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Summary

The production and use of transportation fuels include a wide range of activities that contribute
to greenhouse gas (GHG) emissiaver their life cycle Traditional fuellife cycle analyss

compare a range of alternative fuels to petroleum fuelsvegllao-wheel (WTW)basis

including feedstoclproduction, transport to refining, refining into mulegdroducts, delivery to

end markets and vehicle emissiof®ecent analyses of the life cycle impacts of biofuels have
expanded the boundaries to include indirect effects of ethanol production such as land use
changgLUC) impacts on soil C@and NO emis#ons, and the impact of land use change on

crop production and cattle stock (Searchinger 2008).

This study reviews theange of activities associated with the production of petroleum fuels in
order to assess thdife cycleimpact onGHG emissions.This includes both direct petroleum
emissions, and to the degree feasible, some indirect eflactsded are #ects such as road
construction and eproduct residual olise,which arenottypically included in studis of

petroleum GHG emission® sydem boundary definition is provided for determining which

GHG sources are included in the life cycle of petroleum; including a working definition of what
constitutes aidect or indirecteffect Comparing the life cycle for different fuel options, regsire

a clear and consistent definition of the system boundary both in terms of geography as well as
the scope of effects that are compared.

Calculations of the average emissions in the GREET model are examined and compared with
those associated with margiradd unconventional petroleum resources. This study also
examines how emissions fraawerage production resources differ from more recent and costly
resources on the margifemission sources associated with exploration, land usgiachict

residual oil,and indirect effects such as the effects ofriiléary activity and deforestation
associated with road construction are also examined.

Direct and Indirect Effects

A working definition of direct effects includes those related to the energy and ahatptits
associated with the operation of petroleum infrastructure. GHG emissions associated with
petroleum fuels are of interest in the context of reducing GHG emissions through efficiency and
other fuel options. Therefore, the development of petrolenmjects, oil exportation, and
construction of facilities is of interest when examining the production of billions of gallons of
transportation fuels. The direct effects identified in TableiGclude the process energy inputs
and vehicle operation emiess typically included in fuel life cycle studies. Emissions

associated with facility construction, exploration, and laleéring are also the direct effect of

the production of the new petroleum fuel capacity.

Indirect effects, on the other hande anherently more difficult to quantifyA working

definition of indirect effects includes those related to either pnidaced or behavioural changes

in the marketplace. In the case of biofuels, indirect land use change (iLUC) is-anguced

indired effect. The categoriesonsideredere include effects that are not part ofaperation

of petroleum infrastructure such as deforestation enabled by road building for petroleum projects
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or military activities that are attributed to the protectionib$wpplies The use of refinery co
products alstvas an indirect effect agnergy markets.

Table S1 examines to what extent direct and indirect emissions have been included in petroleum
fuel life cycle analysesTraditional fuel cycle analyses focus average oil production, refining,
transport and vehicle use. Some studies also examine the requirements for heavy oil and oil
sands productionThe energy inputs and emissions associated with oil exploration are typically
not examined. In circumstargsuch as Californian and Canadian oil resources, the location of
oil resources has been established for decadesiever, new off shore oil resources require
ongoing exploration activitiesnd more energintensive extraction technologie¥he energy

inputs and emissions associated with the production, refining and transport of petroleum often
reflect the average petroleum infrastructitewever, onsiderable variation in energy
requiremerd is apparent in crude typdébus at a minimum, the range in GHemissions

associated with petroleum infrastructure is understated.

The question of refinery emissionsaisnorecomplex topic because of the range of inputs,
transportatiorof fuel products, and heavy qoducts. Processing requirements vary witlder

oil sulphur content, gravity (also related to carbon content), and other aspects of its assay.
Considerabt more analysis is needed to properly partition emissions within the oil refinery and
understand the effects of different crude typ®mce oilrefining is such a complex process, it is
not surprising that a consistent approach for treating oil refining is not applied among different
life cycle studies.

The impacts of facility construction are often considered comparable among fuel options.
However, oil exploration and land clearing associated with oil sands are unique to the petroleum
industry. In order to provide a consistent representation of the inputs used to produce petroleum
fuels, the emissions associated with these activities sheufttluded in life cycle assessments

in a clear and comparable manner.

Military activities associated with the protection of oil supply are often attributed to the use of
gasoline. The emissions associated with the protection of oil supply are cadgwindirect

effects because there is no straightforward approach to relating a direct process throughput with
military activity. The effects of protection of oil supply can include military activities in the
Middle East, the effects of the Iraq waas,well and the post war effects on both reconstruction
and U.S. troopsHowever, it is difficult to agree on an approach for identifying, and quantifying,
the direct vs. indirect effects of military activity.

Additional indirect effects correspond the use of cgroducts associated with oil refiningor
example GHG emissions from residual oil and petroleum coke combustion exceed those from
all of the alternative fuels used in the U.S. today. These emissions are treated with various
allocation schmes in life cycle analyses. The effects of substitute products and the carbon
intensity of petroleum cproducts need to be examined further as the modelling approach
requires further scrutiny.
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Table S-1. Categorization of direct vs. indirectfe€ts of petroleunproduction.
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P Market effects of petroleum would also includduced effects on land use.

Broader eonomicor priceinduced petroleureffects are difficult to systematically assign a
boundarygiven the prevalence of ahduced economic drivers in the world economy
However, b the extent that economic effects aonsidered a part of the life cycle analysis of
alternative fuelsas is the case with iLUC for biofuetbeir effectvis-a-vis petroleum is also of
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interest. The effect of changes in petroleum supply and price will effect globalsgticeir
movementand the use of resources and their related GHG emisdiaisoleum dependence

and oil price fluctuations influence a wide range of worldwide markets, ranging from agricultural
commodity prices to the cost of living and doing businéssonomic effectslearly require

further study as market effects have proven to cause more of an effect than government
regulatory measures.

Results

The GHG impact of petroleum estimatgeren ranges from 90 to I2g CQe/MJ (grams of

CO, equivalent emissions per megale (MJ) of gasoline fuel consumed), depending on the
source of the petroleum and to what extent indirect emission impacts are inClinekigh end
reflects unconventional resources and heavy oil, which can contribute to over 10% of current
supplies. These emission estimates do not include all of the effects discussed in this report as
some effect$ most notably the broader economic, pricduced effects of themarginal gallon

of petroleuni requirefurther analysis. The range of GHG emissions f@rage petroleum

based transportation fuels used in the i& ®ften reported as having an uncertainty band-of +/
1to 2 g CQe/MJ. When indirect impacts, marginal resources, and uncertaligtessed in

this reportare taken into account, the rangeemissions is considerably greater

It is critical to consider these results in their proper context. They represent an initial estimate of
various examples of the marginal gallon of petroleum, inclusive of many traditionally omitted
direct effects and limited, incomplete number of indirect effects. Attempting to quantify the
marginal gallon of petroleum is important because, in many cases a life cycle comparison of
fuels is based on expanditige use of alternative fuels atitereby displacing a mginal gallon

of gasoline. Environmental benefits for fuel regulations are also based on life cycle analyses.
The appropriate calculation of the emissions impact would correspond to the marginal gallon of
displaced petroleum or avoided capacity expansion

The differences in GHG emissions among petroleum sources depend on the energy requirements
for extracting and processing the fuels, variations in fugitive emissions, as well as indirect

effects Indirect effects range frommilitary activities to protetMiddle Eastern oil supplies or

the destruction of native forest due to the construction of roads and associated aclieitiasy

oil extraction technologies such as thermal enhanced oil recovery or steam recovery of oil sands
result in increased GH@&missions compared to the conventional extraction and processing
Canadian oil sands, CA heathermally enhanced oil recovergé&Venezuelan heavy oil.
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Figure S-1. Summary of GHG Emissions for Different Crude Oil Production Scenarios

The key diferences between the petroleum supply options in Figdre@respond to emission
sources that are typically not included in fuel life cycle studiémissions that are found on the
margin are considerably higher than expectéthe source of oil islao highly dependent on the
extraction methodologyCanadian oil sands, for example, require more processing and when
assessing land use, Canadian oil sands naturally require mord-Hewever, some direct

effects, such as refinery outputs, are thupéarly understood and require more scrutiny in

order to evaluate thenOther direct emission impacts need to be better understood including the
emissions associatsvith the conversion of forests for the surface mining of oil sands and mine
by-waste prodcts that are stored in lakes.

Indirect effects are largely omitted from the majority of oghetroleumstudies. However,even
when ceproducts are included, an emissions increase of several percent for all transport fuels
can be calculatedA broacer set of eonomic effects can also be calculated and a consistent
measurement of these effects is requirBdveral equilibrium modeling approaches could
address some of the economic aspecpetbleum fuels
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Conclusions

As depicted in Figure-&, produdion of petroleum fuels involves numerous energy and
economic impacts that affect the global GHG emissions associated with fuel consumption.
Many of the impacts of oil production are examined in well published fuel life cycle studies
which primarilyuse average energy inputs and emissidfewever,thevariety of emission
sources associd with petroleum production aftenomitted fromlife cycle studies.

The GHG emissions associated with the production and use of petroleum fuels are stilinyncerta
particularly for fuels on the marginfhe supply chain requires additional study as many of the
methods used to estimate GHG emissions are still poorly develbjmedever, ceproducts and
heavy refining do account for high outputs as can be sebe rase o¥/enezueldHeavy Crude

This is also apparenats a result oincreased venting and flaring in Nigeria, the protection of oll

in Iraq and the production of Canadian oil sands.

Calculations in this study indicate that the fate of residual dilpstroleum cokés important,

and a potentially significant source of GHG emissionsrémutire further economic modeling.
The magnitude of carbon emissions associated with these products indicates that a detailed
analysis of their fate and the effect other fuel markets should be examined.

The definition of airect vs. indirect effect may remain vagughedebate as to whether the Iraq
war, for example, israeffect that occurs as a direct or indirect result of petroleum dependence
will continue. It could be argued that amdirect effect othe war and therefore petroleum use,
might includehealth effects and long term Middle East presdrycthne western world.
Nonetheless, the magnitude of the emissions directly associated with militarty astigadily
calculated. More analysis may improve the reag@sspective but opinions are likely to

remain diverse.

Higher oil pricesand dwindling light crude stocksduce development of more costly, energy
intensive petroleum resources that haigher than average life cycle GHG emissions. These
marginal supplies are associateith:

1 Tertiary oil recovery
91 Production of heavy oils

1 Production of oil sands derived fuel

1 Imports of finished product from remote locations in relatively small \&sse

1 Production from small capacity stripper wells

Once projects are completed and operational the oil produced becomes part of the world oil
supply. Hence, the average GHG emissions are expected to inemedisew marginal supplies
are likely to have evehigher greenhouse &sions. Nonetheless, high cost, energy intensive
marginalresources must be factored imtarrent anduture projections of the impact of
petroleum based transportation fuiglghe extent that marginal considerations are taken into
account for alternative fuels
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Terms and Abbreviations

ANL Argonne National Laboratory

API American Petroleum Institute

bbl Barrel

bcm Billion cubic meters

bhp-h brake horse powerour

Btu British thermal unit

CEC California Energy Commsson

CGE Computational general equilibrium

CHa Methane

CO, Carbon dioxide

CPI Consumer Price Index

DC Developing Country

DDGS Dried distillers grains with soluble

DoD Department of Defense

DOE Department of Energy

DWT Deadweight

ECA Emissions Control Areas

EIA Energy Information Administration

EIO-LCA Environmental Input Output Life Cycle Assessment

EPA Environmental Protection Agency

FAPRI Food and Agricultural Policy Research Institute

FASOM Forest and Agricultural Sector Opization Model

FSU Former Soviet Union

ft Feet

gal Gallon

GEMIS Global Emission Model for Integrated Systems

GHG Greenhouse gas

GM General Motors Corporation

GREET Greenhouse gas, Regulated Emissions and Energy Use
in Transportation (Argonndat i on a l L a doewheels modey) 6 s we |

GTAP Global Trade Analysis Project

GTL Gas to liquid

GWI Global warming intensity

ha Hectare

H/C Hydrogen/Carbon ratio

HFO Heavy fuel oil

IEA International Energy Agency

IFO Intermediate fuel oi

IMO International Maritime Organization

IPCC Intergovernmental Panel on Climate Change

J Joule

JEC Joint Economic Committee

kJ kilo joule
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kWh
LCA
LCFS
LCI
LPG
LUC
iLUC
Mbbl
Mboe
Mg
MIT
MJ
mm Btu
NASA
NG
N-O
NOAA
OECD
OPEC
PADD
PJ
PwC
RBOB
RCF
RFG
SAGD
SO
UK

UN
usDOC
USAID
u.S.
TEOR
Tg
tonne
TTW
WBCSD
WTT

kilometer

kilowatt hour

Life cycle assessment

Low Carbon Fuel Standard

Life cycle inventory

Ligquefied petroleum gas

Land use change

Indirect Land use change

Million barrels

Million barrels of oil equivalent

Mega gram, 1 metric ton

Massachusetts Institute of Technology

Mega joule

Abbreviation for million Btu for English units
National Aeronautics and Space Administration
natural gas

Nitrous oxide

U.S. NationalOceanic and Atmospheric Agency
Organization for Economic Goperation and Developent
Organization of the Petroleum Exporting Countries
Petroleum Administration for Defense Districts
Peta Joule, T8 Joules

PriceWaterhouseCoopers

Reformulated blend stock for oxygen blending
RCF Consulting of Chiggo

Reformulated gasoline

Steam Assisted Gravity Drainage

Sulfur Dioxide

United Kingdom

United Nations

United Stated Department of Commerce

United States Agency for International Development
United States

Thermally enhanced oil recovery

Terra gram, 1®metric tonnes

metric ton, 1000 kg

Tank to wheels

World Business Council for Sustainable Development
Well to tank
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1. Introduction

Traditional life cycle analyses of fuels provide a limited assessment of the emissions
associated with petroleum dexd fuels and their associated uncertainties. Broad studies such
as thoseompleted by General Motors Corporation (GM)collaboration with Argonne

National Laboratory, the European Union, and others (Wang 1999, Brinkman 2005, Edwards
2007) compare aide range of fuels and technologies to a gasoline baseline. Similar
boundary conditions are applied to the numerous variants of hypothetical or low volume
commercial fuels such as hydrogen or dimethyl ether and petroleum fuels are treated as a well
known quantity. Other studies have looked at petroleum fuels in more detail (Bergerson
2006, Brandt 2009)y investigaing the range in emissions associated with petroleum.fuels
However, the GHG impacts that are examined are limited primarily to the setibbivad

direct impacts emissions associated with process fuel consumption and methane losses.

Recent analyses of the life cycle impacts of biofuels have expanded the boundaries to include
indirect effects of ethanol production such as land use cl{atye) impacts on soil C@and

N>O emissions, and the impact of land use change on crop production and cattle stock
(Searchinger 2008).

All LCAs set boundary conditions on what will be includddpical boundary conditions for
transportation fuels includegpetroleum extraction, transportation of the crude, refining,
transportation of the finished product, and its uséhat is normallynot included entails:

The energy associated with the building of plants, pipelines, etc

Land use impacts including deéstation induced by forest roads and land cleared for
tar sands development

1 Indirect economic effects associated witimary fuel production ando-products

il
il

In addition it is recognized that activities assoetwith the protectionf petroleum supjes
in unstable parts of the world also result in military adgsitsuch as:

1 Military activities to protect oil supply
1 Military activity and effects othefirst and secondlraq) wars
1 Postwarreconstruction activities

In recent years some of theaxhative fuels life cycle analyses have expanded their
boundaries to include land use effects and other inputs further from the production and use
stages. Because of the need to compare the impacts of various fuel/vehicle options on a
uniform basis, it i;iecessary to determine the impact of similar boundary changes to the
petroleum life cycle of transportation fuels.

Thereis debate over the definition and analytical inclusion of indik&t€ effects on
petroleum and biofuel production. For instance,Skarchinger article states:
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fiThe amount of land used to produce a gallon of gasoline is extremelydsmall

according to some energy experts we have quickly consulted, it is less than 1

percent of the amount of land used to produce a galtprivalent oethanol.

Much of the worl dos oil i's either produce
that still remains in productive agricultural use. Because the effect of oil

production on emissions from land use change islsihe reasonable to omit

i to

Consisency with the intent and significant detail of traditional fuel cycle analyses postulates
inclusion rather than e Mardoversthediffereadesirocarnosi gni f
intensity between various compliance fuels relative to each othgretrtdeum in a carben

based performance standard is very small, which impliesdlzdivelysmall effects could be

significant within a carbotvased fuel regulationStill there is justifiable difficulty in

measuring indirect effectas they often areot at the capacity level and therefore are often

not physical effects

The GREET model is inclusive of many of the direct effects of petroleum production, and
calculates these witihtense scrutiny and precisioklowever, some variables such as

Nigerian natural gas flaring of heavy oil production and upgrading in Veteeane not so

easily measuredEven with GREET covering over 100 fuel production pathways and over 80
vehiclefuel systems,tite emissions from such fuel production scenarios refleaffisiant
departures from the default GREET inputs.

The debate over life cycle GHG emissions calculations, in terms of what variables to include
and what, if any, to exclude, has prompted this stdhe am is to examine the impact of
expanding the bouray conditions for the production and use of petroleum based
transportation fuels to include a number of direct and indirect effects that are consistent with
the requirements to produce petroleum fuilgrouping of direct and indirect effects is

shown inTable 1. The categories, developed here, provide a framework for categorizing life
cycle emissions.

The direct effects are related to the primary energy inputs and emissions associated with fuel
production These include activitighatarerequired tgoroduce an additional unit of fyel

which includecrude oil production, refining, distribution and vehicle end use considered in
traditional fuel cycle analysed.o the extent that this question is interesting in the debate
surrounding fuel options andH& emissions, direct emissions would include activities
associated with significant usage and therefore would include emissions associated with
finding new oil, clearing land, and building production and refining faalitie

Indirect effects encompass effects related to fuel production other than the energy and
emission impacts directly associated with feedstock extraction, refining, transport, and vehicle
operation.Many of the indirect effects of fuel production are induced by market forces of
suppl and demand. Others may be the consequence of government policy.
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Table 1. Groupings of Direct and Indirect Emission Effects

Direct Effects

710Oil Exploration

70il Production

fMethane losses, flaring

10il Refining

10il and ProducTransport

fiLand Use Conversion

{Tailing lakes, CH

TVehicle fuelExhaust minor species
Material inputs

Indirect Effects

TRefinery Ceproducts
fMacro Economic Effects
fProtection of oil supply
{llraq Reconstruction
fIndirect land Use

Indirect effects cabe addressed within the traditional LCA boundary, but fluctuate due to
changing economic conditions and are thereby induEed example

il
il
T
T

Shift to heavier and unconventional crude oil supplies
Price pressures on gasoline with decreased/increased bistysgly
Price pressures on refinery inputs such as natural gas
Price pressures on agricultural commodities from petroleum prices

Of course there are the indirect effects that are outside the traditional LCA boundary, such as

road building and military divity. Included are

= =4 -8 -9

Emissions from U.S. government military activities in defense of Middle didast
Increased material use (i.e. cement) for war zone reconstruction

Oil field fires due to military activities

Road building to increase access and floeeancrease deforestation

All other effects are grouped as indirect effects, which includes both economic impacts and
other consequences of producing petroleum fuktdble 4summarizes the direct and indirect

effects in a structured manner. The categi e s
effects that occur with additional throughput or production capaaitiare inputs to

ref |

ect

t he

aut hor s o6

petroleum infrastructure. The indirect effects occur because of petroleum production
activities but they are not past the petoleum supply chainThe framework of petroleum

effects provides the basis for the organization of this report.

The purpose of this study is to examine the direct and indirect effects of petroleunitfuels.
develops a definition ofidect andindirect effectsand examines what is included in existing
fuel life cycle models.The study also examines and quantifies emissions that are not widely
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included in fuel life cycle analyses and develops recommendations to provide an improved
understandig of the range of emissions associated with the production and use of petroleum
fuels. This study should not be interpreted to include the full spectrum of indirect effects from
petroleum, as many of the broader economic, pndaced effects are not quigfied here

because additional analysis must be conducted to deduce reasonable numerical estimations for
these effects.

A list of the project tasks and the work breakdown structure is giv€alle 2. The project

team reviewed the range of emission aos associated with petroleum production to assess
how petroleum fuels are incorporated in life cycle analysis and what impacts are not included.
First the analysis scope of the GREET model was examined. Then the range of fuel
production impacts were eatified and screened to assess their potential magnitude.
Preliminary estimates of the life cycle GHG emissions were calculated. Many of the effects of
petroleum processing include only specific resource options and production pathways, while
others are tmadly applicable. The GHG impacts associated with different petroleum
resources and production pathways are then compared with the impacts related to each
pathway.

The impact due to changes in the use of marginal petroleum sources are examined by
investgating a range of petroleum production optiofifie analysis is framed in the context

of a reduction in petroleum usage that would be consistent with the incremental increase in
biofuels and other alternative fuels in the U.Bhis might include an adttbnal 10 billion

gall/year of corn based ethanol and another 20 billion gallons per year of cellulose, sugar cane,
and other biofuel based ethandh contrast, many fuel life cycle studies focus on average

emi ssi ons. For e x amplwlues fortpetrol€biR BudsTandnethahal | 6 s
reflect average emissions for the U.S. This study examines how emissions from the average
production resources differ from newer and more costly resources on the margin.

Table 2. ProjectTasks
Task Description
1 | System Boundary Definition
1 Define scope of traditional life cycle analysis
1 Define average versus marginal analysis requireme
9 Define direct and indirect impacts of petroleum
2 Life Cycle Inventory Data
1 Identify scopingcalculations for key data gaps
1 Calculate inputs to determine GHG emissions
1 Determine process input assumptions
3 | Petroleum Production Effects
1 Calculate direct effects per MJ of fuel
1 Estimate indirect effects and calculate per MJ fuel
1 Review market mitigted effects (price elasticity)
91 Describe complex attribution, driven by assumptions
4 | Impact on Life Cycle Assessment
1 Develop petroleum scenarios
1 Estimate range of direct and indirect impacts
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2. Scope of Petroleum Life Cycle Emissions

A traditional petoleum production LCA measures the life cycle GHG impacts associated with
the production of petroleum fuels. The calculation methods are applied on ssppeeific

or regional basisThese calculations present GHG emissions on an intensity basitehus
functional unit é analysis is a MJ of gasolin@he life cycle analysis of petroleum is

examined from exploration through vehicle end use, or a well to wheel basis. Both direct and
indirect impacts and eproducts are examined. It identifies marketigated drivers;

however, a much more extensive economic modeling effort is needed to formally assess these
impacts.

A life cycle analysis of petroleum fuels should follow a set of procedures to determine how
the study is conductéd ISO 14044 (ISO@06) provides requirement that have been applied
to fuel life cycle studies. Specifically:

ISO 14040 specifies requirements and provides guidelines for life cycle assessment
(LCA) including: definition of the goal and scope of the LCA, the life cycle

inventory analysis (LCI) phase, the life cycle impact assessment (LCIA) phase, the
life cycle interpretation phase, reporting and critical review of the LCA,

limitations of the LCA, relationship between the LCA phases, and conditions for

use of value choicemnd optional elements.

The first step in a life cycle analysis is to determine the scofieattudy and asks the
following three questions

1 Why is the study being conducted?
1 What effects are important?
1 What emissions are included?

The life cycle of proleum fuels is generally of interest because the introduction of significant
guantities of alternative fuelseabeing considered world wid€&overnment policies,

technology improvements, and other factors are often targeted to displace 10 to ovér 30% o
petroleum usagencluding growth in capaty ((DOE 2008,CEC 2003, RTFO (UK)

Therefore, the scope of the petroleum life cycle analysis of interest should be consistent with
such large reductions in output.

2.1. System Boundaries

In general, the systenobndary for fuel production includes material inputs, resource

extraction, production, vehicle use, and end of life activities. Many fuel life cycle studies
perform a process based analysis that accounts for the direct energy inputs and emissions
associatd with fuel production. The process based analysis allows the system boundary to be
drawn tightly and avoslendless smaller secondary material inputs and economic effects. A

! This scope of this study is not a complete life cycle assessment and is determining what should be
included in the life cycle assessment and what is missing.
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process based analysis also allows for the calculation of differences anahgupe options
such as low sulfur fuels.

The traditional system boundary for petroleum fuels is shovAgure 1.The analysis

accounts for the direct energy inputs for oil production, transport, refining, and vehicle use.
Process energy inputs a@aulated for petroleum, natural gas, and other energy inputs. The
results can be presented for RFG blends by combining the life cycle results for the
reformulated blendstock for oxygenate blending (RBOB) with ethanol. This analysis is
typically accompkhed by calculating the RBOB life cycle through the refinery and then
delivery of 100% RBOB. The energy content weighted average life cycle results for RBOB
and ethanol represent the life cycle of the oxygenated blend. Since the life cycle of RBOB
includes no significant contribution from ethanol, showing the results for RBOB alone
represents the petroleum derived component of gasoline.

[ Ehanol Je----omo-eeeeoee Ethanol CO, Venicle
Ethanol Manufacturing
Production >
Faglly | 7T e Traditional Boundary |
Construction | Hydrogen y
I Natural Gas >
A4
Refining
: . . RBOB Storage
: 1 Crude Oil Crude Oil ; i .
Exploration > - —> =p MDiesel —p |
p 1 Production Transport APG blending, Vehicle Fuel
A transport
! 7y erosene '
[ PRI B A e
_ o Co-products l
Protection of Direct = /still Gas '
. 1 Material
QOil Supply LUC — APet Coke Recvelin
II AResidual Oil el
APG
: ALube, wax, etc.
Indirect
LUC 1
Alternative Price
product Effects

Figure 1. System boundary for petroleum fuel production and vehicle use

The impacts of peoleum fuels are presented on a gasoline basis. Refineries produce a mix of
fuel products including diesel, jet fuel, kerosene, LPG, and lubricants as well as heavy co
products. The energy assigned to refining diesel fuel is comparable or slighthalesisat

of gasoline. Therefore, the gasoline representation reflects the effects described in this report.

Fuel life cycle analyses exclude a variety of effects. Facility construction energy and material
inputs are a small part of the fuel cyeledare often omitted from LCAs for petroleum

studies As discussed previously, these effects are debatable as to inclusion (or not) into
LCAs for not just petroleum analyses but also of LCAs on biofuels.

GREET calculates the emissions associated with fiaromors to demonstrate that the result is

small (for corn based ethanol production). The NMMeiss)life cycle study ofuels includs
material inputs as it examines a range of vehicle technoltakesy into account the energy
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inputs for materials indtteries and aluminum intensive vehicl€®r most alterative fuel
options, the energy intensity of material inputs is comparable to those for petroleum fuels.

Petroleum refining results in a range of prodwcisiplicating the attribution of refinery

inputs and emissions to fuel produci&uel cycle analyses typically assign energy inputs and
emissions to refinery eproducts and exclude the GHG emissions associated with-the co
products from the total assignedgasoline and dieséliels. Some of the @-products of the

fuel cycle are used to produce transportation fuels. For example refinery marine bunker fuel
is used to transport crude oil. Some refinery products are refinery inputs. Residual oil,
petroleum coke, LPG, jet fuel, and other produotstggated as eproducts withvarious

allocation approaches. The various approaches are discussed later in this report (Section
3.6.1.

Life cycle studies provide only a limited characterization of the range of fuel cygéeim

The use of petroleum fuels also has indirect impacts such as the use of energy associated with
U.S. policies aimed at the protection of Middle Eastern oil supplies, impacts ouskathd

price effects.These effects are often cited as imporagnomic impacts but the GHG

emissions associated with these is generally not exanhiode that these are outside of the
traditional boundary shown in Figure @Notable exceptions in Delucchi 2008, Delucchi and
Murch 2008).

Because the GREET modslextensively used in the life cycle analysis of fuels and fuel
policies in the U.S., the model itself effectively defines a system bound@agyextent of the
calculations in GREEJ system boundary assumpticergdiscussed in the following section.

2.2. GREET Model Scope

The GREET model includes a variety of petroleum and non petroleum pathWags
configurations of the model and default values calculate average energy inputs and emissions.
The default values represent aggregate results for petrolediaitarnative fuels that

represent the average for U.S productidhe model also calculates emissions for new fuels,
where the process assumptions reflect new facilities while crude oil, existing biofuels, and
electric power resources reflect the averfrgm existing facilities.

For petroleum pathways, GREET calculates the energy inputs and emissions in 5 primary
components:

Crude oil production

Crude oil transport

Oil refining

Product transport (Gasoline, Diesel, LPG)
Vehicle end use

=A =4 =4 -4 A

% The discussion here refers to GREET 1.8, released in September 20afisclission generally
applies to its predecessors dating back to 1999.
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The first faur components are calculated and presented on a WTT basis with GHG emissions
in g/mmBtu. The vehicle end use phase is calculated WAT&V basis and presented in g/mi.
This phaseéncludes the carbon in the vehicle fuel as,C®OC and CO are counted a®©&

with no double counting of carboMethane from vehicle exhaust angNare treated as

GHG emissions according to their global warming potential.

Many of the inputs allow for the calculation of emissions to a great degree of preéision.
example fel spills from vehicle fuding (0.5 g out of 8 gallons of vehicle flielg)

correspond to 0.002 g/MJ of GHG emissioitsis model feature is useful because it allows
for an understanding of the relative contribution of different fuel spasibade hydracarbons
from spills are relatively minor GHG sources, they represent a significant portion of total
hydrocarbon emissionslhe great precision applied to nyamspects of the calculations
implies that the GHG emissions are well establiseednwhen somenputs exhibit
considerable variability

The underlying assumption in GREET is that new oil, electricity, and other energy resources
will consist of a comparable resource mix as existing resouefault GREET inputs and

the overall model structure amt reflect marginal fuel production tire impact of new fuels

and savings in fuel usage.

Table 3summarizes the treatment of the steps in the fuel and vehicle cycle in the GREET
model. GREET inputs are intended to represent the U.S. average valbethfproduction

and reining. The first category in the GREET model is petroleum production, which includes
the emissions associated with crude oil production equipment as well as fugitive losses.
Energy inputs for heavy oil refining or unconventiondlppoduction are not explicitly

included in the model as it aims to provide an average aggregate result. These data are based
on aggregate U.S. statistics (USDOC), which range from 0.047 to 0.025 J/J crude oil
representing all of the fuel inputs used ddrproduction including natural gas, crude oil,

electric paver, and other energy sourceghese values correspondaa@rude oil extraction
efficiency of96 to 97.5% on the GREET input basis for the years 1997 and 2002 respectively.
The GREET default jput value is 98% with a resourcéxncomparable to the 2002 datA.
comparable input parameter for the CONCAWE study is 0.025 J/J (Edwards).

Emissions related to venting and flaring associated gas are included in the GREET model with
estimates represeng data for the U.S. These values are adjusted to represent higher levels
for overseas associated gas. The next step in the petroleum based fuel production process is
crude oil transport, which includes both pipeline and limited barge transport &ed $aip

transport for imported oil. Interestingly, the default GREET assumption for version 1.8b and
prior versions indicates a 1,000,000 D\Wénker ship; which corresponds to 4 times the

capacity of the typical marine tanker vessel in use totlaig.implies that the transportation

GHG emissions for petroleum may be significantly higher than predicted by GREET.

The approach for attributing refinery energy inputs and emissions is another key assumption
embedded in the GREET moddlhe GREET model assig energy inputs and emissions

associated with crude oil refining éach of the refinery productsl).S. refinery statistics

provide the basis for estimating total refin
inputs for each refinery unit and theoduct outputs are based on refinery models (Wang
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2004) and provide the basis for allocating energy inputs amadimgry products. The

procedure treats transportation fuels and heavy giroducts in the same manner, assigning

refinery energy and ensmns to their productionThese estimates are adjusted with more

recent EIA data for refinery energy (Wang 800The refinery energy inputs for each product
(gasoline blend stock, LPG, diesel) are repr
product. This approach eliminates the complexity associated with tracking the fate of

different coproducts. Several other approaches to the treatment of refinery energy have been
implemented in life cycle studies. These are discussed in Sdction

Thefir ef inery efficiencyodo input assigns energy
The analysis does not directly take into accountdteofco-product coke and residual oil

that is produced when additional crude oil is proces3#ds is thecase evethough the coke

and residual oil are substantial puts within the refining cycleThe model calculates

feedstock energy losses in refining processes separately from feedstock converted to fuel with

the notion that 1 million Btu of feedstockrisquired to produce 1 million Btu of fuel product.

The implications are discussed in Secto®

Several emission sources are excluded because they represelhtfi@astion of the fuel

cycle. For example, chemical inputs that are consumed in smaiitgies or replaced during
maintenance such as catalysts are not included in GREET. Material inputs for facilities are
not included in the model as a matter of system boundary definition. ANL also calculates
some material energy inputs (for farming gaoent) and demonstrates that the impacts are
small. Thus, the GREET analysis does not further calculate material inputs for the
comparison of fuel optisbecause these emissions are a relatively small fraction of the fuel
cycle.

GREET 2.7 calculates Wele material inputs and emissions (Burnham). These emissions
would be almost identical among comparable liquid fueled vehicles. The range in crude oil
production emissions are represented by a stochastic simulation of uncertainty. The model or
documenation daesnot explicitly identify data that are associated with the uncertainty

analysis parameters available in the stochastic simulation.
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Table 3. Treatment of Fuel Cycle Categories for Petroleum Pathways in the GREET Model.

Category Treatment in Comments

GREET
Facility Materials Not included Small component of fuel cycle.
Exploration and Drilling Not included Assumed to be small.

Venting and Flaring

Included in crude
oil production

Data for U.S. adjusted to reflect
composie value of domestic
production and imports.

Crude Oil Production

98% crude oil
extraction efficiency
assumption applied
to feedstock

Based on aggregate U.S. statistic
(USADC). Crude oil extraction
emissions are inconsistently appli
to downstream engy inputs.

Refining

Allocation to
refinery products

Refinery energy inputs based on
aggregate EIA statistics for the U.
Allocation to gasoline is based on
experience with refinery models
with estimate of process specific
allocation to gasoline. Injts do not
demonstrate a material balance.

Refining Ceproducts

Allocation to coe

Upstream fuel cycle emissions are

products implicitly allocated to ceproducts
as inputs to GREET. The selectiotf
of fArefining ef
distribution of refiney emissions to
transportation fuels.
Chemical Inputs Not included Small component of fuel cycle.
Fuel Cycle Calculations Sum of WTT I1mmBt u of Cr uddoss
impacts factor +

Refinery energy + distribution

Vehicle emissions

TTW calculation

Fuel carbon + vehicle YD and CH
shown on a per mile basis

Vehicle manufacturing

GREET 2.7 analysis

Calculates material inputs and
recycling for vehicles. Results are
very similar for conventional

vehicles and identical for blends

Indirect, MarketMediated
Impacts

None

GREET applies a market factor to
reduce the amount of credit applie
to corn DDGS from corn ethanol I
15%. No other market impacts a
included in GREET.

The indirect impacts of petroleum production including economic effects uise and

government policies associated with oil production are not included in the GREET model.
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2.3. Marginal Impacts

The energy inputs and emissions associated with the production of the nth gallon of fuel
represent the impact of a change in transportétiehusage. Changes in petroleum usage
could be due to a displacement by alternative fuels, improvements in fuel economy or a
change in consumption behavior. In princjphe highest cost producers provide the
marginal gallon of fuel. Cost factors lnde transport distance, tariffs, fuel specifications, as
well as well as inputs to crude oil extraction and refining. The marginal argument is often
applied to criteria pollutant emissions from new fuel production facilities in California (CEC
2005, Unnach 2001) where a growth in alternative transportation fuels was projected to
displace gasoline imports. However, the effect on global gasoline production is less clear.

One of the reasons that it is important to consider the marginal impact of petioteuhe
impacts of the marginal gallon of petroleiirts to ensure that fuels are compared equitably
with regard to their carbon intensity scorésr example, as discussedc¢ent analyses of the
life cycle impacts of biofuels have expanded i sysemboundaries to includéne price
induced,indirect effects of ethanol productissuch as. UC, based on future ethanol demand
measured in the world economy (i.e. the nth gallon of ethanol).

If the comparison is to petroleum, it is important to corrsilde impact of a marginal gallon
of petroleum use. Comparing marginal alternatives to average petroleum understates the
potential GHG impact.

A simple model of reduced gasoline demand would be to assign the reduction in output from

the highest cost pducer as illustrated iRigure 2. Displaced petroleum corresponds to the
highest cost producer. Absent this petroleum production, the crude oil would remain
underground.In practice the source of the crude oil depends on factors such as OPEC
productionlimits, transportation costs, national energy policies, and other factors.

Vs Highest "2 Reference System
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Figure 2. Life cycle impacts occuronthe margins s hown by O&é.busi ness
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Other analysis techniques could interpret the sources of marginalepet: Thesenight
include:
1 Interviews with traders and market participants to assess capacity limitations and
supply patterns
1 Oil industry sector models which include supply curves based on extraction and
production technology
1 Consideration of capacitynhits on U.S. refineries and requirements for imports of
finished product
1 Econometric models that estimate the effect on the U.S. and worldwide economy
based on inputs such as the production of competing fuels or fuel economy

Of course considering a braadrange of factors in the life cycle of petroleum adds to the
complexity and uncertainty of the analysiBelucchi takes the marginal argument one step
further by proposing that all life cycles of fuels should be based on a consequential analysis of
therr production including the effects on resources and global prices (Delucchi 2008).

In principal, a consequential assessment of a product wietddmire the marginal energy

inputs and related emissions that are the result of production and use ofiilne.piichese

impacts could include activities far removed from the direct effects. For example the
consequential use of natural gas as a process fuel would include the energy required to make
up for natural gas consumed from the local gas grid. Theeso@ienergy could include:

More natural gas from existing sources

Natural gas from LNG

Reductions in natural gas demand due to price effects

Switching from natural gas to other fuels due to price effects

All other indirect and induced price effects thet the result of an increase in natural
gas usage including all factors of production in the economy

= =4 =4 -8 -9

Marginal petroleum resources correspond to the more expensive and harder to reach barrel of
oil. At higher price levels more energy intensive and expensisources such as heavy oll

and stripper wells are brought into production. Some of the sources described in this study
would certainly be considered on the margin.

2.4. Economic Effects

Economics ultimately determine which petroleum resources are pcbdadée margin
including factors such as production costs, sunk capital, and offteeseffect of petroleum
production, consumption, and-pooducts also generates economic effects with resultant
GHG emissions.The factorsof production associated wiffetroleum supply and
consumption affect the consumption of consumer goods, prices in the economy, and a
cascading effect of energy use and emissiéhigce effects are largely understood to be the
response of the marketplace to a change in supply okgood

In a theoretically perfect economy, all factors of production respond to the equilibrium of
supply and demand. The entire global economy should respond to a change in the supply of a
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produd such as corn or residual oWorld prices should change iesponse to supply
availability affecting all factors of production and economic sectors.

2.4.1. Indirect Impacts of Biofuels and Effect on Indirect Petroleum Effects

The indirect effects of biofugdroduction and uskeave been incorporated into recent lifeley
calculations. Most notably, the effects on land carbon accretion as well as a limited set of
other indirect effects of using corn as feedstock for ethanol are part of the RFS and LCFS
calculationdEPA; ARB LCFS2009).

Direct LUC emissions are assiated with the clearing of land atehd preparation to grow
cropsfor biofuel productiorand include changes in soil carbon and above ground flora. All of
the above ground carbon and a significant fraction of soil carbon are convertegdwh€O

land isconverted to agricultural production. The second category, indirect or market
mediated LUCoccurs when the production of biofuels displaces some other larfd.gse
grazing for livestock) These effects are extremely difficult to predict or measutie aviy
accuracy, and are highly uncertain due to their indiscriminate and often indiscreet variables.

IndirectLUC has been treated as an economic phenomenon predicted by economic (partial or
general) equilibrium models that represent food, fuel, febdr,fand livestock markets and

their numerous interactions and feedbacks. Results fromdaede economic models,

however, depend on a wide range of exogenous variables, such as growth rates, exchange
rates, tax policies, and subsidies for dozens ohtr@s.

Indirect land use effects are part of the statutory requirements of the Energy Independence and
Security Act (EISA2007). EPA is currently using the FASOM and FAPRI models to

estimate thémpact fromchanges in crop acreage on domestic andnatemal landuse. The

GTAP model is being used by UC Berkeley and Purdue University to evaldatztland

use conversion impacts of biofuel production expansidns effort is used in support of the
CaliforniaLCFS.

While the assessments of LUQ taofuels provide considerabinsight into the land use
impacts of fuels, these modeling efforts to date have not inckltedpacts that are directly
related to the use of biofuedsd include

1 Agricultural inputs associated with indirect crop praiut (example is given below)
1 Direct GHG emissions associated with changes in agricultural commodity transport
1 Broad range of consequential economic impacts

Other indirect effects are also difficult to predacid include:

Non equilibrium prices (in otmevords:the real world price of goods)
Effects on petroleum prices

Shifts in currently markets

Innovatiorrbased yield and efficiency increases

Demographic trends

= =4 =4 -4 -9
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2.4.2.Direct and Indirect Effects of Petroleum Production

A working definition of direct and indect effects of petroleum production produced the
groupings in Table 4 of indirect vs. direct effects and depict which are covered in more
traditional LCAs and which effects are not (as denoted by the closed vs. open circles).

Table 4. Categorization of direct vs. indirect effects of petroleum production.

Direct Effects Indirect Effects
o |8 2
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Petroleum |=|=|2|=|=|S|T| 6 |S|c|G| | 2| % S
Venezuelan )
Heavy Yo | Ya | Ya|Val| Yo | Va | 1 1 Yo | Ya | Ya | YVa | Ya
Canadian Oil )
Sands Vo |Ya| Y| Yo | YVa | Va Yo | Ya | Ya [ 7
Iraqi Yo | Ya | Ya || % | T |1 Lo\ Ya| Va | Ya | T |1
Nigerian YVa| Ya | Ya || % | T |1 Loy Y| Ya | T [T |1
California T 1 T T
1 1 1 1 1 1 1 1
TEOR Va | Va | Yo | Y% | Va Ya | Va Ya
U.S. Off Shore Vil Val Yl Y| Y5 1 1 Y v, v, 1 1 T
Conventional A Yol Yo | Ya | T Loly, | v |1 T |1
Included in traditiondlifuel life cycle analysis
1 Excluded from traditional fuel life cycle analysis because relative difference amon
fuels is small
Y, Not included in traditional full fuel life cycle analyses
2Include in taditional fuel life cycle analyses and needs much work
T Not applicable
®Del ucchi 6s work on fuel |life cycle ar
recommends work in these areas
P Market effects of petroleum would also include inducedatff on land use.
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2.5. Direct Emissions of Petroleum Use

Table 5summarizes the direct effects of petroleum production considerenclusion in this
study. These include a review of the inputs for average crude oil production in the U.S. and
follow the energy inputs and emissions from well to wheel. The effects of unconventional
and marginal resources are also examiRederence to section numbers is also included.

Table 5. Direct GHG Effects Due to Petroleum Usage

Category Emission Impact Report
Section
Average U.S. 1 GREET inputs based on aggregate statistics GREET 2.2; 2.7;
Crude Oil f  GREET calculations are based on 1 mmBtu | 3.1
Production crude oil feedstock to make 1 mthu of
product (gasoline, diesel, LPG, residual)
1 Upstream calculations in G&ET are intended
to reflect bbl of product /bbl of crude
Oil drilling venting | T Methane leaks from oil wells and associated| 3.1- 3.3
and flaring gas _
1 Flared associated gas
Exploration and | 1 Driling 3.1-33
Production 1 Exploration activities
1 Onshae and off shore
Oil sands f  Energy inputs for tar sands extraction, heatir| 3.1.4/3.2/ 3.4.2
processing and hydroprocessing
Enhanced crude of 1 Gas and oil fired steam generators 3.4.1/4.1
recovery 91 Electricity coproduct credit
Heavier crude oil | T Hydrogen production 3.4
processing 1 Residual oil production
Deeper Refining | 1 Installation of equipment for more complete | 3.4
conversion
1 More hydrocracking and energy intensive
processes
1 Lower quality asphalt production
Crude and Produc{ 1 Marinecrude carriers 35
Transport 1 Smaller cargo capacity effect
Vehicle Fuel f Not addressed in study as depends on fuel | Not discussed in
economy and gasoline composition (variablg this report
Labor 1 Personnel travel, housing, employee food, | Not discussed ir
other goods, and services this report
Oll facility 1 Steel, concrete, other materials Comparable
production and f Construction equipment among fuel
ial i f  (Note: this category is small and comparablg Options;not
material mput% among all fuels) examined in this
1 - notincluded in this study. S'ilidy but Wgrthy
1. Emissions associated with labor costs were not examined in this study.
2. Material inputs for vehicles and facilities and recycling were not examined here. The materials for
are essendily identical forall liquid fueled vehicles. Both petroleum and biofuels facilities require mat
inputs. The analysis of these emissions would require an extensive examination of facility requirem
the time horizon that is applied to fuels.

15

Life Cycle Assciates, LLC



Indirect Effects of Petroleum Use

The indirect GHG effects of petroleum use that are outside the scope of the GREET model
include the following higHevel categorieand are listed in Table 6

1. Protection of supply
2. Land use and other environmental imjgac
3. Marketmediated impacts relating to dependence on, or the priwé’ of

Table 6. Potential Indirect GHG Effects Due to Petroleum Usage

Category Emission Impact Report Section
Refinery residual oil 1 Refining crudeoil produces more residua 4.1
production oil on the market
Protection of supply Section 4.3
4.3
Emissi ¢ S 1 GulfWarlandll
missions “’”.‘.U- : 1 Naval activity in Persian Gulf
government military 4
AT 1 Irag occupation
activities in defense of oth it tivities to be identified
Middle East oil fields 1 er militaryactivities to be identifie
from DOE studies
1 Troop training and preparation
1 Estimate based on $ expenditures
Increased material use (i.{ 1 Power plant, building, bridge, road 4.4.1
cement) for war zone construction
reconstruction 1 War zone transport of matals
QOil field fires due to 1 Kuwaiti oil fields burned for several 4.4.2
military activities weeks after Gulf War |
Land Use Impacts Section 5.0
Tar sands and oil 1 Mining, hydrogen production (in 5.2
production land impact GREET)
ildina i i 5.1
Road construction T Road bqlldlng is catalyst teforestation
destruction
Economic Impacts Section 4.2
Tar sands use of natural | 1 Pressure on natural gas for power 4.2
gas for processing production shift to more coal imports
. | Fertilizer, labor, seed, fuel, etc. 4.2
Price pressures on 9 Shift from natural gas to coal based
agricultural commaodities fertilizers 9
from petroleum prices .
P P 9 Destruction of forest for fuel
Price pressures on 4.2.2
gasoline with 1 Rebound effect
deaeased/increased

% The supply and demand of goods and services respond to the price of oil, thereby inducing economic effects.
The economic activities that either depend on petroleum fuels are or istnénack the price of petroleum

would most likely also encounter changes in economic activity and resultant GHG emiagiondtural

commodities, travel, industrial chemicals, and a variety of goods and services are affected by petroleum prices.
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2.6. Attribution of Emission to Fuel Production

Attributing emission impacts to fuel production provides a number of methodological
challenges, especiglfor indirect effects. The causality between itindirect effects,

categories of emission effects, time horizon and actual petroleum production are subject to a
range of interpretations. The readers of this report may not agree with the approach taken
here but the exercise of quantifying the effectsredenting a calculation approach is
nonetheless valuable as it places a bound on emission impacts there might be considered too
vague to quantify.

Attributing indirect GHG emissions to a unit of fuel (e.g. to compute grams/®0)
requires that we defe the quantity of fuel associated with the emissidigernatives
include:

1 All petroleumbased transport fuel used in the U.S. over some number of years

1 Transport fuel only from importeail, over some number of years

1 Transport fuel only from oil imped to the U.S. frornthe specific country or region
under consideratioaver some number of years

Given the global commodity nature of the petroleum market, eliminating U.S. imports from
one region, such as the Persian Gulf, would not directly redwdeotdgput from the Persian
Gulf, and the related emission impachbsstead, a change in U.S. demand would affect global
supplies, which woultheoreticallyachieve a new equilibrium based on supply and demand.
As such, any marginal reduction in U.S. pktoon use may have little immediate impact on
protection of supplies (in the case of military) or associated GHG emissiangever, this
reality does not necessarily support excludingexamination of theffect.

Table 7summarizes the approach to iatiting emission effects including the time horizon

and related petroleum throughptror the production of marginal resources, the attribution is
relatively straightforward and less controversial. The energy inputs and related emissions are
attributed 6 the marginal petroleum resource. In the case of indirect effects both the time
horizon and throughput were assumed to provide a parametric basis for expressing the indirect
emissions.

Table 7. Example Attribution of Fuel Tlmughput to Emission Sources

Activity | Possible Attribution

Process Based Emissions

Heavy oil refining Per bbl of heavy oil

TEOR Per bbl of TEOR oil

Oil sands production Per bbl of oil sands crude

Broader Oil Production Activities

Military activity 20 years of middle east oil, U.S. Imports
Qil field fires 20 years of middle east oil, U.S. Imports
Road based deforestation 40 years of forest based oil

Oil sands deforestation 20 years of oil sands production
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Studies on military impacts genegationsider the attribution questioDifferent approaches
described irBection 1.Jprovide estimates of GHG emissions associated with supply
protection. We must then allocate these emissions to a quantity of fuel to provide a term with
the desired unitef g COe/MJ.

For protection of petroleum supply, we consider two possible fuel quantities: (a) all transport
fuel consumed in the U.S., and (b) all transport fuel produced from oil imported from the
Persian GulfTable 8shows U.S. production, importsichexports of petroleum for the years
20032007.

Table 8. Total U.S. Petroleum and Transport Fuel Consumption,-2003.

Category Billion bbl
Production 9.67
Imports 18.26
Persian Gulf imports 4.13
Gulf imports for tansport 2.89
Exports 0.04
Net consumption 27.89
Net consumption for transport 19.52

In thepastfive years (20022007), the U.S. imported 4.1 billion barrels of crude oil from the

Persian Gulf, out of a total 18.3 billion barrels imported. SkResian Gulf imports in this

period accounted for 15% of total U.S. consumption, the use of the smaller denominator
(Persian Gulf i mports only as opposed to all
by a factor of 1/0.15 or 6.7.

An argument an be made that the protection of Persian Gulf oil serves to control the price of
all petroleum, not only in the.8,, but in the world.Since oil is a globally traded commodity,
the loss of supply anywhere causes the price to rise globally.

Copulos(Copulos 2003yvrites:

AWhy do military threats to the Persian C
while threats to other regions do not? Onewaer is that the magnitude of

the Gulfds production and reserves make i
this fundamental fact, while losses from other oil producing areas can readily

be offset by surge production from the Gulf, the loss of productiontfrem

Gulf could not be made up by surge produc

Copul os 6 tha algss ohpradtiction from the Gulf wodilchdamentallyalter the
globaloil market supports theotion that ongoing military activities are effedly tied to its

oil supply. Further, 6pules 2006)indicates thab0to75 percentf Middle Eastmilitary
activity is an ongoing requirement to maintain production cagiacttye calculations in
Section3.8assign all ofthe military activity to the transportation fuels derived from crude oil.

*IncludedinMi | t on A. Copul o0s6 t est itothenUpitedSiates he O6Hi dde
Committee on Foreign Relations: 2006.
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3. Direct Petroleum Production Emissions

3.1. Exploration, Drilling, and Production

Oil production is typically the first step in a life cycle analysis of petroleum fuels. Oil
production cwers a range of technologies depending on the reservoir type, extraction
technology, and oil field equipment. In addition, oil production also requires exploration to
find the oil, which is typically not included in life cycle analyses. This section ieeathe
data on oil exploration, drilling, and production.

3.1.1. Conventional Oil Exploration, Drilling, and Production Data

Over the years, oil production has involy@agressivelymore intensive exploration, drilling,

and collection activities. Early oirpduction activities involvéidentifying oil seeps and
drilling relatively shallow well s. Todayobs
seismic technologies that detect underground (and in deep water) geological formations.
Accessing the oil &s also become more difficult. For exam@éevron, Devon, and Statoill
recentlyannouncd a very large oil discovery in the Gulf of Mexico, which could increase

U.S. proven resges of oil by as much as 50%lowever, exploring this source of oil would

involve drilling 20,000 feet dedgpinder 7,000 ft of watégr

Ideally, data on energy and materials consumed in drilling would be gathered by surveying oil
and gas drilling companiesince such data are not widely available, aggregated data, such as
from the Economic Census, provide the data for oil extraction in GREET and some other fuel
cycle analyseslin addition to the data on oil and gas extraction from the Economic Census
that was used in GREEThere is newer data presented in a document enGtiede

Petroleum and Natural Gas Extractioand there are two other relevant datasets generated by
the Economic Censufil and gas well drillingandSupport activities for oil and gas

operations

Data from the 1997 Economic Census provides additiof@mationon oil exploration

activitiesas data from the 2002 Census is incomgld®ADC 1999; USADC 1999; USADC
1999) The three dtasets compiled by the Economic Census are described belablen9.

Table 9. Economic Census Datasets

Document Year | Included activities in document
Drilling oil and 1997 Drilling oil, gas, service wells; oil andag well drilling
gas wells directional control; reworking oil and gas wells.

Exploration, geophysical exploration; Cementing; Surveyir
and well logging; Running and pulling casing and rods;
Acidizing and chemicareatment; Perforating casing;
Installing equipment; Cleaning, bailing, and swabbing wel

Support activities
for oil and gas 1997
operations

Crude petroleum
and natural gas | 1997
extraction

Extraction of crude petroleum including lease condensate
Extraction of gas; Extraction of unspecified hydrocagion
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Each of these documents contains data on energy used in the listed activities, broken out by
type: distillate fuels, residual fuel oils, natural gas, and gasoline. Each also contains dollar
values spent on various inputs, including cement, steehragat, maintenance, parts,
explosives, drilling fluids, and others.

Table 10below shows inputs by energy type for each type of activity, in 1@@rof crude
oil and natural gas produced.

Table 10. Energy inputs to oil andag support, drilling, and extraction (J/100J of crude oll
output)

Support for oil Drilling of oll Extraction of
Input type and gas operations, and gas wells oil and gas
Diesel and distillate fuel
oils 0.30 0.70 0.42
Residual fuel oll 0.23 0.44 0.15
Gas(natural or
manufactured) 0.05 0.02 32.42
Gasoline 0.16 0.11 0.43
Electricity 0.16 0.03 4.00
Other 0.98 0.43 0.00
Percentage energy of
prod. oil & gas 0.19 0.17 3.74
Note this compares with 2% in GREET, 2002 data for extraction is 2.5J/100

The asessment of energy inputs for crude oil production remains elusive even though these
activities correspond to some of the largest components of global fuel production.

The values irmable 10are different for the extraction of oil and gas column than those

reported in the GREET model. This is because these data are based on 1997 Economic
Census data, which reports much higher natural gas consumptieramounts consumed in
support and drilling are very small, summing to about 0.2% of the energy corntathed

produced oil and gas. This can be compared to the energy used in extraction, which is 3.74%
for the 1997 data, 2.5% for the 2002 data and 2.0% in the GREET ntitiékld services

and drilling are about 10% of the oil production energy inputs.

These data lump oil and gas together: data on energy use are not broken down into energy
used to extract oil separately from emefor natural gas extractiorGREET 1.5

documentation (Wang 1999) discusses the breakdown of Census data between sil and ga
production to generate the 98% input in the model.

Support and drilling energy fractions are allocated in this table by dividing the amount of
energy consumed for support and drillingl997 by production in 1997n reality, the

drilling and exploréion performed in 1997 are associated with production in future years.

How to rigorously address this difficulty is not knowhhe assumption implicit here is that

the situation is at a fAsteady statletioniwher e
that year. The effect of well gietion, higher energy prices on efficiency, and the

introduction of new resources would be worth investigating. Oil companies actually track
GHG emissions associated with guation and reefing operationklnfortunately most of the
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data is proprietary to the oil companies and not presented in a manner that allows for a ready
assessment of GHG intensity tied to throughput and production techn®loggxample

some data is presented as an aggregate of prodactibrefining. The methods used to track
emissions also potentially differ from those in the GREET model and a significant effort
would be required to provide the data on a consistent basis.

The Census data provides no breakdown for the energy use taltlen i Support Act i
between energy used in different activities (e.g. exploration as compared to cementing).

Energy inputs associated with these activities could be calculated from cost inputs in the

census dataFor example, th cost inputs foexploration,cementing, etc are reported. These

inputs could be related to the energy required to make the cement and steel providing insight

into the drilling and support activities.

Data for specific project or system designs could also be used topl@stimates of the

energy required for operating drill riggater separation, pumping, storage and other
equipment.Case studies in specific projects would be useful to understand the factors that
affect oil produdbn energy inputs such as secondamyduction technologies (water

flooding), drill rig throughput, well depth, oil viscosity, and other factors. While such data
would not provide a representation of the average, a better understanding of the basis for the
aggregate data and ranges amonguyxtan projects is needed to provide more confidence in
the inputs to petroleum life cycle analysis.

The ranges in energy inputs could be broader than the 2% of crude oil enerb¥yp-ted in

the JEC study (Edwards) for marginal resources suchipgestivells. Stripper wells produce
less than 10 bbl per day. Despite their small output, about 80% of the 500,000 producing oil
wells in the U.S. are classified as stripper wells, which correspond to 19% of U.S. production
(NETL yean. The equipment guirements, pumping energy, and transportation modes for
this oil resource should be examined in detail as these are typically the high cost producers
that operate on the margifVith depleted wells, low oil throughputs and transport volumes,
the energynputs would certainly be larger than #neerage project. A priority in the area of
petroleum analysis would be to determine what fraction of stripper wells are represented by
the USADC census data.

Arguably, marginal impact best represents the impacewf fuels (Unnasch 2001).

Calculating average emissions is interesting from a historical perspective, while marginal
sources are affected by the displacement of petroleum due to conservation or the introduction
of new fuels.Heavy oil and unconventionall represent an increasing share of the market as
the price of oil rises and increases in oil imports involve transporting fuels from remote
locations with more transportation energy inputs.
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Figure 3. QOil drilling rig.
3.1.2. Offshore Oil Production

Offshore oil production involves the exploration, drilling, and production of oil resources
under ocean waters. Exploration and production activities include seismic investigations,
exploration drilling, and rig operation such as tine shown ifrigure 4 No readily

available sources of information were found to break out energy inputs between offshore
exploration and production or between offshore and onshore production. The differences are
difficult to discern because marinesgels are used both in exploration activities and oil rig
support activities with no readily available data on energy use. Additional sources of
information would include project developers and operators as well as information sites such
as RigZon2

> hitp://www.rigzone.com
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Figure 4. Off shore oil rigs can be located close to shore or in deep water.

Energy inputs for ofshore activities are difficult to estimate as the authors have not found
aggregate statistics of energy inputs and oil throughput. More interviews witloakgeor
producers would be needed to estimate energy inputs for specific projects.

Off shore oil production can be expected to require more energy inputs than conventional oil
production because of the requirements for marine vessel and equipmenboperat
exploration and rig operation. Extracting oil from deeper wells will also require additional
pumping energy.

A coarse estimate of energy inputs and emissions from diesel fueled equipment was based on
the rig population and average power ratfigigs, assuming a 20% load factor with sample
calculations shown in Appendix AThe GHG emissions correspond to aboutd@e/MJ or

1% of the energy in petroleum. Since this calculation does not represent all of the energy
inputs for offshore activitgnd the inputs are just coarse estimates, it suggests that the marine
vessel operation is a relatively small fractidriadal oil production energyThe contribution

towards oil production is probably less than @€@e/MJ. The primary sources of emieas

are likely to be marine diesel fuel for exploration and production rigs as well as associated gas
fuel used to power turbines on production rigs.

3.1.3. Thermal Enhanced Oil Recovery

Traditionally, domestic thermd&OR was fueled witllirect combustiomf crude oil. This
practice ended in the California oil fields in the 1980s due to air quality concerns surrounding
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the combustion of unrefined crudes with high sulfur and metal content. California thermal
EOR production is fueled almost entirely frontural gas.

The range of energy intensities represented by 5 historical steamflood projects is 0.21 to 0.43
MJ per MJ of incremental crude oil producesince these are operating steaitratios,

losses in generation, steam condensation in transpast &nd heat conduction outsiolethe
formation are includedMore recent Kern River field data illustrates the impact of accounting
for co-produced electricityCDC-DOGGR 2007) In 2006, 92 Mbbl of water as ste was

injected into the Kern River field, approximately 73 Mbbl of which were generated in
electricity cogeneration plantedCDC-DOGGR 2007) Incremental production from steam
injection was 30 Mbbl, giving a steamil ratio of 3.06. Steam/oil ratios in other fields were

over 5 indicating greater energy requirements for oil recovery.

The steam injection rates and fuel use from the DOGGR data allow for the calculation of

energy nputs for thermal EOR. For every MJ put into the oilfield as steam, 2 to 3.2 MJ of
natural gas was burned, but 0.5 to 1 MJ of electricity was also produced in addition to the
steam.

The steam inputs can be converted to the GREET input value of chedd¢raction

efficiency as shown iifable 11. The GWI of gasoline is calculated based on the oil
production efficiency input to GREET. In the case of CA TEOR, the fuel shares to produce
stean are set to 100% natural gahe GWI of heavy oil with TEORS also indicated (see
Section3.4.2.

After taking into account a credit for electric power generation, this energy use results in
approximately 15 to 28 gG@q. per MJ of crude oil produced assuming natuaalig used as
the fuel, a significant increaswer the 6 g CO,/MJ averageralue from GREETor crude oil
extraction

The GHG emissions from TEORrefive times as high as the U.8verage calculated in
GREET. Since these emissions are calculated basetie process requirements for oil
recover rather than oil production statistics reported to the Department of Commerce, the
disparity suggests that other types of oil recover should also be examined in further detail.
However, he 15 to 28 g/Mdor TECR crude oilis not necessarily inconsistent with a U.S.
average of 6/J because thermal recovagpresents less than 5% of U.S. production

More research is necessary to explain any inconsistencies.
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Table 11. Energylnputs and GHG Impacts

Fuel Cycle GHG Emissions
(g COe/MJ gasoline)

Crude Ol Extraction | Steam/ oil Crude Ol WTT + Fuel
Type Efficiency ratio Extraction Carbon
Conventional 98% 0 7 93
TEOR, NG | g1 694 3 15 105
Boiler*
TEOR, NG | 73 194 5 28 113
Boiler*
Approximate
heavy/light
TEOR, co 65.7% 5 20 112
generation
mix?

1. GHG intensity calculated with GREET using default values for conventional crude oil and
indicated extraction efficiency and 97% fuel shares for natural gas and 3% fuel shares for
electricity for NG boiler case.

2. Total natural gasisefor TEOR with cogeneration is higher than the conventional steam
generation casesGHG intensity includes a credit for-pooduct electric power of 15 g/MJ,
reducing the overall GHG intensity.

Theco-product electricitycan have a significant impact on the life cycle inventory of the
crude resource depending on the method used to trgabdacts. One approach is to

provide a credit for all of the eproduct electric power against the appropriatgginal grid

mix. The EU WTW analysis has examined different options for crediting electric power and
limiting the potential cgproduct credit (Larivé). The study examined several options for
crediting ceproduct power. Two key recommendations apphghe

1 The credit for power generation should be consistent with the amount of steam
required for the fuel production process (California TEOR project require lots of steam
and the power production is consistent with the steam generation)

1 The credit for powegeneration should be based on the best use of the natural gas
feedstock. So, for natural gas based steam generation, a credit should reflect power
generation from a combined cycle combustion turbine and NOT the stygiée
turbine used to generate thewer

Larivé discusses the difficulty iBmploying anethodologyfor co-product analysig a credit

is to be assigned because some impacts are so extensihe amgact of the dispted

product is also uncertainthe conclusion is that the method &pplying credits neexto be
carefully examined in order to avoid situations whbeeexport power dominates the life

cycle result without being related to the marginal production of fuel. The examples here
represent situations where a significant amatfirsteam is generated (over 5 Btu for every 10
Btu of crude oil recovered for an extraction efficiency of 66¥dwever, since the

generation of steam is consistent with the requirements for producing oil, the calculation of a
co-product credit may stilbe reasonable.
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3.1.4. Oil Sands Production

Oil sands arsources of petroleum heavy oil. Oil sands consisted of heavy oil, or bitumen,
mixed with sand. Oil sands are mined with large scale equipment. The bitumen is extracted
with steam and the sand remnants pachinto tailing pits. Oil sands are also recovered
underground using a thermal process. With the Steam Assisted Gravity Drainage (SAGD)
process, the bitumen in collected in a network of pipes (See OTS and OSTSEIS web sites).

Bitumen is piped to an upgradfor further refining. Diluent, with the properties of light
naphthais blended with the bitumen to enable transport to the upgrader. The upgrader
produces diluent amounts comparable to the incoming supply, which is returned back to the
extraction opmation.

Energy requirements include use of diesel in surface mining equipment, electric power for
pumping, separation equipment and other utilities, and steam for SAGD operations or
separation of bitumen from oil sandSteam can be produced from convenél steam
generators, combustion turbines with cogeneration, or from the combustion of heavy oll
residue.

Energy inputs for unconventional oil resources and the processing of heavy oils are higher
than those of conventional resour¢Bsrgerson 2006, Bndt 2005, Marano 200I)he

GREET model also performs calculations for Canadian oil saftis.GREET model inputs
reflect both irsitu and surface mining operations with steam generation from natural gas.
The energy inputs for oil sands recovery aracity characterized by the steam/oil ratio.
Surface mining equipment, while enormous, results in a smaller share of the total energy
inputs (about 3%bhan the energy required for thermal recovery of the®ikam/oil ratios of

3 are considered typictdr SAGD operations, which appear consistent with the GREET
model inputs.

Emissions would be higher for projects where the source of energy is bitumen or coke.
However, the trend is to use natural gas and not combust heavy oil residue.

The GHG emissiongom oil sands operations are reported by oil sands producers in Canada.
In addition, several studies have estimated the emissions associated with oil sands production
andaswell as shale oil. The emissions impact ranges from 15 to 35 g/MJ dependireg on

study assumptions and the technology. The range of emission estimates are summarized in
Appendix A.

Steam production from oil sands operations also result in the production of several hundred
MW of electric power. The Alberta grid is very coal inteesso the effect of a eproduct

credit based on the grid resource mix would represent an apparent GHG savings. However,
the use of natural gas effectively eliminates a natural gas resource that could be used for
power generatiarereating the possibladirect, marketmediated effect of increasing the
demand for coal or residual oil for electricity productidrhis possible indirect effect of oil

sands production should be considered closely given the great magnitude of natural gas
reserves required fwroduce petroleum from oil sand8s sucha credit for any cgroduct

power should be selected on a conservative basis (Laaivé)perhaps not until the corollary
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indirect effects analysis has been conducfEde GREET model provides no-pooduct
electric power credit for oil sands operations.

3.1.5. Oil Exploration and Production Recommendations

Considerable efforts have been applied to analyzing the direct emissions associated with
exploration and production getroleum; however, many impacts of petusreproduction

remain vaguely characterized. The greatest challenge is difficulty in relating data based on
surveys and statistics to specific elements of the petroleum ind&striher investigation of

the following activates would improve the understiag of petroleum fuels.

The energy inputs and emissions associated with oil production require further analysis to
provide a better understanding of the different types of petroleum supply options. GREET
model inputs rely on aggregate statistics thatdadficult to validate and vary substantially

over the two reporting periods that were examined. The data inputs for other life cycle studies
are also limited. Petroleum production activities are generally lumped into one category when
there are a broagnge of production options and technolo§jiebhis lack of understanding

applies to the fuels that power almost all of our current transportation systems.

The following activities would provide a better understanding of petroleum production
emissions:

1 Perform an engineering analysis of the energy and GHG emissions asboiiate
different types of oil and oil sands operatioN®tfe ®veral studies are underway)
Relate oil company reported GHG emissions to life cycle inputs

Summarize the best availalaealysis for oil production emissions and present the
information to individual oil producers, exploration companies, and others working in
the oil production industry

T
T

3.2. Oil Sands Tailings

Residue from oil sands processing is another source of critgdhigigmt and GHG emissions.

For mined operations, bitumen is separated from oil at an extraction plant which recovers
about 75% of the bitumen. The remaining bitumen/sand mixture is returned to the mine and
in some instances is stored in tailing po(iigure 5). The environmental impacts of these

ponds is the subject of considerable attention and results in environmental impacts other than
GHG emissiongwww.oilsandswatcltom).

Methane emissions from tailing ponds and peat soils as well as land @ws@srage another
potential source of GHG emissions associated with oil saRdsidual hydrocarbons from oll
extraction operations could degrade to form rmeéhunder anaerobic conditionEailings
ponds that occur on soils with high levels of peat nrayide anaerobic conditions that
support the decomposition of peat and formation of methane. These effects are being
examined by UC Davis and the University of Calgary; thus they were not examined here.

® GHGenius has several categories for oil production
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Since the global warming potential of methang5dimes higher than that of GQhis
significant potential source of GHG emissions should be incorporated into the life cycle
analysis of petroleum fuels.

Figure 4. Oil sands tailing ponds are a potential source of hydrocastyssions. Anaerobic
conditions in peat soils could accelerate methane production.

3.3. Natural Gas Venting and Flaring

When crude oil is brought to the surface from several kilometers below, gas associated with
the oil extraction usually comes to thefage as well. If oil is produced in areas of the world
which lack gas infrastructure or a nearby gas market, a significant portion of this associated
gas may be released into the atmospheragnited (vented) or ignited (flared)Flaring of

gas eithems a means of disposal or as a safety measure to relieve well pressure is the most
significant source of air emissiofi®m oil and gas installationsEven if continuous flaring

ended, occasional burning of small amounts of gas will still be necessagféty reasons,

such as releasing excess pressure.

According to satellite data released by the U.S. National Oceanic and Atmospheric Agency
(NOAA), in 2006 oil producing countries and companies burned about 170 billion cubic

meters (bcm) of natural gasrldwide or nearly five tlion cubicfeet. That 6 s equi val e
27% of total U.S. natural gas consumption or 5.5% of total global production of natural gas

for the year.If the gas had been sold in the United States instead of being flared, théSotal

market value would have been about $40 billion.
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Flaring gas has a global impact on global GHG emissions by adding about 400 million tons of
COyannudly. Thisisr oughl y 1. 5% e¢dmissionseln tedJniteddShases, heO
amount of gas vead or flared represents a very small portion of the total amount of gas
produced. On the other handjas flaring in the Middle East and North Africa region is about
50 billion cubic meters annually, which makes it the second largest flaring regionvortide

after Russia and the Caspian regigopf@ximately60 bcm). Sub-Saharan Africa flares about

35 bcm, of which 24 bcm are flared on Nigerian oil field$he amount of gas flared in the
Middle East aloneapproximately30 bcm) could feed a 20 millioton per yar liquefied
natural gas plant.

The distribution of the largest sources of flaring emissions is showigime 6 The flared

gas emissions are compared with petroleum production to calculate flared gas emission
intensity inTable 12 The flaed gas emission intensity, weighted by U.S. oil consumjmyon
country,is also calculated. The calculated vafoe the U.S.is comparable to the GREET
default. However, the weighted mix of overseas producers is 3 tmggerthan the GREET
default forthe U.S. and 50% higher than the default that represent average petroleum.
Moreover, flared emissions from some countries2&é&mes higher than the level of U.S. oll
production.
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Figure 5. Leading countries with flared gasnissions (Source: World BanElA petroleun).
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Venting of natural gas is actually a larger GHG source than flgned the warming potential

of methane is taken into accoumbout 5 times as much methane if flared compared with

vented but the GWP for rtlfeane is 25 times higher than that of {hich is the end product

for most of the flared gasvented gagmissions would also be higher in regions outside the

U.S. GREET inputs for vented emissions are based on EIA data for vented gas in the U.S.
divided by U.S. petroleum production (Wang 1999). GREET inputs for aggregate venting

emi ssions are based flared adNdnt@dgasger barrehpf impasted t h at
oil is twice that associated with domestic oil produadian

Interestingly, the agggate flaring estimate in GREET is comparable to the value calculated
here for the Worldhak data even though the datajigte inconsistent in terms of the relative
emissions by country. Presumably a number of offsetting parametdtsrreka

serendpitous result. The Worldbank estimates for flaring, up to 400 million tones CO

annually, are based on satellite observations while the EIA data for the U.S. flaring are based
on emission factors and reporting from emission soufideswide range in flamg data

suggests that the emissions associated with natural gas venting are also large. Venting
emissions depend both on equipment and operational practices as well as the amount of
associated gas produced per barrel of oil. These data are not wekdepo, a high degree

of uncertainty should be associated with vented gas emissions.

Vented gas islso asignificant source of GHG emissions and the assumption that imported
emissions are only twice U.S. levels is likely optimistic given the exteefivds applied in

the U.S. to limit methane losseddethane venting occurs because of a number of factors.
Gas produced with oil pduction leaks around casingBhe extent of such leaks is a function
of the anount ofgas that is produced with oil aglvas the type of oil production equipment.
Associated gas may also be tashrather than flared but this practice is not safe. Examining
the operational practices of oil fields would provide more insight into venting. However,
obtaining access to suatformation would be challenging.

If the Worldbank data for flared gas represent the relative ratio of overseas to U.S. vented gas,
then the factors in GREET are understated and worth examining more carefully as their
estimate for C@emissions is equivent to 30% of the E& gas consumption
(www.worldbank.org).

3.3.1. Future Trends in Venting and Flaring

Vented and flared gas emissions axery substantiadource of GHG emissions and
international efforts are undeay to address these emissiois a first global
countermeasur¢he Global Gas Flaring Reduction pubtidvate partnership (GGFR) was
launched by World Bank initiative in August 2002. GGFRascollaboratiorof

governments, statewned companies and major international oil companies caethid
reducing flaring and ventg worldwide. The GGFR facilitates and supports national efforts
to use currently flared gas by promoting effective regulatory frameworks and tackling the
constraints on gas utilization, such as insufficient infrastruatudeveloping countries and
poor access to local and international energy markets, particularly in developing countries.
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