. In principle, the regulator could
impose a tax on all natural gas released into the atmosphere by the firm, irrespec-
tive of its intentional or unintentional nature. However, this regulatory approach
could lead to unintended and undesirable safety consequences. By making it ex-
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pensive for the firm to implement safety-related pressure relief measures, it could
inadvertently raise the risk of explosions. Moreover, it would represent a mone-
tary incentive to emission misreporting, as illustrated in section 5.2. Therefore, we
propose an incentive scheme that avoids penalizing unintentional leaks. In detail,
we assume a tax system on oil&gas upstream firms featuring: (i) a linear tax rate
T? on corporate income, defined as the firm’s revenue minus total costs excluding
the payment of fines; (ii) a vector of (possibly field-specific) specific linear taxes

<TZkS’OII,TZkS’GaS> on oil and gas sales, which also includes any royalties on hy-

drocarbon extraction to be paid to the government; (iii) a (possibly field-specific)
specific linear tax on flaring, which also includes the unitary cost of any flaring
permits the firm may be required to purchase, denoted by 77" (it may be
equal to zero). Lastly, firm k& may be partially allowed to deduct from the taxable
income generated by field ¢ other production and/or investment cost that do not
enter directly the firm’s balance sheets, such as the value of extracted gas which
is re-injected in the field or used in-situ for electricity production. Specifically, the

firm’s deductible amount is given by function Deduct*, which has formula:

Deduct}" (Relnj;**, ReInS}**) = 64;* + 61;* (Relnj;** + ReInS}™) | (14)

where 6% denotes lump-sump deductions aiming to captures other off-balance
firm-specific costs and 6i¢* denotes the deduction rate for gas re-injected or reused
in-situ. These tax provisions are complemented by a system of taxes on other
agents (midstream firms and consumers), which are described in detail in the
corresponding sections of this Appendix. For a complete definition of a tax scheme,

see Section 1.4.

Identification of Types of Upstream Fields for Tax Purposes. For
tax purposes, oil&gas fields are classified in three mutually-exclusive categories
(types): oil fields, gas-only fields, and mized oilé3gas fields. Let MC*9% —
o iks (. o iks(, iks.Oi o iks (. o iks (. iks.Gas
T [ 0T iy MO0 = SHEED [ I e e that MO
is constant in all endogenous variables for all oil fields and impose specific restric-

tions that depends upon the type field considered, as described in the remainer of
this paragraph. Firstly, we assume that all oil fields in each period t satisfy the
following condition:

_ |:Pts,Gas _ Ttiks,Gas o Mctiks,GaS] (1 4 ﬁiks)—l GORsz

S o (15)
> [f)toll + O-iks o thks,Oll _ MCtzks,Oll (0)] Z 0
in all periods ¢ = 1,2, ... given the tax rates 7,7 7*0 4nd equilibrium prices

PG POl that prevail under the existing tax scheme. Note that, because the
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tax reform we propose is such that for oil fields the change in TZkS’Oﬂ, denoted by
AP0 satisfies ArfFsOl = — ApsCas (1+ ﬁiks)_l GOR™*, the condition above
is unaffected by the introduction of the tax reform at constant prices, meaning
that the classification of a given field in the oil category does not change with the
introduction of the tax reform as long as the reform does not affect equilibrium
prices. Intuitively, condition states that oil fields are those fields for which gas
production is not profitable. Thus, natural gas production (if any) is a by-product
of oil production for those fields. Secondly, we assume that all oil&gas fields satisfy
the following condition:

Ptoﬂ + O_iks o Ttiks,Oil o MC:](:S,OH (Oll;ks) (1 + 192]4;5) S

Pts,Gas (1 . thaS) . Ttiks,Gas . MCtiks,Gas (GORZkSOﬂikS) (16)

for all Oil** > 0 in all periods t = 1,2, ... given the the tax rates ;"= 7/k=0il

and equilibrium prices P;"%*, POU that prevail under the existing tax scheme.
Note that if a field satisfies the condition above under the existing tax scheme,
then it also satisfies the condition under the tax reform proposed in this paper
at constant prices, meaning that the classification of a given field in the “other
oil&gas” category does not change with the introduction of the tax reform as long
as the reform does not affect equilibrium prices. Intuitively, this assumption ((16])
captures the fact that gas production is profitable for this type of fields. Lastly,
gas-only fields are characterized by M CZkS’Oﬂ (0) = +o0 in all periods t = 1,2, ...,
implying that they never produce any positive quantity of crude. Given these
assumptions, it is possible to show (see proof to Proposition 3 below) that a field
is uniquely identified as an oil field in period t if its production choices satisfy
Oil** > 0 and TotGas** < Oili** GOR™®, as an other oil&gas field if Oil** > 0
and TotGasi** > Oil** GOR™* and as a gas-only field if Oil’** = 0. Moreover,
we can show that the identification of a field’s category is not affected by the
introduction of the tax reform.

Technical Assumptions. Each field is endowed with an initial condition M, Kk L.
We impose a lower bound on ReInS¥** such that ReInSi** > RI** where for
technical reasons we allow for RI?** to be negative and arbitrarily large in mag-
nitude. This restriction is mostly innocuous because we impose conditions on
TFiks (PInSikS; ReInSikS) that ensures that ReInS** > 0 at all optimal choices.

OTFjks() [ OTFi*s()
ORelnSiks ozZiks =

max {PtS’GaS — piksGas _ ppoibeGes, 0} for all feasible Oili**, Gasi**, Flarei** PInSiks Miks, ziks

at any value ReInS¥** < 0. For gas fields, we allow for occasional negative values

Specifically, we impose that all oil fields and other oil&gas fields satisfy

for ReInS?**, although negative values do not generally occur at the optimal choice.
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This assumption is rather strong, but it is used solely for two specific purposes: (1)
in section 1.1.3 to ensure that the firm’s optimization problem satisfies the Slater’s
condition; and (2) in the proof to Proposition 3 Part (vi) to show that the tax
scheme proposed increases consumer’s welfare.

1.1.2 Oil&gas Firm’s Problem

Each oil&gas field i owned by firm k generates revenues Revi** from selling net
outputs

(Oiliks, Casi™ Flare!™ PInSi*, Ziks) at net prices

npiks _ (Ptiks,Oil . Tst,Oﬂ, Pts,Gas . Ttiks,Gas7 _Ttiks,Flare’ _‘P‘Ptiks,(}as7 1> expressed in

$/BOE for the first four arguments. The value of the last argument equals one
because it corresponds to the normalized price of the numéraire. Under the as-
sumptions stated in the previous paragraphs, the gross revenue from field ¢ has
formula:

Revzks () _ Ptzks,Oll - 7_tzks,Oll) Oll;ks + PtS,GaS _ TtlkS:GaS> Gasi’“

| | | | ) (17)
_thk:s,FlareFlare:ks . PPtzks,GasPInS;kzs . IM;’“ 4 Z;ks

Such that the intra-temporal profits

Ik (Oil}**, Gas)**, Flare}*, ReInj;"*, PInj;**, PInS{**, Zy* ID{**, Mi**, IM}**, OInj;**, IVent;**)

generated by field ¢ have formula:

Ik ()= (1—TF) [Revit (Ol Gas{**, Flare}™, PInj;**, PInS}**, Z{**)
~InvCosti¥ (D}, IMG™, Relnj{*™, PInj™, Olnj{*™; PR
+Deducti* (Relnj;**, ReInS;**)| — RegCost{** (IVent;**, Flare;**)

(18)

Therefore, after substituting and and the formula for TotInj’*$ into the

inequalities , @, and ([7)) and using such inequalities plus the inequality in (1| as

constraints to the firm’s choice, we can construct the firm k’s profit maximization

problem in period 1, which writes:
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ks

KS _ .
max 221 Zk:l i=1 gt Hfsks ()

{Oil*, Gas*®, Flare}", IVent}**,
ID** Relnji** OInji**RelnS¥**, PInji**,
PInS{®, Mk IMFs, Liks, 72k Kb }1* e X

)
GOR““OilikS — (1 — 19““)_1 [Gasiks + Flarei’CS + IVentf;ks
—Maint(®* (M}**) + Relnj;** + RelnS;** — K{**] <0

Oil™ + (1 - 19““5)_1 [Gas}"* + Flare}" + IVent;"**
—Maint(® (M}**) + Relnj;** + RelnS;** — K{**] <0

, K% — D (ID{", L") — Bi** (ReInj}** + PInj;* + Olnj;*
S.T.

—Mainti®* (M}**) + Relnji** + RelnS;**]} <0

Oil** > 0, Flare!* — NRF** > 0, TVent’** > 0, ReInji** > 0,

ReInS*s — RIFs > 0, Mi*% > 0, LiF > 0, K% >0

Liks — Liks —IDiks = 0

\ Mi’ﬁ Mk (1 _ pik;s) — Mk =

(19)
where X = {{X}L’?}il}m with X% = (—o0, +00)"". That is, the firm k solves
a constrained maximizatif)_n1 problem with 14 inequality constraints and 2 linear
equality constraints. Note that we are not constraining Gas'**, ID** and IM** to
be positive. This captures the fact that, in principle, oil field may purchase natural
gas for injection or in-situ use. However, the extent of which Gasi** can be negative
is limited by the other constraints, in particular GOR**Oili** — TotGasi** < 0 and
Oiliks > 0. Similarly, negative investment is allowed in our framework, but the
extent of negative investment in maintenance and/or discoveries is bounded by

the constraints on the values of L{** and M{*. Given these assumptions, the
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—Kiks +( {Oilﬁ’“ + (1 — 19““5)_1 [Gasf;ks + Flareiks + IVentikS—l—

)




Lagrangian of the firm’s problem writes:

00 ks

Eks ZZ{ Bt Iszs (Ollzks Gasiks Flarezks ReIHJZkS,

t=1 i=1
Plnj;*, PInS{*, Z;* ID{* Mj* IM}*, OInj;**, IVent;**) | +
— giks [ Fiks (Oﬂiks, GasiFs, Flareiks ReInS**, PInSis Miks, Ziks)] +
— piks {GORiksOiliks — (1 — 19““) [Gaszks + Flare!* + IVenti** +
— Mainti* (M’) + Relnji* + ReInSlks] }
— giks { OiliFs 4 (1 — 19”“5) [Gasi’“ + Flare!** + IVent*s +
—Maint}* (M}) + Relnj;** + ReInS;**] — K}**} +
— ¢y {Ki%% — Ki** — D (ID}**, Li*) — B/** (Relnj;** + PInj;** + OInj;**) +
+¢ [Oiliks +(1- 19““) [Gas}™ + Flare}"* + IVent* +
— Mainti*s (M’) + Relnji* + ReInSlks] }
+ U Oil™ + ¢* (Flaref™ — NRF}™) + ¢i*IVent{ + ¢4;*Relnj;"
G (RIS — RES) + M + GlL + 5K

For ease of notation, we define the vector

xi¥ = (Oilj"*, Gas**, Flare}**, Relnj;"*, PInji"*, PInS{**, Zi** ID{¥*, MiF* IMI**, OInji**, IVent{**)
(20)
with x** € X% and the corresponding profit function I7}** (xi**; T), which we
use in the proofs in section 1.1.3, where T denotes the tax scheme as defined in
section 1.4, and the corresponding collection x™** = {xlk’s} . Given this newly
defined notation, we restate the firm’s problem in the followmg parsimonious form.

'max Z;il Zszsl Iks ﬁt 1 szs ( zks’ T)
xi¥ e X

w,ut

{eth (xi) <0},

where gi, (xi**) corresponds to the wth inequality constraint and e, (xi**) to

the zth equality constraint of the original firm’s problem in (19).
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1.1.3 Optimality Conditions

First, we establish that the firm’s problem in is a convex maximization prob-
lem. The objective function in is a concave function given the assumptions
on its functional form. The set X is convex. Moreover, each inequality con-

straint gi¥s, () < 0 is such that g%, (x™*) is a weakly convex function, and

all equality constraints e;kjt (X““) = 0 are linear, implying in turn that each
set CSiks = {x™* € X3 | giks (x**) < 0,e (x™*) =0} for i = 1,2,..., 1" and

t = 1,2,... is a convex set. Lastly, the set [ﬂfil N2, C’ng] N X? is the in-
tersection of convex sets, which is a convex set. Thus, the firm’s problem is
convex. Second, note that because the domain of the variables Slater’s condi-
tion is satisfied. To prove this result we must prove that there exists a feasible
choice vector that all the inequality constraints are satisfied with strict inequality.
Consider the following choice vector. In each period ¢ and for each field 7, set
Oili**, Gas(*, Flare;* IVent{**, Relnji"*, Mi* equal to an arbitrarily small strictly
positive number €i*s, Lk = L““S1 > 0, Ki* = K/ > 0 RelnS!” < 0 and set
Oil** equal to a strictly positive number that satisfies Oili** = ¢2iks < 5%’“7
where G is the upper bound of GOR™s. This ensures the proposed element

satisfies seven constraints in (21)), which correspond to constraints 2-7-8-9-10-
11-12 in , with strict inequality. Then select PInji** = OInj** = ¢**  and
ReInS}* = —max {€2{** + 4eif* + UVenti (e2i, €if*) , —Dj (efks, L)

_szs (E;L:ks) + C[ezzks + 4ezks + Uventlzrks (62?%, eiks> :| zks (1 e. JUSt sufﬁmently

large in magnitude to ensure that constraints 3 and 4 are satisfied with strict in-

equality). Lastly, set Z** sufficiently small such that T F*s(Oili* eibs ¢iks ReInSiF*, 0, eiks, 7ik) <

0, for which, given that T F/** is weakly decreasing in ReInS** for negative values of

ReInS¥** (see the technical assumptions section), it is sufficient that T F%* (eiFs eiks

0. Thus, because e“k

¢ is arbitrarily small and T'F;* has finite first derivatives and
strictly positive first derivative w.r.t. Z%** there exists Z** < 0 such that all the
inequalities are satisfied with strict inequality. Thus, the Slater’s condition is sat-
isfied and the Karush—-Kuhn—Tucker theorem implies the global maximizer of the
constrained optimization problem (if it exists) has to satisfy the KKT conditions
(First-order necessary conditions - FOCs). Let ¢PU (c,” Gas) denote the elasticity
of oil (natural gas) demand, and M S;=O" (A1 Gas) be the share of the oil (nat-
ural gas) market that is controlled by firm k. We derive the FOCs for a global

maximum, which for each t = 1,2, ... and each i = 1,2, .., I* write:
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JLE e
plus the standard primal feasibility conditions {{{gik‘9 (1) < 0}12 {etks, (1) = 0}2 } }

w,ut w=1"’ L"zut z=1/.
=1
t=1

o0

Ik
the dual feasibility conditions {{{¢f§f > 0}12_1} } and the complimentary
w=t)i=1

t=1
[eS)

o I*
slackness conditions { { {piksgiks, (1) = O}jle }2:1 }

t=1

1.2 Midstream: Refinery& Transformation Firms

We assume there are J*® price-taker and infinitely-living midstream firms in each
country s and each period ¢. This category includes oil refineries, gas-processing
facilities, and transformation firms which use crude O7* and natural gas GJ° (mea-
sured in BOE) and other commodities with US dollar value MZ{S as inputs (neg-
ative net outputs) and produce a B-dimensional vector of oil&gas products y{s
(positive net outputs) and a weakly positive amount of flaring F{s. Transforma-
tion firms include all type of firms that use crude oil and/or unrefined natural
gas as inputs, such as power plants and petrolchemical firms. Oil&gas products
include, among other, gasoline, heavy fuels, LPG, natural gas, and plastic ma-
terials. Lastly, midstream firms may recover some of the natural gas produced
as a byproduct of crude processing and use it for electricity production in-situ in
quantity MInS?®.

Technological Constraints. The firm’s technology is represented by the real
analytic transformation function MTF/* : X/* — R where X = (—00, +00)"",

As a consequence, the production set of the R&F firm is described by the inequality:
MTF] (y{,0{,G,F},MIn$],MZ]) <0 (22)
For tractability, we assume that M Tth * possess the additively separable form:

MTF} (yf*, 00 GI* Fi*, MInS{*, MZ*) = MTF, (y!) + MTFJ, (0Y)
SMTF, () + MTF), ()
+MTF], (MInS]) + MTF}, (MZ])
(23)
The technology of any midstream firm satisfies the constraints O{s <0 and G{S <
0, F{s > Rth *: i.e., crude and unrefined natural gas are net inputs for midstream
firms, and some of them —specifically, oil refineries and gas processing facilities—
must produce a certain amount of flaring (minimum non-routine flaring). First,

. . . oOMTF]*(0]*) j

oil refineries are defined as midstream firms such that ——=2—= > 0 for all O;,
t

OMTF]*(F]*)

oF7*

OMTF{*(G]*)

5G] = 0 for all GJ. Under these assumptions,

# 400, and
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the constraint G{S < 0 is always binding, implying that oil refineries optimally
only use crude oil and MZ as inputs and they may produce positive flaring and
natural gas as by-products. Second, in a similar way, a gas processing facility

OMTF3*(G]*) js OMTF{*(F]®) OMTF]®(0]°)
T > O fOI‘ all Gt s Tﬁs 7é +OO7 and Tﬁs = 0
for all O}°. Third, midstream firms other than oil refineries and gas processing

9 Js Jjs .
%(F) — 400 for all F¥* > 0 and
t

Rths = 0; i.e., they do not perform any gas flaring. Fourth, we do not restrict
the elements of vector y7* to be weakly positive in order to capture the fact that

features

facilities (“transformation firms”) feature

some goods that are net output for some midstream firms may be net inputs for
other firms in the same class. For instance, refined natural gas is a net output for
gas processing facilities and a net input for gas-operated steel factories. Lastly, all
midstream firms face the following constraint:

—MInS?® — GOR*0® —FJ* <0

where GOR’® represents the amount of natural gas that is produced as byproduct
of crude processing per unit of crude. This constraint captures the fact that such
byproduct gas can be either flared or used in-situ for the production of electricity.
Note that this constraint is not binding for gas processing facilities that feature
O{ * = 0 at the optimal choice, and for other midstream firms that are characterized
by GOR’® = 0; i.e., they do not produce any natural gas as byproduct.

Information. In terms of information structure, we assume that midstream firms
operate under full information. Differently from upstream firms, however, the
information set of midstream firms corresponds to the public one; i.e., Q) = QFUB
for all j. This assumption captures the fact that midstream firms do not engage
in venting of natural gas of any type because of safety concerns, therefore all their

endogenous choices are observable and contractible for the government.

Flaring € Venting Regulation. Midstream firms (including oil refineries and
gas processing facilities) cannot vent any amount of natural gas because of safety
concerns. For the same reason, they are also typically allowed to flare gas resulting
from their operations. Therefore, assume no venting and/or flaring regulation
applies to such firms.

Fiscal Framework. We assume a tax system on midstream firms featuring: (i)
a linear tax rate 7}’ on corporate income, defined as the firm’s revenue minus total
costs;(ii) a (possibly firm-specific) specific linear tax on flaring, which also includes
the unitary cost of any flaring permits the firm may be required to purchase,
denoted by 77" (it may be equal to zero). (iii) a vector of (possibly field-specific)
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specific linear sales taxes al® on oil&gas products; (iv) a (possibly field-specific)
specific linear sales tax b)° on natural gas. Note that taxes (iii) and (iv) are defined
on net supplies. Thus, if the corresponding net outputs are negatives, their values
should be interpreted as subsidy rates rather than tax rates.

1.2.1 Midstream Firm’s Problem

We define X,,, = {X,t},~,- The within-period profits of a midstream firm write:

7 () = (1= T [(p1 = ") 92"+ POOP + (P = 1Y) G+ Mz — ™

(24)
Given the assumptions stated in the previous section, the problem of a midstream
firm writes:

Lomes S I (4 OF G R M, Mz
{Yt , 01, Gy By

MInS{*, MZ{*}~ € X,,
t=1 ~ " . A o A A (25)
MTEP” (y°,0{°,GJ*, F*, MInS{*, MZ{*) < 0
s.t. —MInS}® — GOR*0}* — FI* <0

0° <0, GI* <0, FI* = RF/* >0
The Lagrangian of this problem writes:

E% ) Z:il Btil {(1 - T;S) |:(pf B a{S)/ny + PtOilO{s + (Pts,GaS _ bi5> Gis _ FgSthsyF + MZ{S
—uf; [MTF (v, O, G ", MInS{", MZ")]
~vf; [-MInS}* ~ GORIOp — F]
— YO8 — ¢, GI° + ¢, [F{* — RF}’]
(26)

For ease of notation, we define the vector
z” = (y{f,y;f, ey Vi 077, G FY, MInS;®, MZiS) (27)

with z® € X,,; and the corresponding profit function I77° (z{s; T), which we use
in the proofs in section 1.1.3, where T denotes the tax scheme as defined in section
1.4, and the corresponding collection z’/¢ = {z{s}zl. Given this newly defined

notation, we restate the firm’s problem in the following parsimonious form.
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“max Yoo, ptt Hgs (z{s; T)
z]” € X
(28)

s.t. { {gff,mt (ng) S O}izl }t1,2,...,

where gﬁmt (z{s) corresponds to the wth inequality constraint of the original firm’s
problem in ([25)).

1.2.2 Optimality Conditions

First, we establish that the firm’s problem in is a convex maximization prob-
lem. The objective function in (28) is a concave function because it is linear.
The set X,, is convex. Moreover, each inequality constraint giimt (z{s) < 0is
such that gfjmt (z{s) is a weakly convex function, implying in turn that each set
C'Sfimt = {z{s € Xt | gijmt (z{s) <0} forw =1,2,3,45and t = 1,2,... is a
convex set. Lastly, the set [ﬂizl Nz, C’Sf;jmt} N X™ is the intersection of convex
sets, which is a convex set. Thus, the firm’s problem is convex. Second, note that
the Slater’s condition is satisfied. To prove this result, it is sufficient to choose an
arbitrarily small strictly positive €/° and set y!* = 0, O = —¢l®, GJ* < —¢&*,
F/* = RF’® + &l°, MInS!® = GOR*c]® — RFY® and set MZ!® to a value small
enough to ensure that the first constraint is satisfied with strict inequality, where

WTFI\Zf—Z](,iVIZt) > 0 for all values of MZ?®. Thus, the

Slater’s condition is satisfied and the Karush—-Kuhn—Tucker theorem implies the

such value exists given that

global maximizer of the constrained optimization problem (if it exists) has to sat-
isfy the KKT conditions (First-order necessary conditions - FOCs). Second, we
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derive the First-order Necessary Conditions for a global maximum, which write:

oLy _ 0il OMTF)*
aor = LO(A-TF) - Pl ot 507" Ut i GOR? — 437 =0
oLl _ s,Gas s js OMTF}* () js
0G" <P ~ 0 > (1= T%) =, aGJS — Vi =0
oLl js,F js BMTF
oF -7 (L =T7) =y — FJ-S L+ 1/1 1/’516 =
ach, js OMTF]*(-) js
8MInnSlgS o ¢1t HMIn SJS + ¢ 2t — 0
oLy _ s ]saMTFJ o
oMz (=T = i =0 Vi—1.2
oL S Jjs s ]saMTF]S(~) A
ayl, (Phe — ;) ( F) — i oyl
oLk js s OMTF]*() _
8yif - (pzt - a’bt) (1 - TS) w ay ]s - 0
oLl s js s jsOMTFI*()
= -« 1-1T7) — =
oy, (pbt bt) ( ‘) 1t oyl

(29)
plus the standard primal feasibility {{gw mt( ) < O} } dual feasibility

{{ T > O}Zzl}t,l , and complimentary slackness conditions {{@fotgffmt (z ) = 0}151):1},5,1'

1.3 Downstream: Consumers

We assume a single infinitely-living and price-taker consumer in each country s =
1,2,...,S, who consumes the numéraire good C; (other consumption) and a B-
dimensional vector of oil&gas products (gasoline, natural gas, electricity, plastic
materials, etc.), with typical element cf. Each element of vector ¢ is expressed in
an appropriate unit (e.g., gallons, KWh, Mt, etc.), whereas other consumption C;
is expressed in USD.

Preferences. In each period ¢ the consumer has preferences over C7, c;, and the
concentration (stock) of greenhouse gases in the atmosphere expressed in C'O,-
equivalent amounts. In detail, their within-period preferences of a consumer in
country s are represented by the utility function:

U(C},ci, ExcTCO2¢;) = C; +u’ (c]) — Ext x ExcTCO2e (30)

where u® is continuous and strictly concave. Ext represents the marginal social cost
of one C'Oy-equivalent unit of greenhouse gases in the atmosphere (i.e., the price of
CO,) and ExtTCO2e; = TCO2¢; — TCO2e¢; is the difference between the actual
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concentration of GHG in the atmosphere in period ¢ and a target value TCO2e,
for such variable (e.g., the concentration observed before the industrial revolution,
~ 1750 AD). Thus, the term Ext x ExcTCO2¢; in formula represents the
disutility from excess GHG concentration in the atmosphere. Provided that the
average global temperature is increasing in T'C'O2e;, this term can be interpreted
as a measure of the utility cost of Global Warming faced by the consumer in a
given period ¢t. The concentration of GHGs in the atmosphere is taken as given by
the consumer, such that the amount of individual emissions which contribute to
increase the value of TC'O2e; (see equation in the climate change section) is
excluded from the consumer’s problem. This assumption is equivalent to that of an
economy with a large number of identical consumers, such that the consumption
choices of each consumer have a negligible impact on global emissions.

Gross Income. In each period t the consumer in country s earns exogenous
income €} (e.g., labor income) and capital income. Regarding the former, we
assume that it is large enough to ensure positive consumption. Regarding the
latter, we assume that all firms in each country are owned by domestic consumers.
This assumption implies that firms’ net profits from each oil&gas firm Zklzl [Tiks
and each midstream firm Zj; IT/® are entering the consumer’s income. Consumers
take firms’ profits as given because they do not manage the firms’ production
choices and are price-takers.

Fiscal Framework. In each period t the consumer in country s pays a net lump-
sum income tax ITax;. As a result, their disposable income in period ¢ ~denoted
by Y,*— has formula:

K* Js
VP =e+ | > I 4> TH| — ITax; (31)
k=1 j=1

However, the consumer does not exert control on neither firm nor government’s
decisions, meaning that Y;® is treated by the consumer as exogenous. Moreover,
the consumer also faces a vector v of specific linear consumption taxes on oil&gas
products. Thus, in each period ¢ the consumer in country s faces a budget con-
straint:

Ci+ (pe+vy) el =Y <0 (32)

Because consumer’s disposable income Y is treated as given, the consumer’s choice
set reduces to X, = { X}~ where X,; = {(C'ts, cf) | (C'ts, Cf) € (0,400) x (0, +OO)B}.
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As a result, the consumer in country s solves the following problem:

max SO, BHCE + wt () — Ext x BxcTCO2e)
{(CtS,C‘Z) ZIEXC
st. {C; + (p; +v;) ¢ —Ooeg —Yr <o, (33)
{Cit > 0}5:1}t:1

The Lagrangian of consumer s’s problem writes:

L£s= 572 BHCE +u(cy) — Ext x ExcT'CO2e,
s s s s\ s s
—03 [CF + (P} + i) ¢f = Y] (34)
Ef:l egtCZt}

Note that we are not constraining C} to be weakly positive. However, the assump-
tion that e} is large ensures positive consumption in each period ¢.

For ease of notation, we define the vector
bf = (C§7 Cit? Céi7 LS CsDt) (35>

with b/® € X, and the corresponding utility function Us (b}; T, ExcTCO2e,),
which we use in the proofs in section 1.1.3, where T denotes the tax scheme as
defined in section 1.4, and the corresponding collection b® = {b$}°,. Given this
newly defined notation, we restate the firm’s problem in the following parsimonious
form.

max o2 B U (b T, ExcTCO2¢;)
b € X, -

N o B+1
s.t. { {gw,ct (bi ) < O}wzl }t:1,2,.“,

where gf;ﬁct (b{s) corresponds to the wth inequality constraint of the original firm’s
problem in (33)).

1.3.1 Optimality Conditions

First, we establish that the consumer’s problem in is a convex maximization
problem. The objective function in (36) is a concave given the assumption that
u® is strictly concave. The set X, is convex. Moreover, each inequality constraint
Gu et (B7) < 0 s such that g;, , (b7) is a weakly convex function, implying in turn
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that ecach set CS5, = {bj € Xy | g5, (b]) <0} for w = 1,2,..,B+ 1 and ¢ =
1,2, ... is a convex set. Lastly, the set [[,2; C'S5] N X, is the intersection of convex
sets, which is a convex set. Thus, the firm’s problem is convex. Moreover, it is
easy to show that Slater’s condition is satisfied. To prove that result, note that it
is sufficient to set all ¢}, equal to an arbitrarily small and strictly positive value,
and such bundle satisfies all the constraints with strict inequality given that e} is
assumed to be large. This implies that a global maximizer exists and solves the
First-order Conditions. Second, we derive the First-order Necessary Conditions
for a global maximum, which write:

aLs .
83023 B dus(c5) 81 — 06 = \ Vt=1,2,... (37)
oy, acs, 05, (Pt + vie) + 65, =0

plus the standard primal feasibility {{ Gt (D7) < O}B+1} , dual feasibility {{Hjjt

w=1]) 4=

o0
, and complimentary slackness conditions {{ 05,95 . (b)) = O}Bi} :
’ w=r)i=1

1.4 Government

We assume a government in each country s which spend an exogenous amount Gy
in each period t. Public spending is a mere cost for the society@ and is financed
through solely through tax revenues (there is no sovereign debt). Tax revenues
include those generated by: (i) specific taxes on the production of oil, gas, and
other commodities, (ii) specific taxes on the consumption of goods, (iii) personal
income taxes ITaxf, (iv) corporate income taxes, (v) flaring tax (if any), and (vi)
the payments of any fine due by firms because of the violation of flaring and/or
venting regulation (if any). The government is a passive player solely defined by
its budget constraint, which is assumed to be balanced in every period and has the
following functional form:

Gf . ZieKs Ttiks,OilOﬂiks + Ttik&GaSGaSiks + 7_tiks,Flare]‘_—‘1larei
, . ‘ . _. v,
+VEks x 1 [ivent,’;ks = 1} + FFks x 1 [Flareiks > F’} + (ags) yi®
+7YFP + (vi) ¢ + ITax] + [(Zle Zfil nk‘sGHiks) + (Z;I:1 T;ngGHzS>:| —0
38)

10This assumption can be easily relaxed. For instance, one could impose the alternative as-
sumption that G} enters the utility function of the consumer in country s, with no consequences
for the present analysis.
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where

GIIFs = Reviks (Oili*, Gas{™, Flare}**, PInj"*, PInS}**, Z{**)

—InvCostiks <1D§k8, IMi** Relnji™®, PInj{**, Olnj;**; PPt““’GaS> (39)

and
GIIj® = [(pf —al*)'y{* + POOP + PYOG] + MZ{" — ngths’F} (40)

are the gross profits (excluding fines) generated by field i owned by upstream firm k

. . . ks Ol _iks,Gas _iks Fl
and by midstream firm j, respectively. The rates of each tax 7, ", 7, 0% g/rosare Ths o

are the (exogenous) policy variables that we seek to set at a desirable level. A tax
scheme in country s is the collection T® of all taxes imposes on all firms and
consumers in each period t; i.e.,

KS
s iks,Oil _iks,Gas _iks,Flare ks 38, F _js rmjs
T _{{Tt ) Tt ) Tt 7T;t }k—l’{Tt A 7Tt

Js o0

Jj=1

S S
,Vt,[TCL.CL't}
t=1

(41)
Lastly, we denote with T = {Ts}f:1 the collection of all the tax schemes adopted
by each country s =1,2,...,S.

1.4.1 Tax Reform

A tax reform is defined as a change in the value of some of the tax rates in T*®
relative to their values under the existing tax scheme, that delivers a new tax
scheme T*. We use the symbol A to denote a change in a given variable; for
instance:

ArikaOil _ ziks,Ol _ k.0l (42)

where %tiks’o“ is an element of T®. Let type** € {oil, gas, mired} denote the type

of oil&gas field, as defined in section 1.1.1. The reform proposed in this paper
consists in the following adjustments:

1. A change in the tax rate on unrefined natural gas sales:

. s,Gas iks,Gas iks,Gas - iks
Wiy .y, P00 = A0 - MO e

-----

NqiksGas _ PP (1—gas MG ) S IC ST AGasiEe1 [0l >0]
! =

s,GO k : g
G, p SIS SIE, Gasia[OiljEe=0]

if typelks

= o1l

= gas

0 otherwise

(43)
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2. A change in the tax rate on crude oil sales:

iks,Gas iks iks . iks -
ATtiks,Oil _ { — AT, GOR™* (1 — ik ) if typetrs = oil (44)

0 otherwise

3. A change in the rate of deduction of non-commercial gas use and unavoidable

gas losses:
iks,Gas - iks .
Aiks — — AT, if typek = oil (45)
0 otherwise
4. A change in the lump-sum deduction amount:
, ks .
_Athks,GasGast Zf typeéks = gas
ks iks,Gas i Tk ; ’ ;
Adg® = — AriheG (NRFtkS — Mamtz S) if  types = oil (46)
0 otherwise

where l . |
——~— iks Zl#k; Z§:1 Gas{"1 [typegls = GGS]

Gas, = 7 . (47)
(K* = 1) (Z]01 [typei” = Gas))

is the average natural gas production from gas-only fields owned by firms
other than k, and

ks ik 2]1;1 ResGas*1 [typ@gls = Oil}
Maint, = " : (48)
(K*—1) Z§:1 1 [type{ks = Oz’l]

: 1
where residual gas ResGas!"” has formula:

ResGas!"® = (1- 19”“)71 TotGas!" —Relnj/"* —RelnS!"* — RF/"* —Gas!"® (49)

and represents the average natural gas extracted from oil fields owned by

firms other than k that cannot be attributed to observable variables; i.e.,

it equals the sum over fields 7 owned by firms other than k of IVentilS +
—— 1ks

. . . . —— ks
Flare!” — RF/" — Maint]" <M§l5). Note that both Gas, and Maint, are
independent of changes in choice variables controlled by firm k.

A further optional tax adjustment consists in the introduction of a tax rate on
flaring for midstream firms, whose description we postpone to section 2.2. Lastly,
we assume that the current (pre-reform) tax scheme features no flaring fee (i.e.,
FF* = () and the same tax rate on natural gas production for all firms; i.e.,

ke Gas — £9Gas o1 all fields i in country s.
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1.5 Climate Change

We assume that the excess concentration of greenhouse gases in the atmosphere
follows a simple law of motion:

— AEmissions; + ExcT'CO2¢1 — (1 = T') Exd'CO2e, = 0 (50)

where Emissions; represents the global emissions of greenhouse gases in period
t, A is a parameter that captures the effect of new GHG emissions in period ¢
on the concentration of GHG in the atmosphere, whereas I' represents the annual
rate of natural decline of the excess concentration of GHG in the atmosphere.
While admittedly stylized, these assumptions capture the key consequence of GHG
emissions for the purpose of this analysis: the long-lasting effect on the global
climate, which represent a cost for individuals both in the current period and
in the future (see section 1.3). Note that all climate change variables have no
superscript: this notation captures the fact that they are global-level variables.

2 Main Analytical Results

This section contains the main analytical results and their proofs.

2.1 Upstream
We present the main theoretical findings regarding oil and gas firms. In detail:

1. Proposition 1 shows that, under mild restrictions, an increase in the specific
tax on flaring and /or a tightening in the flaring ceiling both result in increased
intentional venting and higher GHG emissions.

2. Proposition 2A shows that, under mild restrictions, an increase in the fine
for illegal venting and/or the regulator’s ability to detect and punish ille-
gal venting both result in reduced investment in maintenance and increased
leaking.

3. Proposition 2B shows that an increase in the firm’s ability to detect leaks
results in larger investment in equipment maintenance if and only if natural
gas sales are profitable. In this case, it also unambiguously reduces methane
leaking.
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4. Proposition 3 shows that the reform presented in section 1.4.1 produces all
the desirable outcomes outlined in the main manuscript, including the elimi-
nation of both intentional venting and routine flaring, no effect on equilibrium
oil and natural gas prices, and weakly larger corporate profits, tax revenue,
and consumer’s welfare.

.. .\ O2PF*s (IVenti**, Flarei**)
Proposition 1. If (i) O TVeni™ 0 Flardl™

by field i is weakly increasing in the flaring tax rate T, and weakly decreasing
2 PFiks (Ivent;'kS,FZare;'kS) 02 PF} (1Vent}"* Flare(**) a
Al Venti®s 9 Flareiks 8(1Vent§ks)2

> 0 then intentional venting IVent:**
zks Flare

in the flaring ceiling Flaret Moreover, if (ii)

>

C IFla/re
C'J Vent

flaring tax rate T,

then the total GHG emissions COQeiks by field i is weakly increasing in the

st Flare ond weakly decreasing in the flaring ceiling Weiks

Proof. Part (i): effect of an increase in 7,°*"™* for field 7. First, note that the first

constraint is always binding, implying ¢®** > 0 at the optimal solution, because

otherwise aTaF—Z"f() > 0 implies that it would be possible to obtain strictly larger
t
profits in period t with no effect on the profit gained in any other period through

a marginal increase in Z**. Secondly, under the assumption that MC/*9* =

aggff;@ / aggéii(') is constant and given that the domain of the variable Gas““ i

unbotunded antd we know that the solution must satisfy the FOCs, the FOC w.r.t.
Gasi** implies that —¢¥* + ¢k + ¢ is constant in 7,7*F*°. Moreover, the
assumptions that (1) CZ’“ oFlare (Flarei’“) is constant in Z** and that (2) M**
enters the formula for Pri (ivent]™ =1]Q}*) in an additively separable fashion
imply that all variables except possibly Flare!** TVent’** and Gasi** are all constant

ks, F ks, Fl
in 7,77, In order to study the effect of a marginal change in 7,

on these

three variables we must distinguish two cases. Case 1. If the FOC w.rt. @i is

binding, then the optimal level of Flare!** is a corner solution Flare** = NRF*

iks,Fl dFlare{®s
Follre (and in turn Flarel™ = 0) |, then e = 0
T

i1ks,Flare
t

at the baseline value of 7,

‘s . dIVentiks dF1 dGasi*s
a‘nd terIa’Hy the FOCS lmp]'y dr ikianare - dr ikaa:rlifare - dr ik?sFt‘lare = O a‘nd therefore

% 0. Case 2. If the FOC w.r.t. at the baseline value of 7;*s¥lare Flare!®

are binding (and in turn Flare/** > 0), then we must make use of the FOCs
w.r.t. Flare!* and IVent?**. We define the marginal cost of flaring as follows:

iks,Flare iks\ _ OTFiFs() [ OTFi=() e
MC, (Flaret ) = Ol i Then under the condition:

APFjks (I\/entikS ,Flare%ks)
OFlareiks

(1 —Tp) MC*™™ (Flarel*) + V Fik

IVenti**=0 (51)
iks iks iks
OPF}*®(1Vent;*® Flarey

VentiFs

Z vV Ftiks

IVenti#s=0
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iks iks

for all values of Flare; > 0 at the baseline value of

, it must be true that if Flare,
'Lks Flare tiks
Ty

> 0 then the pr1mal feasibility condition IVent;" > 0 is also not binding.

We prove this result by contradiction. Suppose it is. FlarefgCS > NRF** implies
ks = 0, and in turn at the optimal solution:
OPF;**(1Vent{** Flare{**)

__,_iks,Flare ks iks
T, (1 —TF) = VFks x ST

IVentikSZO (52)
OTPF.

_ zllzs aFlagreU(“) + ( iks __ zks (bilzsc‘) ( ﬁiks)_l =0

If the constraint IVent** > 0 is binding, then ¢#** > 0 and therefore at the optimal

solution:

OPF** (IVent;*, Flareiks)
OlVent

_Vﬂiksx +( 12125 _ zks gbzlzsc) ( ,lgiks)_l <0

IVenti#s =0
(53)
Combining these two inequalities, we obtain

OPF}ks (IVentﬁks ,Flareiks)
OFlarciks

(1 — T7) MC{* ™ (Flarel*) + V Fiks x

IVenti*s=0
¢ , (54)
<0
IVenti#s=0

OPF}(TVent}** Flarej"* )
OTVentiks

+ tzks ,Flare (1 _ j'vtks) _ VFtikS %

which leads to a contradiction. Thus, the solution for IVent** is not a corner solu-
tion with respect to its natural boundary. Moreover, the firm’s objective function
is globally concave and (partially) strictly concave in IVent?** and Flare!**. Thus
we can obtain the marginal effects on 77" on IVenti** and Flarel** by differ-
entiating the FOC w.r.t. IVent’** and Flarest evaluated at ¢if* =0, ¢ = 0, and
solving for the derivatives of interest, to get:

. 82 PFRiks ()
k —_t — T3
dIVGIlt; B OlVent;OFlare} (1 T‘t )

1 82MCst,Flare(‘)> _ ( OQPthks() )2

iks,Flare —
dr,
t

O?PFE}ks () 82PF““()
B(IVentékS)z (Flare 5) VEks 8(Flare%k5>2 1Vent** OFlarej**
(55)
02 PFi*s (TVenti** Flare}"* )
AVenti*s gFlareiFs

which is positive if > 0, and
0?PFjks ()
j ——= (1 -=-17
dFlarei*® o(IVent)? ( ‘)
aQPthkS() 82Pthks() 1 82Mciks Flare(') B ( 82PFtZk5() )2
B(IVentiks)2 8(F1are§k3)2 VFtZkS 8(F1areiks)2 81Vent§k56F1are§kS

(56)

dTiks,Flare -
t
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L. . . dGastks dIVenti*s dFlareiks
and the residual effect on Gasi**, which is obtained using —dTikf:SFtlare = — ( dT““iIvlFfare + dTika;?iare
t t t
writes:
PPEk() __ OPPE*S() (1 _ Tks)
dGasZkS 8(1Ventiks>2 AMVenti*s gFlarers t
ks, Flare , . . )
dr,">" ™ e2pEiks() [ 92PFRs() 1 PMoFoTee) o2PEre() \?
8(1Vent§k5)2 8<Flare§ks)2 VEs 8(Flare§ks)2 d1Vent** dFlare}**
(57)

However, if the change in the tax rate extends to all the oil&gas fields, then the
change in the gas supply may affect the equilibrium price of natural gas, with
effects on the levels of flaring and venting optimally chosen by each firm. The
overall effect writes:

dFlareiks dpo2

dCO2eiks dIVentiks + dIVent! dPtS’G'as ('] Vent + dFlarei*s
d iks,Flare — d iks,Flare dPs,Gas d i1ks,Flare
Tt Tt t Tt

dGastks dGastks dPS /Gas iks.Gas
+ d iks,lglare + dPs Ct}as dr zks Flare CI ’
Tt t Tt

(58)

iks
Because flaring and gas production are gross substitutes, we can show that %—i—
t

dGasiks  dp O 0 dp;Cas 0 dFlarei®s <0 and dIVentFs
dPs,Gas dTiks,Flare - ) dTiks,Flare — ) dPs,Gas an dPs T 5s,Gas
t t

< 0. To see how, first

dGast i

s,Gas
el > 0 by the law of supply. We prove that (ii) Ao <0 by

dr zks Flare =

note that (i)

s,Gas

> 0. Then, because the demand side of the
zks ,Flare

contradiction. Suppose m

, the aggregate gas supply at na-
iks,Flare

economy is not directly affected by

, implying that at least one
iks,Flare

tional level must be lower after the rise in 7,
field must reduce its gas supply following a rise in 7, But combining
the FOCs of the oil&gas firm w.r.t. Gasi*® and Flare““, which are both bind-

: . C ks, Fl

ing in this case, Gasi** is weakly increasing in P at constant 7,">"* and
ks, Fl G o .

in 7,77 at constant P77, This implies in turn that a marginal increase in

both variables translates to an increase in Gasi** in all fields, leading to a con-

dGasi* dGasiks  dp; 9
th’Lks,Ft‘lare + dPts,Ct}as thikts,Flare Z 0 by con-

. . 4G iks dG iks dPS,Gas )
tradiction. Suppose y et T dpj,séas SEsFhe < 0. Because the second term is
Tt t Tt

tradiction. Second, we prove that (iii)

dG 1ks
ks FTare ikjsFtlare < 0. But because
=

t

the denominator of (57) is positive by convexity of the objective function, this
02 PF{%s (TVent(** Flare}"* ) 02 PFj** (TVenti** Flarei**)

d(1Vent}++)” O1Vent ** OFlarei"®

positive (see point (i) and (ii)), it must be true that

, which contradicts

is true only if

the assumption that the function PF/** is convex, because that is true only if
82PFt““(IVent%ks,Flareiks) 82PFtiks(IVentikS,Flare,’;ks) Lastl dFlareiks < and dIVent ks <0
3<IVent““S)2 — QIVentiksaFlareiks apr; :Gas dPtS’GaS —

can be proved by substituting the FOC w.r.t. Gasi*® into the FOCs w.r.t. (a)
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dr, dP; dr,
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Flare!** and (b) IVent?** and totally differentiating each of the two resulting equa-
tion w.r.t. Flareiks and IVentiks, respectively. Thus, it is possible to calculate a
lower bound on the effect of interest because the following inequality holds:

iks iks iks
dCO2e; dIVent; Vent ~ dFlare; Flare
thiks,Flare - thiks,Flare thiks,Flare

(59)

where the RHS of equation [59| corresponds to the effect of a marginal increase in
iks,Flare . . . . .

T at constant gas prices. Substituting the formulas in |55 and |56| into [59| we

obtain:

(Lj’“(-)c]\fent _ MC’IFIMQ) (1 - T;gs)

dCOQeiks AVenti*s gFlarelrs 8(1Ventiks)2 .-
iks,F1 ) ) : ) =
thZ s,Flare 82PFt7'k3(-) 82PFt’kS(~) 1 82MC;kS’Flarc(~) B < 82PFt7'ks(-) )2
8(1\/ent”g"cs ) 2 H(Flaure,’;ks)2 VFtZkS 8<Flare,’;ks)2 8IVent§k58F1are}5ks
(60)

Thus, it is sufficient to derive a condition for the second inequality above to be
dCO2eiks
> 0. Because the

dTiks,Flare
t

weakly satisfied to obtain a sufficient condition for

firm’s objective function is (partially) strictly concave in Flare!** and TVenti**, the
denominator of the RHS of is positive. Thus, a sufficient condition for the
inequality in 60| to hold true writes:

D2PF* (IVenti*, Flarei*®) [92PF* (IVenti**, Flareit) |~ ¢l
. 3 > ,
OlVent** OFlare}"* 9 (IVenti**) 2 (/T Vent

(61)

which corresponds to the condition stated in Proposition 1.

Part (ii): effect of a marginal decrease in mks. Note that if the flaring ceiling is
not binding for field ¢ then the effect of a marginal change in the value of m’;’“
is trivially zero. If the ceiling is binding, then the problem is equivalent at the
margin to that in[19|but with three extra conditions in each period ¢ and each field
i=1,2,..., 1% a constraint Flare!* — T&re:ks < 0 with associated KT multiplier

#s;, a dual feasibility condition ¢i% > 0 and a complementary slackness condi-

tion ¢k (Flare™ — Flareiks> = 0. Then whenever this new constraint is binding
(¢%s > 0 ) it can be interpreted as the shadow price of relaxing the constraint.
This implies that the effect of a marginal decrease in Flare, * is equivalent to that

of a marginal increase in the flaring tax multiplied by ¢i%/ (1 — 7}*) > 0. Thus,

the sign of the effect of a marginal decrease in Flare, * is the same as that of a

marginal increase in the flaring tax 7,7 which is stated in part (i) of Propo-

" 02 PF{*s (IVenti** Flare}"*)
sition 1. Q.E.D. Note that OVentF F Tarel™

> (0 is a sufficient condition for
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total emission being increasing in the flaring tax rate, but that may be true even
if such condition is not satisfied. Secondly, note that the RHS of inequality
is a very small number (< 0.076, calculated using the values CI¥# = (0.3018
TCO2e¢/BOE and CIV" = 3.9583 TCO2e/BOE from Brandt, Masnadi, Eng-
lander, Koomey, and Gordon| (2018)) implying that the condition is satisfied even
for modest degrees of substitutability between flaring and intentional venting. In
the empirical section, we show that this condition is satisfied in the data, and
we quantify the detrimental effect of an increase in flaring taxation. Note that
under the parametric specification for PE;* adopted in the empirical section of

this paper, the condition in reduces to = prix i Cﬁ,l:nf , where the threshold = st
Ko

represents the marginal effect of reducing flaring by one unit on the amount of
intentional venting and is identified by the model, allowing for estimation of the
effect of interest.

Proposition 2A. If 8];(1{/1”“
or the regulator’s venting detectzon accuracy VDT} (or both) for an oil field i trans-
lates into (i) weakly lower maintenance M** and (ii) weakly larger unintentional

venting UVent™™ for any given quantity of extracted gas TotGasi**.

> 0, then an increase in either the venting fine v fi**

Proof. Recall that VF®S = v f/*VDT¢, , with vf¥ >0 and VDT, > 0. Thus,
it is sufficient to show that results (i) and (ii) hold true for an increase in V F;#3.
Part (i). Case (1): the seventh constraint is binding (and therefore ¢i** > 0 and

IVent;** = 0). Then given the assumption Pri¥* (iventi** = 1 | QFVE TVent}** = 0) =

0 the Value of VF;fsl does not enter any binding optimality condition, trivially im-

plying d”ij,js 0 and % 0. Case (2): the the ninth constraint is not

binding (and therefore ¢¥#* = 0 and IVent’** > 0). Let us consider the FOCs of
the firm’s problem w.r.t. M{"% and IM}*:

oLks isaTFifs M iks iks iks iks
Lo — i, TERRIE) e+ ot 1 B (1 %)
7 sdPU iks iks iks iks) 1 OMaintiks (1)
—ﬁVthlmt—fl - [ b — Ot — ¢4]§+1<] (1 — o ) ngl
(62)
and ark
= N\ES L (1T =0 63
mE = M) (63)

where the second condition is always binding given that H\/Ii’CS possesses unbounded
support. Second, the sixth constraint is an equality constraint and, as such, it is
always binding. Thus, we can substitute A}, = (1 — Tt’“) into the FOC w.r.t. Milfl
to obtain the condition:
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s iks iks s i S iks
g(y;TﬁJA[PEHIQLH)—[u—ﬁﬂ)—ﬂ(l—P)(l—Tﬁﬂ}+¢wtk
iks OPUS () s 5,G iks,G iks,G iks) ~1 OMainti5 ()
—p [VFt—lf-laM—;:l B (1 - Tt+1) <Pt+1as — T — MRS as) <1 — o ) aMi'«%l } =0
(64)

where the above follows the fact that I\/enti’j_“"1 is constant in Milfl and M P EZH (Mil_ﬁ) =
orFips, (Mihy) [/ oTF: (Zik)

aMks ozl

If the tenth constraint is binding (¢}, > 0), then

s
dM;T

W 0. If the the tenth

constraint is non-binding (¢%,, = 0), then we can totally differentiate the F.O.C.
w.r.t. VF® to obtain:

Mi* = 0 and the derivative of interest is simply

OPU() s ) OMPERI() iks O*PUIEL ()
—poiil 4 g L1 - 1y,,) POy ks TR0
MY, p ( t+1) OMks t+21 OM{ 5 N
s s,Gas iks,Gas iks,Gas iks\—1 90 Maint,’5+1(~) dMTs
+ (1 - Tt+1) (Pt+1 — T — MG ) (1 — ) M2 AVEES 0

—~

65)

Note that because the optimization problem is convex, the Second-order Necessary
Conditions for a global maximum must be satisfied; i.e., the bordered Hessian
matrix must be negative semi-definite. This condition implies that the second
derivative of the Lagrangian w.r.t. M! 41 must satisfy:

32553 — { 1 Ts BMPEzii(') Vszs 62PUZ$§(')
30T O vt
s s,Gas iks,Gas 1ks,Gas iks\—1 0°Mainty, ()
+(1—T3) <Pt+1 — Ty = MO )(1—19 ) iz <0
(66)

at all possible values of the choice variables in X*. Even if the optimization problem
is not convex over the entire range of values of the choice variables, the condition
in (66)) must be satisfied at least locally for the solution to be a maximum. In
particular, evaluating condition at the candidate solution values that solve
the FOCs, the SONCs are satisfied only if:

OMPE®s () ks O2PUES ()
__ s t+1\) iks t+1
p { (1 Tt+1) oMk VES oM 2 _
s s,Gas iks,Gas iks,Gas iks\ —1 82M‘1mt§+1(')
+ (1 - Tt+1) <Pt+1 — Ty — MOy ) (1 — v ) oM} A <0

(67)
Lastly, note that if the weak inequality is satisfied with strict equality, then the
FOC in does not have a unique solution for Mi’fl, implying that the optimal
value of M*% is pinned down by the constraint M{¥5 — M (1 — pts) —IM}* < 0
and it is therefore constant in VFthsl. Conversely, if the inequality is satisfied

38



ik
dMS

with strict inequality, then we can solve with respect to =5z and obtain:
t+1
dMilj—Sl _ 8PUZ-’T-S1() (1 _ Ts ) BMPEﬁf_‘l() _ Vszs 82PUtif—Sl(')
VR oML, er1) “aney -V E TN
. . . 1 92 T -1
+ (1 _ 1—;584_1) (Pts—i,_(l}as _ Tz_lfj,Gas _ MC«;_Iﬁ,Gas) (1 i ﬂzks) 10 1\/[8?\1/[7;12:1( ) }]
(68)
where the sign of the second part at the RHS of is strictly negative. Thus,
iks 1ks
this implies that either % = 0 or the sign of % is the same as that of:
t+1 t+1
aPUzks .
. t+1 ( ) (69)

iks
a1\/[t+l

which is strictly negative as long as PU;*5 (-) is increasing in M5, Q.E.D.

Part (ii). Recall that UVent; (-) = 9**TotGas;s5 — Maint** (M}**) + ek, Thus,

a marginal increase in V F** may affect the optimal choice of TotGasikS, but at
any given level of gas extracted TotGas!*® = TotGaszks, we obtain:

OUV entiks <TotGas;ks, M§k5> OMaintis (M) qMiks
- =— - —=>0, (70)
OV E{ OMFs dV Fjks

which is weakly positive because Maint** is increasing in M?** and because if

ag(ﬁ;;(') > 0, then we have d@gj,: < 0 from part (i) of this proof. Q.E.D.

Proposition 2B. If natural gas sales are not profitable for an oil field i; i.e.,
psiGas _ ks, Gos

accuracy LDTFS translates into (i) weakly lower maintenance Miks for any given
quantity of extracted gas TotGasf;ks. If natural gas sales are profitable for an oil
field i; i.e., PO — pik=Gos _ ppoiksGes > 0 then an increase in the firm’s leak-
age detection accuracy LDTF translates into (i) weakly larger maintenance M**

and (i) strictly lower unintentional venting UVent™ for any given quantity of
extracted gas TotGasi™.

— MC*%% <0, then an increase in the firm’s leakage detection

Proof. Part (i) and (ii). Consider the F.O.C. of the oil and gas firm’s problem w.r.t.
M*,. From the proof to Proposition 2A, using Maintis (-) = LDTFMNTHS (-),
we know that such condition can be rewritten as follows:
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B(1—=Tp,) MPE® (M) — [(1=T7) = B(1—p') (1 = T5y)] + ik

ks OPUKS ()
b
G iks,G iks,G ks —1 ks OMNTHS()]
= (1= Tpn) (RS = iy — Mlyo) (1 - o) ™ Loml 20 | =0
(71)
If the tenth constraint is binding (¢i,, > 0), then Mi*% = 0 and the derivative of
iks .
interest is simply % = 0. If the the tenth constraint is non-binding (¢}, = 0),
t+1
then we can totally differentiate the F.O.C. in w.r.t. LDTFS, to obtain:
O*MPEs (M) dmiky
— ()ﬁ (di[ ) = onpsT - arpiy
' e i e iks,G iks,G
—f [ thﬁ 8M§§112 dLDtJ-“Efl o (1 o Tts+1) <Pts+1as - Ttl+51 ” - MCZ+81 as) (72)
ks —1 ks OPMNTHRS(-) dMiks OMNTHFS()\]
(1 — v S) (LDTH?I oMifs 2 dLDTE + oMy =0

iks
Solving the equation Wb, - we obtain:

dLDTF?,

t+1 t+1 +1 Ok,

. (1 o jthJrl) (Ps,GaS Tiks,Gas . MOtiks,Gas) (1 . ﬁz’ks)_l aMNTtiJ]isl(')

iks iks 3 iks
th—H _ (1 —Ts ) 82MPEt§-1 (Myfl) _ VFiks 62PUtil(')
dLDT}?, i1 oM oMy 2
i -1
s s,Gas iks,Gas iks,Gas iks) 1 ks 82MNT;£51(')
+ (]' - ’Ft+1) <Pt+1 — Tit1 - Mct+1 > (]‘ v ) LDTLS+1 3Mi’fl 2
(73)

Note that the term in square brackets in formula must be strictly negative

whenever the LHS is non-zero, as shown in the proof to Proposition 2A. Lastly,

OMNTS ()
OM

t we obtain:

> 0 by assumption, therefore by evaluating the same condition at time

dM;Lks . s,Gas iks,Gas iks,Gas
drpre >0 af PO =t MOPE > 0

dMikS . )
dLDTF <0 otherwise

(74)

that is, M**is increasing in LDT}** if and only if PP — 7/ _ ppoiF=Gas > ),
Q.E.D.

Part (iii). Lastly, note that for any given constant value of TotGrabsikS = TotGasiks,
we get:

dUV entiks <TotGas:cS, Mi’“)
dLDTF

OMainti*s () dMks
aMzks dLDT;ks )
(75)

= — [Mamt;'ks (My**) + LDT}*
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8Mainti’fl(~) dMiks .
8M?f1 m Z 0. Because this

e ps,G iks,G ks, G . e :
occurs if P — 7m0 — MCYPE® > 0, this condition is sufficient to ensure

iks )
> 0. Q.E.D.

which given > 0 is weakly positive whenever

dUVentiks (TotGast Miks
dLDTF®

Proposition 3. In each period t the tax reform T° translates into (i) zero inten-
tional venting; (ii) zero routine flaring; (iii) weakly lower unintentional venting for
all 0ilégas firms; (iv) no effect on the equilibrium level of all prices; (v) no effect on
the equilibrium demand of intermediate goods O{S, G{s, and consumption goods c;;
(v) strictly lower GHG emissions;, (vi) weakly larger aggregate present-discounted
corporate profits, tax revenue, and net consumer income, and (vii) strictly larger
social welfare.

Proof. We begin with proving result (iv). Then we use result (iv) to prove that
the results in parts (i), (ii), (iii), (v), (vi), and (vii).

Part (iv). First, recall that the first constraint is always binding (see proof to
Proposition 1). Thus, ¢¥* > 0. Second, because the optimization problem is
convex and satisfy the Slater’s condition, the optimal solution satisfies the FOCs.
Third, consider the constraint 2, which writes:

GOR™*Qiliks — (1 — fﬁiks)fl [Gasf;ks + Flare’®* + IVent** — Maintt* (M;ks) + Relnj®** + ReInSiks} <0
(76)

we aim to show that this constraint is always binding for all oil fields and never

binding for all gas fields.

Step 1. We prove that for an oil field constraint 2 is always binding at the optimal
solution. This result ensures that an oil fields remains classified as such even after
the tax reform is implemented. Proof. By assumption, a field classified as an oil
field in period t satisfies

0 < [Pon (1 gtoﬂMst,Oil> 4 otks th’ks,Oil _ MCst,Oﬂ (Oﬂiks)] <

| | | | (77)
B ]Dts,Gas . T;ks,Gas N Mctzks,GaS:| (1 . ﬁzks) GORZkS

for all Oil** > 0. Note that this condition is unaffected by the introduction of
the tax reform at constant prices because A7, = — A7 (1 — ) GOR™

implies that the condition is identical under T® and T* for any feasible value of
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Oiliks. Suppose the constraint is not binding in period ¢, therefore ¢%* =

In such case, the field is clas&ﬁed as an “other oil&gas field” if Oili** > 0 and
faces the original tax scheme regardless of the implementation of the reform, or
as a gas-only field if Oiliks = 0. Suppose the optimal choice features Oﬂiks > 0.
Combining the FOCs w.r.t. Oll““ and Gaséks and setting ¢%* = 0 the optimality

condition for oil production writes:

(1 _ Ttks) |:Pt011 (1 _ gt()i]Mst,Oil> + giks th'ks,on _ Ciks,Oil (Oili*)]

. . | (78)
. [IDtS,Gas _ TtZk’s,Gas _ MCtzks,Gas:| (1 . Tf) (1 . ,lgzks) + ¢zks =0

Using condition into the optimality condition and noticing that it implies

Ps ,Gas zks ,Gas MCZkS’GaS S 07 we obtain:

[PtO“ (1 _ gtOilMst,Oil) B Ttiks,Oil B MCst,Oil (Oﬂiks*)] [1 4 (GORiks)*I] (1—T2)+¢ <0
(79)
Thus, because ¢i¥** > 0, the inequality is satisfied only if

[PtOil (1 _ gtOilMst,Oil) 4 giks _ 7iksOll_ prciks Ol (Oﬂiks*)] (1—T5) <0 (80)
However, note that the FOC w.r.t. OilikS at the optimal vector writes:

[Ptoﬂ (1 B gtoilMStks,Oi1> I a““ _ iks,Oil _ CZ’ks,Oil (Oﬂiks*)] (1-1T)

, (81)
_ ( iks + ¢ZI§SC) zks -0

which implies that either ¢¥** > 0 and therefore Oiliks* = 0, implying that the
field would not be classified as an oil field for the purposes of the tax scheme, or if

tks* = (0, and therefore given that the K-T multipliers must satisfy ¢is +giks¢ > 0
we obtain:

[PtO“ (1 _ §tOilMStks,Oil) 4 giks _ ksl _ prcyiksOf (Oﬂiks*)] (1-T5>0.

(82)
Comparing inequalities and we find that for Oiliks* to be optimal the
left hand side of the inequality should be both strictly negative and weakly
positive. This leads to a contradiction. Lastly, suppose Oiliks* = 0 and Gasiks* > 0.
PGas ks _piksGas_ rodksGas ) implies that the firm is making negative profits
in period t. Moreover Oll’ks* = 0 implies that the second constraint is not blndmg
Thus, there exists an alternative feasible choice x* € X* such that (i) Gast =0
and (ii) all other choice variables are unchanged, which delivers strictly larger profit
in period ¢ and the same profit as x*** in all other periods r # t. Thus, the choice
x*$* cannot be optimal. This leads to a contradiction. Q.E.D.
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Step 2a. For a “other oil&gas field” constraint 2 is always not binding at the

optimal solution. Suppose it is binding, which implies ¢4*

the FOCs w.r.t. Gasi* and Oil!** we obtain:

> (. Then combining

(1T |:Pt0ﬂ (1 _ gtoﬂMStks,Oil> +giks Ttik’s,Oil _ MCst,Oil (Oﬂiks*):| (1 _ qgiks)
+ [Pts,Gas (1 . gtc,aSMSch,Gas> + O';ks . iks,Gas . MCiks,Gas (GORzksOﬂ;ks)} (1 . T;S) _
o 22le (1 4 GORzks) ( énks) 4 ¢zks ( ,197,]68)

83
But by assumption all “other oil&gas field” satisfy the following condition: )
iPtOj] 4 oiks iks,Oil B Mcz‘ks,Oil (Oﬂ;’ks):| (1 _ ﬁiks) < (8
Pts, as (1 Gas) + Uéks N Ttiks,Gas _ MCZ’CS’G&S (GORiksOﬂiks)
for all Oil** > 0 implies:
— ks (1 + GOR““) ( 19”“) + giks (1 — 19”“) >0 (85)

Thus, either (i) ¢¥** > 0 with Oil’** = 0 and given that we have stated that the
constraint is bindlng, Gasi** = 0; i.e., the field is inactive, or (ii) ¢%** = 0 with
Oﬂiks* > 0, then the inequality above is not satisfied. This leads to a contradiction.

Step 2b. For a gas-only field constraint 2 is always not binding at the optimal
solution. Note that the assumption MC;"*" (Oilf;ks) = +oo ensures that Oil/*** =
0 for all gas-only fields. Thus, the constraint 2 is always trivially non-binding for
any active gas field; i.e., such that Gas®*** > 0.

Step 3. The constraint 4 is always binding and therefore ¢i¥* > 0. Suppose
the constraint 4 is not binding. Then, because of the complimentary slackness
condition at the optimal choice we must have:

Kt — Kj* — Diks (ID}**, Li*)) — B““ (Relnj;** + PInj}** 4+ Olnj;*)
+¢ {0 + (1 - 9%) ™ [Gas™ + Flare]* (86)
+ IVent;™ — Maintj® (M}**) 4+ Relnj;** + RelnS}**] } <0

Because B¢ is strictly increasing, this implies that a choice vector X** identical

to the optimal one x***

except for Olnj! = OInj’* — a for arbitrarily small strictly
positive a is feasible. This alternative choice vector is feasible and delivers exactly
the same profit from field 7 in all periods s # ¢ and strictly larger profit in period
t, and it does not affect the profit generated by fields other than . This implies

that the total present discounted value of profits from choosing vector x** are
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strictly larger that those from x***. Thus, the original choice vector x*** cannot

be optimal. This leads to a contradiction.

Step 4. For an oil field the problem can be split into two independent optimization
problems. Recall from Step 1 that the second constraint is always binding for oil
fields, implying that the corresponding KT multiplier satisfies ¢&¥* > 0. Moreover,
from Step 4 we know that the fourth K-T multiplier satisfies ¢¥¥* > 0. Using these
result and combining together the FOCs w.r.t. Gasi**, and OInj**, Z**, we obtain
the following conditions:

GOR™sQiliks — (1 19““) [Gaszks + Flare!** + IVenti**
—Mainti*s (Mlks) + Relnjis + ReInSZkS} =0
s,Gas s,Gas 1ks,Gas s 1ks zs 1ks isfl
PO — s MCEOS| (1= Tp) + (o — ol — 0ifC) (1—9%) ™ =0
C’Zk:s (1 . ES) — ¢ikSaBt S.(_)

4t 90Inj;
s\ — Atks aTFtZkS(-)
(1 - ,I;& ) T Plt - pziks

(87)
Substitute these four conditions into the FOCs. We obtain the following equi-
librium conditions, divided into three subsets, which correspond to three reduced
problems.

Reduced Problem 1. Define the collections of endogenous variables y1i%* = {Flareik S IVent!** Relnji**, PI
Pliks = {oks o=, gibe ¢ths otks ), and A1 = AiF*. Also define the sets Y1+

with typical element y1%* = {{ylff“}zl}i X W1ks with typical element 1% =

{{wliks}zl}il, and A1 with typical element A\1%* = {{Aliks}zl}il. Note

that x* € X% — y1¥ € Y1%. Also note that the inequality constraints 8, 9, 10,

11, 12 can be redefined as functions gl““ such that gl”“ (yliks) > 0 if and only if

gfl;t ( ) < 0 given an appropriate choice of the index j. Consider the following
subset of 24 x I* x T conditions:
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PFtiks ()

Flzllzs — _VFtiks % . (1 . 7;5) |:Pts,Gas _ Ttik:s,Gas

aFlareiks
_MCtiks,Gas + 7_tiks,Fla,re + Mctiks,Flare (Flareiks)] + ¢Z8]§S =0
. ) P Fliks () . )
iks __ iks t s s,Gas s,Gas iks,Gas iks
F12t__VFt XW_(l_T;)<Pt — T —MCt >+ gt—O
. IC™s (Relnji**, PInji* . .
pp = - | LRI PN | ppscnl (1) 4 6 (1 7) =0
OPInj;™
. IC** (Relnj}*, PInj**)
Flzks — | _ t t A’ t + 6zks 1—1T¢
4t 0ReInj;ks ] ( 7)

. (1 . 7‘;9) (Pts,Gas . Tts,Gas . Mcz’lcs,Gas . CZkg) + 1118; -0

Flis = —(1-1Ty) (p;’GaS — 7% — MO — M PR (RelnS)*, PInS{) — 5{’;5) +olte =0

Fl%lzs — (1 . jvts) [Mptiks,PIns (ReInSiks, PIHS;kS) . Ppt’iks,Gas] -0

P = - (- T 4 =0

iks s iks, iks iks iks iks

Flg° = — (1 - Tt)/BMPtHM (Mtﬁ-l) — A% +5/\2]§+1 (1 —p™* )

OMaintiks (M%)
N,

s,Gas s,Gas iks,Gas ) iks __
_ﬂ[Pt-s-l — T — MG ] + Boin =0

El'ilzs _ Mi’ﬁ . Mlz;k:s (1 _ piks) . IMik’s -0
11 = Flarel* — NRF* >0

I1 = IVent* > 0

11 = Relnji** > 0

11 = RelnS#** > 0

T =Mk > 0
M1 =¢1%* >0, j=1,2,3,4,5

S1%° = g1 g1l (y11) > 05 =1,2,3,4,5

In the system above, we have 24 conditions per period ¢ per field i. However,
making use of the complimentary slackness conditions S 1;’;5 for j =1,2,3,4,5 we
are left with 14 binding conditions per period ¢ per field i. We have 14 unknown
variables per period ¢t and per field i: 8 in collection y1i*¢ | 5 in 1% plus A1 all
independent of the realizations of the variables outside of Y 1%* x W1** x A1¥*. Thus
the problem can be solved independently of the optimality of the other variables
in the full problem. As we have shown that a solution to the full optimization
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problem exists, then a solution to the reduced problem must also exist. Thus, it
must be the collection {yl"“s*, P1ks, Alks} that solve this system.

Reduced Problem 2. Define the variable total gas injection as follows: TotInJlkS =
ReInJ““ + PInJZkS + OInJZ’“S. Then define the collections of endogenous variables

121" = (O D Torlnjt, L K5} o = {0 o1 ol 5. o). and
A2iks — Xiks  Also define the sets Y 2% with typlcal element y2F* = {{y17k<}* 1}1 o
W2k with typical element g2k = {{y1iks} t:1}¢: | » and A2" with typical element

A2ks = {{AQ”“}t 1} . Note that x* € X% — 2% ¢ Y2¥. Also note that the
inequality constraints 3 4,7, 13, 14 can be redefined as functions g2§-’§5 such that
gQZkS (ny;kS) > 0 if and only if gl}" (Xk) < 0 given an appropriate choice of the
index j. Consider the following subset of 21 x I* x T conditions:

Foiks — [PtO“ (1 _ gtO“Mst’Oﬂ> 4 gtks _ piksOl _ prciks,Ol (Oﬂiks)} (1-1T7)
+ |:P3,Gas - Ttiks,Gas . MCiks,Gas] (1 . TS) GORzks (1 o ﬂzks)
( iks + ¢st ) [1 + GOleS} + q%lzs —
P =~ + B0, + Bt + o — 0
dDiks (ID}* L)

R R
' ‘ ‘ 8Dzks Iles ’ Liks ‘
P = N+ gy, 22 L ) pats, 0
. _OBiks (TotInJst)
211@5 — Czks — T3 — iks =0
ot (1= T7) = ol OTotInji*s

B2y =L — L' — D) =0
12 = Ol (1+ GOR™) — K <0
12 = Kty — K — D (ID{™, L) — By (TotInj;**) + COiL™ (1 + GOR™)
12k = Oili** > 0
IQZf = L% >0
24 =K% >0
M2zks _ ¢2;1§S >0, 7=1,23,45
52”“5 = ¢25;°920 (y2/°) > 07 =1,2,3,4,5

gt

In the system above, we have 21 unknown variables per period ¢ and per field
1. However, making use of the complimentary slackness conditions S 23-’;3 for j =
1,2,3,4,5 we are left with 11 binding conditions per period ¢ per field i. We

have 11 unknown variables per period ¢ and per field i: 5 in collection y2F | 5
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in 128 plus A2F%, all independent of the realizations of the variables outside of
Y 2ks x \112’“5 X A2’“. Thus the problem can be solved independently of the optimality
of the other variables in the full problem. As we have shown that a solution to the
full optimization problem exists, then a solution to the reduced problem must also
exist. Thus, it must be the collection {y2ks*, P2ks*, AQkS*} that solve this system.
In particular, note that given that the change in the tax rate on oil production
satisfies:

A iks, 011 GORzks( _19sz> ATts,Gas (88)

then all the equilibrium conditions of reduced problem 2 are unaffected by the tax
reform. Therefore, the optimal levels of all endogenous variables in 255 )28 and
A28 for all t = 1,2, ... — including Oil***— are unaffected by the policy change from
T? to T¢ .

Reduced problem 3. Lastly, the optimal values of Ziks, Gasf;ks, ¢ths . ks can be
pinned down using the optimal values of the other endogenous variables from
y1ks* @17 and y2F5*, $2F*, plus the four conditions:

Fglks _ Es,Gas . Ts ,Gas Mcﬂks Gasi| (1 . /Zwts> + ( 12]? . élis* i Z@S*C) (1 . ,&iks)_l —0

iks s i saTF;'ks D
F3k = | :(1—1—;)— 1]1? OZikS()_‘O | |
13k = TFj*(Oil**, Gas{"*, Flare}*, Relns““* PInS™*, M*™*, Zi¥) <0
13 = GOR®OIF* — (1 — 9**) ™" [Gas{™ + Flare[*** + IVent;""

—Mamt’ks (GORzksOﬂlkS* Mzks*) + ReIngks* + Relnsiks* <0

which are all binding. Specifically, we have shown that I3 is binding in Step 1 of
this proof, and that I3¥** is binding in the proof to Proposition 1. Thus, after sub-
stituting the optimal values of y1%* $1%** and 32%**, $2¥** from the corresponding
reduced problems into conditions F3%* F3%s I3iks and I3%* and set the condi-
tions to hold with strict equality, we can solve for Z;ks and Gastks from conditions
I3%s and F3i, and for ¢&%* from condition F3¥* for all fields i = 1,2, ..., I* and
all periodst =1,2,....

Step 5. The oil firms’ field-level and total optimal oil supply is unaffected by the
tax reform at constant global oil price PO constant gas price P"%* and constant
aggregate oil supply from firms other than k. Suppose the aggregate oil supply from
firms other than k; i.e., Z#k Zflzl Oilils, is unaffected by the tax reform. Then
recall that the formula for the tax reform implies ATZkS’OilGORikS (1 — 19““3) =
—ATf’Gas. Thus, the formula for the optimal positive oil production for field ¢ in
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period t, which writes:

Ptoﬂ 1 gtOﬂMStk’,Oil> + Jiks o Ttik‘s,Oil . Mctik’s,Oil (Oll;)] (1 _ 7;8)
+ Pts,Gas . 7_ts,Gas . MCtiks,Gas} (1 . T;ﬁs) GOles (1 o ,ﬁzks)
~ (0l + 6lir¢) [1+ GOR™) + 6 =0

is unaffected by the reform. The tax reform does not enter any other condition of
the reduced problem 2, implying in turn that the optimal values of Oili’“’, ID;‘;’“S, TotInjf;ks, Liks, Ki’fl, % g
are unchanged for all i = 1,2,.., 1% and all t = 1,2, .... As a result, the aggregate
oil supply from all the fields owned by firm k in period ¢; i.e., Zfil Oilik’s is also
unchanged, as well as M Stk <Ol which is a function of Zfil Oil** | of the aggregate
oil supply from firms other than k& and of the oil price PP, Note that the restric-
tions imposed on oil fields imply that oil production is always profitable, i.e., the
constraint Oil** < 0 is never binding. That is, an oil field hit the zero production
point only if Ki’“ = 0; i.e., the field does not have any residual capacity because
the net return to investments in discoveries and/or injections have become weakly

negative.

Step 5/b. First, because each oil firm’s optimal oil supply is unaffected by the
tax reform at constant global oil price P! constant gas price PtS’GaS, and con-
stant aggregate oil supply from firms other than k, then the global oil supply is
also unchanged at any given global oil price PP!. Second, the new tax on gas
fields ensures that the aggregate gas supply of country s is unchanged, ensuring

that the national and the global natural gas supply are also unchanged at any
S
given national gas prices {PtS’GaS} . Third, because the demand for all goods

=1
is unaffected by the tax reform then the equilibrium prices must be unchanged
too. Under the assumptions imposed on B**_ if PInS** = 0 we get for gas only

fields M piFeRemnS (ReInS}*) = M P FoRelnS 0. Let us consider fields such that
ReInSikS > (), we obtain that the production of gas-only fields solves:
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oLy [ G ks, G s, G
L= | P (1 GO M S (Gas”"s)> — 7" as} (1-1T7)
0Gask ! !
OTFks () o
iks 1t iks iks iks
_ptks TN L) (ks L |
gt 0Gas; (93" +0i°¢) (1 )
oLk LOTERS() |
u ks SRS zs+ iks 1_192ks _|_zks:
OReInS*F* " HReInSik ( %u'¢) ( ) o
oLks L OTFks()
TR R A Oy
oz* oz
8KW = _¢41; + 5¢3t+1 + B¢4t+1 + ¢14t =0
t+1
a‘C"fLS o (1 . TS) 4 iks aDsz (ID;kS7 L;]isl) . )\iks _ 0
T t 4t i 1t =
oID: 9ID;
8£Z$ _ zks 6¢zks @Dllflj-sl (IDilj-sl’ Lllfks) 6 + ¢2k8 —
8L7t, 4t+1 aLi t+1 13t
oLks ; ;
== (1= T+ =0
OIM*
oLks W OTFk () | | |
U ks : o )\zks 4 >\zks 1 — iks + iks
iks iks iks 8Uventlks ()
- [ 3l§+1 + ¢4]§+1C + (51]:—&-1] aM—Z;;H =0
t+1
EGks = Liks _ Liks D =
EG;’;S — Milisl . M;ks (1 o zks) IMzks =0
IG? = TF}™(0, Gasg"%, NRF}*, ReInS{*, 0, M, Z**) < 0
IGH* = (1 —0™)"" [Gas}* + Flare]™ + IVent!™ — Maint}** (Mj**) + ReInS}**] — Ki** < 0
IG%I;S Kftlj,-sl K;ks . Dzks (ID;ks’ L;ksl)
+¢(1- 19”“5) [Gas*® + Flare!* 4 IVent’*s — Mainti** (M;**) + ReInS{**] <0
Plus %5 > 0, 6% > 0, 6% > 0, 6 > 0, 6tk > 0, 61k > 0, ¢i% > 0 and the usual

complementary slackness conditions. Using these FOCs, the optimality condition

for gas production writes:

[Pts,Gas <1 . thasMst,Gas (Gasiks>> — 7

iks,Gas
T

_ MCtiks,Gas (Ga zks) Mszs ReInS:| (1 -0

(89)

Y

which can be differentiated to obtain the marginal effect of an increase in the linear
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tax rate on gas production:

9Gasiks ps’Gas8thasMSfS‘Gas(Gasiks) n OMC 9 (GasiF*) |
oG T t 0Gasjks 0Gasjks

(90)

) —1
o BGasiks Gas ks,Gas
- _8PtS’GaS (1 - gt MSt

Thus, the effect of a change in the linear tax rate on gas production on the gas
supply of gas-only filed ¢ writes:

OGas'ks

AGas** ~ —min {m
OP,

71 . X
<1 — §tGaSMSfS’GaS> ATtZkS’GaS, Gasfgks} (91)

Because the tax adjustment is small, we can approximate the result by assuming
that for all active gas-only fields the the corrective tax affects production only at
the intensive margin. Thus, after setting Ar/** %% = A7»G (1 — (G SF S’Gas>

we obtain a formula for the effect of the corrective tax, which writes:

Ks Ik Ks Ik

s,Gas
SN AGaser [0ik = 0] ~ —ngG0 | 303 Gasi1 [0l = 0] —APZG%
k=1 i=1 k=1 i=1 !
(92)

where né’ﬁ,o denotes the aggregate own-price elasticity of gas supply by gas-only
fields. Also note that the optimal values of maintenance is unaffected, because the
equilibrium condition for Milfl imply that either ¢},, > 0 and Milfl, such that the
optimal level of Mi]fl is unaffected by marginal changes in Tti R Gas or Ptks = 0 and

the optimality condition writes:

M PR OMaintks (1)

T o,

(=) [MPEM (M) =1+ 8 (1 - p*)]+6 (1= )
which is constant in 7;7*9% Lastly, we need to ensure that the tax is set to a level

such that the reduced gas supply from gas-only fields exactly offsets the increased
supply by gas fields. Thus, the optimal corrective tax solves:

Ks Ik Ks Ik
D) AGasi1 01 = 0] = = ) " AGasi*1 [0il}* > 0] (93)
k=1 i=1 k=1 i=1

where AGaSiks is the change in gas supply by field ?. The above equation solves

for:
ATtiks,Gas B 1— thasMst’GaS 25251 Zfil AGaSiks]. [Olliks > 0} 94
Ps,Gas o $,GO Ks Ik iks siks ( )
) ne.p o1 Yy Gasy™1 [Oil" = 0]
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which represents the optimal adjustment tax,; i.e., one that ensures zero change in
the aggregate country-level and global natural gas supply.

K" Ik

ASPES (P T) =) 0> Gasi™ (P; T) (95)

k=1 i=1

Thus, given that the tax reform is such that A7 solves equation , the
aggregate supply of gas AS]"%* (P;T") by each country r = 1,2, ..., S — including
r = s — is unaffected by the tax scheme at any given price collection P = {P;};° ;
ie.,

ASPE™ (P; T) = ASP™ (P;T)

Step 6. Let Casi*™* (P;T7) and Oil** (P;T") denote the supply of natural gas
and oil by field 7 in period t, respectively. Under the proposed tax scheme, we get
that in each period t the following results hold true:

1. The aggregate supply of gas AS]"* (P;T") by each country r = 1,2,..., S —
including » = s — is unaffected by the tax scheme at any given price collection
P = {P.};2, by Step 5 bis; i.e.,

ASPE™ (P; T) = ASP™ (P;T)
forallr=1,2,..,Sand allt =1,2, ...

2. The supply of oil by each field i in country s is unaffected by the tax scheme
at any given price collectionP = {P,}°, by Step 5. Moreover, the supply
of oil by each field 7 in country r # s is also unaffected by the tax scheme
implemented by country s, except possibly through price effects. Thus, at
any given price collection P. Thus, the supply of oil by each field i in
country r # s is unaffected by the tax scheme at any given price collection
P. As aresult, the aggregate global supply function of crude by each country
r=1,2,...,5 —including r = s — is unaffected by the tax scheme at any given
price collection P; i.e.,

ASPH(P;T7) = ASPT (P; T)
forallt=1,2,....

3. The aggregate supply of all consumption goods y{n‘f for b =1,2,..., B by each
country r = 1,2, ..., 5 — including r = s — is unaffected by the tax scheme at
any given price collection P. Thus, the aggregate supply function of a given
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consumption good from country r is unchanged in each country r = 1, 2, ..., .S;
ie.,

ASp, (P;T) = AS;, (P;T)
forallr=1,2,...,5,allb=1,2,...,B,and all t =1,2, ....

4. The aggregate demand function in each country r of gas AD;“* (P;T) and
all consumption goods ADj, (P;T), as well as the global demand for crude
oil ADP" (P;T) are all unaffected by the tax collection T relative to T be-
cause no tax change affects midstream and downstream markets. Because all
the aggregate demand and all the aggregate supply functions are unaffected
by the tax reform, the market equilibrium in each period ¢ = 1,2, ... under
scheme T solves the same system of [1 4+ s x (B 4 1)] equations per period
that delivers the equilibrium price vector under scheme T. Thus, the equi-
librium price collection P that clears all the markets in each period ¢ under
scheme T, also clears all the markets in each period ¢ under the tax scheme
T . Thus, we have shown that the proposed tax reform has no effect on the
equilibrium prices of oil, gas, and of all consumption goods. Q.E.D.

Part (i). Recall that the FOCs of the oil&gas firm’s problem w.r.t. IVent** Gas**,
and Zi** write:

PE™ ()

o VFiks % A iks zks ks 1 — 191'143 + iks _ 7 96
R ) (1 087) ™ + ol (99
|:Ps,Gas (1 . gt(}aSMSf:s,Gas) . Tts,Gasi| (1 . Tts)
iks aTFQt () iks zks iks iks\ 1 =0 ’ (97>
1t §Qasiks + ( 2t ¢4t <.) (1 - 1915 )
and -
(1 . TZ) 4 ¢Zk5 6t () — 0 7 (98)

oz

respectively. Recall that TVent!** is equal to zero if the FOC in [96|is satisfied at
IVent®* = 0. Combining the three conditions in , @, and (98) and using
P%s > 0, one gets that IVent* is equal to zero if:

aPFtiﬁ ()
OlVent
(99)

|:Pts,Gas (1 . th,asMst,Gas) i Ttik:s,Gas . MCst,Gas] (1 i T;gs) Z _VFtiks
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at IVent?™* = 0 and for all possible values of Flare**. Thus, a sufficient condition
for to hold true for all oil&gas fields is to set a uniform tax rebate Ar/F% —

A7 for all ¢ with formula:

AT;7G&S _ min g {Pts,Gas . TZkS7GaS _ Mctiks,(}as} (100)
{1203},

where 779% denotes the marginal tax rate on gas sales faced by any field i given
the current tax framework. Note that A7 "% is typically negative.

Part (ii). Recall that the FOCs of the oil&gas firm’s problem w.r.t. Flare!* writes:

__,_iks,Flare sy iks PEFs () _ iks OTF3F* ()
e = T = VR X G ~ O e (101)
Y

iks iks iks iks) L iks
+( 2]:53 - 3’? _¢4]§<) (1_79tk) + 8]:‘/: =0
with ¢i¥* > 0. Combining the condition in (101]) with those in and (98)), one
gets that Flare!™ is equal to its lower bound NRF** if:
|:Pts,Gas <1 - thasMSfS:GaS) _ 7_ts,Ga,s _ Mctiks,Gas:| (1 . T;:S) Z
[_Motiks,Flare (0) o Ttiks,Flare} (1 _ Tf) _ Vﬂlks % PFtikS(.)

OFlarelFs

(102)

for all possible values of IVent?**. Thus, a sufficient condition for (102) to hold
true for all oil&gas fields 1 is:

|:Pts,Gas <1 . th,asMStks,Gas> _ Tts,GaS - MCst,Gas] Z Ttiks,Flare (103)
Note that formula (100)) implies:

ATts,Gas S Pts,Gas _ Tts,Gas _ Mctiks,Gas (104)

Using the definition of the tax rebate from part (i), Ar = 7/ksGas _pihsGas o4

substituting into the sufficient condition for zero routine flaring in (103]), we
obtain that — given Ar"%* from foralli =1,2,.. /" and all k = 1,2, ... K",
a sufficient condition for zero routine flaring by each foil&gas firm k = 1,2, ...K*
is:

piksllare 0w =12, .17, (105)
which implies that, as long as no flaring tax is introduced; i.e., 77**F*" = 0 for all
i =1,2,...,I%, the tax rebate Ar"%* ensures zero routine flaring by all oil&gas
firms.
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Part (iii). Recall that the optimality condition for M{*% for an oil&gas firm with
respect to oil field 7 in period t 4+ 1 writes:

B (1 =Ty, ) MPES (M) — [(1=T7) = B (1= p™) (1= T2,)] + 615

iks OPURS () s,Gas iks,Gas iks,Gas s OMaints ()
+5 [VFtHaM—yfl + (P — Ty — MO L - Tt+1) oMk T 0
(106)

Recall that A8, = — A5 for oil fields and Ad%S | = 0 for gas fields. Because

the optimality condition for Milfl in 1) is unaffected by changes in tax rates
. iks
other than TZﬁ’GaS, it is sufficient to show that df%jfglas < 0. If the twelfth constraint
. t+1
is non-binding (¢%:,, > 0), then M{*% = 0 and the derivative of interest is simply
iks .
dfi\,fﬁt;las = 0. If the the twelfth constraint is binding (¢%%;,, = 0), then given the
t4+1
convexity of the firm’s maximization problem (see proof to Proposition 2), we can

totally differentiate the F.0.C. w.r.t. 7/+7%* to obtain:

OMaint () . g PULES ()
s s,Gas iks,Gas iks,Gas 0? Mai”t?fi ()
+(1-1T3,) [Pm — T = MO } TV (107)
OMPE}S () dMiks
1 _ Ts ‘t+1 _ t41 — O
+ ( t+1) oMk dr}k5 9%

Where the second term in equation ((107) is weakly negative, as shown in the

proof to Proposition 2. In particular, if such term is equal to zero at the optimal
level of Mi]fl, then the FOC in | does not have a unique solution for Mi’fl,
implying that the optimal value of Mfffl is pinned down by the constraint lefl —
M;* (1 — pi**) — IM;* < 0 and it is therefore constant in 7/%5% Instead, if the

second term in equation ({107 is strictly negative, then we can solve (107 with

szks K
respect to dTTS”Gl% and obtain::
t+1
aviky o) { Vel PrUt0)
deisl,Gas aMilisl 17Tts+1 8M%ks 2
. i i -1 9
s,Gas iks,Gas iks,Gas 82Mm”t§lj_sl(') 8MPE§T1()
+ |:Pt+1 - Tt+1 - Mct+1 ] 8Mi{€|—sl 2 - 8Milj_sl S O

(108)

8Maint§’fl(-) . . - .

where the first term —==— is strictly positive by assumption and the second
t+1
ity
thl_I::_sl,Gas

term is strictly negative, implying that <0.

Because the optimality condition for Mi’fl in (|106)) is unaffected by changes in tax
rates other than 7,75 and 6%, it is sufficient to consider the effect of the change

in these two tax variables. If the twelfth constraint is binding (¢#%., > 0), then

i o . . dMiks dMiks
M;’fl = 0 and the derivative of interest is simply y s = e = 0. If the the
Tei1 1t+1
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twelfth constraint is not binding (¢, , = 0), then the optimal level of M*% solves
equation (106) evaluated at ¢i,, = 0. In this case, AJ%¥S, = —A7* implies
that the equation (106 is unaffected by the introduction of the reform, therefore

the solution to the equation is also unchanged.

The optimality conditions for Relnj?** , PInj** and OInj®** for an oil&gas firm
with respect to oil field ¢ in period t write:

[ ICj*s (ReInjjk* Plnjiks

) iks s,Gas isk,Gas iks,Gas s
ORelnjiF* + 013" — (Pt - T — MGy )} (1-1¢)

iks OB{F* () iks _
+0u" premps + Ps =0 (109)

iks,Gas s iks OBIFs (.
- PP (1—Tt)+<i>4’§ 3pfnj§(kz:0

_IC{** (Relnj** PInjjh)
OPInjiks

O (L= T7) + 0l s = 0

plus ¢i¥* > 0 and Relnji** > 0. First, note that Ad*s = — A779* implies that the
FOC w.r.t. ReInji* is unaffected by the tax reform. Because the third condition is
always binding (see Step 3 of the proof to part (iv)), then it can be substituted into
the other two conditions, implying that the FOC w.r.t. PInjiks is also unaffected by
the tax reform. Lastly, we know that ¢ is unaffected by the tax reform from Step
4 of part (iv) of this proof. Thus, the optimal values of Relnji**, PInj**, OInji**,
and ¢ks given the optimal value of ¢, which is unaffected by the tax reform,
solve a system of four equations corresponding to four binding conditions (the
three equations in plus either ¢FF* = 0 or ReInjikS = 0) with four unknown.
Because all the equations are unaffected by the tax reform, the solution to the
system must be the same. In the same way, it is possible to show that the optimal
value of ReInS** and PInS** are both unaffected by the tax reform. Q.E.D.

Part (v). Proof. All prices are unaffected by the tax reform by part (iv), and the
tax reform does not directly affect the optimality conditions of any midstream firm
and any consumer in each period t. Thus, any individual demand function from
cither midstream firms (demand for GJ° and O*) or consumers (demand for yJ’
for b = 1,2, ..., B) evaluated at the equilibrium price collection P = {P;};°, must
deliver the same equilibrium demand levels under both scheme T* and T*. As a
consequence, each corresponding aggregate demand must also be unchanged under
scheme T* relative to scheme T* .

Part (v). Proof. Note that all midstream and downstream GHG emissions are
unchanged because the optimal choice of each midstream firm and each consumer
is unaffected by the tax reform. In the upstream level, however, the emissions in
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each period t change as follows:

AEmissions; = szsl ijl O kG2 AGasis + C T2 AFlarel*s
+CTVert (AlVent;™ + AUVent;*) (110)
+C [tk Rl AReInj; + CT™**Rens ARelns;)

Note that Zle Zfil AGas?* = 0. Thus, as long as the average carbon intensity
of gas extraction is the same, then S5 Zfil C TG AGasi** = 0. All the other
terms: AFlarel**| AlVent®* AUVent**) ARelnji**, ARelnsi** are weakly negative,
with AFlare!* strictly negative for at least one field i. Thus, AEmissions; < 0.
On the other hands, all the productive choices made by firms in countries other
than s are unaffected by the tax reform, implying that the emissions in such
countries are also unchanged; i.e., AEmissions; = 0 for all » # s. Lastly, these
two results together imply AEmissions; = Zle AFEmissions; < 0. Q.E.D.

Part (vi). Proof. First we show that firm’s profits are weakly larger unchanged
under T* relative to T*. Using the finding that the first constraint TF** (-) <
0 is always binding (see proof to part (iii)) and that II?** is linear in Z¥**, we
can define the function at Z** (Oﬂiks, Gasi** Flare** ReInS¥**, PInS**| M;’“) such
that TF* () = 0 at Z* = Zi**(-), and use it to re-define the profit function as:

I1iks (xiks;T%) = Ik (Oiliks, Gasi** Flare** Relnj**, PInji** PInSi*,

, : : ; . , 111
Zks (+) , ID}**, Mi**, IM{**, Olnj;™*, IVent}; T*) (111)
and note that for each x%* # 7% we get:
0Z%s () OTFE*(.) | OTF*s(.)
iks iks iks (112>
Oxj; Ox; 07y
This implies that the derivative of IT{** with respect to x* writes:
ﬁiks . Tks (. T Fiks (. T Fiks(
X3 Oxi® Oxi® oY/

for each x!y* # 7 Recall that the change in the tax deduction has formula:

Asiks = — A1 [typelts = Oil] (114)

for all i = 1,2, ..., I*, and

S

Agy = = A4 {Gas, "1 [typei® = Gas| + (NRF}™ — Maint, ) 1 [typef™* = 0il] }

(115)
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——iks
where the variable Gas, is defined as follows:

l - 'ls s
ks itk Z]I-:1 Gas| 1 [typej : Gas]
Gas, = (116)

(K*—1) <Z]I‘k:1 1 [typeils = GaSD

—— iks
and Maint, has formula:
ks Zl;ﬁk Zjl:l ReSVGaSZlS [typeﬂs Oil}
Maint, = (117)
(K*—1) Z 1 [typejks = Oil]

Thus, we can calculate the profit generated by such a bundle. First, note that the
linearity of the profit function in the tax rates on oil and gas implies:

ITiks (xiks; T*) = fgk’s (%ik5; T%) — Arp oil5; lzks o
— AT Gas, "+ ASIES 4 Asiks (ReIth + RelnS;"

(118)
, ks
where Adiks = — ArSGas (N RF#s — Main aint > for oil fields and 6iFs = — A7 Gas,
for gas-only fields.

(a) Profits - Oil Fields. Note that the introduction of the tax reform T* causes all

prices to be unchanged relative to T®. Consider the followmg choice vector: x

where X”“ = x¥* for all j except the following. Set Gast = Gasiks + Flarel*® —

iks

NRF*s 4 Ivent;ks — Maint*s (Mt )+ Maint®s (M{*), Flare, ~ = NRF#*, and

IVéntikS = 0 for all fields and leave all other choice variables (other than Z:*)

unchanged; i.e., Reinjiks = Relnji*s, ReinSikS = ReInS¥¢| etc. Note that choice

%/ lies within the domain of the function I1** and it is feasible given the

assumptions of upstream fields. Lastly, note that the FOCs of the firm’s problem

. 81:[%%5(,) _ 61:[%%5(') _ 81:[%1“(') iks iks
imply: G = BRI = Drvemit: whenever the constraints Flare,” —NREF;™ > 0,

IVent** > 0 are not binding. If any of the these two constraints is binding, then the

vector X;

change in the value of the corresponding variable is equal to zero at the margin.
Using these two result and the differentiablity of I1**, we can obtain a linear
approximation of II** (xi**, T*) for oil fields as follows:

ﬁ;‘ks (iiks Ts) ~ otIEk= ()
, ~

7 ks iks 8ﬁlks . iks iks
ikS,Ts <Gast - Gast ) - L ( ) (Flaret — NRFt )

0Gas} OFlareiks xiks T
- —;Ilj;kig}c)s IVenti** =
ATTiks (1) ~ ks o Eiks TS iks iks iks
= Bt | ke o [(Gast — Gas; > (Flare}®™ — NRF}* + IVent; )}

~ ﬂ;ks ( iks Ts)
(119)
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Thus, we found that for oil fields, the following linear approximation holds true:
ﬁiks (iiks’ Ts) ~ ﬁiks ( iks Ts) (120>

Using result 1} into 1) we obtain an approximation of fliks ( iks Ts) which

writes: " L
~ ,0il iks .G ~ tks
Hiks ( zks s) ATts i O 1 - ATts aSGaSt

= iks 121
—|—A5(’)’§s + Adiks <ReIth + ReInStk ) (121)

which for oil fields, given A7 = — A§iks and Aiks = — Ar G0 (NRF;I“ — Maint, ),
the formula above is equlvalent to:

Ik (ks T%) ~ s (s, T7) — ArsOlGH™
—ATtS’GaS [G:asi - M amtlks + Relnj tk + ReInSiks + NRFiks]
(122)
which using the fact that for oil fields GORikSOiliks = TotCasiks and ATtik‘s,Oil _
_ATts’GaSGORikS (1 — 19““8), the formula above rewrites as follows:

iks

~ . . ~ ~ . . —— iks . ~
I (s, ) = [0 (i, T%) + A S [Maint, — Mainti™ (M;™)] (123)

(b) Proﬁts - Gas-only fields. For gas-only fields we set G~asik Gas iks and
ReInS = RelnS{" — Gastk + Gasi**. Then, using the same method as in the

previous paragraph, it is possible to show that ITi*s (xiks, T*) ~ ITeks (xiks, T9)
holds true for gas-only fields. Second, for gas-only fields we have Oﬂ; =0 and

. —— ks ~ . -
Adiks = Ar#9%Gas, . Thus, the approximate value of ITis (xik=, T*) writes:
~ . ~ . ~ iks —— ks
T (&8, T%) = T (xf, T°) = A9 [Gas)” = Gas, | (1-T7)  (124)

_—— iks
where the formula for Gas, is provided in the previous paragraph.

(c) Profits - Aggregate. By optimality, because all prices are unchanged by the

introduction of the tax reform and the bundle {{X““} ._1} is feasible for firm
= i=1

k but it is not chosen, the present discounted value of all firms profits gener-

ated by {{X”“} } cannot fall short that obtained by the optimal bundle
=1)1=1

{ { vzks}‘ } given tax policy Ts. Therefore,
t=1

i=1
i26t Iszs ;ks’Ts iZﬁt Iszzs ~zks Ts) (125)
t=1 =1 t=1 =1

o8



Subtracting » .7, Zfil BT (xiF* T*) from both side of the inequality (125
we obtain:

o 1}: ﬁt 1[kas(VM$ jp) __fgks( iks qy)]
o 12 g [szs( iks Ts) Tiks (szs’Ts):|
Lastly, substltutmg and into , and denoting AH““ (Ts Ts) =
Hiks( ikS,TS) Hiks (xéks,Ts) we obtam
S S ATk (T0, T) >
s S geiAr SGaS{[]\mtt ~ Maint?*s (Mj;’“)] 1 [typeits = oil]  (127)
+ [Gast o Gvasiks} [typeik* = gas] } (1-1Ty)

(126)

That is, the change in the present discounted value of profits generated by oil fields
[ ——— ks . iks
profits is weakly larger than Y20°, 5=t A7 6 [Maintt — Mainti*s <M g ﬂ (1-17),

whereas the change in those generated by gas-only firms it is weakly larger than

— ik ~ ks ———— iks . - ks
SO, BT AT [Gasf5 — Gastk } (1 — T7). Because the Maint, —Maintis (Mtk )

— which can be either positive or negative — is typically very small in magnitude,
we can conclude that the effect of the tax reform on oil fields’ profits is negligible.
This finding rules out concerns regarding possible effects of the tax reform on the
extensive margin of oil production. Lastly, note that the profits of other oil&gas
fields (i.e., neither oil fields not gas-only fields) are unaffected by the tax reform, we
can sum up the the formula for oil&gas firm’s profits over all firms, to obtain that
the aggregate value of present-discounted profits for oil&gas firms, which write:

k ~ . ~ .
Yo Yy iy B [Hiks( iks T%) — IItks (XikS,TS)} >
D el Z B AT { [Maintt — Mainti*s (Mzk )] 1 [typeis = oil]
+ |:GCLSt ’ — GaSikS] [typelks — gCLS} } (1 - Tts)

(128)
Using the fact that the tax reform implies IVént;ks =0 and Fléreiks = NRF#* the
—— iks
formula for Maint, implies:
LS L Ks I* "
Z Z Maint, = Z Z Maint* (M ( ; S> (129)
k=1 i=1 k=1 i=1
——iks
and that the formula for Gas, implies:
Ks Tk ] Ks Tk
——iks v zks
Syt - Yy 130
k=1 i=1 k=1 i=1
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we can use the results (129)) and (130]) into (128)) to obtain:

oo Ik

Ks
Z Z Z/@t—l [ﬂiks (kféks’ Ts) o ﬁiks (Xiks’ TS)] >0 7 (131)

k=1 t=1 i=1
that is, the aggregate present discounted value of profits from oil&gas firms is

weakly larger under the tax reform T relative to T*.

(d) Tax Revenue - Oil Fields. Note that for oil fields:

TotCaSiks =(1- 19““) - [Gvasiks — Mainti*s (Mzks) + RevlnjikS + ReInS¥s + NRFf;ks]
(132)

First, note that because the aggregate present discounted value of profits is larger
under the tax reform T* relative to T®, then aggregate present discounted value
of tax revenue is also larger. Thus, for oil fields the change in tax revenue for the
government writes:

i T S — K*® Ik s,Gas
AT Rev*©1 (T3, T%) > DI DAD DR PITy
- iks ——— iks . ~ iks
[Tot(}austlc — Maint, + Mainti* (Mtk ﬂ +
ih G AGasiks 4 AT}O“(jﬂi’“} (1—1T7)1 [typelr = Oil]
' ' (133)
which using ATtiks’OilOvil;ks = ATtS’GaSTotVGaszks reduces to:

AT Reps0il (Ts, Ts) — Zzl 6t_1 Zszsl Zzlil {TZkS’GaSAGaSikS (1 _ Tts)
; - iks ———— iks
+ Arpoes [Maz'ntf;ks <Mtk > — Maint, }} (134)
(1 —1T7) 1 [typei* = Oil]

Using the fact that the tax reform implies I\/énti]CS =0 and Fléreiks = NRFikS, the
—— iks
formula for Maint, implies:

Ks Ik Ks Ik

—— iks ; ~ ks
SN Maint, =YY Maint* (Mtk ) (135)
k=1 i=1 k=1 i=1
Using ((135)) into (134]) the formula reduces to:
00 Ks Ik '
AT Rev™©" (T*, T%) = Z gt Z Z OGS AGasi (1 - T9) (1 - T9) 1 [typel™ = Oil]
t=1 k=1 i=1

(136)
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(e) Tax Revenue - Gas-only Fields. Note that for gas-only fields the change in tax
revenue for the government writes:

. . - iks  ——iks
AT ReyGas (TS,TS) — Ztoolﬁt_l K E]k [A s,Gas <Gastk _ Gast >
+Ttks GabAGaS;ks} (1 . Ts> 1 [typezks GCLS]

(137)
ks
The formula for Gas, implies:
Y G = 3 Y G (138)
k=1 i=1 k=1 i=1
Using (138) into the formula for ARevi"“* reduces to:
o0 K® Ik
ATRG’US’GaS (TS, Ts) _ Z /Bt_l Z Z thks GabAGaSzks (1 _ jvts) 1 [typeiks _ GCLS}
t=1 k=1 i=1
(139)
(f) Tax Revenue - Aggregate. Lastly, we can calculate the change in aggregate
revenue:
AT Rev® (T¢,T%) = AT Rev*O! (T*, T%) + AT Rev*Cs (T*, T?)

= Z;)il ﬁt—l ZKS zlkl tZkS GaSAG zks (1 . TS> 1 [typezks
+ tks GaSAG Siks (1 . Ts) 1 [typezks O’Ll}
s,Gas iks s
=Y B k::l Zi:l AG&Stk (1-1¢)=0
(140)
where the last equality follows from the fact that the aggregate natural gas supply
s k .
is unaffected by the policy, and therefore Zszl Zfil AGas** = 0, and that we
have assumed that prior to the reform all natural gas is taxed at the same rate
7_; Gas
Net Lifetime Income. The balanced budget assumption implies AlTax{ =
(9) g p p ;
—AT Rev;. The change in the aggregate lifetime income ALY® of the consumer in
country s is given by:

ALY* (T, T%) ZiZﬂt LA (T2, T) + AlTaz; (T9,7) | (141)

k=1 t=1 =1

Substituting the value of 310 3% Z | B LATTR (T*,T%) > 0 from ([127) and
of Y00, BT AT axs (TS,TS) = —ARev?® (TS,TS) from (|140)) into (|141]) we obtain:

ALY* (T°,T%) >0 (142)
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i.e., the consumer in country s enjoys weakly larger net lifetime income under tax
scheme T* relative to tax scheme T* in each period t. Q.E.D.

Part (vii). Proof. In order to calculate the change in utility we must calculate
the change in consumer’s consumption (see part (vi)) and in the utility loss due
to climate change. Note that because by part (v) of Proposition 3, global GHG
emissions are lower under the tax scheme T* relative to tax scheme T*® in every
period t = 1,2, ...; i.e., Emissions, < Emissions,, the law of motion of the excess
GHGs in the atmosphere:

— AEmissions; + ExcTCOqe41 — (1 = T') ExcTCOqey = 0 (143)

implies that ExcTCOqe; < ExcTCOqe,; in ecach period ¢t = 1,2, .... Moreover, we
have shown in part (iv) that ¢; = ¢} and that all prices and consumption taxes
are unaffected by the tax reform. Therefore, the consumer’s budget constraint
Cs + (pr +v§) ¢ — Yy < 0, which must be binding at the optimal consumer’s
choice, implies
SN (G - C) = D8 () = AL (1) 20 (1
t=1 t=1
Thus, we have shown that the present discounted value of general consumption C},
weakly larger under tax scheme T* relative to tax scheme T*. Lastly, because all
prices are unaffected by tax scheme T* relative to tax scheme T* in every period

t=1,2,..., then c] and C] are unaffected by the change in tax policy in country
r for all r # s. Thus,

C? +u® (&) — Ext x ExcTCOye, > CF +u® (c5) — Ext x ATCOqe ;  (145)

for all s =1,2,...,.9 in each period t = 1,2, ..., and therefore:

Zﬁt_l [CF +u® (€]) — Ext x ExcTCOsey) > Zﬁt_l [CF + v’ (cf) — Ext x ATCOsqe] ;
t=1 t=1

(146)
for all s = 1,2,...,5; i.e., the lifetime utility of a consumer in each country s is
strictly larger under tax scheme T* relative to tax scheme T®. Q.E.D.

2.2 Midstream

In this subsection we present the main theoretical result regarding refineries, which
is in sharp contrast with our findings concerning oil and gas firms (see Proposition
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1). In detail, Proposition 4 shows that a specific tax on flaring performed by
midstream firms (refineries) can effectively eliminate routine flaring in this part of
the industry without producing significant side effects.

; ; OMTF]*(F] OMTEF]®(MZ] . .
Let MC{*" (F]) = a;js( t)/ ahizgs D e the marginal cost of flaring and
t t

M Cfs’F represent the maximum value of MCY*" for firm j (see section 1.2).

Proposition 4. A specific linear taz on flaring at rate thS’F > MC’{S’F implies
F? =0 and no effect on O, GI°, y!® for all midstream firms j = 1,2, ..., J.

Proof. First, note that by assumption all midstream firms other than oil refineries
feature MCY*F (F") = 400, implying that for such firms the constraint F{™ >
RF}® and in turn, F/™ = RF/®. Second, refineries are defined as all midstream

is (19 . , L
firms such that % > 0, MCI*" (F{*) # 400, and % = 0 for
G7® < 0. Thus, using the FOCs of the midstream firms w.r.t. F/* and MZ/®, where

the latter is always binding because MZ/* € (—o0, +00), we get:

- MTF¥* (FI* MTF?® (MZ* .
_ths,F(l_iTts>_(1_jwts)8 4 (t)/8 6 ( t)

: : +py7 <0 (147
oF}* OMZ]® Vat (147)
whereas using the FOCs of the midstream firms w.r.t. O7° and MZ!* we get:

PR =Tp) = (1-1T7) +YHGOR™ <0

OMTEF}® (F)°) / OMTE]® (MZ]%)

907° OMZ]*
(148)
. . 5,0 (js\ _ OMTF®(0{°) | oMTF{*(MZ]*)
Let us define the marginal product of oil M P} (og ) = acz){s / > 13[ 27

Considering oil refineries which are active; i.e., they feature O{s > (), the condition
(148) rewrites:

(1= 17) [MP (OF) = PO"] = 43, GOR” (149)
and the condition (|147) rewrites:
. js,F 7s,F VE s 7
|:Tt + MCy (Ft )} (L=T7) + 1y <0 (150)

Combining conditions ((149)) and (150) we obtain:

Ppoil _ MPjS’O OjS
L - (0F) <0 (151)
GORj®

. ths,F o Mcftjs,F (Fis) .
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Thus, zero flaring is ensured if:

MPth’O (Ogs*) . PtOi]

js,F _ js,F
T > COR" MC?>" (0) (152)
whereas with zero flaring tax the FOCs imply:
MPjS’O Ojs** _ POi] ‘ A
t ( t ) t . MCgs,F (ng**) (153)

- GORjJs
However, the optimal quantity of oil with positive flare tax in (152) may differ
from the quantity with no flaring tax in (153]). In order to tackle this issue, let

jsMIns __ OMTF*(MIns]) [/ oMTF]*(Mz]*) . js,MInS .
= , , . ming that M i
us define M Cj M AL Assuming tha Cy S

constant, the FOC w.r.t. MInS/® writes:
(1= 1Tp) MCIM™ = 4 (154)

Substituting (154) into (149)) we obtain:
MPth,O (O_Z) — PtOil 4 MCijS,MInSGORjS (155)

which implies that O7** is independent of MCY*" (F/**) at given P!, Thus, we
p t t t t

get O* = O7**. As a consequence, combining inequalities (153) and (152), a
sufficient condition for inequality to hold is:

7 = MCPT (F) — MG (0) (156)

Lastly, because the marginal cost of flaring is weakly positive and increasing, a
sufficient condition for the inequality (156|) to hold true is:

75F > Mot (157)
which implies that if the flaring tax satisfies inequality the optimal amount
of flaring chosen by each refinery is F/** = 0. Lastly, note that the optimality
conditions for all other endogenous variables are unaffected by the introduction
of , implying that all optimal choices —except possibly MInS?* and MZ/® — are
unaffected by the policy reform, implying that aggregate net production choices
07%, GJ*,y!® are all unaffected. Q.E.D.

3 Identification

In order to quantify the aggregate reduction in GHG emissions caused by the im-
plementation of the tax reform proposed in the previous section we need to propose
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a method to identify and estimate the amount of (unobservable) intentional vent-
ing produced by of each oil&gas firm. Note that because all the empirical analysis
makes use of data from a single country (the US), for ease of notation in this
section we suppress the country superscript s.

3.1 Assumptions

For the purpose of identification, we need to impose additional restrictions to our
model. Specifically, we assume that

1. The expected regulatory cost of venting possesses a linear-quadratic function
of IVent! and Flarel; i.c.,

VEF x Pri¥ (ivent}t = 1| QF) = KEIVent(" + S 1Vent;* *
+rolVent (Flare]” — NRF}") + f&zM}" .
(158)

2. The marginal cost (including the specific tax on gas sales) of gas production
for oil fields MC/*9% 4 7729 can be decomposed as follows:

A~

MCik,Gas + Tik,Gas — MC k,Gas + ?ik,Gas + l/ik

t t = t
where /% is independent across fields normally distributed with zero mean
and standard deviation o,, potentially serially correlated, and such that

E [ng] =0.

3. We impose the following parametric restrictions regarding the effect of main-
tenance on capital on the level of unintentional venting and on firm’s costs:
%"ff” = kg and M PE}*, (M;’_“H) = k5+rgM*. Moreover, we assume that
the level of maintenance capital is strictly positive for all fields in our sample.
Given these assumptions, the formula for the optimal level of maintenance
capital writes:

ik k 1-T¢ 4 ik kg VEFks3
Mt - _H_Z + ,856(1t_Tt) - (1 - p ) + H_z l_tTt (159)

k.G k.G
28 [POm — kO pCjG]

4. We assume zero flaring fines; i.e., FE* = 0, and time-invariant T = T°,

Ttik’Gas = 7RG and VE* = VEF*. As a result, the formula for regulatory
costs writes:
RegCost* (IVentik, Flarel*, Mik) = const’™ + kIFIVenti* 4 %IVentik 2
+rolVent;” (Flare;® — NRF}") + 13 PSS + 0iF
(160)
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- . ~ . ik . .
where k3 = 532—2 const* = —534—%— (1 — p"k)+/§3—vf_;3 —K3 [T”“Gas + MC”‘“G%}
and vF = —k3vi

5. The marginal cost of flaring M C{*™* has linear formula:
MO (1 - T,) = mF + my (Flare] — NRF{F) (161)

6. We assume siF ~ mif. That is, the marginal expected cost of flaring and
intentional venting both evaluated at Flare!® = 0 and IVent?* = 0 are ap-
proximately equal to each other. For instance, it is plausible to assume that
for very low levels of flaring and intentional venting, the marginal expected
cost of both flaring and intentional venting is very close to zero. Moreover,
we assume m; > 0, k1 > 0, k1 > Ko and m; > kg to ensures that the costs are
convex and, in turn, that the supply substitution matrix is positive definite.
Note that the last two inequalities also imply that the own-price effects on the
supply of Flareik and IVent* are greater in magnitude than the cross-price

effects.

7. We assume a field-specific level of minimum routine flaring NRF#*, which is
allowed to depend upon the realization of the field’s marginal cost of gas pro-
duction; i.e., NRF¥* = ¢iF + ¢, <MC’Zk’GaS + TZ’“) Given this assumption, the
product of parameters m(; captures the extent of the co-movement between
the marginal cost of gas production and the marginal cost of flaring due, for
instance, to changes in electricity prices that affect both type of costs.

3.2 Identification: Structural Equations

We define the following variable:
OtherGas!* = TotGas* — Gasi* — Flare!* | (162)
which is observable by the econometrician because both TotGasi¥, Flare* and

Gasi® are. Using the formula for TotGasi*, the definition above implies:

OtherGas* = UVenti* 4 IVent* + Relnj* + RelnSi* (163)

In order to identify the key parameters of the structural model from equation ((163)),
one faces several issues, which are summarized below.
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1. The variable IVent;‘;k is not observed by the econometrician separately from
UVent®* and is censored at IVent’* = 0, because a field cannot run nega-
tive intentional venting. Thus, one cannot neither directly observe whether
[Vent, > 0 or not.

ik .
2. The realizations of '%1 which enter the formula for IVent* are not observed
separately from any shock that enters UVent?*. Thus, one cannot directly
identify IVentik separately from UVentf;k .

3. Note that the model implies a link between Flare’* > NRF¥* and IVent* >
0. Thus, one could, in principle, use the value of Flareik as a selection
tool to separate IVentik from UVentik . However, even if one could sepa-
rate TVent?* from UVent* using Flare!*, other identification issues may oc-
cur. In particular, note that the formulas for IVent?* and Flarel” imply
E [%k | Flare’* > NRF#*| # 0. Because % is part of IVent?*, any attempt
to use Flareik to quantify IVentik must account for the fact that the stochastic
component of IVent?* is not independent, of Flare.".

4. We do not observes the values of Relnji and ReInS!, UVent*. We only
observe (estimates of) GasInji = Relnj: + PInj. and GasInS; = RelnS! +
PInS..

In the next sections we propose a method to solve all these issues. Specifically,
sections 3.3 and 3.4 describe a two-step procedure to identify IVentik separately
from UVentf;k . In section 3.5 and 3.6 we illustrate the methodology adopted to
quantify Relnj! and RelnS!, respectively. Section 3.7 present the final empirical
equation derived in sections 3.3. 3.4, 3.5 and 3.6. Lastly section 3.8 describes a
procedure to identify the effect of a flaring tax, and section 3.9 provides a discussion
of the main assumptions underpinning identification.

3.3 Identification: Intentional Venting

Using the parametric restriction from section 3.1 and the optimality conditions
from section 2, we obtain the following formulas for the optimal levels of flaring
and intentional venting:

kik + kik (Flare?* — NRF* 1 T— ik Gas . .
0 2 ( ¢ t)+—[MC’k’G _}_Tzk_PtGas_i_Vzk]’O

R1 R1

[Vent* = max {—
(164)
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and

ik iR FIare ik  RFF 1 TrcCes
t

Flare!* = max {—
™ m

(165)

respectively. This section makes use of the assumption xi¥ ~ 7 to solve the first
identification problem stated in section 3.2. Specifically, this assumption implies
that if flaring is strictly positive, intentional venting is also strictly positive —
although the two quantities may obviously differ from each other. In other words,
observing a value for flaring Flare* > NRF* is sufficient to identify IVenti* > 0.

This result is summarized by the following proposition.

Proposition 5. If & = ni% and 7/%" = 0 then Flare!® > NRF* if and only if
IVent* > 0.

Proof. Step 1. Suppose Flareik > NRF?C and IVentik = 0. The formula for Flareik:

Tik _ PtGas + V;k:| 71\]];{];\?} 7

ik ik,Flare ik ik
] + [Vent i 1 ik,Gas ik,Gas ]
mwﬁzmm{1“+ﬁ P2 2T L NRFF 4+ = [ MOiRGs 4 kG —EMLNMW}
T T
(166)
implies that Flare!* > NRF¥ at IVent* = 0 only if:
MCtik,Gas + Ttik:,Gas . PtGas . 7Ték . Ttik:,Flare >0 (167)

From the formula of IVent*, at Flare!* > NRF¥* we get that IVent:* = 0 only if
the latent variable IVent!** is weakly negative, i.e.,

ik ik,Flare ik .
T <7T0 + Ty Kq N T — K,Z2k

| . . |
[Vent®* — PJOEG%—%ﬁ’&“—thS—W?

N2 1\ 2

K11 — (/#2’“) K1 — (/#2’“)
(168)

Because the second term of (168) is strictly positive by result (167)), IVent,’;k =0is

true only if:

i Rlare _ ik ik <) (169)

which for 7/%F1" = 0 implies
ik < ki (170)
which leads to a contradiction of the assumption ki = 7k, Thus, if i = 7,

then Flare!” > 0 — IVent* > 0.
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Step 2. Suppose Flare!* = NRF* and IVent?* > 0. From the formula of IVent*,
at Flare!® = NRF* we get:

. 1 ) . )
IVent!** = — | MO8 4 pjkGas _ pGas _ ik (171)
K1
where the term is square brackets must be strictly positive; i.e.,
MG 4 pikGas _ pGas _ ik ) (172)

The formula for Flare* implies that Flare!* = NRF* only if:

4 ﬂ_ik + Tik,Flare + /@ikIVentik ) 1 ) ) )
Flare;k* _ _"o t 2 t —{—NRF;k—F— [Mctlk:,Gas + thk,Gas . ]thas] < NRF;'IC
T ™
(173)
Substituting the formula for IVent?* and 7% = k* we obtain
g t 0 0
ik — ik 4 pikFlare K1 — K

ik,G ik,G i
— K - L — e [MC’t as +7—t as PtGas . I{Ok] S 0
T1R1 (/{2 ) T1R1 (/{2 )
(174)
because the second term of (174) is strictly positive by result (172), F lareik =

NRF* is true only if:

mik — ik g piFlare 5 (175)

which for 7% = 0 implies
Tk > ki (176)
which leads to a contradiction of the assumption s = wif. Thus, if k¥ = 7i¥,

then Flare!* > NRF¥* «— IVent’* > 0. Q.E.D.

3.3.1 Step 1: Selection Equation

Proposition 5 allows us to establish whether IVent?* > 0 or not simply using the
value of the observable variable Flareik, providing in turn an empirical tool to tackle
the identification problem number 1 in section 3.2. Moreover, this finding also
provides a route to tackle identification problem 2. Specifically, we can introduce
in the structural equation a dummy Flare!* > NRF* to separate the effect
of a given variable on IVent’* from the effect of the same variable on UVent*.
However, in order to quantify IVent we still need to tackle identification problem
3. We solve this problem using a two-step approach. Using the result in Proposition
5 we know that Flare!* > NRF#* «— IVent!* > 0. Thus, we can substitute the
formula for IVent’* into the formula for Flarel” to obtain:
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Flare!* = oiF 4- o PE* 4+ ni* (177)

where using NRF* = ¢iF 4 ¢ <M CRGes 4 Ttik’GaS> we obtain the parameters o,

a; and the stochastic component 7%, which have formulas:

ik __ K1—K2 ik,Gas —ik,Gas ik ik ik, Gas —ik,Gas
off = ey (IO ko — ) 4 @ 4 (MM 4 7
_ _ _Ki—k2
a1 = K11 —Ko>
ik _ K1—K2 ik
N = <m71’17/~c22 +<1 Vi

(178)
respectively. Note that the equation in resembles that of a standard censored
regression. Thus, it can be estimated using standard tools for censored data. In
particular, we use a version of the Tobit type I model that allows for serial corre-
lation on the ni*’s. Having estimated the parameters o, i using a consistent
estimator, we can calculate the residuals for each observation such that Flare!* > 0

as follows:
—~ ik ik ~ik ~ Gas
res, = Flare;” — &y — o P,
ik . ik __ K1—K2 ik i
where res,” represents an estimate of 7" = (m + (1) v;® for the cases in

which Flaurei]C . Conversely, when Flareik = (0 we do not possess a point estimate for
ni*. However, we can construct the expected value of 7* conditional on Flarel* = 0
using the normality assumption. Specifically, the conditional expectation of ni* has
formula:

. ¢ (o + P )oy)

E [n* | n* < —a* — a P"] = —5 : 179
[nt | Ny > 0 14 } TP (Oz%k + alptGaS/Un) ( )

Substituting o, «y, and o, with their estimators obtained from the censored

regression in ((177)) into the formula above, we can construct the estimator for n*
as follows: . ‘ A

est if Flarel* > NRF¥.
ﬁzk = ~ ¢<—ﬁ;ﬂ\eik/6n>
_UT] —ik
@(fFlaret /Un)
Thus, we can use this estimate in the main structural equation (163]) in order to

quantify TVent!* accounting for the fact that £ [ | Flare!* > NRFf;k] # 0. This
procedure is illustrated in the next subsection.

180
otherwise (180)
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3.3.2 Step 2: Formula for IVent!* Conditional on Flare!*

Using the result in Proposition 5, the formula for IVent* conditional on Flare* > 0

writes:
ik,Flare )
[Ventit — — 2Tt n T — k2 (M—Czk,Gas | FikGas _ Hik)_ T — K2 pCas TR ik
t K1 — Ky? 1K1 — Ko ) miky — k2! K11 — ko2 !
(181)
Thus, we can rewrite the formula for IVent!” as follows:
Went;® = 61" Di¥ + 6,55 D}* + 631" Di* (182)
where D is a dummy variable defined as follows:
ok {1l Flare!* > NRF* (183)
k 0 otherwise
and where the parameters 0, d,, d3 have formulas:
gk — _m=ks (RGO L ik Gas k) _ rgr, P F1re
T mKk1—ky2 0 1K1 —Fg>
0y = T (184)
-1
03 = —J;;ﬂéz (Cl + —Kf,rl;ﬁ,fz)z)

Lastly, note that ni* is not observable by the econometrician. However, from
section 3.3 we know that we can construct an estimate of n'*, with formula (180)),
which we can use in equation (182)). Note that this method allows us to tackle the

identification issue number 2 in section 3.2.

3.4 Identification: Unintentional Venting

Using the binding constraint for oil fields TotGas?* = GOR*Oil* and the opti-
mality condition for M in ((159) we get the formula for UVent*:
; ; 2 ik —ik,Gas ;
UVenti® = #fams 4 o (1 — pik) — (Ka) (M _ ™ _Fm,c;as>
A L) asy)
_% + ﬁZkGORZkOﬂ;k o %Pt(}as + %V;k + Eék

where E [el¥] = 0. Note that 1* is not observable by the econometrician. However,
from section 3.3 we know that we can construct an estimate of ni* = (% + C1> vik,
T1—Hy

with formula (180]), which we can use in equation (185]) by applying simple change
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. -1 .
of variable vj¥ = (M + §1> ni*. Thus, the formula for UVent* can be

/417r1—522
written as follows:

UVent® = §%F 4 §FOil* 4 65 PE> + §gnik + €l (186)

where the parameters possess the following formulas:

i K4K K i Ka)? ik T Ak,Gas —ik,Gas

(56’“: %—5—&+ﬁ4(1—pk)——(:6) (—VflT3—MC’ — 7ikG >

(Sik — ﬂikGORik

(5 - _(144)2 (187)
5 = 2 T B

b = (ol (e 4 )

The formula in (186 represents the second object of the structural equation we
aim to estimate.

3.5 Gas Injections

We assume that the cost of performing gas injections for firm ¢ has the following
functional form:

IG}* (Relnjy*, PInji*) = ai*Relnj}* + ai PInji* + A™ (Relnj}*, PInji*) ~ (188)

where A% : (—o0, —H)O)2 — R is a strictly convex, homogeneous of degree o?* > 0
real analytic function that satisfies A% (0, PInji*) + at* < 0 for all PInj;* > 0 and
A% (ReInji¥, 0) + aif + PP/ < 0 for all Relnji* > 0, where A denotes the first
derivative of A with respect to its jth argument. Using formula into the
FOCs of the oil firm problem w.r.t. Relnj*, PInji*, and OInj¥* we get:

alfeﬁjgk = — [A¥ (Relnji*, PInji*) + o] (1 — T;)
+ (=0l 0l + o) (1 - 0%) !+ o PEEE 1 o — 0
sohy = A% (Relnji®, Pnjf") +af + PP (1 - 1) 4 g3, 225 L0) — 0
% - —C§?(1—Tt)+¢it%£m =0
(189)

Note that the assumptions on A% implies that ReInjik > 0 if PInjik > 0, implying
in turn that the observable variable total gas injection GasInjik > 0 is sufficient
to establish that both ReInjik > 0 and PInji’c > 0 must hold true, and therefore

ik = (. Using the optimality condition of the oil firm’s problem w.r.t. Gas.":

as ik,Gas ik,Gas i i U ik 1
[P — 7t M| (1 T+ (o + 08+ o) (1-9%) ™ =0 (190)
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and recalling that the third condition is always binding (see proof to Proposition
3), the optimality conditions for any field such that GasInj?* > 0 become:

_ |:A7ik (ReIHjik, PIH‘]ik) + azlk} . <PtGas . Ttik,GaS . MC«;k,Gas) . Cél; -0 (191)
and
_ [Ag’“ (Relnji*, PInji*) + aif + PP;’“G“] _ ik = (192)
Combining the two conditions and using the homogeneity of A% we get:

pik -1 Plnj;* _ Cif — PR — gif 193
gk | T ik i,Gas ik,Gas ik,Gas ik ( )
Relnj, Cy — b7 + MG, +7 —ay

for some real analytic function h* with formula:

: Plnji* A (Relnj*, PInji*
pik 1 ( nJ?,k) _ A I J_?k) , (194)
Relnj; Atk (Relnj*, PInj;*)
where h** ~! is a function of %ﬁ because of the homogeneity of A%, and solves

for:

ik ik,Gas ik
Cik — PP — al
; ik,G k.G ;
CiF — PFas 4 MOP™ 4 725 — ik

Plnji* = pi* < ) Relnji* (195)

Using the formula for gas injections:

GasInj* = Relnj* + PInj* (196)
we obtain
) ) Czk _ PP’L'k,GaS _ aik )
GasInji = |1+ r* | — t ¢ 2 : Relnj’ 197
t (Czk N PtGas + Motzk,Gas + thk,Gas N a’lk t ( )

Lastly we use the formulas for PPj*%%:

Pptik,Gas _ HGas . O';k, (198)

where a;k captures the segmentation of the local natural gas market for injections,
and for Mctlk,Gas 4 thk,Gas:

MCZk‘,Gas + Ttik,Gas _ M_C{ik:GaS + ?ik,Gas + I/Zk (199)
into equation ((197)) to obtain:
Relnj" = SR™ (P, 1*) Gaslnj}* (200)
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where SR* (PP, %) is a real analytic function with formula:

ik k Gas
1+ Rik oy —ay — P,
ik,Gas . .
MC" —'Lk,Gas _ a'le + l/tZk _ PtGas

The formula in (200 show that, whenever GasInjff’ > 0, the use of own gas and

-1

SRzk: (PGas zk) — (201>

purchased gas for gas injection is regulated by a share SR* which is a function
of the gas price, the realized shock on the firm marginal cost and other non time-
variant variables. Because h'™* is a real analytic function, SRi* (P2, ) also is
also real analytic. Thus, it is twice differentiable. This property allows us to define

all the derivatives of SR™* evaluated at P& = ?S * vk = 7% as follows:

aj+kSRz’k (PtGaS> Vtzk)
SRJZ - Gas\J i\
9 (PF*)" 0 (v)

(202)

Gas_pCas ik __ ik
Pres=pP, "yt =}

Moreover, because SR is a real analytic function, the formula for Relnj* can be
written as a Taylor Series:

S HCas\T ki
Relnji* [ZZ ‘l‘ (tGaS—PtG ) (ytk—l/tk)l

Jj=0 j=0

CasInj* (203)

However, the formula above is not suitable for empirical purposes. Therefore, we
rely on an approximate a formula for Relnj®* using a .Jth-order Taylor approxima-
tion:

-4 SR as _ puUas J i 75t
Relnj* ~ [ijo S i (PG — P, > (vik — k) ] CasInji* (204)

Specifically, for practical purposes in our empirical analysis we use a first-order
(i.e., linear) Taylor approximation:

Relnji* (SR Gas — ﬁ§k> GasInj* + SRk P GasInj* + SR v GasInj*
(205)
Lastly, note that vi* is not observable by the econometrician. However, from

section 3.3 we know that we can construct an estimate of n/* = (ﬁ + (1> vik,

with formula (180]), which we can use in equation (205]) by applying simple change
-1

of variable viF = (ﬁ + Q) ni*. Thus, the approximate formula for Relnj:*

can be written as follows:
Relnj* = 6% GasInjé + 62 PE* x GasInji* + 6&n™ x GasInj* (206)

where the coefficients 62, 62, §iF are field-specific coefficients and in particular 6§ =
-1

SR ( —f—fz., | Cl) . Note that the coefficient in front of GasInji* always implies

R1T1—RKg
that Relnj’* is a share € (0,1) of GasInj* as long as GasInj* > 0, and Relnj* =0
whenever GasInjik = 0 then , as expected.
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3.6 In-Situ Use

We assume that the transformation function of field ¢ in period t satisfies the
following conditions:

OTFi (PSRl / OTr (7)) _ b + Bi¥ (RenS}, PInS;)] (1 - T3)

OReInS™ o7
and
OTFjf (PInS}*; RelnS}*) / 0T Fif (2 . o
’ (GPIntS““ : / aﬁtzg ) _ [bi¥ + Bif (RelnS:, PInSi)] (1 — T)
t t

where B* : (—o0, —1—00)2 — R is a strictly convex, homogeneous of degree ¢* > 0
real analytic function that satisfies B (0, PInS# ) + bk <0 for all PInS* > 0 and
BY¥ (RelnS{*,0) + bif + PP#Cs < for all ReInS¥* > 0, where BI* denotes the
first derivative of B with respect to its jth argument. Note that the assumptions
on B* implies that ReInS* > 0 if PInS* > 0, implying in turn that the observ-
able variable total gas injection GasInS¥* > 0 is sufficient to establish that both
ReInjf;k > 0 and PInjf;]C > 0 must hold true, and therefore ¢if = 0. Using formula
into the FOCs of the oil firm problem w.r.t. ReInS¥* and PInS¥*, we get:

o = ~ [B}* (RelnS}*, PIS}*) + bi*] (1 - 7))
‘ i i i ik\~1 iks
+ (=05 + o3 + 0C) (1= 0") " + 65" =0 (207)
e [B;k (ReInSi*, PInSi¥) + bif + P p;was] (1-T) =0

Combining the conditions above with the optimality condition of the firm’s problem
w.r.t. Gasl,

a‘C]'Z as ik,Gas ik,Gas i i i ik —1
St = [P A MO (L= T (ol + ol i) (1= 0%) 7 =
t
(208)
the optimality conditions for any field such that GasInS¥ > 0 become:
S = — [B* (ReInSi*, PInS*) + bi¥] (1 — Ty)
— [Poe — RO MCR] (1= T3) + 6 = 0 (209)
stk = = | BY (RIS}, PIS) + b + PP (1= T3) = 0
Using the formula for gas in-situ use:
GasInS* = ReInS# + PInSi* (210)
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and following the same procedure used in the previous section for gas injections,
we obtain the following results:

RelnS; = GasIn$; (211)

i ik,Gas
Vg WepRRe
bllk o MCtzk, as thk, as + PtGas

or some real analytic function ¢*. Lastly we use the formulas for PPtik’GaS:

ppikGas _ pGas _ ik (212)
and for MG 4 pikGas,
MCtik,Gas 1 thk ,Gas M—C’Lk ,Gas 4 FikGas | V;k (213)
into equation to obtain:
Relnj; = SI* (PP, yj*) Gaslnj; (214)
where

-1

SI* (PFs,u*) = (215)

" _bz‘k: PGas + ol
1+4°
bzk + Mcﬂk ,Gas —z’k:,Gas + Utik . PtGas

The formula in show that, whenever GasInSik > 0, the use of own gas and
purchased gas for in-situ use is regulated by a share SI?* which is a function of the
gas price, the realized shock on the firm marginal cost and other non time-variant
variables. Because g is a real analytic function, SIi* (PGaS v ) also is also real
analytic. Thus, it is twice differentiable. This property allows us to define all the
derivatives of SI** evaluated at P& = FtG * vk = 7% as follows:

otk g ik (PtGas7 Vtzk)

SIy = L
0 (PF=) 0 ()

(216)

Gas

Gas_ zk_fik
Pras=pPy =vy

Moreover, because ST is a real analytic function, the formula for ReInSik can be
written as a Taylor Series:

( CasInSi* (217)

RelnSi¥ = [ZZ T

Jj=0 j=0

. Jj ., . )
Gas Gas ik —ik\!
y s — Py ) (Vt -V )

However, the formula above is not suitable for empirical purposes. Therefore, we
rely on an approximate a formula for ReInSf;k using a Jth-order Taylor approxi-
mation:

. ik —Cas\J , . ) .
RelnSi* ~ {zjzo S Sj—l: <PtGaS Sy ) (vik — v;k)’] GasInS¥*  (218)
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Specifically, for practical purposes in our empirical analysis we use a first-order
(i.e., linear) Taylor approximation:

RelnSi* ~ (SIS’S tGas ?§k> GasInS* + S1 PS*GasInS* + SIky*CasInSi*

(219)
Lastly, note that ¥ is not observable by the econometrician. However, from

section 3.3 we know that we can construct an estimate of 5t = (Hl";l ’f + C1> vik,

with formula (180]), which we can use in equation (219)) by applying surnple change

of variable v//* = < k2 Cl> ni*. Thus, the approximate formula for ReInSi*

K1T1—Kqy

can be written as follows:
ReInS¥* = 6k GasInS! + 6% PF* x GasInS¥* 4 615n™* x GasInS* (220)
where the coefficients 6t 5k 5k are field-specific coefficients and in particular

~1 A
5;2 =9 [8If (M + Cl) . Note that the coefficient in front of GaSInS;k always

K1T1—K

implies that ReInS¥ is a share € (0,1) of GasInS¥* as long as GasInS¥* > 0, and
ReInS¥* = 0 whenever GasInS* = 0 then , as expected.

3.7 Identification: Main Equation

The formulas for IVentik, UVentik, ReInjik, ReInSik derived in the previous sections

write:
IVenti* = 0D + 6, PE* DiF + 53772’“11?’“
UVent* = 0 + OO + 65 PF™ + Gt +
Relnj* = 5@'kGas1nj;' 5tk PG % GasInji* + siFnit x Gaslnji’“

ReInS¥* = §ikCGasInS! 4 ik PS5 x GasInS¥* + 60 x GasInS*
Substitute the formulas above into the OtherGasi* equation:
OtherGas!" = IVent* + UVent* + Relnj* 4 ReInSi* (221)
to obtain the empirical structural equation:

OtherGas* = (56"/’ + 5ikD§k + (52PtGasDzk + (537]2"“1?2'"3 |
+OFOIlF 4- 55PGas + 56ngk + 6% Gaslnj:
+6iF PG x Gaslnji* + 6¥Fni* x GasInji* + §§gGa§Ins§
+6ik PGas 5 GasInS™ + 0%nik x GasInSi* 4 ¢k

(222)

which can be estimated using the estimates of 7ji¥ obtained from the residuals of the
flaring equation (first stage) as a new explanatory variable. Then, one can use the
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estimated parameters 62, 6% 6y, 65, 61 b5, b6, 0K 51k bik §ik ik §ik together with

ik
the regression residuals 7‘6521 to construct estimates of the quantities of interest,

specifically:
—ik A . ~ . A . .
IVent, = 0i*Di* 4+ 5, P D% 4 50tk Dik (223)
and " N
UVent, = 0% + §FOI* + §5 P + deii® + res2, (224)

3.8 Identifications of Bounds on the Effect of a Flaring Tax

Exploiting the relationship between the structural parameters and the empirical
equation in (222)), which is illustrated below:

ik s, <M—Cik,(}as L g ) Loy ( TGS ?ik>

5y = -

= i (G + i)

ik — YRGOR®

5y — 2 ) . . (225)
06 = % (ﬁ + Cl)

il — o (Wk ik ) BN ¥ roki

i T

= (J; 2+ <1)

we can use the estimated parameters to identify bounds on the structural objects
of interest. Moreover, for the purpose of this section we impose the following
additional assumptions: (i) d3 < 0, which can be easily tested by checking the

OF1 ONRFF
d 871,?261;9 < ouc® t—: ie., the effect of a

marginal increase in the marginal cost of natural gas productlon is either positive

sign of the estimated parameter 53, an

or negative but not too large in magnitude relative to the (negative) effect of a
marginal increase in the flaring tax on the amount of flaring performed by each
field 7. Note that the assumption stated in the previous sections also imply: a; < 0
and do < 0, which can also be tested by checking the sign of the corresponding
estimated parameters. Then we can use the parameters aq, 01, and d3 to identify
bounds on the derivative of interest, as illustrated in the remainder of this section.
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dIVentiF

3.8.1 Lower bound on 5T FTars
Tt

From the structural equation for IVent®* we know that the derivative of interest

has formula: N
OIVent; Ko "
: = 1 |Flare!® > 0 226
athk,Flare MK, — /ﬂ'/% |: are; ] ( )

Consider the ratio of parameters d, and d3. Using their structural equations in
(225)) we obtain:

62 ( K1 — R2
=G+ —= 227
63 K171 — KJ22 ( )
which solves for 5
K9 2 K1
— = =4 +— 228
K1 — K3 03 (Cl KT — /122> (228)
. OFlarelF* ONRF# .
Under the assumption aff’““t“e < BMC:k’tGaS it must be true that (; + mnfi@? >0,

which used in (228]) implies:
N2 02 (229)

T1R1 — Ii% - (53

ik
which can be combined with (226)) to obtain a lower bound for %, which
t

writes: "
OIVent!* _ & 4
Sl > 229 [Flarei* > 0] (230)
orFE = 5,

and note that the inequality in (230 implies that if g—i > 0, then % > 0,

t
i.e., a marginal increase in the flaring tax translate in a weakly larger amount of
intentional venting by field i.

In a similar way, we can use the model to derive another lower bound on the value
of the derivative of interest as follows. Note that the formulas for the structural

parameters in ({187]) imply:
05 R1 — R2
o . 231
66 (Cl + K171 — KJ22 ( )

Following the same argument illustrated in the previous paragraph and using the
previously stated assumptions on (j, equation ([231]) implies:

5 .
2 5_51 [Flarel* > 0] (232)

Tk — H% 6
Because both bound must be satisfied, we can combine them to obtain a single
tighter lower bound, which has formula:
61Ventik {52 55
ax . —,
03

—} 1 [Flare}" > 0] (233)
06

aTik,Flare —
t
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OFlarel*

3.8.2 Lower bound on 5 T FTars
Tt

From the structural equation for Flare!* we know that the derivative of interest

has formula:

OFlarel” K1 ik
ik Flare = T iR — 2 1 [F lare,” > O} (234)
¢

Consider the parameter ;. Using its structural equation in (225)) we obtain:

K1 K9
5 = 5 — Q1. (235)
K171 — Ry K171 — Ko
Given that 2 > (0, the equation above implies:
K/17T1—:“€2
K1
— < —« 236
K171 — 522 - ! ( )
which can be combined with (234 to obtain a lower bound for %, which
Tt
writes: "
OFlare; "
W Z Odl]_ [Flare; > O] (237)
¢
<9Flaurei’C

and note that the inequality in (237)) implies that if a; < 0, then <0, i.e.,

a marginal increase in the flaring tax translate in a weakly lower amount of flaring

1k,Flare
or
t

by field i, as expected.

9CO2eiF
87_ik,Flare
t

3.8.3 Lower bound on

The formula for a lower bound on overall effect of a marginal increase in the
flaring tax on field i’'s CO2-equivalent GHG emissions is given by equation of
the theory section of this appendix, and writes:

9C02e* _ dlVentk OFlarel
ik Flaie — ik Flaie ijent + ik Flatre C]Flare (238)
or,” or,” ar”

Using results (237) and (230) into (238) we obtain a lower bound for the overall

effect of a marginal increase in the flaring tax CO2-equivalent GHG emissions,

which writes:

) ik )
0002, (max {5—2 %} CIVe™ 4 achF‘are) 1 [Flare}* > 0] (239)

aTik,Flare —
t

which can be calculated using the estimates for a;, 9o, d3, 05, and dg obtained using
the method illustrated in section 3.7, and standard values for the carbon intensity
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of flaring and venting from the literature. In particular, the formula above implies

that % > 0 if the following inequality holds true:
1 52 55 C[Flare
- — > 240
Oélm X{53 66} - C[Vont ( )

For instance, if we use the standard conversion values from Brandt et al.| (2018),

namely CIF%¢ = 0.3018 TCO2¢/BOE and CIVe™ = 3.9583 T'CO2e/BOE, such
IFlarc

that & Gvemw = 0.07624, we get that the condition in 1} rewrites:

9CO2e}

ds 05 ’
— e > | 3:9583 max +0.3018a; | 1 [Flare)* > 0] (241)
8 2 are 53 56

and therefore that 8?,??;236 >0 if

1 da 05
o max {53 56} > 0.07624 (242)
which can be tested using the estimates for ay, 69, 03, d5, and dg obtained using
the method illustrated in section 3.7. Using our estimates for these parameters,
which we present in section 4, we find that the empirical value of the left-hand
side of inequality is 2.05687, meaning that the inequality is satisfied. In turn,
this finding represents compelling evidence that the introduction of a flaring tax
would increase rather than decrease the overall greenhouse gas emissions produced
by the oil&gas fields in our sample.

3.9 Identification: Discussion of Identifying Assumptions

The methodology for the identification of the key structural parameters of the
model illustrated in this section is based on three key assumptions. In this section
we describe these assumptions in depth and discuss the possible consequences of
relaxing each of them.

e Key Assumption 1: mif ~ xi¥. This assumption states that the marginal ex-
pected costs of flaring and intentional venting are approximately the same at
IVent’* = 0 and Flare!* = NRF*. This assumption is crucial for Proposition
5 to hold true, which states that TVent?* > 0 if and only if Flare!* > NRF*,
In turn, it ensures that we can use the dummy variable D¥* as a tool to
separate the effect of the natural gas price and the cost shock vi* on IVent*
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relative to the effect of the same variables on UVent*. We conjecture that
the expected marginal cost of intentional venting at IVent?* = 0 should be ex-
tremely close to zero, because the regulatory authority would not even start
an investigation for a possible voluntary leak of an extremely small amount of
natural gas, which means that the probability of a fine being issued remains
arbitrarily close to zero for low levels of IVentik. However, one may conjec-
ture that the marginal cost of flaring is non-zero even at Flare!* = NRF*,
because the cost of the routine maintenance of the flare stack may be roughly
proportional to the amount of flaring performed. If the expected marginal
cost of intentional venting evaluated at IVent:* = 0 and Flarel* = NRF* is
lower than the marginal cost of flaring at IVentf;k = 0 and Flare?lC = 0; i.e.,
7k > k¥ then we may have cases in which IVent’* > 0 and Flare!* = NRF*.
In such a case, we conjecture that this amount of intentional venting would
be incorrectly accounted as part of UVentik, causing the latter to be overes-
timated and IVent® to be underestimated. However, because the marginal
cost of flaring is deemed to be extremely small, we conjecture that such es-
timation bias, if it occurs at all in our sample, is likely to be very small
in magnitude. Lastly, because our proposed policy reform primarily targets
intentional venting, this potential bias should result in an underestimation
of the policy emission-reduction effects, which is consistent with our goal of
obtaining prudent estimates.

Key Assumptions 2 and 3: A™ (Relnj;", PInj;*) and B* (RelnS}*, PInS}")
are homogeneous functions. These two assumptions ensure that the formu-
las for Relnj;* and RelnS{* write Relnj* = SR™* (P %) Gaslnj;" and
RelnS¥* = ST* (PtGaS, I/Zk) GasInS¥*, respectively. This is crucial for iden-
tification because it implies that ReInj?IC and ReInS?’C equal zero whenever
GasInjik =0 and GasInSik = 0, respectively. This ensures that the field fixed
effect 6% in the structural equation can be entirely attributed to UVent!,
which is therefore separately identified from Relnj* and ReInS¥*. Moreover,
it also implies that Relnji* and ReInS!* may be functions of P& and v{*, but
only with a functional form that is non-additive in GasInj* and GasInS¥*,
respectively. As a consequence, this assumption allows one to identify the
effect of PG and /¥ on Relnj?* and ReInS{* separately from the effect of
the same variables on UVent:*. We cannot exclude that the second implica-
tion may fail to hold true in our analysis. We conjecture that relaxing either
of these assumptions (or both), may cause part of the effect of P& and
V¥ to be attributed to GasInj’* and GasInS¥* instead of UVent*. However,
given that the effect of P on all those variables should be negative given
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the assumptions of our model and is empirically larger in magnitude relative
to the effect of v*, we also conjecture that a potential misspecification of
the function A%and B may lead to an underestimation of UVent* and, in
turn, of the emission-reduction effects of our proposd tax reform. This is,
once again, consistent with our goal of obtaining prudent estimates.

Thus, the key take-home from this analysis of the key identifying assumption of this
empirical model is that the estimates of [Vent* and UVenti* obtained under these
assumptions are likely to represent lower bounds for the quantities of interest in the
case in which some of these assumptions do not hold true. Similarly, the estimated
emission-reduction effects of the proposed tax reform should be interpreted as a
lower bound.

4 Economic & Environmental Consequences

To compute the economic and environmental effects of the tax package, we use
the Rystadt Shale Well Database Rystad Energy| (n.d.). The Rystadt Shale Well
Database assigns to every well a unique ID. The latter identifies one, and only
one, onshore oilfield. Aggregating them, we obtain information about 1,464 oil
& gas fields over a sixteen years interval (2005-2020). The combination of the
cross-sectional and of the temporal dimension creates a micro-panel (cross-sectional
dimension > time dimension; 1,464 > 16), made out of 18,909 data points[r].

Out of 1,464 oil & gas fields, Rystadt classifies 1,091 as oilfields and 373 as gas
fields. Among the oilfields, 325 (i.e. 29.79% of the sample) extract “conventional”
oil by recovering high viscosity liquids from permeable rocks (Light & Medium).
The remaining oilfields (i.e. 51.6% of the sample) produce “unconventional” oil
either extracting low viscosity liquids from permeable rocks (Heavy & Extra Heavy,
32 oilfields) or extracting high viscosity liquids from impermeable rocks (Shale &
Tight, 531 oilfields). Finally, 209 oilfields (i.e. 19.16% of the sample) are hard to
classify since Rystad does not directly label these formations and we do not have
information about the API gravity and/or the lithology of the rocks. Therefore,
we generate a fourth category (Other), which incorporates oilfields with little or
no information about the API gravity of the oil and/or the lithology of the rocks
containing it. Out of 373 fields, which predominantly produce gas, 330 (i.e. 88.47%

"The panel in unbalanced. A balanced panel would have had 1,464 - 16 = 23,424 data points.
The unbalanced nature of the sample emerges because 692 fields are observed in every period,
while the rest (784) either star or end their production during the studied period.
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of the sample) extract raw methane from low permeability rocks (Shale & Tight
gas fields) and 43 (i.e. 11.94% of the sample) from coal beds (Coalbed Methane).

Among oilfields, the output composition differs across categories. Shale & Tight
formations are the main oil producers. They extract circa half of the oil (43.2%,
yearly average 2.55 million barrels per day BBL/Day) and one fourth of the total
natural gas (26.40%, yearly average 1.45 million barrels of oil equivalent BOE/-
Day). Light & Medium formations are responsible for a comparable quantity of
production (38.10%, yearly average 1.29 million BBL/Day). Other formations
are the third most important oil producers. They extract circa 10% of the total
production (9.94%, yearly average 0.38 million BBL/Day) and almost 20% of the
natural gas production (19.50%, yearly average 0.93 million BOE/Day). Finally,
Heavy & Extra Heavy formations are the least important oil producers. They ex-
tract less than one tenth of the oil (8.78%, yearly average 0.31 million BBL/Day)
and they virtually do not extract natural gas (0.48%, yearly average 0.02 million
BOE/Day). Table [2 presents the summary statistics for the different types of oil
producers.

Table 2: Oil & Gas Production

Oil (BBL/Day) Total Natural Gas (BOE/Day)

Mean  Median SD Min Max Mean  Median SD Min Max

Light & Medium 4371 394 18077 0 371643 8342 509 70088 0 1301162
Heavy & Extra Heavy — 9798 5117 14188 0 90354 669 176 1395 0 10286
Shale & Tight 6283 1349 13800 0 162382 3569 850 7622 0 93413
Other Oil 2389 46 7213 0 96023 5785 339 15797 0 123664

Most of the output is concentrated in few regions, which contain only one type of
oil. The largest fraction of the oil is extracted from the Permian basin (located
between Texas and New Mexico), and the Bakken basin (located in west North
Dakota). Both basins contain Shale & Tight deposits. Figure [2| shows the 2019

production[?]

12 Alaska’s production is not displayed in the map but available upon request.
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Figure 2: The 2019 Oil & Gas production in the United States. The colors of the
dots reflect the composition of the outcome (Oil o, Gas e). The size of the dots
reflects the aggregate volume of production.

4.1 First Step Estimation

The first step of the estimation process involves running a panel Tobit model,

ik Gas ik i ik ik Gas ik
A alt + o PP 4 if > —af — a1 P7* + NRF
Flarezk _ { 0 117 My My 0 117 £ (243)

otherwise

where the dependent variable, subject to left-censoring, represents flaring. The
censoring occurs every time routine flaring is bigger than zero. Routine flaring
denotes the proportion of total flaring that can be mitigated through managerial
adjustments. In other words, it is the share of flaring not attributed to safety or
maintenance concerns, which is instead categorized as non-routine flaring.

In order to divide routine from non-routine flaring, we study the flaring behaviour
of producers who have the incentive to minimize their flaring behaviour, namely
natural gas fields. These formations have as their primary source of income rev-
enues obtained from selling natural gas. Therefore, they can be used to construct
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a benchmark in terms of minimum amount of flaring, which cannot be avoided.
Table [3|presents the summary statistics for different types of natural gas producers.

Table 3: Flaring among Natural Gas Producers (BOE/Day)

Mean  Median SD Min Max

Coalbed Methane  11.28 1.61 27.77 0.00 202.66
Shale & Tight 56.10 5.20 169.88  0.00 1495.70

The median natural gas field has a flaring ratio, Flare!* /TotGasi*, of 0.05%, see
Figure Eﬂ We use this quantity to identify the minimum amount of flaring neces-
sary to guarantee the safety and the orderly maintenance of production. In other
words, we assume that it is not possible for oilfields to flare less than 0.05% of all
the extracted natural gas without incurring into technical problemﬂ. Therefore,
we define non-routine flaring,

Flare}* ik Flare}” j j
. mdn (=) - TotGas)®  if mdn (- =tz ) - TotGas)® < Flare;*
NRF* — TotGas TotGas t
t = : .
Flarel* otherwise .

Combining this definition with a selection procedure on the original dataset, we
can construct the selection rule of equation (243). First, we drop all the natural
gas fields reducing the dataset from 18,909 to 14,267 data points. Then, we check
that all the remaining oilfields are consistent with the definition of an oilfield
given by the Energy Information Administration (EIA). In other words, we check
that each oilfield contained in the dataset has a gas-oil ratio smaller than 100,000
standardized cubic feet of natural gas per BBL. This second step reduces the
dataset to 11,993 data points because there are 287 fields (mostly classified as Other
Oil), which Rystad labels as oilfields, that do not respect the EIA definition. Then,
we drop all the observations for which Flarei”C is an NA. This third step reduces
the size of the dataset from 11,993 to 5,539 data points (i.e. 38.82% of the original
sample). After this last step, we can construct the dependent variable of equation

13Note that the average flaring ratio is bigger (0.44%) due to few outliers among Shale & Tight
gas fields.

MWhile this assumption allows us to construct the reference case, its impact on the economic
and environmental consequences of the policy are negligible. We study what happens with
increasingly bigger thresholds and the results are virtually unchanged. All the results are available
upon request.
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Figure 3: The empirical density function of the flaring rate for natural gas fields.
The colors define the two types of formation (Coalbed Methane, Shale & Tight
Gas). The blue dotted line indicates the median of their flaring rate (i.e. the
fraction of natural gas that they flare divided by the total quantity of natural
gas that they extract.). What is left-hand side of the vertical line is considered
non-routine flaring.

(243]),

_ » | Flaref" —NRF}* if Flare}* — NRF{* >0
RoutineFlare;” = 0

otherwise ,

for all the oilfields for which we have information about flaring. Given the two
previous definitions, we can compare non-routine with routine flaring. According
to our calculation, on average a Light & Medium deposit non-routinely flares 2.36
BOE/Day and routinely flares 24.70 BOE/Day. In other words, routine flaring is
more than ten times bigger than non-routine one. The same is true if the medians
are compare. Both of which are significantly smaller due to the presence of few
outliers, which flare up to 827.6 BOE/Day, see Figure . All these proportion
are similar for Heavy & Extra Heavy and Other Oil, with Other Oil having a
particularly fat right tail, see Table [4]

Having defined routine and non-routine flaring, we can run model (243 using
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Figure 4: The empirical density function of the routine flaring for oilfields. The
colors define the four types of formation (Heavy & Extra Heavy, Light & Medium,
Other Oil, and Shale & Tight). The shape of the density is the one of a left
censored variable.

Table 4: Summary Statistics Non-Routine vs Routine Flaring

Non-Routine Flaring (BOE/Day) Routine Flaring (BOE/Day)

Mean Median  SD Min Max Mean  Median SD Min Max

Light & Medium 2.36 0.53 8.99 0.00 129.50  24.70 3.80 64.87  0.00  698.10
Heavy & Extra Heavy  0.20 0.09 0.24  0.00 0.66 4.30 1.75 6.24 0.00 25.65

Shale & Tight 2.38 0.81 422 0.00 40.95 237.00 44.00 558.67  0.00  9656.00
Other Oil 3.23 0.37 797 0.00 50.81 73.60 8.30 214.50  0.00  2433.90

the Henry Hub spot price PS8, measured in (United States) Dollars/BOE. The
model requires the estimation of a field-specific coefficient o, which measures
the unobserved intrinsic characteristics that lead a field to flare, and a population
coefficient o, which measures the sensitivity of flaring to a change in the price of
natural gas. To estimate these two parameters, along with the residuals, we cannot
use the within transformation since the fixed-effects panel estimation is affected by
the incidental parameters problem[™| Lancaster| (2000); [Neyman and Scott| (1948).

I5Note that, even if the magnitude of the coefficients could be estimated consistently with 7'
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Therefore, we assume that the individual effects are independent from the Henry
Hub spot price and estimate the parameters consistently using a random effect
model. In particular, we assume o YN (0,1), and maximize the likelihood,

ﬁik:/oo ﬁ & —aik — a, PG\ 1P i(b Flarel — aif — o, PG\ 124" ,
—00 0'17 0'17 JT]

t=1

to estimates the five parameters of interest (o, a, Tqis O), Where D is a dummy
variable, which takes value equal to one if the field is doing routine flaring and zero
otherwise, and o, is the standard deviation of the error term 7. We set as initial
values of the optimization (¥ = 0,a; = 0) and 0ok as the standard deviation
of the (column) mean of Flare* (i.e. the standard deviation of the mean of flare
across oilfields), and o, = sd(Flare[*). Using the nlminb package, we obtain an
unconstrained optimization using a quasi-Newton method optimizer running the
FORTRAN PORT library. The likelihood converges after 18 iterations (value of
35,141). The resulting 7 has the empirical density function shown in Figure .

The empirical density of 7 is in line with what the theoretical model predicts. ni*
represents the non-visible part of the marginal costs of producing natural gas. If
routine flaring is bigger than zero, it means that the oilfield faces ‘high’ marginal
costs of gas production. Therefore, the distribution of ¥ must be centered around
positive numbers. Table [5| breaks the results for the different types of formations.

Table 5: Summary Statistics ﬁik

Routine Flaring ; 0 (BOE/Day) Routine Flaring = 0 (BOE/Day)
Mean  Median SD Min Max Mean Median SD Min Max
Light & Medium 63.70 45.30 82.87 -262.20 526.40 -254.00  -280.00 90.04 -568.00 -80.00
Heavy & Extra Heavy — 17.10 6.65 20.84 -0.32 76.64 NA NA NA NA NA
Shale & Tight 57.00 7.00 431.66  -1785.00 7746.00 -326.00 -322.00 146.77 -1894.00 -107.00
Other Oil 58.10 14.50 107.06 -94.10 451.00 -264.00  -265.00 98.13 -460.00 -119.00

According to our estimates, when routine flaring is positive, 7i* is negative for the
first three deciles of its distribution, but then shifts to positive with a median ex-
pected value of 15 BOE /Day and an average of 58 BOE/Day. When we break down
these results across different types of oil formations, they remain consistent with
the theoretical model. All four formation types show a positive mean, with Light
& Medium, Shale & Tight, and Other Oil formations displaying similar values

small (in our case 16) using special maximization routines as the ones described in |Greene| (2001))
and (Webel (2011)). Their variance would still be inconsistent [Henningsen! (2010)).
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Figure 5: The empirical density function of the estimated unobserved part of
natural gas marginal production costs for oilfields with positive routine flaring.
For all four types of formation the expected value of 7i* is positive. The maxima
are on average four times bigger than the minima highlighting a positive skewness
of the distribution as suggested by the theoretical model.

around 60 BOE/Day, while Heavy & Extra Heavy formations show a significantly
lower mean of 17.10 BOE/Day. This is not surprising since the natural gas content
of heavy deposits is minimal. Similarly, all medians are positive, and the spread
between the minimum and maximum values suggests a right-skewed distribution.

In contrast, the magnitude of %i* when RoutineFlareik = 0 is negative by con-

39150 &(—Flaret’* /391.50)
"% @(—Flaretik /391.50)
estimated at -1.74, indicating that for every 1 $ increase in the price of natural gas

(in Dollar/BOE), flaring at the oilfield declines by 1.74 BOE/Day.

struction, amounting to . Lastly, the fixed coefficient &; is
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4.2 Second Step Estimation

The second step of the estimation process involves running a panel linear model,

OtherGas;® =0¢° + 6 D;* + 6, P D}* + 650" D} + 6,011 + 655 + 867"+
+ 6;GasInj¥ 4 63 PE*GasInj™* + §gni*GasInji*+-
+ 010GasInS! + 61 Pt%‘s(}asInSf;]’C + 512ﬁikGasInSik + eik , (244)

where the dependent variable represents the quantity of extracted gas that is not
sold or flared, as defined in equation , measured in BOE/Day. In other words,
the dependent variable equals the quantity of natural gas vented intentionally
and unintentionally, plus the quantity (re-)injection, plus the quantity used onsite
to generate heat or electricity, as described in equation . Di* is a dummy
variable, which takes value equal to one if the field is doing routine flaring and
zero otherwise, P& is the price of natural gas, as defined in section , while 7i¥
are the residuals obtained in the first step regression. Finally, all the other terms
control for the volumes of natural gas injected or used in situ. §i* is an unobserved
field specific effect, which might correlate with the other parameters as well as with
the other explanatory variables. All the other are fixed coefficients. Finally, € is
an error term normally distributed with mean zero and finite variance.

Table 6: Other Gas among Oil Producers (BOE/Day)

Mean  Median SD Min Max

Light & Medium 238.00 30.00 851.25 -60.00  8555.00
Heavy & Extra Heavy 1.29 0.40 1.53 0.00 4.30

Shale & Tight 204.00 38.00 473.17  -1.00  5925.00
Other Oil 171.20 33.40 276.55 0.00 1269.50

The dependent variable has an expected value of 210 BOE/Day and a median
of 34 BOE/Day. The mean is significantly larger than the median due to a few
outliers, particularly in the Light & Medium and Shale & Tight formations, which
produce up to 8,555 and 5,925 BOE/Day, respectively, that are neither sold nor
flared. Additionally, the standard deviation is notably higher for Light & Medium
formations compared to other types of oil. According to a covariate-augmented
Dickey-Fuller test with one and two lags (p-value = 0.01), the dependent variable
is stationary. This allows us to run equation in levels without encountering
issues related to non-stationarity. We run three standard linear panel regressions:
pooled ordinary least squares (OLS), a random effects model assuming that §i* is

normally distributed with homoskedastic variance §i* P (0, ago) and independent
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of the regressors, and a fixed effects model. To check for autocorrelation among the
estimated residuals €i*, we perform three Breusch-Godfrey tests for panel models,
all of which indicate the presence of autocorrelation. Additionally, an F-test for
cross-sectional and time effects suggeste the presence of fixed effects in the model.
Finally, we run a Hausman test to differentiate between the random and fixed
effects models, and the results rejected the random effects model. These findings
collectively suggest that: 1) the error terms may be autocorrelated, 2) the variance
of the residuals is heteroskedastic across the cross-sectional dimension, 3) the panel
structure of the dataset matters, and 4) the unobserved individual effects are likely
correlated with the explanatory variables.

Therefore, we run equation using a feasible generalized least squared model,
which included field-level fixed effects. This method uses a two-step estimation
process. In the first step an ordinary least square estimation is done on equation
(244) using the fixed effect option. Then, the resulting residuals é* are used to
estimate an error covariance matrix to be used in a feasible generalized least square
analysis. In this way, the error covariance structure inside each oilfield is fully un-
restricted and is therefore robust against any type of intra-group heteroskedasticity
and serial correlationﬁ. Table [7| reports the results of the within estimation of the
feasible generalized least squared model'"]

Variables Estimate  Std. Error z-Value Pr(> |z|)
Dummy 103.63*** 7.41 14.00 0.00
Spot Price - Dummy -2.37%** 0.10 -22.60 0.00
First Stage Residual - Dummy  0.19%%* 0.02 11.10 0.00
Oil 0.01*** 0.00 49.90 0.00
Lag Future Price -0.68%** 0.05 -12.50 0.00
First Stage Residual -0.19%** 0.02 -11.00 0.00
Residual standard error: VMSE = 0.32 on 4770 df
Adjusted R-Squared: 0.68

Table 7: GLS Regression Results to quantify Venting in Flaring Oilfields

6Note that this method requires the estimation of T(T +1)/2 variance parameters. Therefore,
for an individual fixed effect efficiency requires N >> T'. This requirement is respected since the
dataset has a cross-sectional dimension of 556 oilfields and a time dimension of 16 years.

170nly the coefficients relevant for intentional and unintentional venting are reported. The
remaining ones, which are second-order Taylor approximations of the (re-)injection and in situ
functions do not have a direct interpretation. Their sign and magnitude is only relevant to net
out these two options and do not over-estimate the impact of the policy reform.
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The first three coefficients, denoted as (91, d2, d3), measure the extent of intentional
venting in flaring oilfields. The coefficient oy is positive, with an estimated value
of 103.66 BOE/Day, indicating the maximum amount of gas a flaring oilfield is
willing to intentionally vent when the expected natural gas price is zero. This
value represents an upper limit for intentional venting, assuming the oilfield is
flaring and faces marginal costs for selling natural gas that align with its uncondi-
tional expectations. From this upper bound, intentional venting decreases by 2.37
BOE/Day for each one Dollar/BOE increase in the natural gas price, as reflected
by the coefficient b, = —2.37 BOE2 /Dollar, conditional on flaring being greater
than zero. Additionally, 53, estimated at 0.19, suggests that for every one BOE
increase in flaring at constant prices, intentional venting rises by 0.19 BOE/Day,
again conditional on flaring being greater than zero.

The second set of three coefficients, denoted as (d4, 5, Jg), characterizes the mag-
nitude of unintentional venting in both flaring and non-flaring oilfields. The coeffi-
cient 0y is positive, with an estimated value of 0.01, suggesting that, all else being
equal, higher oil production leads to an increase in unintentional venting. The
coefficient 45 is negative, with an estimated value of 0.68 BOE? /Dollar, indicating
that the level of maintenance of natural gas equipment increases as the price of
natural gas rises. It is interesting to notice that the magnitude of this effect is
smaller of the ones obtained by an increase in natural gas prices for flaring (-1.75
BOE/Day), and for intentional venting (-2.37 BOE/Day ), suggesting that mainte-
nance plays a smaller indirect role in shaping the responsiveness of GHG emissions
to a change in natural gas prices. Finally, d6 is negative, signifying that lower
expected future gas production costs incentivize increased maintenance today in
preparation for more efficient future operations. The statistical significance of this
last coefficient indirectly demonstrates that a joint taxation of flaring and venting
would be ineffective, as oilfields under this framework would reduce maintenance

activities.
Table 8: Summary Statistics of Estimated Venting
IVent!* (BOE/Day) UVenti* (BOE/Day)

Mean  Median SD Min Max Mean  Median SD Min Max
Light & Medium 43.00 5200 3548 0.00 15000 170.00  0.00  646.75 0.00  4500.00
Heavy & Extra Heavy ~ 64.00  67.00 840 46.00 7800  0.00 0.00 000 000  0.00
Shale & Tight 69.00  62.00 7618 000 1500.00 36.00 0.0 27455 0.00 1900.00
Other Oil 4400 5100 37.36  0.00 15000 3600  0.00  90.72 0.00  370.00
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4.3 Policy Outcome

The resulting intentional venting and unintentional venting estimates offer a clear
contrast in the scale and distribution of gas venting across different types of oil
formations. For intentional venting, Shale & Tight formations exhibit the highest
mean venting rate at 69 BOE/Day, with significant variability, as indicated by a
high standard deviation of 76.18 BOE/Day. This suggests that intentional venting
practices in these formations are more inconsistent, with some fields experiencing
substantially higher venting rates. In contrast, Heavy & Extra Heavy oil formations
show more uniform behavior, with a mean of 64 BOE/Day and a relatively low
standard deviation of 8.40 BOE/Day. Light & Medium and Other Oil formations
have similar mean venting rates, around 43-44 BOE/Day, but Light & Medium
fields demonstrate a slightly higher spread in values, suggesting more variation in
venting practices. For unintentional venting, the results are more varied. Light &
Medium formations exhibit the highest mean UVent rate at 170 BOE/Day, driven
by a few extreme outliers, as reflected in the large standard deviation of 646.75
BOE/Day. Shale & Tight formations also show notable unintentional venting,
with a mean of 36 BOE/Day and a significant standard deviation, again suggest-
ing variability across fields. Notably, Heavy & Extra Heavy formations show no
unintentional venting, possibly due to the inherent characteristics of the formation
(i.e. extremely low gas-oil ratio). Similarly, Other Oil formations have low UVent
values, with a mean of 36 BOE/Day and less variation compared to other types.
Overall, our estimates reveal that intentional venting tends to be higher and more
consistent in Shale & Tight formations, while unintentional venting is more pro-
nounced in Light & Medium formations, likely driven by equipment degradation
and operational practices.

Economic Outcome By averaging across the time dimension to create a cross-
sectional dataset, we can evaluate the average economic performance of the 556
observed oilfields over the study period. This approach allows us to compare the
energy wasted vs the energy recovered by the policy. Summing the energy lost
through non-routine flaring, routine flaring, intentional venting, and unintentional
venting, and then dividing this total by the sum of oil and natural gas extracted,
we find that, on average, 2.78% of all energy is wasted (4.44% of oil energy and
7.09% of natural gas energy). This equates to an aggregate average waste of 0.19
million BOE/Day, with an average waste of 350 BOE/Day and a median waste
of 140 BOE/Day. As in previous analyses, the mean is significantly skewed by
a small number of outliers. If 100% of routine flaring and intentional venting
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would have been saved by implementing the reform in it most ambitious version,
on average 1.09% of all the extracted energy would have been wasted (1.74% of
oil energy and 2.92% of natural gas energy). This equates to an aggregate average
waste of 0.08 million BOE/Day, with an average waste of 139 BOE/Day and a
median one of 18 BOE/Day. In other words, for an average natural gas price
of 21.07 Dollars/BOE the average waste would decline from 7,374 Dollars/Day
to 2,929 Dollars/Day (the median waste would shift from 2,950 Dollars/Day to
379.3 Dollars/Day). The savings are not equally divided from routine flaring and
intentional venting. The former account for a total of 0.0860 million BOE/Day
and 0.0334 million BOE/Day of intentional venting. The part of unrecovered waste
is in minimal part due to non-routine flaring, which amounts to a total of 0.0012
million BOE/Day and 0.0759 million of BOE/Day of unintentional venting.

Table 9: Delta in Oil and Natural Gas Tax for different Methane Savings Scenarios

0il Tax ($/BBL) | Natural Gas Tax ($/BOE)
Mean  Median SD Min Max ‘
25% 6.75 2.50 1256 0.00 8429 -5.23
50% 1345 498 25.03  0.00  168.01 -10.43
5%  20.92 7.75 38.95  0.00  261.40 -16.23
100% 10130  37.50  188.70 0.00 1266.10 -78.63

The summary statistics presented in Table [J] illustrate the required changes in oil
and natural gas taxes under different methane-saving scenarios. Table [10] shows
that, as the percentage of methane emissions saved increases, so does the magni-
tude of energy savings. For flaring, the mean savings range from 36.70 BOE/Day
at a 25% savings scenario to 80.30 BOE/Day at 100%, with median values dis-
playing a similar upward trend. The substantial standard deviations, especially in
the 100% savings scenario (91.53 BOE/Day), indicate significant variability across
oilfields. This is likely due to differences in the existing levels of waste. The same
pattern is observed for venting savings, where mean values rise from 15.10 BOE/-
Day at 25% savings to 60.00 BOE/Day at 100%. However, the greater divergence
between the mean and median values in the 100% savings scenario underscores
the uneven distribution of venting reduction across oilfields. The high maximum
venting savings of 239.90 BOE/Day in the 100% scenario further emphasize the po-
tential for significant reductions in emissions if the most ambitious methane-saving
policies are implemented.

From an economic standpoint, the potential financial impact of these energy sav-
ings is substantial. With every saved BOE valued at 21.07 Dollars, achieving a
100% methane savings rate could result in daily savings of approximately 1,691
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Table 10: Summary Statistics of Energy Savings for Different Methane Savings

Scenarios
Flaring Savings (BOE/Day) Venting Savings (BOE/Day) Total Savings (BOE/Day)
Mean  Median SD Min Max Mean  Median SD Min Max Total Savings
25% 36.70 23.70 4826  0.00 366.90 15.10 16.00 3.55 0.00 16.00 28806
50% 41.40 28.70 50.67 0.00 375.90  29.90 31.80 733 0.00 31.80 39637
5% 46.30 34.80 53.66 0.00 386.00 45.10 49.50 11.89  0.00 49.50 50812
100%  80.30 41.00 91.53  0.00 494.50  60.00 62.70 25.63 0.00 239.90 78013

Dollars from reduced flaring and 1,264 Dollars from reduced venting, on average.
These savings represent a meaningful offset to the costs associated with higher
taxes on oil production under methane-reduction policies. At the 100% savings
level, oil taxes rise sharply, with an average increase to 101.30 Dollars/BBL. How-
ever, the natural gas tax simultaneously decreases to -78.63 Dollars/BBL, signaling
a balanced approach to promoting environmental sustainability while maintaining
economic viability for oilfields. The significant reduction in natural gas taxes mit-
igates the cost burden of achieving higher methane savings, encouraging firms to
adopt technologies and practices that reduce flaring and venting. At the same
time, the rising oil tax ensures that the policy retains a level of economic rigor,
making it costly for firms to ignore potential savings opportunities. Furthermore,
the variability in the savings across oilfields suggests that some fields, particularly
those with higher venting and flaring rates, stand to benefit more substantially
from the reforms, potentially driving industry-wide adoption of more sustainable
practices.

Environmental Outcome This energy waste translates to aggregate emissions
of 0.46 million tons of COye/Day, of which 0.16 million tons are currently in play
due to routine flaring and intentional venting. Eliminating routine flaring entirely
would reduce emissions by 0.03 million tons of COge/Day, while completely stop-
ping intentional venting would save an additional 0.16 million tons of COye/Day.
Consequently, the emissions from intentional venting are approximately five times
those from routine flaring. Of the emissions not in play, 99.87% are attributable to
unintentional venting, amounting to 0.30 million tons of COse/Day. The average
recoverable emissions account for 35.31% of the total, with routine flaring rep-
resenting 98.63% of all observable flaring-related COse emissions and intentional
venting accounting for 30.05% of all methane emissions.

The Table presents the emissions savings in terms of tonnes for the same
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Table 11: Summary Statistics of Emissions Savings for Different Methane Savings

Scenarios
Flaring Savings (TCOye/Day) Venting Savings (TCOye/Day) Total Savings (TCOye/Day)
Mean  Median SD Min Max Mean  Median SD Min Max Total Savings
25% 13.76 8.87 18.09 0.00 137.55 59.80 63.20 14.07 0.00 63.20 40883
50% 15.50 10.77 19.00 0.00 140.94 118.00  126.00 29.01  0.00 126.00 74401
5% 17.35 13.05 20.12  0.00  144.72  179.00 196.00 47.07 0.00  196.00 108956
100%  30.10 15.39 34.42  0.00 185.39 238.00 248.00  101.40 0.00  950.00 148857

methane savings, offering an environmental perspective on the energy savings
highlighted in the previous table. For flaring the mean savings range from 13.76
TCOze/Day at 25% savings to 30.10 TCOye/Day at 100%. The median values fol-
low a similar pattern, increasing from 8.87 TCOye/Day to 15.39 TCOye/Day across
the scenarios. While the standard deviations are large, particularly in the 100%
scenario, they highlight the variation in potential emissions savings across oilfields.
This variability suggests that some oilfields are contributing disproportionately to
flaring emissions and would benefit more from aggressive methane reduction poli-
cies. The maximum flaring savings at 100%, reaching 185.39 TCOse/Day, indicate
that substantial reductions are possible under ideal conditions.

The mean venting savings range from 59.80 TCOye/Day at 25% savings to 238.00
TCOze/Day at 100%. This significant increase across scenarios, especially at the
upper end, highlights the environmental importance of reducing methane emis-
sions. The maximum venting savings at 100% (950 TCOye/Day) are notably high.
When these emissions savings are compared to the energy savings discussed earlier,
it is clear that focusing on methane reduction (through venting savings) can lead to
far greater environmental gains relative to flaring reductions. While the previous
table indicated that venting savings could yield significant energy conservation, the
current table shows that these reductions have an even more pronounced impact
in terms of mitigating climate change.

5 Discussion & Further Policy Proposals

5.1 Efficiency of the Proposed Solution

It is easy to verify that the allocation generated by our proposed tax scheme is gen-
erally not Pareto-efficient. The reader may wonder why this scheme is preferable
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to Piguouvian taxation or other traditional approaches based on the Polluter-Pays
principle, such as emission markets, which are well-known for inducing the First-
best allocation in some circumstances.

The answer to this question lies in two key assumptions of our model, which closely
mimic two core features of oil & gas markets and cause the First-best allocation to
be unattainable in this economy. The first assumption is that intentional venting
of natural gas is not perfectly observable and/or not contractible by the regulator.
This assumption is not only justified by the fact that methane emissions are not
easy to quantify and monitor. Perhaps more importantly, it is extremely diffi-
cult for the regulator to prove whether a certain amount of methane emission is
“deliberate” or not in a legally binding way, because oil firms often claim that
venting is justified by safety concerns (e.g., fire or explosion risk) or independent
of their control to avoid punishment. Given this issue, one may wonder why the
regulator does not tax all methane emissions, regardless of their (intentional or
unintentional) nature. To see why, note that the existence of safety concerns im-
plies that a regulator committing to punish venting even if they cannot prove it
to be “avoidable” may induce firms to adopt a risky behavior with respect to fire
and explosion hazard. Moreover, a tax on unintentional methane emissions my
encourage emission misreporting, as we argue later in this section. The second
assumption is that the level of maintenance of an oilfield is also not observable
and /or contractible. This assumption follows the fact that the regulator may per-
haps observe the firm’s monetary investment in maintenance, but cannot easily
assess whether such investment targets leakages reduction and/or detection in an
effective way. As a result, if leakage-reducing maintenance becomes unprofitable,
firms can either waste their maintenance investment in ineffective activities of di-
vert some of it towards targets other than leakage reduction, in a way that is
hard for the regulator to detect. These two assumptions together have dramatic
consequences for the effectiveness of traditional pricing schemes.

First, any scheme that increases the cost of flaring relative to that of venting causes
unwanted substitution between these two practices. This means that a flaring tax
typically results in an increase in intentional venting, as illustrated in Proposition
1. For instance, our empirical results suggests that during the period 2005-2020 the
introduction of a flaring tax of 1$ per BOE of flared natural gas would have caused
an average increase in intentional venting by the firms included in our sample equal
to at least 05/ds1[Flarel* > 0] = 3.58 BOE/Day.

Second, unless the production for commercial purposes of the co-extracted gas (or
the alternative uses such as re-injection and in-situ use) is so profitable for a given
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firm that routine flaring and intentional venting are not a concern, any scheme that
increases the cost of natural gas disposal (either flaring or intentional venting, or
both) reduces the incentives for the firm to carry out effective maintenance aiming
at reducing and detecting leakages. This implies that the introduction of a flaring
tax or an increase in either the fines for intentional venting or the effectiveness
of its detection by the regulator (or both) typically result in lower maintenance
and increased natural gas leaking (a.k.a. “unintentional venting”), as illustrated
in Proposition 2. For instance, our empirical results suggests that during the
period 2005-2020 the introduction of a flaring tax of 1$ per BOE of flared natural
gas would have caused an average increase in unintentional venting by the firms
included in our sample equal to at least 55 = 0.68 BOE/Day.

These two pieces of evidence illustrate how in our setup - characterized by asym-
metric information and limited enforcement - the Polluter-Pays principle does not
work. Thus, a price scheme can achieve the elimination of both routine flaring and
intentional venting without causing either substitution between the two practices
or an increase in non-voluntary natural gas leakages only if it does not increase the
overall marginal cost of gas disposal. Our proposed scheme possesses this feature.
As a consequence, it eliminates both routine flaring and intentional venting while
simultaneously reducing leaking (unintentional venting).

5.2 Political Economy & Implementation

One of the major shortcomings of most traditional pricing policies based on the
Polluter-Pays principle, such as carbon taxes and emission markets, is that they
typically result in lower output and higher equilibrium consumer prices for the
goods affected directly or indirectly by the pricing scheme. This has important
consequences that often undermine both their effectiveness and the political sup-
port they enjoy. First, lower output and higher consumer prices typically result in
lower corporate profits and reduced consumption of certain goods. These undesir-
able outcomes incentivize firms to lobby against the implementation of such policies
and consumers to support political parties that oppose them. Moreover, if these
policies are introduced in a single country (or in a limited group of countries),
they tend to reduce the competitiveness of domestically produced products on
global markets, as they become more expensive relative to similar goods produced
abroad. In turn, this may result in lower output and unemployment. Moreover,
it may cause carbon leakage: the production of emission-intense goods may move
from countries that apply a pricing scheme to those that do not, causing free-riding
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and resulting in limited or no effect of those policies on global GHG emissions. Our
proposed reform is immune to these side effects because it has zero impact on all
equilibrium prices and (approximately) no effect on firms’ profitability, consumers’
purchasing power, and government revenue. Figure [6] show the Strengths, Weak-
nesses, Opportunities, and Threats of the proposed reform versus two standard
alternatives: the introduction of a flaring tax and the combination of a flaring tax
with venting regulation and/or taxation.

The intuition underpinning these desirable outcomes is simple. Our reform requires
oil producing firms to pay an extra tax which is proportional to the total natural gas
extracted from the oilfield net of the quantity of natural gas that is re-injected or
used in-situ for electricity and heating generation or that cannot be recovered using
currently available technology and the industry’s best practices (i.e., non-routine
flaring and the amount of unintentional venting that cannot be avoided even with
adequate maintenance). The resulting extra oil tax amount is proportional to
the maximum avoidable methane footprint that the firm’s oil extraction activity
generates; i.e., the pricing scheme makes the firm internalize the potential social
cost of their methane emissions, in the same way as a traditional Pigouvian tax
would. However, the price scheme also provides a tax rebate which is proportional
to the amount of natural gas that is sold by the firm. This second component of
the reform serves two purposes. Firstly, it makes natural gas production relatively
more profitable than both flaring and venting, inducing oil & gas firms to capture
and sell on the market all the co-extracted natural gas that they would have flared
and/or vented otherwise. Secondly, it exactly offsets the additional marginal cost
of oil production caused by the increase in the oil tax. As a result, the overall
marginal cost of oil production - including the cost of managing the co-extracted
natural gas - in unchanged after the reform is implemented. This implies in turn
that the oil production choices of all firms are unaffected at given market prices.
Moreover, as long as the tax rebate on natural gas production is sufficiently large to
eliminate both routine flaring and intentional venting, the rebate also compensates
each firm such that its profits are approximately unaffected by the reform.

The reform also prescribes a small increase in the marginal tax rate on natural gas
produced by gas-only firms and a small increase in deductions for gas-only fields.
The former ensures that the additional gas supply generated by the elimination
of routine flaring and intentional venting is exactly compensated by a fall in the
supply of natural gas from gas-only fields. The latter compensates gas-only firms
for the small profit loss they face because of the extra tax and should help in
preventing lobbying by this type of firms against the implementation of the reform.
As a result of these corrective taxes, the aggregate supply of both oil and natural

100



Flaring Tax

s trengths

o Increased CHy emissions

Venting substitution cffect

Disincentives to maintenance of the natura

equipment

o pportunitics

Reduced CO; emissions from reduced flaring

I hreats

o Lobbying against from the oil & gas sector
o (if employed in a single country) loss of competitivencss
o (if employed in a single country) carbon leakages

Flaring Tax & Venting Regulation/Taxation

S

trengths

Focus on CO: and CH, emissions

o Increased CHy emissions
© Disincentives to maintenance of the natural gas
equipment

o Encourage risky behavior to prevent the regulator from

mistaking unintentional venting for intent

c.g., less safety for workers,

O pportunities

Reduced CO; emissions from reduced flaring

Reduced CHy emissions from reduccd venting

(7.

e Lobbying against from the oil & gas sector
o (if employed in a single country) loss of competitiveness

o (if employed in a single country) carbon leakages

Change Oil & Gas Tax based on GOR

S trengths

simple to implement
Focus on CO; and CHa emissions

Incentive compatible (every participant is better of by
telling the truth)

Harmless for (almost) all the players involved
Neutralize the Flaring - Venting substitution channel
Can be implemented in a single country without loss of
competitiveness or carbon leakages

( W

+ Introduce heterogeneity in oil taxation
o The regulator must check the gas-oil-ratio of all
the oilfields who are part of the tax scheme
© Large (i.e. the ones which produce more than the
national average) natural gas fields face a monetary loss

o)

Figure 6: Differences in Strengths, Weaknesses, Opportunities, and Threats of the

pportunities

Reduced CO, emissions from reduced flaring
Reduced CHs emissions from reduced venting
Can be coupled with other environmental policies
The recovered natural gas can be used to improve the
environmental outcome of the policy
o Exploit the coal-natural gas substitutability in
the power sector

01

‘ T hreats

© If the price of natural gas is very low, it creates the
potential for illegal arbitrage. Oil companies might buy
natural gas from the market and falsely claim it was
extracted from their oilfields to receive the gas rebate
from the regulator. To prevent this, the regulator must
cross-check oil sales with the oilfield's gas-oil ratio on a
regularly base

proposed policy versus two standard alternatives.



gas and, in turn, their equilibrium market prices are unaffected by the reform.
Moreover, all oil & gas firms’ profits are approximately unchanged, meaning that
the oil & gas industry has little or no incentive to lobby against the implementation
of the reform. For the same reason, our proposed reform is immune to loss of
competitiveness and carbon leakage. Its introduction in a single country does not
changes the firms’ incentive to produce domestically and/or relocate production
abroad. Similarly, the fact that the reform has no effect on all equilibrium prices
of consumption goods and a weakly positive effect on government revenue implies
that consumers and taxpayers have no incentive to oppose it though voting and /or
collective action.

From a mechanism design perspective, note that - as long as the gas-oil ratio,
the sales of oil and natural gas, and the quantity of natural gas that are either
flared, re-injected or used in-situ for electricity production are fully observable by
the regulator - each firm’s total methane emission can be easily and accurately
calculated using a simple formula, meaning that any attempt of cheating would be
immediately detected. One may object that the quantity of natural gas re-injected
and used in-situ may not be easily observable by the regulator, who may in fact
have to rely on self-reported measures. While this is a valid concern, there are
strong arguments suggesting that it is not a major one. First of all, it is relatively
simple and cheap for the regulator to monitor ex-post the quantity of natural
gas re-injected or used in-situ by a firm to detect substantial misreporting. For
instance, natural gas injections typically affect the field’s gas-oil ratio, whereas
in-situ use to produce electricity is driven by the firm’s electricity needs net of its
purchases from the power grid. Any inconsistency between these measures and
the reported quantities of co-extracted natural gas re-injected and used in-situ by
the firm would constitute a strong signal of a likely attempt of cheating. There
is an even more compelling theoretical argument that should reassure the reader
regarding this potential issue. If the tax rates are set equal to their recommended
level stated in section 1.4.1, then by Proposition 3 the quantity of co-extracted
natural gas, which is intentionally vented by each oil & gas firm tends to zero.
Recall that under our proposed tax regime any firm, which does not perform
illegal venting, face no fines or fees for its unintentional methane leakages. Thus,
because no methane is released intentionally, the firm’s management has no strict
incentive to manipulate the self-reported values of natural gas emissions, because
at the firm’s optimal choice the expected cost due to venting regulation is equal to
zero and cannot be reduced any further. In fact, the introduction of a small fine for
detected misreporting is sufficient to make it strictly unprofitable in expectation.
In other words, truth-telling is incentive compatible. Even in the prudent empirical
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scenarios illustrated in section 5.2, the majority of the oil & gas firms is shown
to react to the reform by either eliminating or drastically reducing intentional
venting, meaning that the extent of misreporting is likely to be either null or
extremely limited. Together with the safety concerns mentioned in the main body
of the paper, this result represents a further theoretical reason to recommend no
taxation on unintentional venting (leaking).

From a theoretical perspective, the main potential weakness of our proposed reform
is that, if the tax rebate on natural gas sales from oilfields required to eliminate
routine flaring and (intentional) venting is substantially larger than the market
price of natural gas, then the scheme may promote illegal arbitrage on the natural
gas market. That is, oil & gas firms may have an incentive to purchase natural gas
from non-monitored sources (e.g., black market) and pretend it has been extracted
from an oilfield to obtain the rebate and earn a positive profit. Because of that,
our results explore four different venting reduction targets (10%, 50%, 90% and
100%), each corresponding to different values for the tax rebate. Our empirical
estimates show that during the 2005-2020 time period the complete elimination
of intentional venting would have required a tax rebate rate which is more than
three times larger than the average market price of natural gas over the period
of interest and therefore potentially strongly prone to promote illegal arbitrage.
This finding is a direct consequence of the presence in our sample of a very small
number of oilfields that feature an extremely large gas-oil ratio. However, all
the other venting reduction targets (10%, 50%, 90%) could have been achieved
with a tax rebate rate which is lower than the average market price of natural
gas during the time span of interest. Thus, for the sake of prudence in the main
body of the article we recommend the adoption of a venting reduction target up
to 90% target, which delivers the largest emission reductions without generating
excessively sizable incentives to perform illegal arbitrage.

5.3 Link to the Current Tax Structure

For the sake of simplicity and ease of interpretation the baseline model presented
in section 1 of this appendix assumes that oil and gas taxation is levied through
specific taxes on oil and natural gas sales. However, the proposed setup does not
represent an accurate description of the US tax system, which is based mostly on
ad valorem taxes, with a few exceptions. In this section, we show how the results
presented in section [2|and [3|hold true even if a more realistic tax system is assumed.
In detail, we borrow the setup in [Kunce, Gerking, Morgan, and Maddux (2003),
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which provides a stylized but sufficiently realistic model of the US tax system with
respect to oil and gas firms. First, we assume a tax system featuring two linear
corporate tax rates on ﬁrm’s profits: one at Federal level and one at State level,
denoted by T} and T}, respectively. After noticing that, relative to the base-
line model, ( — Tk W ) (1 — Ttkg) simply replaces 1 —T/** in each firm k’s objective
function and that T}§T} ¢ replaces T}* in the formula for total tax revenues, it is
easy to show that this first change in the tax system is fully innocuous for our pre-
dictions. Secondly, we introduce taxes on oil and gas production that mimic those
that are imposed by most US States and the Federal Government. Specifically, let

TES’OH and 7 ks’Gas the royalty rates on production of oil and gas from public (state

ks,Oil lcs ,Gas
and 7

and federal) land. Moreover, we denote with 7, the production
(severance) tax rate on production of oil and gas, respectlvely. Lastly, dys denotes
the federal percentage depletion allowance weighted by the percentage of produc-
tion attributable to eligible producers (non-integrated independents). Given these
assumptions, the formula for firm £’s revenue from oil and gas production in field

i (before corporate taxes) writes:

T}s(1 - T}];S’Oﬂ)
(1—T¥ee) (1 — TH

T 01—
(1-=T}pe)(1 = TH

_ thks,FlareFlare;ks . PPtlks’GaSPIDS;kS . IM;kS 4 sz‘s .

Ptiks,Oil |:(1 o TII;S’OH)(:[ _ 7_1125,011> + )6US:| Oﬂiks_l_

+ Pts,Gas |:(1 o T]l;s,GaS)(l - Tgs,GaS) + )5US:| Gasiks_i_

Replacing 1 — T} with (1—T}¢)(1—T}3) in , we find that the F.O.C.s w.r.t.
Oil#** and Gasiks in . become:

%{?Zs _ poil (1 (Ol ghs Ol | ;t_gl>
[(1 _ T}/;s,Oil) (1 _ ks,Oil) (1 _ Ttlfffs) (1 _ T’“) n Tt o (1 _ 7_}1%5 011> 5US]
¢zks 8§glfm' ¢zksGO Riks _ zks ¢ZI§SC + ¢zks
%f{m _ ps:Gas <1 _ gs,GasMSks,Gasl [Oﬂ;sk _ OD
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iks OTF iks z s iks iks
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(245)
Moreover, we find that all the other F.O.C.s of firm k in are unchanged, except
for featuring the term (1 — Tt’“f]S) (1- ng) instead of (1 —T7}*). Following the
same steps as those presented in section [2] we find that the incentives generated by
ArFsO1 - AZ5G for 6il fields in the baseline model are replicated in the alternative
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model if the following equations hold true:

s,Gas __ : ks,Gas ks MC)’E"’CS’Gas
Arp o = M9 0 {1 —np +Tipsous — PG (1)

iks,0il __ s,Gas iks iks pyoes
ATt,P = _ATt,P GOR (1 — 4 ) PtOil(1—g?“MSfS’O”)+o““

(246)
That is, it is sufficient to adjust the severance tax on oil and gas production at
Federal level to obtain the same optimal choices obtained in the baseline setup
under tax adjustments and . In a similar way, it is possible to derive the
formulas for the adjustment in the severance tax rates of gas-only fields, as well
as in the rate of deduction of non-commercial gas use and unavoidable gas losses
and in the lump-sum deduction amount for oil fields, in a way that generates the
same incentives produced by the changes in the specific tax rates listed in (45))
and . This ensures that and all the equilibrium outcomes are the same as
those generated by the baseline model under the tax scheme outlined in , ,
and . The intuition underpinning the formulas in is unchanged
with respect to those in and . Namely, the reduction in the tax rate on
natural gas production must be exactly compensated in terms of marginal profits
for firm k by an increase in the tax rate on oil production, which is proportional
to the gas/oil ratio. However, because severance taxes are ad valorem rather than
specific taxes, their marginal effect on firm’s profits is a function of oil and gas
prices. Thus, in order to exactly compensate the firm at the margin, the optimal
tax rate on oil production must also be multiplied by a term that is a function of
the prices of natural gas and oil and that also adjusts for the market power of firm
k on the crude market.

5.4 Alternative Solutions

The core of our tax reform proposal consists in the adjustment of two tax rates:
the tax rate on crude sales and on gas sales by oil fields. The other tax provisions,
such as the change in the tax rate faced by gas-only fields, are not crucial. They
are meant to offset the excess supply of natural gas caused by the reduction of gas
waste (i.e., the elimination of flaring and intentional venting and the reduction of
unintentional venting) and avoid in turn any possible effect of the policy reform on
equilibrium prices. However, the tax on gas production imposed on gas-only fields
is not the only possible way to offset such excess natural gas supply. One could
obtain a similar result through increasing the tax rate on the purchase of goods
that are gross substitutes to natural gas in some midstream industry. An example
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is given by the rise of a specific tax on coal use in electricity production. If the
cross-price elasticity of the demand for gas by power plants with respect to the price
of coal is positive (i.e., coal and natural gas are gross substitutes in the production
of electricity) and sufficiently large in magnitude, then there exists a specific tax
rate on coal purchases by power plants which exactly offsets the excess natural gas
supply mentioned above, ensuring that the natural gas price is unchanged by the
introduction of the tax reform. However, note that there is no guarantee that such
a policy would deliver the same level of power plants’ profits that prevail under the
original tax scheme. Thus, this solution only preserves some of the results stated
in Proposition 3. An alternative approach is that of eliminating the excess natural
gas supply via direct government purchases or via subsidies to alternative uses,
such as the production of blue hydrogen. This approach would avoid losses for all
firms and ensures weakly larger consumption of consumption goods ¢, but would
drain government revenue, implying that the policy may not be revenue-neutral
and cause a fall in other consumption C}. Thus, this solution also preserves some
but not all the results stated in Proposition 3.

5.5 Tax on Coal and Gas Purchases

Let us consider an alternative tax scheme that allows for the excess gas supply due
to the reduction of flaring and venting performed by oil firms to be offset by the
demand from the power sector, with no effect on electricity output and price. In
particular, the alternative scheme is identical to the baseline reform with respect to
the taxation of oil firms, but does not prescribe any change in the taxation of gas
firms. Conversely, the alternative scheme introduces linear taxes on the purchase
of natural gas and thermal coal by firms operating in the power sector. Let the
[-th net output of midstream firms y{f be electricity, and the k-th net output yﬁ
be thermal coal. The excess gas supply due to the effect of the reform on the oil
extraction sector at constant oil and gas prices is

Ks [ks
ExcessGas; = — Z Z (AFlare}* + AVent*) | (247)

k=1 1=1

where AFlareiks and AVent** represent the reduction in flaring and venting by
oil&gas firm i due to the introduction of the reform at constant prices. Let E* C
{1,2, ..., J®} be the set of midstream firms operating in the power sector of country
s and n;’yE denote the cross-price elasticity of the net supply of commodity = with
respect to the price of commodity y within the power sector of country s. For
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instance,

(248)

is the elasticity of the net supply of natural gas from the power sector with respect
to the price of thermal coal. Firstly, we assume that thermal coal is supplied to
firms in country s at a global market price p;, = p§, (Coal;), where Coal; represents
the global supply of thermal coal. Secondly, we assume that thermal coal is used
solely by power firms in this economy. As a consequence, the cross-price elasticities
of the net supplies of midstream firms, other than coal-fueled power plants with
respect to the price of thermal coal, equal zero. This assumption implies that,
for instance, the equilibrium net output choices of oil refineries is unaffected by
changes in the price of coal as long as the prices of crude and refined oil products
are unchanged. Moreover, we assume that the cross-price elasticities of the net
supply of other inputs used by the power sector with respect to pf, and P9 are
equal to zero. This is equivalent to assume that power plants other than fossil fuel
operated ones (e.g., nuclear power plants) cannot use either gas nor coal as inputs.
Under these assumptions, the net output supply of all firms other than natural
gas- and coal-powered power plants is unaffected by the tax scheme. However, the
scheme may, in principle, affect the market price of coal because it implies a fall
in the demand for coal by power plants. In turn, because the own-price elasticity
of the supply of electricity from coal-fueled power plant is typically different from
zero, this implies that a change in the specific tax on coal consumption from coal-
fueled power plant may affect the equilibrium price of coal. Specifically, the total
effect of a change in the specific tax on coal purchases on the price of coal equals
M
SE

—5 F (249)
ek — Mkk

where 7;? denotes the own-price supply elasticity of coal in country s. The al-
ternative scheme aims to achieve two targets: (1) eliminating the excess natural
gas supply due to the taxation on oil firms and (2) delivering zero effect on the
prices of consumer goods, such that the consumption of energy-related goods is
unaffected by the policy change. Firstly, in order to offset the excess supply of gas,
the scheme must solve:

anS ] ans 5,5 )
ExcessGas; = Z — AW+ — Snkk —5 Aay, (250)
JEES oF; OPie e — M

where ai‘z and b{s are linear specific taxes on coal and gas transactions made by
power sector firms, respectively. Given that natural gas and coal are net outputs
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that typically have negative values for power sector firms (i.e., they are net inputs),
the values of akt and b° should be interpreted as (possibly negative-valued) sub-
sidies. Thus, an increase in akt and bj corresponds to a reduction in the tax rate
on coal (natural gas) purchased by power firms. Secondly, we want the scheme to
ensure unchanged electricity price for consumers. For small price changes, a zero
effect of the tax scheme on electricity prices is obtained if the following equation
is satisfied:

O js ) B js $,S
DAL B ANchs S Sy v (251)
or, opy, T}kk - nkk

Using the definitions of the price elasticities, the equations (250 and (251]) can be
rewritten as:

ZSGE G] Abs E ZSGE GJS nl?kS

Ps,Gas + Nak s
t

_ Adg, (252)
Pry nkk - 77kk

ExcessGas; = n5q

and : s
Js S
lEGZ;)egath Abs + lEstejESylt nk:k Aat =0 . (253)
Dt 77kk - 77kk
The scheme solving the system of equations and ensures that the

electricity output yJ; is unchanged at constant natural gas market price P59,

implying in turn that the equilibrium price of electricity is also unaffected by the
policy. We assume that the technology of a fossil fuel-operated power plant is
captured by the transformation function

MTF}® (y}*, 0, GI*, F*, MInS}*, MZ]") (254)
OMTF}* (") OMTF}* ()

jS Js
ox oxy,

Xht other than th , th7 and Gis. This assumption ensures that the optimal choice

satisfies — 0 for xJ° < 0 and — 400 xJ° > 0 for any argument

of any net output x}° other than yi*, y1°, and GJ° equals zero. Setting MTF}® (-)
equal to zero and differentiating it with respect to the price of a commodity, e.g.,
PS8 and rearranging the resulting equation, we obtain:

Ol (OMTF () [OMTF()\ Oyl , (OMTF() [OMTF"()\ oG’
8PtGas ay\]]; ay{ts af)tGas aGgs 6ygts

aPtGas -
(255)

The equilibrium change in the output of electricity is equal to the equilibrium

change in the amount of natural gas and coal used in electricity production mul-
tiplied by the marginal rate of transformation between natural gas and electricity
and coal and electricity, respectively. Note that the F.O.C.s of the firm’s maximiza-
tion problem imply that at the optimal choice the marginal rate of transformation
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between natural gas (thermal coal) and electricity is the same for all the firms that
consume a positive amount of natural gas (thermal coal) as long as all such firms
face the same marginal tax rate on natural gas and thermal coal consumption,
and electricity production. Let (%% ((**) denote the equilibrium industry-level
time-invariant marginal rate of transformation between natural gas (thermal coal)
and electricity. Under these assumptions, at the optimal choice for all firms the
formula for the marginal effect of a change in natural gas price on the aggregate
electricity production writes:

9 jeps Vie - _ CS,Gasa ZJ'GES_GiS + Cs’k—a 2jeb Vi (256)
8PtGas af)tGas aPtGas
Similarly, with respect to the price of coal we get:
O jer ¥i e Dgep G 0 s Vi
— s = |\ e T (257)
OV Iy OV
Using the two formulas above, we can obtain the formulas for nf,,
77% _ s,GasngG ZjeES Gis + s,knEG ZjeEs yﬁ aPtGas (258)
g — s,Gas k s,Gas s 7
Pt Pt ZjeEs yit

E
and ;.
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p?ct p?ﬂt sCE ygt

We substitute formulas and (259) into equation ([253] - to get:

- [CS’GaSngG (ZjeE G{s> + i <z]eE ylit)} W
_ [CS’G“U& (ZjeE Gi‘s) 4 CoRpE (Z]EE y{%ﬂ Tik;f Aat —0
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ey S (259)

(260)

Solve the system of equations ([252)) and (260|) for ?f t and fgas to by how much
kt t

taxation on coal and natural gas purchases should change

U — i ki nE, + CGaZ—JeEanE ExcessGas}
S

Prt nkk (”kk”GG "kG”Gk) kG CoF Y iems Vi GG Yjer GI° (261)
Abg — 1 77 + 7) CS Gas Z]eES G ExcessGa_sf
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5.5.1 Estimation of Net Supply Elasticities

In order to estimate values for the net supply elasticities of interest, nf;, nEq, nia, nés,
we start from the elasticities of conditional factor demands. Let w; denote the cost
share of input 7 in non-renewable electricity production,

s Pjtd;t

w;, = (262)
Ziﬂ Pht4ht

Jt

where ¢j; denotes the aggregate quantity of input j € {1,2,3} used by the power
sector in country s. Specifically, subscript 1 corresponds to natural gas, 2 to
thermal coal, and 3 to nuclear fuel (uranium). For instance, ¢i; denotes the amount
of natural gas demanded by the power sector of country s in period ¢, and must
satisfy g1 = — > jeEs G{S at any given price vector (i.e., at given prices, the values
of the factor demands must be equal to the negative of the values of the net supply
functions). Following |Considine| (1989) and [EIA| (2012), we assume that w3, has
the functional form

e oG v It + ¢y In e}
‘t - S S S S S
’ 22:1 exp {Xh + 22:1 Yp,. InpZ + ¢ In et}

(263)

for each j € {1,2,3}, where e} = Z;]é gs Ui 1s the aggregate supply of electricity
from non-renewable sources of country s. We differentiate (263|) w.r.t. pg; to obtain
the elasticity of cost share wj, with respect to input price py;, denoted by 9%,

ows 3
s Wit pkt s s .8
; =) — E 264
jk = apktw ik a Vb Why (264)

In a similar way, we can differentiate (262]) w.r.t. px to obtain another formula for

ko
s s, E s s, E .
jk = — Wiy — Z W€, + =7 . (265)

The homogeneity of the conditional demand functions implies:
3 905 1,
S =S Slbit _ gy, (266)

Secondly, the symmetry of the substitution matrix implies

Gz, _ aqjt

Vi, k 267
apjt Opre J ( )
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using condition (267)) into (266 we obtain:
3
> ews, =0k (268)

J=1

Using this result in (265) and imposing the normalization Zzzl Yiwp, = 0, we
can equate the RHS of (264]) with the RHS of (265]) and solve for ej}f to get:

s,E s s .
Ep = (W + 1) wy, —1[k =] (269)
where W5, = 3 /wy,. Note that the formula for the cost share (263) implies:
nws, = X1 + ¥, mpi; + i, 3 + Y55 Inps, + @5 Inef —InC (ef, p7)  (270)

for j = {1,2,3} where C (&§,pf) = S_o_, Pmq}, is the cost function. Moreover, the
homogeneity condition (266 is satisfied if and only if:

== U5 Vi (271)
k#j
Furthermore, the symmetry condition (267)) implies:

¢’fj’ _ Y Vi, k (272)
wi o wy,

Lastly, the fact that the cost share must add up to one for any possible value of e}
implies:

S
s Wiy w3,

¢z = —P1— — ¢j

1, s
Wiy w3,

(273)

Define &3 = 2 271) and (272) into (270) for
3t
j = 1,2,3 and combining the three resulting equations we obtain the following

system of equations

w3y

+ 95 (wi; + ws;) + ngwSt] In ef

+ (@5 (w5, + ws;) + Piwi, | Ine;

\

(274)

where the third equation for In (g—?) is omitted because costs share must add
2t
up to one, implying that the inclusion of the third equation would result in over-

identification. Lastly, we define wj, and w3, as

ltl

Wiy = X1 — X3 — X1 tx3+aj;In =

. . (275)
Wi = X3 — Xir — X5 T X3 T a3y ln

2t1
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and we assume they are i.i.d. shocks. Under these assumptions, we can write the
empirical equations:

S
Wiy

S S S
In(2t) = aof, + o, In2t + o, In 2t + af.ef + of, In =2 4 wf
w3\ s s Pit s D5y s s s w3, s

where the parameters 6° = {afj, s, }jzo in (276) map into the structural param-

eters in (274)), delivering a linear system of ten equations and ten unknowns that
can be solved to obtain formulas for all the structural parameters of interest as
functions of {aj;, agj}jfzo and, in turn, for the elasticities of interest {{ej}fE Y S A

In order to fit the system of equations (276)), we collect power plant level data on
fuel consumption, electricity generation, fuel costs, fuel quantities received, and

indicators of the quality of the fuel received using the forms-923 and -860 of the
EIA database for the years 2005-2020 (EIA|, 2024a, 2024b)]

In order to compute cost shares, we need information about fuel consumption and
fuel costs. Fuel consumption data are available in volumetric units and MMBTU in
the form-923. We take into account only the volumes of fuel consumed, measured
in MMBTU, to generate electricity. As some Combined Heat and Power (CHP)
plants generate not only electricity but also district heating, we break the raw data
into total power consumption and fuel consumption for electricity generation. Once
the power plant level quantities are collected, we aggregate them across time (from
month to year), energy source (from energy source to fuel typeE[), power plants,
and regions (from NERC regions to the entire US).

Prices for delivered fuels, measured in $/MMBTU, are derived from the monthly
receipts of received fuel quantities by the power plants and plant-specific monthly
fuel costs including transportation again using form-923 (EIA| [2012). This ap-
proach takes into account long transportation routes to the power plant, which
increase the variable costs of the plants and thus the cost of electricity generation
(Hughes & Lange, |2018)). Furthermore, high fuel consumption gets higher weight,
which results from the use of lower-quality fuels with low heat content. In the
absence of raw data on specific monthly fuel costs, these were imputed with the

I8We filter out power plants located in Alaska and Hawaii, as these two states tend to be
independent in terms of their electricity generation and have little connection to the rest of the
US.

19We decide to aggregate between the specific energy source instead of the higher-level fuel
type because of the qualitative differences between coal types such as lignite or anthracite, which
can result in high deviations in the fuel costs.
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costs of the nearest power plants using the same energy source measured by the
Haversine distance using the following algorithm:

Algorithm 1 Imputation of Missing Fuel Costs for Power Plants

1: function IMPUTEFUELCOSTSTIMEBASED(df)

2 df < Group df by plantld, blockNumber, and energySource

3 for each entry of grouped df do

4 if fuelCost; == -9999 and (fuelCost;_; and fuelCost;1) > 0 then
5: fuelCost <+ % X (fuelCosty_q + fuelCostyq)

6 end if

7 end for

8 return df

9: end function

10:

11: function IMPUTEFUELCOSTSGEOBASED(df)

12: missingIndices <— Which entries in df have fuelCost == —9999

13: validIndices < Which entries in df have fuelCost > 0

14: if missingIndices and validIndices! = () then

15: distances < Haversine distances on longitude and latitude with R-

function geosphere: :distm(missing entries, valid entries)

16: distances|distances > 200 km] < NA

17: for each entry in missingIndices do

18: closest <— Which index with minimum distance[distance != NA]
19: imputed FuelCost < fuelCost [closest]
20: end for
21: end if
22: return df
23: end function
24:

25: df <— IMPUTEFUELCOSTSTIMEBASED(df)
26: df < IMPUTEFUELCOSTSGEOBASED(df)

The monthly fuel costs per specific energy source is obtained using a volume-
weighted aggregate, which aggregates across time, energy source, power plants,
and regions,
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Z (pj,es,t,m,n,b X Ojes,t,mmn,b X pj,es,t,m,n,b)
beB
. 277
Jres;t,m,n Z <Oj7es,t,m,n,b X pj,es,t,m,n,b) ( )
bGB

p es,t,m,n
ﬁ__xz<j1oo > (278)

where o is the volumes of fuel delivered to power plant n, located in block b, in

month m, year t, of fuel type j belonging to energy source es, and p is the heat
content of the fuel, measured in MMBTU /Unit of Fuel.

Fuel prices for uranium used in nuclear power plants in $§/MMBTU are derived
from the public wholesale prices provided by the EIA (EIA| 2024d)). The volume-
weighted mean total purchase price in $/pound of UsOg equivalent per year is
used as the basis for calculation, as it includes all potential countries of origin for
the uranium, and it integrates short-term, medium-term, and long-term purchase
contracts. Electricity generation costs in $/kWh were subsequently derived from
the regression and additional cost information provided by the WNA (EIA| [2024c)
and converted into $/MMBTU.

Putting together all the previous information, it is possible to fit equation as
a seemingly unrelated regression (SUR) in a system of equations that is estimated
simultaneously comparable to EIA| (2012). Correlation of the error terms between
equations is explicitly taken into account for the estimation of coefficients, what
extends the SUR model from the assumptions of conventional OLS. In this way,
the complex mutual and partially time-shifted dependencies between prices and
demand for different fuels for electricity generation can be considered (Considine
& Mount), |1984; |Jones, 1995). The system of equations is implemented in using
the R package systemfit. The results of the regression are shown in [13]

5.5.2 From Conditional Factor Demands to Net Supplies

In order to obtain values for the elasticities of the aggregate net supply functions of
coal and natural gas from the power sector, we use the assumption that fossil fuel-
operated power plants only use natural gas and/or thermal coal as inputs and only
produce electricity as outputs. Given these assumptions, the following equations

aq;,  0q;, 0 ;
Jjs| . 1t 1t 7S
Opn [Z G ] B Opht 36? Opht LZ ylt] (279)

cks jEEs

must hold true:
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Year Coal Natural Gas Nuclear

2005 1.872 8.754 0.439
2006 1.755 7.566 0.459
2007 1.852 7.480 0.525
2008  2.306 9.339 0.587
2009  2.615 5.067 0.587
2010 2.413 5.336 0.603
2011 2.524 5.012 0.633
2012 2.609 3.669 0.630
2013 2.630 4.569 0.615
2014 2.522 5.532 0.588
2015 2.387 3.740 0.579
2016 2.318 3.250 0.571
2017 2.256 3.749 0.554
2018 2.310 3.947 0.554
2019  2.209 3.113 0.539
2020 2.378 2.757 0.528

Table 12: Weighted average fuel prices [US-Dollar/MMBTU]|

and

8 js aqgt aqgt a YE]
= 2 280
apht [Z ykt] apht 86? apht Z Yit ( )

je s icEs

for each h = 1,2, 3. Note that our assumptions imply nj}lE = 0 for all h other than
h = z and h = [ for nuclear fuels. Using the formulas in (256|) and (257 and the
definition of net supply elasticity, the equations above rewrite as follows.

S, s €le S, s s sk, s s
nt = —€, t GL [C Gasncf%t +¢ knklf%t} (281)

EN ) s €2e s,Gas, s,E s sk, s,E s
M = —€2n T 6_25 [C “Snen @+ e q2t} (282)

Solving the system of equations (281]) and (282)), we obtain the formulas for the
net supply elasticities of interest, which write:

B s s ¢*kesy a5, +¢> 95 a3,
nGG 11 166 —(s k€2€q —Cs ,Gas¢s eq
s, B __ 6 —6 Ck522q +C Gd€ qt
77Gk - 12 le ef s—(s k€26q2 _Cs Gras,E qut (283)
SE - C k621q t_‘_gs ase q
o = T T Gt g,
SE: €S 8 Ck6q+CGa€ 243+
nk;k; 22 266 —(s k6 q S —Cs Gaseleqlt
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Equation 1 Estimate Std. Error t-Value Pr(> |t])

(Intercept) 15.53 18.66 0.83 0.42

Log price ratio gas/nuclear 0.70%** (0.08) 8.86 0.00

Log price ratio coal/nuclear -0.52 (0.32) -1.58 0.14

Log total electricity generation -0.64 (0.84) -0.76 0.46

Log lagged consumption gas/nuclear 0.34 (0.17) 2.07 0.06
Residual standard error: 0.06 on 10 df (15 observations for 5 parameters)
MSE: 0.003

Adjusted R-Squared: 0.93

Equation 2 Estimate Std. Error t-Value Pr(> [t])
(Intercept) -23.34 24.58 -0.95 0.36

Log price ratio gas/nuclear 0.14 (0.08) 1.74 0.11

Log price ratio coal/nuclear 1.31%* (0.38) 3.48 0.01

Log total electricity generation 1.03 (1.11) 0.93 0.38

Log lagged consumption coal/nuclear 0.96%** (0.17) 5.59 0.00
Residual standard error: 0.063 on 10 df (15 observations for 5 parameters)
MSE: 0.004

Adjusted R-Squared: 0.95

Table 13: SUR model results

Lastly, substituting the formulas for the conditional demand elasticities from (269))
into the formulas in (283) we obtain the formulas for the net supply elasticities of
interest as functions of estimated parameters and known quantities, namely:

s, B __ WS s Vs s s 1 PSS Cs’k(wlswat"‘wft)qu_CS’GBS(Wls2w§t+wf3w§t_wfz+1)qu
Nog = YigWy + Vizwsy, — wyy + 1 — Prwg, ok, a5, Co OB ws, qs,

s,E__ s s s PSS Cs’k(Wlszwft'*“pzsswgt_wgﬁ‘l)qgt_CS’Gas(sz’USt'*‘wgt)qft
Mok = — (Viyws, +wsy) + Piws, TG R GTwg, g, —C* O BTt

G. Q

s B _ WS 05, 4 aps.) — s, S (hawtirwt, )asi—¢ O (Uyws + 0w, —wh, +1)df,

ke = — (Vipwi, + wiy) — Pows, i —C kDY ws, 45, —C* O Bl wl, g,
k s s S .8 s s s,Gas s s s s

s, B __ s .8 s ...8 s s s G (W12w1t+‘p23w3t_w2t+1)‘12t_C’ (W12w2t+w2t)q1t

Nee = Yhwiy +¥sws, — wi, + 1+ Pjws,

eF—CTR BT a5, ~C O,

(284)
which we can use in (261]) to calculate the adjustment in the tax rates that offsets
any effect of the tax reform on natural gas and electricity prices.

Using the regression coefficients, we can calculate the net-supply elasticities for
natural gas and coa]@. That means we are measuring to what extent the supply of

20The only elasticity not calculated is n,i’ks, which we assume equal to 0.89 following [Dahl
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fuels (taking into account imports and exports) reacts relatively to a change in the
fuel price of one percentage point. Since the data is aggregated to an annual reso-
lution and collected over a period of 16 years, the elasticities can be considered as
long-term stable. Regulatory changes and the reduction or expansion of production
capacities (through the exploitation of additional gas fields or the opening of mines)
are explicitly reflected in the elasticity. The results for the own-price elasticities
(nge and nee) as well as the cross-price elasticities (ngc and ncg) are shown in
Table[I4] The positive net-supply own-price elasticity confirm the expectation that
power plants will react to a rise in fuel prices by reducing production volumes in
the long term. That is, the (negative) net supply of fuel by power plants becomes
smaller in magnitude, resulting in turn in a fall in the firm’s electricity output.
Regarding the strength of the elasticity, we find that for natural gas, overall, the
suppliers’ reaction is inelastic. That is in line with results from the literature (Ma-
son & Roberts|, 2018; [Ponce & Neumann [2014). The own-price elasticity of coal
suggests that coal mine operators react roughly proportionally to relative price
changes. Again this result is in line with previous findings (Coglianese, Gerarden,
& Stock, 2020; Dahl, [2009). The cross-price elasticities illustrate that e.g., coal
mine operators supply less coal to power plants in the long term and presumably
also reduce supply capacity when the price of natural gas rises. The magnitude
of both elasticities is roughly the same and lower than one, which means that the
price-induced reactions of supply to the electricity sector are more or less similar
and inelastic.

lele] Nac Nca Ncc

0.910 -0.826 -0.895 1.033

Table 14: Net-supply elasticities for coal and natural gas

Substituting the long-term net-supply price elasticities into the system of equations
(261)), we can calculate the change in the coal and natural gas tax, which would
make sure that all the excess natural gas supply due to the elimination of routine
flaring and venting is absorbed and that the prices of consumer goods is unchanged.
The results per year and long-term average can be seen in Table [15]

In the case of the tax change for natural gas, we see that the values from 2005
to 2019 are consistently negative but decreasing in magnitude. This ensures that
the additional natural gas is purchased by the electricity sector, thanks to the
reduced net average gas price. Only in 2020 the positive sign for the natural gas

(2009).
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A tax coal A tax natural gas

2005  0.000273 -0.0115
2006  0.000483 -0.0166
2007 0.000523 -0.0170
2008  0.00124 -0.0408
2009  0.00196 -0.0310
2010 0.00262 -0.0480
2011 0.00663 -0.114
2012 0.00734 -0.106
2013 0.0138 -0.230
2014 0.0178 -0.362
2015 0.00859 -0.165
2016  0.00368 -0.0856
2017 0.00525 -0.129
2018 0.000790 -0.129
2019  -0.0122 -0.0108
2020  -0.00764 0.0271
1) 0.00243 -0.0724

Table 15: Yearly tax rate changes on coal and natural gas purchases by power
firms

tax indicates that suppliers would need to pay higher taxes for the delivery of the
excess gas. The annual change in the tax rate for coal purchases is positive up
to and including 2018, which means that coal-operated power plants pay an extra
amount in $§/MMBTU of coal. However, from 2019 to 2020 the sign is reversed,
so that theoretically coal-operated power plants would have faced a lower tax rate
for the delivery of coal.

5.5.3 Environmental Effects

We can calculate the change in emissions relative to the baseline policy reform
using the formula

Js s,S
0 ZjEES Yt Nk

s s, s, E
iy Mk — Mk

0 jeps Via

ExcessGas?C 16 —
t aPs,Gas
t

AbS | CT* . (285)

Aaj +
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Substituting (261]) allows us to rewrite (285|) as

s G ¢ »,Gas k
ExcessGas; (CI 3 WC’I ) : (286)
where (#68 /(** represents the marginal rate of technical substitution between nat-
ural gas and coal of the power sector in country ﬂ In order to compute equation
286, we need to calculate the carbon intensity of the conversion parameters ¢. To
obtain these numbers, we collect data for fuel consumption, electricity generation,
and emission rates for each region were the extra gas could have been produced
combining information from the EIA with the ones recorded by the eGRID Pro-
gram (i.e., the program responsible for collecting the emissions of every NERC
region for every fuel type used in the power sector) (EPA, 2020). We compute the
CT1% multiplying the output emission rates by the efficiency of the different gas
power plant. The output emission rates are calculated as total annual adjusted
emissions divided by annual net generation

Total annual adjusted emissions [TonCOs]

Output Emission Rate = (287)

Annual net electricity generation [MWHh]

as in [EPA| (2020)). Since, the emission data are not fully available from for the
entire analysed period, we use the 2020 emission rates to obtain a conservative
estimate (EPA] [2020). The efficiency of the gas power plants, expressed as the
amount of electrical energy produced (megawatt-hours, MWh) per unit of thermal
energy input (MMBTU)

Annual net electricity generation [MWHh]
Units of thermal energy input [MMBTU]

Gas Power Plant Efficiency = (288)

measure how efficient different power plants in converting thermal energy into
electrical energy. Both output emission rates and gas power plant efficiency are
calculated for individual market areas using specific emission rate@. Then, we av-
erage them for the period under consideration to obtain the time-invariant carbon
intensity

CI%* = Gas Output Emission Rate - Gas Power Plant Efficiency. (289)

21 As mention in section the alternative scheme presented in sectionmay not be revenue-
and profit-enhancing. This scheme only ensures unchanged consumption of energy-related goods
in country s, but cannot ensure that the policy is welfare-improving. Moreover, if this alternative
reform is implemented solely in country s, the change in the thermal coal price, even if it is likely
to be modest in magnitude, may cause carbon leakages towards countries other than s. Thus,
equation [286| measures the extra emissions savings in country s. However, it does not account
for possible carbon leakages.

22Efficiencies lower than 0 or higher than 0.7 have been filtered out due to physical and technical
limitations of the power plants (Fu, Anantharaman, Jordal, & Gundersen 2015]).
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In a similar way, we can compute the carbon intensity multiplied by the ratio
of the substitution coefficients calculating the emissions avoided by generating
electricity from natural gas instead of coal. The joint product ¢*¢as/(#CoalC [Coal
is determined by the amount of electricity generated from natural gas and the
emission factor for coal-based power generation under the assumption that the
amount of generated electricity remains constant,

Gas
¢ C I = Coal Output Emission Rate - Gas Power Plant Efficiency. (290)

CCoal

The additional emission savings resulting from the conversion of the natural gas
into electricity and substituting coal in the electricity sector are -135 million metric
Ton of Carbon Dioxide Equivalent (MM TCOse) for the entire period under inves-
tigation from 2005 to 2020, -8,4 MM TCOse on average per year and 0.023 MM
TCOqe on average per day. The largest emission savings can be achieved in the
TRE NERC region, as the amount of surplus natural gas and thus the substitution
of coal is highest there.

NERC Power Sector Power Sector Power Sector
) Emissions Savings Emissions Savings Emissions Savings
Region
2005-2020 (t) per year (t/year) per Day (t/year/day)
MRO -32,775,224 -2,048,452 -5,612
TRE -92,185,563 -5,761,598 -15,785
WECC -9,546,946 -596,684 -1,635
> -134,507,733 -8,406,734 -23,032

Table 16: Delta Emissions Results

5.5.4 Model’s Limitations

There are some limitations in our approach, which should be mentioned.

First, considering nuclear power as qualitatively similar to a thermal power plant
type in the analysis of net supply substitution elasticities in the power sector is
not common in the literature. Nuclear power plants are unlikely to be switched
in the dispatch decision of the power plant portfolio by the utilities based on
fuel cost changes, preferring coal or natural gas combustion over nuclear power.
Moreover, differently from some papers in the literature (EIA, [2012; |Jones, 1995)),
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our analysis does not allow for electricity generation using oil or oil derivatives
such as petroleum coke. This simplifying assumption may potentially distort our
estimates for the net supply elasticities in the power sector. However, given the
extremely small share of power generation that the excluded inputs accounts for
in the US during the last two decades, we believe the size of the aforementioned
distortion should be negligible.

Second, we assume that the price of natural gas only depends on (national or
regional) aggregate demand and supply, and does not vary with the quantity pur-
chased by a given plant. This assumption could be interpreted as a stylized repre-
sentation of an economic environment in which there is sufficient transport capacity
and infrastructure for any additional quantity of natural gas delivered from the oil-
fields to the power plants, as otherwise additional and increasing cost surcharges
for the transport of natural gas would have to be added to the fuel prices as natural
gas sales by oil & gas firms increase.

Third, the Seemingly Unrelated Regression (SUR) model we employ assumes lin-
earity, which may not accurately capture the potentially non-linear relationships in
the energy market. Furthermore, we use yearly averages to compute the net supply
elasticities, which do not account for seasonal monthly variations in energy con-
sumption and production. This simplification may have important consequences
because dispatch decisions in electricity markets are based on hourly (but mostly
daily) commodity prices. Thus, even if at a yearly granularity, gas fired generation
is cheaper (or more expensive) than coal fired generation, during significant parts
of the year the reality could be vice versa.

Fourth, the calculation of emissions does not take into account upstream emis-
sions, which are generated for the exploration and development of oil fields or gas
wells and any upstream technology used. However, this limitation only affects the
estimation of the emission levels, but not the quantification of the economic and
environmental effects of our proposed policy, because the reform does not affect
oil & gas firm’s incentives to invest in exploration and development. As a result,
those types of emissions should not be affected by the policy change and be largely
irrelevant for the purpose of our policy evaluation exercise.

These limitations indicate areas for future research to refine the methodology and
ideas to mitigate flaring and venting in the oil industry.
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