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In 2009, the European Union (EU) amended the Fuel Quality Directive
(FQD) to introduce a target for European transport fuel suppliers' to
reduce the lifecycle carbon intensity (henceforth ‘CI’) of their fuel by at
least 6% by the end of 2020. The FQD includes a detailed methodology for
assessing the Cl of biofuels, and the European Commission is required to
develop an Implementing Measure laying out a complementary
methodology for the calculation of the greenhouse gas (GHG) emissions
from fossil fuels. The Commission has made an initial proposal, but to date
nothing has been adopted - an impact assessment of the proposed
Implementing Measure was ongoing at the time of writing.

In this context, the International Council on Clean Transportation (ICCT),
working with Stanford University, Energy Redefined and Defense Terre, has
been contracted by the European Commission’s Directorate General for
Climate Action (DG Clima) for project CLIMA.C.2/SER/2011/0032r on the
Upstream Emissions of Fossil Fuel Feedstocks for Transport Fuels
Consumed in the EU. This report presents the results of several desk studies
for this project on the EU crude oil market and associated empirical and
modeled data on GHG emissions; presents a model for lifecycle analysis of
crude oil extraction; and provides an estimate of the carbon intensity of oil
supplied to the European Union in 2010.

The centerpiece of the project is the ‘Oil Production GHG Emissions
Estimator’, or OPGEE. The model is the result of a project commissioned
from Stanford University by the California Air Resources Board (CARB) for
its Low Carbon Fuel Standard (LCFS), and supported by the European
Commission and the ICCT. The OPGEE model is an open-source, fully public
engineering-based model of GHG emissions from oil production operations.
It has been peer-reviewed in California by legislators and industry leaders
as well as academic experts in the field of petroleum engineering.

The model provides a possible analytical basis for disaggregation of fossil
fuel carbon emissions in the FQD. In this report, we will review the
legislative and scientific background for such a measure, introduce OPGEE,
present the first analysis using OPGEE of the CI of crudes imported into the
EU and discuss policy options to allow carbon savings from reduced crude
oil carbon intensity to be credited. The report includes: (§2) a review of
existing legislation; (§3) a description of crude oil sourcing for the EU; (§4)
a review of existing literature and lifecycle analysis (LCA) studies of fossil
fuels; (85) a review of best practices in the construction of LCA models for
fossil fuel; (86) an introduction to the OPGEE model; (§7) a review of
available input data for LCA analysis of crude oil; (§8) the resulting EU
Baseline calculation based on the OPGEE tool; (§9) policy options to
regulate fossil fuel carbon intensity; and (§10) study conclusions.

" The FQD primarily applies to road transport fuel. The precise definition of which fuels are
affected by the target is available in the Directive,
http://ec.europa.eu/environment/air/transport/fuel.htm

i Including electricity supplied for transportation.
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Existing legislation

Nine examples of existing or proposed legislation to regulate the lifecycle
carbon intensity of fuels were identified:

1.

NN

o

6
7.
8

9.

California Low Carbon Fuel Standard (LCFS) (active)
Oregon Clean Fuels Standard (CFS) (in reporting phase)
Washington Low Carbon Fuel Standard (LCFS) (in development)

North-East and Mid-Atlantic States Clean Fuels Standard (CFS) (in
development)

British Columbia Renewable and Low Carbon Fuel Requirement
Regulation (RLCFRR) (active)

. U.S. Renewable Fuel Standard (RFS2) (active)

EU Fuel Quality Directive (FQD) (active)
EU Renewable Energy Directive (active)

UK Renewable Transport Fuel Obligation (RTFO) (active)

Of these regulations, only the Californian LCFS and British Columbian
RLCFRR have measures to regulate fossil fuel carbon intensities. California
and in particular British Columbia both consume a relatively narrow set of
crudes compared to Europe, with a large fraction of crude coming from the
Americas. Still, as shown in Table A, California imports crude from a variety
of countries, and the California experience under LCFS is an important
example for the European Commission.
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Table A Composition of the California crude mix from 2005-2007 by

country/state of origin

Alaska 135,906,000 105,684,000 100,900,000
Angola 12,912,000 14,979,000 21,038,000
Argentina 6,213,000 3,484,000
Brazil 12,474,000 17,938,000 22,453,000
California 266,052,000 254,498,000 251,445,000
Canada 4,942,000 5,320,000
Colombia 4,180,000 9,362,000 11,813,000
Ecuador 67,705,000 71,174,000 55,456,000
Iraq 34,160,000 56,163,000 57,788,000
Mexico 19,316,000 15,473,000 9,214,000
Nigeria 5,447,000
Oman 2,985,000 6,326,000
Others 13,707,000 9,311,000 21,313,000
Saudi Arabia 95,507,000 86,976,000 72,296,000
Venezuela 4,120,000 4,706,000

676,059,000 655,488,000 639,189,000

Source: CARB (2009a)

While LCFS and RLCFRR were introduced with methodologies to
disaggregate crude oil by emissions intensity, in both jurisdictions those
methodologies have been revised since adoption. In California, the initial
approach was based on the identification of ‘High Carbon Intensity Crude
Oils (HCICOs)’, defined as crude with an upstream CI of over 15 gCO.e/MJ,
greater than the California baseline. Any oil defined as a HCICO would
result in carbon deficits for the company supplying it. However, following
stakeholder discussion and consideration by the LCFS Advisory Panel and
the HCICO Screening Expert Workgroup, an alternative methodology
referred to as the ‘California Average’ approach was adopted by the CARB
Board in December 2011. In this approach, any increase in the average CI of
crude oil used in California would result in additional LCFS ‘deficits’
distributed across all fuel suppliers, who would then need to supply
additional low carbon fuel to offset the deficit. Because the additional
deficits would be applied equally to all fossil fuel suppliers, we do not
expect this approach to provide a strong financial signal against the use of
higher carbon crudes by any given supplier. It should, however, guarantee
that increases in crude carbon intensity will not be allowed to undermine or
offset the gains from the deployment of alternative fuels under the CA-
LCFS.

In British Columbia, the RLCFRR initially included a hybrid system, allowing
reporting of either default emissions or of fuel specific Cl values calculated
with the GHGenius LCA model. A concern was expressed by industry that
within the reporting system it would have been possible to ‘shuffle’ data
such that companies would be reporting only lower carbon crudes in British
Columbia. In response to this concern, the option to report actual emissions
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data for fossil fuels has been discontinued, and as of 1 July 2013 only
default fossil fuel ClI values will be permitted.

Biofuel regulations have a longer history of implementation, with RTFO,
RFS and LCFS in particular having been operational for several years. RTFO
and LCFS provide useful examples of hybrid carbon intensity reporting
schemes, coupling extensive Cl lookup tables with well-defined protocols
for reporting pathway specific data. In the UK, companies reporting under
RTFO are permitted to undertake their own carbon analyses based on the
defined methodology - the calculated numbers can then be reported,
providing a qualified verifier’'s opinion to assure data quality and analysis. In
California, the regulator (CARB) retains the sole authority to undertake
carbon analyses, but fuel companies are able to submit their own process
specific data through the ‘Method 2A/2B Applications and Internal Priority
Pathways’" system. Biofuel reporting systems also provide examples of
using fuel and process characteristics to disaggregate emissions values into
discrete defaults. In the EU Renewable Energy Directive, for instance,
pathways are allocated emissions values based on a combination of
feedstocks and process technologies (e.g. palm oil biodiesel without
methane capture). This disaggregation is undertaken even though there will
be an overlap between some Cl ranges - for instance, in RTFO reporting for
2009/10 rapeseed and soy biodiesel have overlapping Cl ranges.

ES.II.Crude oil sourcing

In 2010, global crude oil consumption was growing at a rate of 3.1% per
annum, outpacing supply growth (BP 2011b). Oil demand is expected by
the International Energy Agency (IEA 2011) to grow to 99 million barrels
per day (MMbbl/d) by 2035. Transport is the main source of oil demand.
From 2005 to 2011, the European Union has averaged crude imports of
about 11.6 MMbbl/d, at a reported average CIF (cost, insurance and freight)
price of about $75 per barrel (DG Energy 2012a). The EU is a net importer
of crude, supplying only 8% of its crude oil from domestic sources. For the
same time period, on average, just under 38% of EU crude came from the
Former Soviet Union (FSU), with a further 51% from non-EU Europe, Africa
and the Middle East. This oil is supplied to refineries as a range of ‘crude-
blends’ or ‘MCONSs’ (marketable crude oil names).

There are currently up to 3,100 oilfields and another one thousand or so oil
fields within the EU and Norway supplying crude to the EU (ICCT/ER 2010;
OGJ, 2010). The EU has 104 refineries and a total refining capacity of about
15.5 MMbbl/d (JRC 2012). Europe also imports some refined product,
notably diesel from the U.S. and Russia. We estimate that there are 51
terminals (Figure A) currently supplying somewhere between 50 and 70
different crude blends into the European market from 35 different
countries.

v This allows suppliers to adjust a pathway to better represent their own processes, or to
apply for an entirely new pathway.
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Figure A. Crude oil imports into the EU by terminal for 2011 (DG Energy,

2012a; ER, 2012)
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Russia is currently the largest exporter of oil to Europe, mostly in the form
of Urals Blend and Siberian Light. Close to 80% of Russia’s oil is exported
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through the Transneft pipeline system with the remaining oil shipped via
tankers from a number of Black Sea ports, although the latter seem to be in
decline (EIA 2012). The Transneft pipeline system spans over 31,000 miles
to the ports of Novorossiysk and Primorsk (Transneft 2012).

Norway is the second major exporter to Europe, but as with other North
Sea producers, Norwegian oil exports are likely to continue to shrink in the
coming decades. Norway is connected by pipeline to a refinery on Teesside
in the UK, and also has substantial refining capacity of its own, including at
Statoil refinery near the port of Mongstad.

It is difficult to make any detailed, authoritative and reliable prediction
about the way EU crude sourcing may change in the coming decades.
Crude prices are notoriously difficult to predict, and product flows will be
determined by a complex web of interactions including relative economic
growth, relative pace of decarbonization, pace of development of
unconventional resources and diplomatic relations. Energy Redefined
(ICCT/ER 2010) project increases in European oil imports to 2020, with
increases in imports from Canada and West Africa in particular. CONCAWE
(2008) also predict consumption increases to 2020. They predict increases
in Caspian imports to offset falling North Sea production. In both cases,
however, the basic structure of EU oil consumption is maintained, with
significant imports from the FSU, North and West Africa and the Middle
East dominating supplies. Among these regions there seems to be a
significant question only about Russia’s ability to maintain exports, where
there is uncertainty regarding the real size of reserves. It is also likely that
more Russian oil will flow to expanding Asian markets in the coming
decades, and if the near term trends predicted by CONCAWE and Energy
Redefined are continued, we would expect to see Russian crude supplying
a smaller fraction of EU needs in the years to come.

In general, we do not feel able to make any strong prediction about how
changing oil prices would affect the geographical distribution of European
crude sources. In particular, it is difficult to identify which oil sources
represent the marginal production. That said, it does at least seem
reasonable to expect that low prices would be likely to reduce the rate of
expansion of unconventional oil resources. Production of oil from the
Canadian oil sands or (especially) from kerogenous oil shales is likely to be
more costly than conventional oil extraction, and therefore a low price
scenario could significantly inhibit new investment. Oil prices on current
levels or higher are probably required for the Energy Redefined prediction
of increased imports from Canada to be achieved, however regulatory
signals and infrastructure development are potentially as important as the
overall oil price. In a very high oil price scenario ($150 per bbl or more) it
seems likely that (unless regulatory barriers are put in place) kerogen
exploitation may expand and could become an important source, but
without such high prices investment may not be appealing. Similarly, as the
Canadian experience allows extra heavy oil extraction technologies to
mature, relatively expensive bituminous projects in Venezuela or elsewhere
could become more appealing in a high oil price scenario. Our analysis is
summarized in Table B.
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Table B

SOURCE

FSU (Russia,
Caspian)

North Africa

West Africa

South &
Central
America

Middle East

North Sea

Canada

Kerogenous
oil shales
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EU crude sourcing trends

CURRENT

IMPORTS

41.7%

12.3%

7.8%

2.6%

13.8%

20.6%

0.07%

0%

COMMENTS

Russia’s reserves may be slightly less certain in nature than those of
other regions. There is also competition for Russian crudes from the
Asian market. It is possible that in a low ($50) oil price scenario,
Russian production could be reduced and we might expect to see
the importance of Russian crude to the European market diminish.
For a persistent > $100 oil price, however, it seems probable that
unconventional reserves will be exploited and will support continued
exports to the EU (likely with a different carbon profile). Even with
unconventional production, given increasing oil demand from Asia, it
seems unlikely that Russian crude will take a significantly larger
place in EU imports to 2050 than it does now.

Given its proximity to the EU, and despite recent political changes,
notably in Libya, North Africa is expected to continue being an
important partner in oil sourcing. North African reserves are
estimated at 69 billion barrels (dominated by Libyan reserves
estimated at 47 billion barrels) by the EIA in 2012. This situates the
region between Russia and the United Arab Emirates in terms of
reserves. Aside from any new political upheavals, sourcing by the EU
from the region as a whole is expected to remain broadly stable.

West African reserves are dominated by Nigeria, which makes up
98% of the region’s 38 billion barrels according to the EIA in 2012. It
seems likely that the EU will continue to be a key export market, not
least given the European refining sector’s substantial appetite for
the light crude characteristics of Nigerian production.

Proven reserves in Latin America have risen dramatically in the last
decade, and with extensive unconventional resources production
increases seem likely, especially for a high-oil-price scenario ($150),
which should allow the national oil companies scope to make serious
investments. Energy-Redefined predicts a moderate increase in
supply from now to 2020, and it seems reasonable to expect that
new South American sources will enter the EU fuel mix in the
coming decades-perhaps more so for a high-oil-price scenario.

Middle Eastern reserves are significant and should sustain
production levels to 2050. There seems little reason to expect a
major change in European imports, aside from political instability as
exemplified by the recent Iranian oil embargo. A high-oil-price
scenario might drive more investment elsewhere, though, reducing
the fractional importance of these supplies to Europe.

North Sea oil reserves are diminishing, and we see little reason to
expect that to change. North Sea oil will be less important in Europe
regardless of oil prices.

Canada has extensive reserves of bituminous oil, which are highly
profitable to exploit at $100 a barrel, and would still generate profits
at $50. It seems likely that investment will move faster for a higher
oil price, so higher prices are likely to make this source more
significant for Europe. Given the relatively low gasoline yield from
refining bitumen, and the structural shortage of diesel in Europe, one
pathway might be for bitumen to be refined in the United States and
the excess diesel to be exported as finished product.

At $50 a barrel these will not be exploited, and at $100 other
unconventional sources (e.g., fracking, tar sands) will probably take
precedence in new development in the medium term. However in a
$150 scenario these resources, extensive in many areas, will look
appealing and, absent prohibitive climate legislation, could become
an important source of EU crude.
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ES.IIl. Existing LCA studies

As previously discussed, a number of regulatory frameworks require overall
decreases in the lifecycle carbon dioxide emissions of transport fuel, or for
alternative fuels to meet some threshold saving compared to a given
baseline. These regulations rely on the application of lifecycle analysis
(LCA) to determine the Cl of each fuel pathway considered. There is no
single optimal LCA framework, or single agreed system boundary, but in
general the aim of LCA is to account for the energy used and CO;, emitted
by processes related to the production, transport, storage and usage of the
fuel. Given the complexity of fuel production processes and the lack of a
single unified LCA framework, it is unsurprising that there are diverging ClI
estimates in the literature, and that the accuracy of the modeling used to
determine the CI of fuel sources has come under increased scrutiny.

We reviewed nine key studies on the modeling of lifecycle GHG emissions
from conventional crude oil production. These studies have been influential
on the discussion of the carbon intensity of crude oil extraction on both
sides of the Atlantic. Several of these studies are U.S. focused -
nevertheless, there is some overlap of crude sources between the regions,
and it is possible to infer conclusions about the Cl of comparable processes
even when studied in different geographical locations. The studies are:

e Joint Research Centre, EUCAR and CONCAWE (JEC) Well-To-Wheel
Study (2011);

e GREET 12017

e GHGenius 4.00c;

e McCann and Associates (2001);
e Energy Redefined/ICCT (2010);
e TIAX (2009);

e Jacobs (2009)Y;

e NETL study (2009);

e |HS CERA (2010a).

Five of these studies (JEC, GREET, GHGenius, McCann and PE
International) are based on reported oil industry energy consumption and
emissions data combined with regional flaring estimates. The JEC study
and GHGenius are based on data reported by the International Association
of Oil and Gas Producers (OGP) and NOAA flaring data (GHGenius does
however have a more detailed treatment of Canadian crudes). McCann and
PE International (used in NETL) have proprietary upstream models, while in
GREET the upstream part of the lifecycle is reduced to an energy efficiency
value and assumptions regarding fuel types. The results of these studies are

v We also note LCA results from Jacobs (2012)
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useful comparison points, however the methodologies used are not directly
comparable to the engineering approach of OPGEE.

Three studies are based on engineering models (TIAX, Jacobs, Energy
Redefined). These studies all provide some degree of sensitivity analysis
and discuss the role of key parameters in determining emissions. TIAX and
Jacobs use well-documented data for a limited set of fields, while Energy
Redefined use an extensive but proprietary dataset.

Finally, IHS CERA undertook a meta-study based on several of the studies
mentioned above (IHS CERA, 2010a).

Figure B. Upstream crude oil Cl from studies in the literature
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The results of the reviewed studies are grouped by region in Figure B (note
that Canadian oil is split into conventional and oil sands). In most cases,
values are not intended to represent regional averages. As is noted by
ICCT/ER (2010), national origin is in general not an accurate way to
characterize emissions for regulatory purposes, because production
practices can very markedly between fields within a given country. That
said, the various studies do show broad consistency on crude from some
regions - for instance, in Figure B the relatively tight grouping at lower Cls
for Saudi Arabian production is highlighted. Similarly, Canadian oil sands
are uniformly assessed as having high emissions, generally above 15
gCO,e/MJ upstream, while estimates for Canadian conventional are all in
the range 0-10 gCO.e/MJ. Nigerian crude is also consistently assessed as
high emissions because of high flaring, but with a larger range, due to the
uncertainty around flaring. Venezuelan production, on the other hand, has a
very wide range of estimated emissions from below 5 to nearly 20
gCOze/MJ, reflecting the differences between extra heavy oils that need to
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be upgraded and lighter crudes that go straight to market. Similarly, the
upstream carbon intensity of U.S fuel varies from very low (for Texan light
oil) to very high (for Californian thermally enhanced heavy). The Cl values

are also tabulated in Table C.
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Table C Comparison of oil production emissions in gCO.e /MJ from the reviewed LCA studies, by region

JACOBS
JEC (OGP) | GREET

North America
U.S.
INENE]
Texas
Gulf Coast
California

Canada
(conventional)

Canada (oil
sands)

North Africa

Algeria

XXXil
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JACOBS % OF EU
(]
JEC (OGP) | GREET (o{~10]5]
REGION

Asia 4.3 0%
Indonesia 12.0 . 0%

Middle East . . . 13.8%
1.9%

Saudi Arabia . . . . . . . 6.3%

0.6%

4.1%

South America . 2.5%
Mexico . . . 6.3 53 1.4%

*JEC revise the OGP emissions upwards based on higher flaring estimates from satellites. This is only captured for the global average.

**Energy Redefined give example crudes, not national averages, and only well to refinery gate values. We have used their approximately linear scaling of
refinery emissions to API to back refining out, but transport to refinery is still included.

2This model covers a number of oil sands pathways - this is a simple arithmetic average, including upgrading where appropriate.

“GHGenius includes both bitumen and SCO pathways. This is the average for the production GHGenius models in 201].

“*GHGenius reports relatively high U.S. emissions because U.S. heavy and offshore production are modeled as being very energy intensive.

aJacobs (2012) have two UK crudes - Forties and Mariner. This is an arithmetic average.

BNETL (2009) report a separate value for Venezuelan extra heavy, shown in parentheses.
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ES.IV. Best practices for oil and gas GHG estimation
tools

There is no single specification for the ‘ideal’ modeling tool for upstream oil
and gas emissions. Building a tool that estimates greenhouse gas (GHG)
emissions from oil and gas operations could be done at a variety of levels
of detail and using an assortment of approaches, tools, and modeling
frameworks. The ideal qualities for such a model would include (i) rigor,
complexity and calculation detail; (ii) transparency of data sources and
modeling equations; (iii) completeness in coverage of sources and types of
emissions; (iv) usability of model and controls by outside parties; (v) choice
and quality assessment of data, defaults and model parameterization; and,
(vi) consistency in the presentation of model output and results. Some of
these qualities are in tension i.e. a more complete and rigorous model is
generally more complex and less easy to use. Guidelines such as the
International Organization for Standardization (ISO) 14040 lifecycle
assessment (LCA) framework, the International Reference Lifecycle Data
System (ILCD) Handbook (European Commission 2010) and the American
Petroleum Institute (API) compendium of GHG emissions estimation
methodologies for the oil and gas industry (APl 2009) provide additional
guidance on good practice. An LCA exercise should be accompanied by a
consideration of data quality.

ES.V. Predictive model: OPGEE

The Oil Production Greenhouse Gas Emissions Estimator (OPGEE) is an
engineering-based lifecycle assessment (LCA) tool for the measurement of
greenhouse gas (GHG) emissions from the production, processing, and
transport of crude petroleum. It is a project of Stanford University
administered by Dr. Adam Brandt. The lead modeler is Dr. Hassan El-
Houjeiri. The modified version of OPGEE used to calculate the EU Baseline
in this report (OPGEE v1.0.ICCT), was developed by Dr. Chris Malins and
Sebastian Galarza of the ICCT (see Annex C).

OPGEE has been developed to fill a gap in the set of currently available
public tools for GHG analysis of oil production. Tools like GREET and
GHGenius have broad scope, are publically available and transparent, but
do not include process-level details. Models such as those used by Jacobs
and Energy Redefined, model processes but are proprietary, so that the
public cannot reproduce results from these models. The goals of the
OPGEE project are to:

1. Build a rigorous, engineering-based model of GHG emissions from oil
production operations.

2. Use detailed data, where available, to provide maximum accuracy
and flexibility.

3. Use public data wherever possible.
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4. Document sources for all equations, parameters, and input
assumptions.

5. Provide a model that is free to access, use, and modify by any
interested party.

6. Build a model that easily integrates with existing fuel cycle models
and could readily be extended to include additional functionality
(e.g. refining).

In developing OPGEE, the following principles have been observed:

e A model should have clear system boundaries, based on significance
criteria;

e A model should follow established guidance in areas where there is
more than one methodological option (e.g. co-product treatment);

¢ A model should use fundamentals of petroleum engineering where
possible;

e The level of detail should be appropriate to the uncertainty and
accuracy of data inputs - an LCA model need not reflect the level of
detail required in an industrial model;

e A model should have rigorous default values included;

e A model should be transparent with comprehensive documentation
and clear citations;

e A model should be freely available for download by interested
parties;

e A model should be as complete as possible in its coverage of
significant emissions sources;

The OPGEE model is built in the spreadsheet application Microsoft Excel.
Excel is a widely owned and used software application, and the use of Excel
makes the workings of the model (including all calculations) accessible to
most users, and opens the possibility of customization under the open
source license.

The system boundary of OPGEE extends from initial exploration to the
refinery gate, and the processes modeled and parameters included are
based on a sensitivity assessment. All emissions sources expected to be of
order 1 gC0O,e/MJ are included in the modeling, as are most sources greater
than 0.01 gC0O.e/MJ) - smaller sources are excluded unless they have
incidental importance in the process modeling. OPGEE includes seven
process stages in its scope: Exploration; Drilling and Development;
Production and Extraction; Surface Processing; Maintenance; Waste
Disposal; Crude Transport - the significant emissions sources are listed by
process stage in Table D.

XXXV



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

Table D Upstream oil production emission sources > 0.1 gC0O.e/MJ (OPGEE v1.0)
MAIN STAGE PROCESS SUB-PROCESS ‘ EMISSIONS SOURCE ESTIMATED MAGNITUDE (gCO.e/MJ)
Prime mover emissions ~01g
Tedrrriﬁisrfgal Vents and upset emissions ~-01g
Drilling and Develqpmental Land use impacts -01g
development drilling
Prime mover emissions ~01g
Oceanic drilling
Vents and upset emissions -01g
Combustion for pump driver -1g
Pumping Electricity for pump driver -1g
Casing and wellhead fugitive emissions -1g
Lifting - —
Compressor prime mover emissions ~1g
Gas lift Compression electricity emissions -1g
Production Casing and wellhead fugitive emissions -1g
d - -
alel External gas processing (e.g., N2 production) ~01g
extraction
Gas compression energy ~-1g
[-] Gas sequestration credit (CO, flood) -1g
Injection Gas injection OTSG fuel combustion ~-10 g
Turbine gas consumption (combined cycle) ~-10g
HRSG duct firing (combined cycle) -1g
[-] Electricity co-production offsets (combined cycle) ~-10 g
Oil-water-gas separation ~-01g
Oil-water-gas separation with heater-treaters ~01g
Separation Fluid separation O|I-Water_-gas Associated gas venting ~-10 g
and surface separation - -
) Associated gas flaring ~-10 g
processing
Produced gas venting and flaring ~1g
Water treatment | Produced water cleanup ~-01g
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MAIN STAGE PROCESS SUB-PROCESS ‘ EMISSIONS SOURCE ESTIMATED MAGNITUDE (gCO.e/MJ)
Produced water handling and pumping ~-01g
Produced water reinjection -1g
Water treatment Water Produced water disposal ~01g
and disposal reinjection and Evaporative and fugitive emissions ~01g
dlispest Fugitive emissions during workover ~-01g
Fugitive emissions during workover ~01g
Combustion for pump prime mover ~-1g
product Leaks (pipeline losses) ~-1g
transport Combustion in tanker prime mover (bunker fuels) ~1g
Tanker transport | Tanker transport
Evaporative and fugitive emissions ~-01g
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For most users, the simplest way to control OPGEE is via a ‘User Inputs and
Results’ worksheet. On this worksheet, the user can specify key parameters
based on either their own data or the OPGEE defaults (Table E), and can
see the results of the OPGEE analysis in summary emissions and energy
consumption charts (Figure C). Users with a more detailed understanding
of the petroleum engineering principles characterized in OPGEE, and/or
with access to detailed industry data, can also amend the various
secondary input parameters.

Table E OPGEE Primary Data Inputs (Brandt 2012)

GENERAL FIELD PROPERTIES PRODUCTION PRACTICES

Gas to Oil Ratio (GOR)

Field Location Water to Oil Ratio (WOR)
Field Depth Steam to Oil Ratio (SOR)
Field Age Water Injection (Y/N, Quantity)
Reservoir Pressure Gas Injection (Y/N, Quantity)
Oil Production Volume N2 Injection (Y/N, Quantity)
Number of Producing Wells Steam Injection (Y/N, Quantity)

Onsite Electricity Generation

PROCESSING PRACTICES FLUID PROPERTIES

Heater-Treater (Y/N)
Stabilizer Column (Y/N) API Gravity of Produced Fluid
Flaring Volume Associated Gas Composition
Venting Volume

For all inputs, user data can be entered but the model also includes default
values for use in the absence of user data. These defaults are based on
review of the available petroleum engineering literature, and are intended
to represent typical values. In some cases rather than specifying a default
parameter as a single number, it is more appropriate to base the default on
a relationship. As an example, the water-oil-ratio (WOR) for a field will
generally increase with age, and so the default for WOR is an exponential
relationship parameterized by the age of the field.
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Figure C. Example of summary GHG emissions (above) and energy
consumption (below) for ‘default’ oilfield (graphs taken
directly from OPGEE v1.0)’
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T VFF is short for ‘venting, flaring and fugitive emissions’.

As with any model, OPGEE has limitations and areas where there are
opportunities for additional development. Some production technologies
are not explicitly modeled - for instance Canadian bitumen extraction is
currently characterized by reference to results from the GHGenius model
(based on company reporting) rather than assessed using process
modeling. The GHGenius-based approach should give a good
approximation (see Brandt, 2011a), but it would be more consistent with the
treatment of conventional oil to adopt a petroleum engineering approach.
There are also areas in which a more sophisticated physical model could
give a more accurate characterization of real emissions. For instance,
OPGEE currently models single-phase fluid flow in the well bore. This is
likely to be a good approximation to real flow for most fields, but in cases
such as fields with very high gas-oil-ratio (GOR) fields a two phase flow
model would be likely to provide greater accuracy.

The greatest challenge to improving the accuracy of results, especially in
the context of attempting to estimate a European baseline fuel carbon
intensity, is the availability of data. While it would be ideal for all
parameters to be reported based on real data, the priority in developing
the modeling framework through consultation with industry should be to
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improve coverage of the most important input parameters. The key drivers
of energy use are: gas-oil-ratio and gas processing decisions; water-oil-
ratio; steam-oil-ratio in the case of thermally enhanced recovery; depth and
pressure of reservoir; and identification of the processes used for each
field. In addition to energy use, the key driver of carbon intensity is the rate
of gas flaring - for fields with very high flared volumes, the flare rate is the
primary driver of the carbon intensity. In general, if these parameters are
well characterized for a given field, then a more accurate estimation of the
Cl of the field can be derived.

Priorities for OPGEE development in the short to medium term are:

e Developing a two-phase flow-lifting model. This adds complexity to
model calculations but does not increase the number of input
parameters.

e Building an engineering-based model for the calculation of GHG
emissions from oil sands production (current module is derived from
GHGenius [see http://www.ghgenius.ca/]).

e Building modules for innovative production technologies such as
solar steam generation and CO; flooding.

e Making the modeling sensitive to the secondary effects on fluid flow
due to steam injection and gas injection.

e Adding flexibility to the gas-processing scheme to allow the options
of removing the gas dehydrator and/or AGR unit.

e Collecting more data and improving the correlations of WOR and
GOR defaults.

e Calculating field-level flaring rates following completion of ongoing
work by Elvidge (NOAA) and Hart (UC Davis).

e Using technical reports and workbooks to update fugitive and
venting emission factors.

ES.VI. Data availability and collection

As part of this study, an analysis was conducted to determine the quantity,
quality and (in certain cases) cost of available data on crude oil production,
focused on the main data requirements of the OPGEE tool - and to collect
this data to undertake an assessment of the baseline Cl of the European
crude slate. Given limitations in data access and transparency within the oil
industry, many oilfields have little or no information readily accessible in
the public domain - while publically available data sources have been
prioritized, we have also identified proprietary datasets.

The default values in OPGEE were constructed based on public data
available through the California State Department of Oil, Gas, and
Geothermal Resources (DOGGR) Report (2007) and the CARB survey
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(2011), national authorities like the EIA and a broad range of sources from
existing literature. The default values are detailed with sources in the
OPGEE model (OPGEE 1.0.ICCT) and OPGEE documentation (Annex D).

Estimating Cls of oil field-by-field requires identifying sources for the input
data. In the case of oil entering the EU, only Britain, Denmark and Nigeria
publish extensive national oil production statistics at the field level. These
datasets contain detailed (monthly) time series data at the field level across
a number of parameters included in the OPGEE model. These datasets do
not however include information on oilfield characteristics such as depth
and pressure, or on processes used for oil extraction - this information has
to be sourced from a combination of proprietary datasets and the available
literature.

The data collection for the EU baseline has concentrated on the following
parameters that are identified as key inputs by El-Houjeiri et al. (2013):

e Field depth -referenced for 81% of fields in the EU Baseline.

e Reservoir pressure - referenced for 32% of fields in the EU Baseline.
e Oil production volume - referenced for all fields in the EU Baseline.
e API gravity - referenced for 98% of fields in the EU Baseline.

e Gas-oil-ratio - referenced for 68% of fields in the EU Baseline.

e Water-oil-ratio - referenced for 76% of fields in the EU Baseline.

e Flaring-oil-ratio - referenced for 56% of fields in the EU Baseline
(otherwise based on national flaring averages from NOAA).

El-Houjeiri et al. also identify productivity index and steam-oil-ratio as key
parameters. Productivity index is difficult to find recorded in the public
domain, and has been set based on defaults. The EU Baseline does not
currently include any fields that use steam injection, and hence no steam-
oil-ratios have been identified. In addition to these input parameters,
emissions can be sensitive to assumptions about production processes. For
instance, thirty fields have been identified as using gas lift, while for other
fields where the reservoir pressure does not supply adequate lifting force
the default assumption is that a downhole pump is used. Confirming
production processes for most fields is likely to require industry
consultation.

Overall, we have been able to obtain adequate data to perform an initial
analysis of over 300 oil fields - many more than covered in any previous
crude oil Cl analysis of which we are aware, with the exception of ICCT/ER
(2010). Importantly, the EU sources a significant portion of its crude from
Russia and FSU countries, where crude production data is particularly
difficult to obtain. The extent to which these countries are accurately
covered in proprietary datasets is unclear. For the North Sea, in contrast,
data availability is very good - the UK and Denmark publish extensive
datasets, and it seems likely that access to additional data for Norway may
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be negotiable in future. The key data sources are summarized in Table FV.
Where data is not available or has not yet been identified, defaults are
used. While in many cases OPGEE’s defaults will provide reasonable
answers, reliance on these values necessarily introduces an additional
degree of uncertainty to the model.

Vi A full bibliography is given in the body of this report, §11.
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Table F Summary of available input parameters by data source
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ES.VIl. The EU baseline

In order to generate an estimate of the carbon intensity of the EU fossil fuel
baseline, we have used a ‘representative fields’ approach to approximate
the carbon intensity of the crudes consumed in Europe. In this approach we
have taken the list of crudes consumed in Europe published by DG Energy
for 2010V, and compared it to the 265 oilfields we have analyzed with
OPGEE. For each field, we have determined based on location, APl and
information from the Crude Information Management System (CIMS)
database which crude stream that field would most likely be feeding (it is
not possible to directly determine from the DG Energy data exactly which
fields have supplied Europe). Where we have data on many oilfields
supplying a given crude, we have calculated a production-weighted
average of the Cls of those fields to describe the crude stream as a whole.
Where we have data for only one field, we have taken the ClI of that field
and treated it as representative of the entire crude stream. Using this
approach, we have estimated Cls for crude streams representing up to 93
percent of European crude consumption. There is necessarily more
uncertainty in the estimated CI for crudes associated with only one field,
than for crudes associated with large numbers of fields.

This assessment represents the most comprehensive attempt to date to
characterize the carbon intensity of crude oil entering Europe using a
public model and public data."" In particular, it is a more detailed analysis
than the JEC Well-to-Wheels report (JEC, 2011), in the sense that it
considers hundreds of oilfields individually rather than relying on
aggregated industry reporting. Based on our analysis, the average
upstream carbon intensity of oil supplied to Europe is estimated to be 10.2
gCOze/MJ. This is higher than previous assessments from JEC (2011) and
ICCT/ER (2010). JEC (2011) suggested an average upstream Cl of about 6
gC0Oe/MJ, based on energy consumption data from the International
Association of Oil and Gas Producers (OGP) and regional flaring data.
OPGEE models somewhat higher average upstream energy requirements™
in each region than are reported by OGP, and this is the primary reason for
the difference between the EU baseline presented here and the JEC WTW
value. Additional calibration against industry data would be appropriate to
ensure OPGEE is not systematically overestimating energy needs. Note that
reported energy consumption rose by 16% in OGP’s 2011 data (OGP 2012)
compared to the 2004 data referenced by the JEC WTW report, although
this increase would still not fully explain the difference between JEC and
OPGEE. The carbon intensities by crude stream are detailed in Table G.

Vi We have excluded from the analysis crude oil sources making a very small contribution to
EU imports, and crude streams defined very loosely in the DG Energy reporting (such as
‘Other Africa’).

Vi We have referenced a substantial amount of data from paid-for sources, notably the Qil
and Gas Journal (OGJ). While this data is not in the free public domain, it is readily available
at relatively modest cost.

ix Note that the system boundary for OPGEE is drawn wider than for OGP, but this alone
does not explain the gap.
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Africa
Africa
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Africa
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Africa
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America

Europe
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Europe
Europe
Europe

Europe

FSU
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Middle
East

Executive summary

EU Crude Carbon Intensity Baseline (as estimated using

OPGEE and the ‘representative crudes’ methodology)

COUNTRY

Algeria

Algeria

Angola
Cameroon

Congo

Egypt

Libyan Arab
Jamabhiriya

Libyan Arab
Jamabhiriya

Libyan Arab
Jamabhiriya

Nigeria
Nigeria
Brazil

Mexico
Venezuela

Denmark
Norway
Norway
Norway
Norway

Norway

United
Kingdom

United
Kingdom

United
Kingdom

United
Kingdom

Azerbaijan
Kazakhstan

Other FSU
countries

Russian
Federation

Russian
Federation

Iran

Iran

Iran

Irag

Irag

CRUDE

Other Algerian Crude
Saharan Blend
Other Angolan Crude
Cameroon Crude

Congo Crude

Egyptian Medium/Light
(30-40°)

Libyan Heavy (<30° API)

Libyan Light (>40°)

Libyan Medium (30-40°)

Nigerian Light (33-45°)
Nigerian Medium (<33°)
Brazil Crude
Maya

Venezuelan Extra Heavy
(<17°)

Denmark Crude
Ekofisk
Gullfaks
Oseberg

Other Norwegian Crude

Statfjord

Brent Blend

Flotta

Forties

Other UK Crude

Azerbaijan Crude

Kazakhstan Crude

Other FSU Crude

Other Russian Fed.
Crude

Urals

Iranian Heavy

Iranian Light

Other Iran Crude

Basrah Light

Kirkuk

CRUDE
CARBON

INTENSITY
(9C02e/MJ)

15.4
12.8
9.2
233
13.0

8.9

8.9

8.3

13.6
18.5
18.3
6.5
8.2

8.4
3.2
2.8
8.8
6.4
6.3
6.4

8.8

10.4

3.4

6.7
5.4

20.5

9.8

12.5

1.5

16.2

1.7

10.4

9.0

2010 CONSUMPTION
IN EU (1,000 BBL)

19,076
40,738
58,089
14,838
19,223

19,429

14,992

196,971

191,018
120,680
32,989
34,648
39,729

16,036
89,133
86,989
44,408
57,310
249,212

54,439

57,589

17,907

152,792

144,748
146,742
224,638

105,827

480,350

637,003

110,759

61,179

40,811

22,885

85,192

% OF EU
CRUDE

0.4%
0.9%
1.3%
0.3%
0.4%

0.4%

0.3%

4.6%

4.4%
2.8%
0.8%
0.8%
0.9%

0.4%
2.1%
2.0%
1.0%
1.3%
5.8%

1.3%

1.3%

0.4%

3.5%

3.4%
3.4%
5.2%

2.5%

1.1%

14.7%

2.6%

1.4%

0.9%

0.5%

2.0%
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CRUDE
CARBON 2010 CONSUMPTION % OF EU
ALY Sl INTENSITY IN EU (1,000 BBL) CRUDE
(gCO2e/MJ)
Middle
East e Ol i) el 15 10,483 0.2%
Middle : .
East Kuwait Kuwait Blend 6.0 24753 0.6%
Middle : : .
East Saudi Arabia Arab Light 55 219,859 51%
Middle . _
East SRIE Sovesl 7.8 40,661 0.9%
Middle ) o
East Syria Syria Light 10.1 13,802 0.3%

EU baseline average ClI: “ Total crude modeled (1,000 bbl): 3,997,924

The EU Baseline calculated here is based on a much broader analysis of
world crude production than most previous studies. Figure D shows that
for most regions, the average values estimated with OPGEE are
comparable to estimates from previous LCA studies.X The range of
emissions estimates, especially where access to data is best, tends to be
much wider than in the literature. This is largely because previous studies
have generally modeled a single average or a single representative crude,
rather than average Cls across many analyzed crudes, and have used
different methodologies. In several cases, production processes vary
significantly within a given region. In general, for the crude producing
nations most often considered in the literature, such as Mexico, Saudi
Arabia, Irag and Nigeria, the OPGEE average values from the EU Baseline
fall within the previously reported range.

* Note that for comparative purposes we have included Venezuelan upgraded heavy oil in
Table D, but these fields are not part of the EU baseline.
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Figure D. OPGEE estimated average and range for regional oil
production Cl with values reported by previous LCA studies
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The CI range for Nigerian fields goes up to 72 gCO2e/MJ for Tapa, which reports nearly 5000
scf/bbl of gas flaring.

Note that where literature estimates have been associated with an overall region, this is
because that is how they were reported in the relevant report - whereas the ‘overall’ values
and ranges reported for OPGEE represent the full range of fields within that region.

The only study with a broader coverage of crudes than the EU Baseline in
this report is ICCT/ER (2010), where over 3,000 fields were assessed. That
study had different system boundaries than OGPEE (it included refining,
and excluded sources such as drilling and exploration). For purposes of a
fair comparison, in Figure E the carbon emissions from production only are
compared for ICCT/ER against the OPGEE EU baseline. ICCT/ER find an
average production Cl of 5.3 gCO2e/MJ, while OPGEE gives an average
using the representative fields methodology of 8.5 gCO,e/MJ. Both studies
show a similar pattern of Cl values - the first half of production is at
relatively low Cls, followed by another 40-45% that are higher and a final 5-
10% of fields with very high emissions, due to high flaring, high WOR
(OPGEE), upgrading, thermally enhanced production (ICCT/ER) and so on.
In the case of wells with high WOR, in many cases reservoir depletion may
be making the wells progressively less economically viable, and these may
be relatively marginal oil resources. In other cases, such as large Nigerian
fields with high volumes of gas flaring, high carbon intensity cannot be
taken to imply marginality of production. The similarities in results between
the two modeling efforts suggest that the EU Baseline from OPGEE is
delivering a good characterization of the Cl of crude entering Europe.

xlvii



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

Figure E. Comparing the ICCT/ER (2010) and OPGEE carbon intensity
values - production emissions only*, by normalized cumulative
volume of oil

60.0 4

——ICCT/ER, 2010
—*—OPGEE EU baseline

50.0 A

40.0 A

30.0 4

20.0 4

Upstream emissions (gC02e/MJ)

10.0 -
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Normalized cumulative volume

*OPGEE normally includes transport, drilling and exploration in the system boundary.
ICCT/ER included transport and refining. The values charted here are for production only for
purposes of comparison.

The EU Baseline presented here represents the best estimate with the data
available. The results suggest that the EU crude slate may be somewhat
more carbon intensive than has been previously assessed - further data
collection will help to confirm that conclusion, or to produce a more
accurate alternative value. For this report we have used typical (rather than
actively conservative) default values. For a regulatory implementation, it
might be appropriate to consider being systematically conservativeX in the
estimation of Cls, as has been done for biofuels under the Fuel Quality and
Renewable Energy Directives (FQD and RED).

ES.VIlIl. Comparative analysis of policy options

The availability of OPGEE to the regulatory community introduces the
option to regulate the upstream carbon intensity of crude oil production at
a greater level of detail and accuracy than would previously have been
possible. Accurate estimation of crude Cl can be important both in
regulations aiming to manage carbon emissions from crude production
itself, and also in regulations to encourage the use of alternative fuels,
which are often based on comparisons to conventional fossil fuel baselines.

Any system that attributed a higher Cl to a given crude under the Fuel
Quality Directive would reduce the value of that fuel to refiners (as the

i [ssues relating to conservatism are discussed in §9.1.3.a.
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higher emissions would need to be offset). Similarly, assigning a particular
crude a lower Cl would provide increased value, creating an incentive for
producers to reduce emissions. Depending on relative cost, fuel suppliers
could respond by using larger quantities of alternative fuels to offset the
use of higher carbon crudes, invest in reducing carbon emissions from
existing crude streams or switch to alternative lower carbon crudes
(reducing the incentive for further investment in high carbon extraction
processes).

There are several precedents that suggest the types of policies that could
be implemented to control fossil fuel carbon intensity. This report discusses
the following approaches:

e Full reporting and accounting;

e Hybrid reporting approach analogous to biofuel reporting under
RED/FQD, RTFO;

e Feedstock defaults approach outlined in DG Clima implementing
proposal for Fuel Quality Directive;

e High Carbon Intensity Crude Oil (HCICO) approach adopted by
CARB in 2011 for the LCFS;

e California average approach adopted in 2012 by CARB to replace
HCICO approach;

e Other approaches proposed for discussion by CARB;
e British Columbian treatment under the RLCFRR;
e Country/region specific default values approach (RTFO 2008/10);

e Emissions reduction credits approach modeled on the Clean
Development Mechanism (CDM).

The highest level of disaggregation and accuracy would be available
through a full reporting and accounting system, in which fuel suppliers
were required to either report a defined set of OPGEE inputs to an
administrator, or to arrange for verifiable OPGEE calculations to be made
independently and report the results. Such a system would provide the
most accurate possible market signals, as each crude would be assigned its
own specific carbon intensity.

In biofuel regulations, several regulators have looked to minimize the
burden of Cl reporting by adopting hybrid reporting systems, in which the
option to report detailed values is complemented by conservative lookup
values for each pathway. A hybrid regulation for fossil fuels would have
similarities to existing regulations. The biofuel treatment under LCFS and
RTFO (and other RED implementations), plus the fossil fuel treatment
under RLCFRR and several proposed California approaches to fossil fuel
accounting are all variations on hybrid reporting. Under such a hybrid
regime, lookup tables would be provided for a specified set of crude
categories but an option would be allowed for fuel suppliers to
demonstrate better performance. If the intention is to generate value for
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lower carbon crudes and for emissions reduction projects, it is important
that the option to demonstrate better-than-default performance exist, as
this is allows suppliers to achieve value by showing improved performance.
OPGEE provides an ideal analytical framework for a hybrid regime, as fuel
suppliers would be able to determine the carbon saving offered by a given
emissions reduction strategy and use OPGEE emissions estimates to guide
their decision-making. Under a hybrid scheme, defaults could be set at a
variety of levels. They could be based on feedstock, as in the existing Fuel
Quality Directive proposed Implementing Measure. Alternatively, further
disaggregation could be achieved, especially for conventional fuels, by
identifying a broader range of categories. Further analysis with OPGEE
could be undertaken to identify the most effective characteristics that
could be used to apply a disaggregation. Opportunities for disaggregation
of conventional crudes include splitting out thermally enhanced oil
production or the use of upgraders.

There are also options for regulatory frameworks with fewer opportunities
for suppliers to report oilfield specific values. Under the FQD proposed
Implementing Measure, only fuel-feedstock combinations with default ClI
higher than fuels from conventional crude would be permitted to report
actual emissions data - credits would not be available for conventional
crudes with a lower Cl than the default. Similarly, under the California
HCICO screening approach, most crudes would have been in a single
emissions bin with no benefit from reporting lower-than-default Cl for a
given field. Options with less disaggregation may be most appropriate if
the priority is to set an accurate baseline to measure alternative fuels, to
reduce the risk of having the very highest Cl streams enter the market or to
move through a reporting and data gathering phase before a more
stringent future measure.

An alternative or complement to a hybrid-reporting scheme would be to
directly offer incentives for performance improvements. In California, for
instance, credits can be earned under the LCFS for the adoption of
innovative oil extraction processes that reduce emissions. Similarly, flaring
reduction projects are already eligible in principle for crediting under the
United Nations Clean Development Mechanism (CDM). The FQD proposed
Implementing Measure envisions credits being made available for upstream
emissions reduction projects. Where any emissions reductions are being
achieved through changes that can be modeled by OPGEE (e.g. reduced
flare rate, change of lift method, implementing gas export etc.), then the
credits that should be awarded to the project could also be calculated with
OPGEE. In the case that innovative technologies not yet modeled by
OPGEE were being implemented, either an expansion of OPGEE to include
a new module or an alternative credit calculation methodology would be
necessary.

Any crude oil carbon intensity regulation needs to be consistent with
existing legal obligations. There should be no fundamental legal barriers to
adopting any of the policy options discussed in this report at the European
Union or Member State level, especially given that the FQD has already
been adopted. The most likely legal barrier to adoption of one of these
policies would come from international trade law and the WTO treaties.
International trade law provides explicitly for the application of regulations
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to protect the environment, including to manage greenhouse gas emissions
- however, such measures must conform to the General Agreement on
Tariffs and Trade (GATT).

Normally, the GATT prohibits the discrimination of ‘like’ products, where
likeness is determined by end use, physical properties, tariff classification,
and consumer tastes and habits. A regulation such as the FQD proposed
Implementing Measure that discriminates only between feedstocks with
clearly different physical properties would be relatively unlikely to be
successfully challenged as discriminating between like products, but a
measure disaggregating among conventional crudes may be more
vulnerable. Fortunately, Article XX of the GATT provides exceptions to the
likeness principle for “measures for the conservation of exhaustible natural
resources”. It is likely that measures to protect the climate fall under this
exception, in which case the key criterion for any regulation is that,
“measures are not applied in a manner which would constitute a means of
arbitrary or unjustifiable discrimination between countries where the same
conditions prevail, or a disguised restriction on international trade.”

ES.IX. Conclusions

The experience of biofuel regulation through policies such as Europe’s RED,
the UK’s RTFO, California’s LCFS and the U.S. federal RFS has
demonstrated that effective regulation of the climate impact of
transportation fuels is possible, but requires a solid basis in lifecycle
analysis. Until now, while there have been many studies of the lifecycle
emissions of fossil fuel extraction, there has been no transparent analytical
framework available to regulators that is able to provide detailed, process
based analysis of different oil extraction pathways. A full process-based
modeling framework is less necessary when the primary purpose is to set a
baseline fuel carbon intensity against which to compare alternative fuels
(NETL, 2009; JEC, 2011). In those cases, the task is to provide a reasonable
characterization of the average (or marginal) emissions of fossil fuel,
against which thresholds may be set for alternative fuels. A certain amount
of disaggregation of fossil fuels can be achieved without full process
modeling, for instance by focusing on clearly defined fuel categories with
distinctly different carbon footprints, such as the different feedstock
pathways in the FQD draft implementing measure. However, a more
sophisticated tool is necessary to accurately disaggregate the emissions
intensity of prima facie similar crude oils, or (as in the California average
approach under LCFS) to accurately capture year on year changes in the ClI
of the fuel mix.

In this report we have presented the Oil Production Greenhouse Gas
Emissions Estimator (OPGEE), a spreadsheet model that uses engineering
principles to assess the carbon intensity of oil production. Like Biograce or
CA-GREET for biofuels, providing an adequate set of inputs for use with
OPGEE can provide an accurate assessment of the Cl of a given crude oil
pathway, and determine with reasonable certainty which of two crude oil
pathways is the more carbon intensive. OPGEE v1.0 is able to provide a
reasonable assessment of the Cl of most current crude oil production, but
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there remain additional processes to model and areas to further improve
OPGEESs accuracy - priority areas to enhance OPGEE include modeling
two-phase fluid flow and adding a module for the process modeling of
bitumen extraction.

Once a model has been built, the greatest challenge for any LCA exercise
on the scale of calculating the CI of the European crude oil baseline is the
collection of robust data. In general, it is difficult to find field-specific oil
production data, especially for oil fields in countries like Russia with limited
transparency. Nevertheless, this report analyses a set of 265 separate oil
fields, which represents significant progress compared to studies such as
the JRC WTW report which relies on highly aggregated reported data.
Where specific data is not available, the OPGEE model is populated with
default assumptions sourced from the literature for all data points, allowing
estimates to be made even where data is limited to a few key parameters.

The 265 oil fields assessed for the EU Baseline have been associated with
crude blends being supplied into Europe (covering 93 percent of European
oil consumption) - we estimate that the volume weighted average Cl of the
oil used in Europe is 10.2 gC0O2e/MJ. This is lower than the baseline of 11.39
gCO,e/MJ calculated with OPGEE by CARB for crude oils used in California,
but somewhat higher than previous JEC and ICCT/ER estimates for EU
crude. This assessment is a substantial advance in terms of data coverage
and transparency on any previous published work. Additional consultation
and data collection from industry would allow this result to be confirmed,
or the value to be improved and made more representative of the actual
crude used in European refineries.

With respect to data, the situation for European regulators is particularly
challenging. While California and British Columbia, both regions that have
implemented LCFS-type regulations, are heavily reliant on crude from
North America where data is relatively rich, Europe is highly import
dependent and imports crude from all over the world. Indeed, the largest
single exporter of crude to Europe is Russia - with other countries in the
Former Soviet Union being significant suppliers. In these regions data
acquisition is likely to be persistently difficult in the short to medium term.
Even in areas for which production data is available (e.g. the UK North Sea
fields) there is space for input from industry to improve the accuracy of the
analysis.

Despite the challenges, there are many examples of transport fuel Cl
regulation to draw on. Even where data is sparse, a hybrid reporting system
with conservative default values could be used to incentivize reporting,
gather data and provide real value to good performers. Upstream
emissions reductions credits could be made available on the basis of field
level reporting, and thus do not rely on a full characterization of the Cl of
every crude blend or every field. The high emissions coming from some
oilfields are indicative of a significant opportunity to deliver carbon savings.
For example, incentives to eliminate gas flaring in a country like Nigeria
could clearly deliver large GHG benefits, as well as helping it to exploit the
value in an important natural resource. As action to address climate change
accelerates, it is certain that the significant carbon emissions resulting from
extracting crude oil will come under increasing regulatory pressure in the
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years ahead. Through the FQD, and with analytical tools like OPGEE, the

European Union is in a position to set a benchmark for best practice in
effective regulation of fossil fuel carbon intensity.



Introduction

1. Introduction

In 2009, the European Union’s Fuel Quality Directive (FQD) was amended
and expanded, introducing a requirement for road transport fuel suppliers
to reduce by 6 percent the lifecycle greenhouse gas (GHG) intensity
(emissions per unit energy) of fuel and other (electric) energy supplied for
use in road vehicles, as well as fuel for use in non-road mobile machinery,
by the end of the compliance period in 2020. In addition to setting a
binding GHG reduction target, the directive includes a detailed
methodology for assessing the carbon intensity (CI)! of alternative fuels
and requires the European Commission to propose an implementing
measure for the calculation of the GHG emissions of fuels and other energy
from fossil sources. The European Commission has proposed an
Implementing Measure, and at the time of writing the Commission had been
tasked to undertake an impact assessment of this proposal by the end of
2012.

In this context, the International Council on Clean Transportation (ICCT),
together with Stanford University, Energy-Redefined, and Defense Terre,
was contracted by the European Commission’s Directorate-General for
Climate Action (DG Clima) to undertake project
CLIMA.C.2/SER/2011/0032r on the Upstream Emissions of Fossil Fuel
Feedstocks for Transport Fuels Consumed in the EU. This project has three
major deliverables. First, several desk studies on the EU fossil fuel
feedstock market and associated empirical and modeled data on GHG
emissions. Second, the development of an open-source predictive model
for estimating the GHG intensity of upstream emissions of fossil fuels
delivered to the European market, based on a tool being developed by
Stanford University for the California Air Resources Board (CARB). This
model is the ‘Oil Production GHG Emissions Estimator’ (OPGEE). The
OPGEE model is an open-source, fully public, engineering-based model of
GHG emissions from oil production operations. It has been peer-reviewed in
California by legislators and industry leaders as well as academic experts in
the field of petroleum engineering. Results generated using the OPGEE
model have also been published in the peer reviewed academic literature
(El-Houjeiri et al., 2013). Third, we were asked to use the tool, if
appropriate, to estimate the Cl of the European fossil fuel Baseline (the
crudes consumed in Europe in 2010) and to discuss options for using this
information in a regulatory context, such as under the FQD.

The current report presents the results of several desk studies on the EU
fossil fuel feedstock market and associated empirical and modeled data on
GHG emissions; presents a new model for lifecycle analysis of crude oil
extraction; and provides an estimate using that model of the carbon
intensity of oil supplied to the European Union. The report is structured into
the following sections: (§2) a review of existing legislation; (§3) a
description of crude oil sourcing for the EU; (§4) a review of existing
literature and lifecycle analysis (LCA) studies of fossil fuels; (§5) a review of

T Throughout this report, we follow the convention of implicitly including the carbon-
equivalent emissions from other greenhouse gases when we use the term ‘carbon intensity’,
based on 100-year global warming potentials (GWPs).
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best practices in the construction of LCA models for fossil fuel; (§6) an
introduction to the OPGEE model; (§7) a review of available input data for
LCA analysis of crude oil; (§8) the resulting EU Baseline calculation based
on the OPGEE tool; (§9) policy options to regulate fossil fuel carbon
intensity; and (810) study conclusions.



Existing legislation

2. Existing legislation

2.1. Introduction

The transportation sector is a significant source of greenhouse gases,
contributing about 12 percent of global anthropogenic GHG emissions to
the atmosphere (World Resources Institute [WRI], 2005). This contribution
from the transport sector is expected to grow in coming years as the use of
personal cars in developing countries increases. Governments around the
world are responding to this challenge by introducing stringent fuel
economy standards and by devising and implementing low carbon fuel
policies to promote alternative fuels with lower carbon intensities. In some
cases, governments have also begun to introduce policies designed to
reward the use of fossil fuels with relatively low lifecycle carbon emissions,
and to discourage the use of fossil fuels with relatively high lifecycle
emissions.

There are three major categories of low carbon fuel policies. First, there are
volumetric standards that require minimum amounts of renewable fuel to
be used in transport based fuels either on volume or on energy content,
with no mandatory standard for carbon performance and no additional
value assigned to lower carbon fuels. Two examples in this category would
be the UK Renewable Transport Fuel Obligation (RTFO), introduced in
2008, and the Canadian Renewable Fuel Regulations. A second category
can be thought of as hybrid policies that have volumetric targets but also
impose some sort of mandatory performance expectations. Examples of
these policies include the Renewable Fuel Standards in the U.S. (RFS2) and
the European Union’s Renewable Energy Directive (RED), both of which
have minimum carbon performance standards for certain fuel categories.?
The EU RED requires biofuels to reduce GHG emissions by at least 35
percent compared to gasoline or diesel (rising later in the mandate) by
2020. The U.S. RFS2 also sets minimum GHG reduction thresholds for each
category of biofuels, with the lowest qualifying threshold being 20 percent
for ‘renewable fuel.’s

The final set of policies consists of performance-based standards
sometimes referred to collectively as ‘low carbon fuel standards’ (LCFS).
The most notable examples in this category are the California Air
Resources Board’s (CARB) Low Carbon Fuel Standard, British Columbia’s
Renewable and Low Carbon Fuel Requirements Regulation, and the Fuel
Quality Directive (FQD) in the EU. An LCFS sets the carbon intensity (Cl)
reduction target for the fuel mix used in transport and determines the
contribution of different fuels to that target via lifecycle analysis. The
California LCFS requires a 10 percent reduction in the Cl of the fuel mix by
2020, and the EU’s FQD mandates a 6 percent reduction by 2020.

2 Note that the UK’s RTFO is in this category since it was adapted to implement the RED.
3 1t is generally expected that the ‘renewable fuel’ category will be dominated by corn
ethanol, which is excluded from the advanced biofuel category.



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

An accurate accounting of the lifecycle emissions of fossil fuel extraction is
important for both hybrid and performance-based standards. This
assessment (together with downstream emissions from refining and
distribution) is necessary to set the petroleum baselines against which
alternative fuels are compared. A differentiated accounting of various fossil
fuel pathways opens the possibility of generating value not only for low
carbon alternative fuels but also for reductions in the carbon intensity of
fossil fuel extraction and refining. In this section, a review of low carbon fuel
policies in North America and Europe is conducted to highlight their main
features, with emphasis on the methodology and data used in estimating
the GHG emissions of petroleum fuels-mainly diesel and gasoline. In all
cases but one, the carbon intensities reported for these programs are given
in terms of lower heating value. The exception is the British Columbian
Renewable and Low Carbon Fuel Requirements Regulation, for which
values are given in higher heating value terms.

2.2. California LCFS

2.2.1. Type of legislation, targets, and size of the affected
market

The California Low Carbon Fuel Standard (CA-LCFS) is a fuel (and
technology?) neutral, GHG performance-based standard that seeks to
reduce GHG emissions from the transport sector by 10 percent by
2020. The standard would result in an approximate reduction of 16
million metric tons COye per year compared to 2010 baseline emissions.
These savings come from increasing the use of alternative fuels,
including biofuels, compressed natural gas (CNG), hydrogen, and
electricity, which all have lower carbon intensities than gasoline and
diesel, in the California fuel mix. The CA-LCFS was implemented in
2010, with the compliance period beginning in 2011.°> Table 2.1 shows
the carbon intensity reduction target for each year under the CA-LCFS.
The required percentage reduction in Cl is modest in the earlier part of
the program and becomes progressively more stringent in the latter
years.

To achieve the required percent Cl reduction, regulated parties can
blend gasoline and diesel with low carbon intensity biofuels or sell
other alternative fuels such as electricity and hydrogen. The regulated
parties are upstream producers and importers of gasoline, diesel,
biofuels, electricity, liquefied natural gas (LNG), compressed natural
gas (CNG), and hydrogen. Alternatively certain fuels that have
inherently low carbon intensities and can meet the required percentage
reduction through 2020 are not required to comply with CA-LCFS
reporting requirements. These fuels include electricity, hydrogen and

4 LCFS is not strictly technology neutral in the area of upstream emissions reductions, see
§2.2.3.c.

5 1n 2010, participants were asked to report on fuel Cl but had no mandatory targets to
achieve.

4
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hydrogen blends, fossil CNG derived from North American sources,
biogas CNG, and biogas LNG. However, these fuels can opt into the
program to generate credits. In such a case, these fuels need to comply
with CA-LCFS requirements. Liquefied petroleum gas (LPG, or
propane) is exempted from the CA-LCFS. The standard also does not
apply to fuels that have niche uses, for example, for use in aircraft,
military vehicles and equipment, and oceangoing vessels.

If a fuel supplier delivers a fuel that has a lower ClI than baseline
gasoline or diesel, this generates credits. Total credits and deficits are
calculated by taking into account the ClI differential and the volumes of
fuel supplied. For fuel cell and electric vehicles, the system also takes
into account the ‘energy economy ratio’ (EER). EER is a measure of the
efficiency of converting energy in the fuel into usable energy in a given
vehicle. For instance, electric vehicles (EVs) tend to be 2.5 to 3.5 times
more efficient than conventional gasoline or diesel engines; however,
each EV is likely to differ in efficiency. The EER used for electric
vehicles in the CA-LCFS calculations is set to a typical value of 2.7
(California Air Resources Board [CARB], 2009a).

If the CI of a fuel supplied is higher than the baseline Cl of gasoline or
diesel, this results in deficits. For each compliance year, regulated
parties need to generate enough credits to meet the carbon intensity
target for that year. The CA-LCFS is a flexible standard that allows
compliance through credit trading, so that obligated parties are able to
pay for a third party to introduce low carbon fuels to the California
market rather than supplying those fuels themselves.® For example,
regulated parties with excess deficits can purchase credits from other
regulated parties with excess credits. However, regulated parties are
not allowed to buy credits generated in climate change mitigation
programs outside of the CA-LCFS program in California. Excess credits
can also be banked for use in future years. Deficits of up to 10 percent
may also be carried forward to the next year. If deficits are not
remedied within a specified year, the regulated parties will face
penalties commensurate with the size of their deficits. Fuels suppliers
may also be allocated additional deficits if the California crude slate has
grown more carbon intensive, under the ‘California average’ system for
assessing the Cl of the crude oil used in California. Under this system, if
the average Cl of California crude in a given year is higher than the
baseline Cl, all fossil fuel suppliers are allocated deficits in proportion to
the volume of fossil fuel supplied.

There are two options for reporting Cl values. Regulated parties may
use the default intensity values given for their alternative fuel pathways
in the lookup tables generated by the California Air Resources Board
(CARB). Alternatively, these regulated parties may use the 2A/2B’
method to determine new ClI values. The 2A method is used to request
an amended pathway based on an existing default pathway. If a fuel
does not have a defined default pathway, that company must make a
new 2B application. The 2A method involves changing the input data in
the Greenhouse Gases, Regulated Emissions, and Energy Use in

6 At the time of writing, the credit trading mechanism has not yet been implemented.
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Transportation (GREET) model for a particular fuel pathway. For
example, if corn ethanol production uses biogas instead of coal and
natural gas as energy inputs, then the energy input data will be
changed to reflect the new processing method. The 2B method applies
to a new fuel pathway not reported in the lookup tables. In such a case,
a regulated party needs to conduct a thorough lifecycle analysis and
submit an application to CARB for executive approval. Once approved,
the new fuel path will be added to the lookup table. Both the 2A and 2B
methods need to go through staff reviews and public comment periods
before their final approval. For crop-based fuels, the Cl values provided
in the lookup tables include GHG emissions from indirect land use
change in addition to direct emissions from well-to-tank (WTT)
lifecycle assessments.

Following in the footsteps of European regulations (the Renewable
Energy Directive and Fuel Quality Directive) CARB is considering how
sustainability criteria might be represented in this legislation. For this
purpose, CARB has set up a sustainability expert workgroup to
consider sustainability provisions.

Table 2.1. Cl reduction requirements under LCFS7:2

Cl TARGET FOR Cl TARGET FOR
ver | CASOUNEANDITS | DISELAMDTS | pepucrion
(gCO2e/MJ) (9CO2e/MJ)
2010 Reporting only
201 95.61 94.47 0.25%
2012 95.37 94.24 0.50%
2013 97.96 97.05 1.00%
2014 97.47 96.56 1.50%
2015 96.48 95.58 2.50%
2016 95.49 94.60 3.50%
2017 94.00 93.13 5.00%
2018 92.52 91.66 6.50%
2019 91.03 90.19 8.00%
2020 89.06 88.23 10.00%

The pre-regulatory economic analysis of the CA-LCFS suggests that it
will reduce imports of high carbon crude oil by an amount resulting in
savings of up to $11 billion (maximum) in California during the program
period (CARB, 2009a). The analysis also finds that increasing the use of
biofuels might lower revenues for the state owing to lost transportation
fuel taxes. The potential loss in revenues could range between $80
million and $370 million in 2020 (CARB, 2009a).

California accounts for 10.8 percent and 6.8 percent of U.S. motor
gasoline and distillate (diesel) fuel consumption, respectively. About

7 Final Regulation Order, sub article 7. Low Carbon Fuel Standard. Available at
http://www.arb.ca.gov/fuels/lcfs/Icfs.htm

8 The compliance schedule was updated to reflect the 2010 California baseline calculated
with OPGEE as of 26 Nov 2012.
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358 million barrels of gasoline and 90 million barrels of distillate fuel
were used in California in 2009.° When the regulation was introduced,
CARB analyzed four scenarios to meet the 10 percent Cl reduction
target and their corresponding market impacts.

e |In Scenario |, corn ethanol is blended at 10 percent with gasoline
until 2015. After 2015, the share of low Cl advanced ethanol and
the number of flex fuel vehicles (FFVs; vehicles that can run on
gasoline blended with a gas substitute such as ethanol)
increases. This scenario also assumes that the number of electric
(plug-in hybrid electric vehicles [PHEVs] and battery electric
vehicles [BEVs]) and fuel cell electric vehicles (FCEVs) will
increase to about a half million.

e Scenario Il considers a wider mix of cellulosic ethanol, advanced
renewable ethanol, and sugarcane ethanol than in Scenario |.

e In Scenario lll, the number of advanced vehicles increases to 1
million, while the use of FFVs decreases compared to Scenario Il.

e Scenario IV assumes that the number of advanced technology
vehicles (ATVs) increases to 2 million.

2.2.2. Methodology and data in petroleum GHG emissions
calculations

As mentioned earlier, credits and deficits of the fuels supplied are
calculated by comparing their Cls with those of the gasoline or diesel
they will replace. Until the 26™ of November 2012, the CA-LCFS
required that the Cls of gasoline and diesel should be calculated using
the California GREET model (CA-GREET). This model is a modified
version of the GREET model administered by Argonne National
Laboratory in the United States. The reason for choosing the GREET
model is that it is a transparent, publicly available model. It allows users
to modify input values, using California-specific data for extraction,
refining, and transport, to calculate the Cl of gasoline and diesel
produced in California. The model has gone through periodic technical
reviews and is widely used across the world for lifecycle analysis
studies of fuels and vehicles. The decision to choose the GREET
methodology for California was not based on an impact assessment but
on the fact that it is publicly available and transparent.

The modified CA-GREET model used the 2006 crude mix supplied to
California refineries as the basis for estimating upstream and refinery
GHG emissions. The 2006 crude mix accounts for all crudes that
contributed at least 2 percent of the crude volume used in California.
About 655 million barrels of crude oil were refined in 2006. Most of the
crude oil brought into California in 2006 came from Alaska, Saudi
Arabia, Ecuador, Iraqg, and Brazil, accounting for 16 percent, 13 percent,
11 percent, 9 percent, and 3 percent of the total crude oil supplied,

2 U.S. Energy Information Administration (EIA). Available at:
http://www.eia.gov/state/seds/hf.jsp?incfile=sep_sum/plain_html/sum_use_tot.html
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respectively (CARB 2009b). In calculating the baseline Cl, GHG
emissions of various crude feedstocks were averaged. That is, there is
no differentiation in the baseline for individual regulated parties by
crude type, so a supplier using high carbon crudes would have the
same baseline as a supplier of lower carbon crudes.

From 2013, the methodology for fossil fuel emissions calculations has
been revised to use the Oil Production Greenhouse gas Emissions
Estimator (OPGEE) model.’® The OPGEE model is detailed elsewhere in
this report as well as its accompanying documentation (see §6 and
Annex D). In California, OPGEE is used as the basis for implementing
the ‘California average’ fossil fuel accounting methodology (see
§2.2.3.b). Using this methodology, CARB has generated a lookup table
of carbon intensity values for different crude marketing names, also
known as marketable crude oil name (MCON), entering the California
market (see Table 2.5).

2.2.2.a. Extraction

For the initial implementation of the CA-LCFS, CARB used a detailed
breakdown of crude slates' obtained from the California Energy
Commission to calculate extraction GHG emissions (Table 2.2). In
general, crude slates were divided into three categories: primary,
secondary, and tertiary, based on the API gravity of the crude. The
higher the API gravity, the lighter the crude, and in general the less
energy it takes to refine and to extract it."? Crude produced in California
accounted for 38 percent of the total used in California refineries in
2006. Of this volume, 38 percent was heavy crude recovered by a
‘tertiary method,’ i.e., thermally enhanced oil recovery (TEOR). Such
‘tertiary methods’ require more energy than primary and secondary
production-using natural gas (95 percent) as their primary source of
energy, with the remaining energy supplied from coal. In 2006, about
40 percent of TEOR production co-generated electricity, which in turn
was used in extraction operations and exported to the grid. The GHG
credits from the exported electricity were counted in the GHG
emissions analysis.

CARB used data obtained from the state’s Division of Qil, Gas, and
Geothermal Resources (DOGGR) and the California Energy Commission
to calculate energy use for domestic crude production. For all crude
slates, GHG emissions were based on the types of energy consumed,
the equipment used (for example, boilers, motors, etc.), and the
corresponding emission factors. In addition to carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N.O) emissions, volatile organic
compounds (VOC) and carbon monoxide (CO) emissions were included
in the GHG estimates since they would ultimately be converted into
CO: equivalents. GHG emissions from flaring were included as well. The
breakdown of fuel shares used in crude extraction is given in Table 2.3.
The sources for emissions factors are derived mainly from the U.S.

10 http://www.arb.ca.gov/regact/2011/1cfs2011/Icfs2011.htm

" Crude slate refers to the different types of crudes (by origin) that are supplied to
refineries.

2 For extraction in particular, there are many exceptions to this principle.
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Environmental Protection Agency (AP 42 Compilation of Air Pollutant
Emission Factors) as well as other publicly available sources. CARB
used the weighted average crude recovery efficiency of 93 percent as
opposed to the GREET default value of 98 percent for the entire United
States to account for efficiency of crude extraction in California, Alaska,
and exporting countries.

From 2013, this calculation was replaced by a detailed crude-by-crude
calculation performed with OPGEE.

Table 2.2. Composition of the California crude mix from 2005-2007 by
country/state of origin (bbls)

FEEDSTOCK

Alaska 135,906,000 105,684,000 100,900,000
Angola 12,912,000 14,979,000 21,038,000
Argentina 6,213,000 3,484,000
Brazil 12,474,000 17,938,000 22,453,000
California 266,052,000 254,498,000 251,445,000
Canada 4,942,000 5,320,000
Colombia 4,180,000 9,362,000 11,813,000
Ecuador 67,705,000 71,174,000 55,456,000
Irag 34,160,000 56,163,000 57,788,000
Mexico 19,316,000 15,473,000 9,214,000
Nigeria 5,447,000
Oman 2,985,000 6,326,000
Others 13,707,000 9,311,000 21,313,000
Saudi Arabia 95,507,000 86,976,000 72,296,000
Venezuela 4,120,000 4,706,000
Total 676,059,000 655,488,000 639,189,000

Source: CARB (2009b)

Table 2.3. Share of fuels in crude extraction for California crude mix

FUEL TYPE FUEL SHARES

Crude oil 0.2%
Residual oil 0.2%

Diesel 2.5%

Gasoline 0.3%

Natural gas 94.3%

Coal and petroleum coke 2.4%
Electricity 0%

Feed Loss 0.10%

Source: CARB (2009b)

2.2.2.b. Crude transport

In the original LCFS analysis, instead of using default values for
transport modes and corresponding emission factors in the CA-GREET
model, CARB estimated these factors for the three modes of crude
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transport—tanker, pipeline, and barge. This analysis was carried out
using energy consumption data, distance traveled, and emissions
factors obtained from publicly available sources including the EPA, the
American Petroleum Institute, and the U.S. Energy Information
Administration.

The OPGEE treatment of crude transport is described in Annex D.

2.2.2.c. Refining

Since California refineries are generally ‘complex’ and are designed to
process heavy crudes and produce fuels with stricter fuel specifications
than in other U.S. states, CARB adjusted the refining efficiency used in
the GREET model. The values of refining efficiency used for California
reformulated gasoline blendstock for oxygenate blending (CARBOB)
and diesel are 84.5 percent and 86.7 percent (CARB, 2009c),
respectively. CARB also adjusted the values for fuel share, equipment
used for energy generation, and associated emissions factors to
estimate GHG emissions. Table 2.4 shows the fuel shares in California
refineries. OPGEE does not assess refining emissions.

Table 2.4. Fuel shares in California refineries

FUEL TYPE FUEL SHARES

Residual 3%
Natural gas 30%
Petroleum coke 13%
Electricity 4%
Still gas 50%
Total 100%

Source: CARB (2009b)

10

2.2.2.d. Transport and storage of refined products

In California, diesel and gasoline are transported by truck and pipeline.
The average pipeline distance is 50 miles, and electric motors are used
to generate power for pipeline transport. Eighty percent of refined
products were assumed transported by pipeline and 20 percent by
tanker truck running on diesel. The type of energy used for transport,
percentage share, distance traveled, and emissions factors were used
to calculate GHG emissions from transport of diesel and gasoline.

2.22.e. Fuel combustion

When a fuel is combusted in a vehicle, it emits CO, and other tailpipe
emissions. GHG emissions from fuel combustion in a vehicle were
calculated using the carbon content and other tailpipe emissions-CHyg,
N2O, VOC, and CO. As mentioned earlier, VOC and CO were assumed
converted to CO;, through oxidation. The data for other tailpipe
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emissions were derived from the EMFAC (CARB)"™ and MOBILE6
(EPA)'* models.

The total well-to-wheel (WTW) GHG emissions were calculated by
summing GHG emissions in extraction, crude transport, refining, refined
product transport, and fuel combustion and expressed in units of
gCOse/MJ.

2.2.3. HCICO screening vs. California average approach

2.2.3.a. Proposed treatment of high-carbon-intensity crude oil in
2010 rule

California has relatively complex refineries with high utilization rates.
These refineries can produce producing a high share of lighter
petroleum products from a wide range of crudes, including heavy
crudes (Worrell and Galitsky, 2004). California refineries are heavily
dependent on imported crude oils, which account for about 60% of the
total crude oil refined in California. There is therefore a concern among
some stakeholders that increased supplies of high-carbon heavy oils
could undermine the carbon reduction goals of the LCFS if the carbon
intensity of fossil fuels is not managed under the program. For example,
during the consultation period various stakeholders expressed a
concern about the increasing supply of tar sands (CARB, 2009c). The
initial regulatory response to these concerns was to propose a system
for screening and accounting for any increase in ‘High Carbon Intensity
Crude QOils’ (HCICOs) entering California.

The CA-LCFS as enacted in 2010 identified a 2006 California basket of
crude oil, including all crudes meeting more than 2 percent of California
demand in that year. Crudes in the California basket were to be
effectively grandfathered in, as the Cl of those fuels had already been
included in the baseline. However, any new crudes entering California
were to be screened against a set of criteria for identifying HCICOs.
Crudes deemed potential HCICOs would then have a full lifecycle
analysis undertaken-any fuel with upstream Cl above the 15 gCOze/MJ
threshold would be assigned its actual Cl for CA-LCFS accounting and
would therefore result in deficits being generated for the company

supplying it.

Some high-Cl crudes, notably those extracted in California via thermally
enhanced oil recovery, were included in the baseline and hence not
subject to HCICO status or the generation of deficits. Others, such as
Venezuelan heavy crude, Canadian oil sands crude, and crude oil from
Nigeria with high flaring and venting emissions, were not included in
the 2006 crude mix and hence would potentially incur deficits under
the HCICO screening system. The HCICO provision was designed to
protect the overall carbon reduction target of the CA-LCFS by
discouraging the supply of HCICOs but also to provide a signal for oil
producers to engage in upstream emission reduction activities, such as

3 EMFAC 2011 is available at http://www.arb.ca.gov/msei/modeling.htm
4 MOBILES6 is available at http://www.epa.gov/otag/m6.htm

1
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reducing flaring, improving energy efficiency, and using carbon capture
and sequestration (CCS).

2.2.3.b. ‘California average’ methodology

At the end of 2011, it was recommended to the CARB governing board
that the HCICO treatment (described above) should be replaced. This
was in the context of substantial opposition from industry to the
application of any accounting methodology that differentiated between
crudes. The proposed options for revised treatment of fossil fuel
carbon intensity were as follows (CARB, 2011):

Current provisions with amendments — The suggested amendments
include a screening process for non-HCICOs and refraining from
retroactively applying penalties if a fuel initially deemed to be non-
HCICO is later deemed to be HCICO. If an HCICO is later found to be
non-HCICO, credits can be applied retroactively.

‘California average’ approach — This approach involves calculating the
yearly average Cls of gasoline and diesel based on the crude oil mix,
including HCICO used in the prior year. If the use of HCICO in the mix
increases, all the regulated parties will use the same new average Cl to
calculate deficits against the target. However, the regulated parties can
get credits if they demonstrate that the oil is extracted using new
methods such as CCS.

Hybrid ‘California average’/company-specific approach — In this
approach, the regulated parties are allowed to use the default Cl values
from the lookup table if their own crude slates do not become more
intensive overtime. If they do, the parties are required to calculate their
deficits using the CI of the crude oil and volume of HCICO used in the
prior year relative to the Cl required for the target year.

Company-specific approach — Each regulated party has its own
baseline ClI for its crude slates and carbon reduction targets for each
year. The baseline deficit is calculated through the difference between
the baseline Cl and the target-year CI. If the regulated party’s crude
slate becomes more Cl intensive compared to its own baseline year,
incremental deficits need to be calculated by comparing the current
year’s Cl (based on the crude slates) to the Cl of the target year. The
party is allowed to shift its crude slates without penalty if its Cl does not
increase.

Worldwide average — This approach is similar to the ‘California average’
approach. Here, the baseline Cl values of CARBOB, gasoline, and diesel
in the lookup table are based on the worldwide crude oil mix and
refining emissions. As usual the base deficit would be the difference in
the baseline Cl and target year CI. If world average crude extraction and
refining emissions become more intensive, incremental deficits are
calculated in the manner suggested above.

California baseline year — This is the most elementary approach, in
which the baseline Cls for gasoline and diesel reported in the lookup
table are used to calculate the base deficit. The baseline Cl values are



Existing legislation

the same throughout the program period so that the regulated party is
not subjected to incremental deficits even if the crude slates become
more carbon intensive.

At the December 2011 meeting of the CARB governing board, it was
agreed that CARB would accept a staff recommendation to adopt the
‘California average’ approach in the short term. In this approach, as
detailed above, fuel suppliers would no longer be assessed CA-LCFS
deficits in proportion to the Cl of the fuels they had individually
supplied. Rather, deficits would be assigned to all participants in
proportion to the carbon performance of the California crude slate as a
whole. This effectively decouples the value signal of the CA-LCFS
deficits generated by supplying high Cl crudes from the decision by an
individual entity to supply them. As a result, if one firm increased its Cl
in a given year, the carbon penalty for that increase would be spread
evenly across all market participants supplying fossil fuels. It should be
noted, however, that while adopting an approach in which the carbon
penalty for switching to a higher carbon crude slate is divorced from
the individual operator, CARB asserted its commitment in principle to
move to a system with greater crude differentiation by company in due
course, presuming an appropriate system can be proposed.

The California average approach requires lookup tables detailing the
upstream carbon intensity of the MCONSs being consumed in California.
The lookup values by MCON as proposed by CARB in March 2013 are
listed in Table 2.5.

Table 2.5. MCON carbon intensity values assessed for the CA-LCFS

(March 2013 preliminary draft)
2010 LOOKUP 2010 LOOKUP
BASELINE| TABLE CI BASELINE| TABLE CI
CRUDE NAME (¢ (9CO2e| (9COze CRUDE NAME | (9COze| (9COze
/MJ) /MJ) /MJ) /MJ)
4.89

California Crude Average 1.44 Stybarrow
Saharan 1013 Van Gogh 4.68
Cabinda 8.41 Vincent 3.63
Dalia 8.03 8.33 Azerbaijan Azeri 6.48
Gimboa 8.14 Albacora Leste 5.09 5.05
Girassol 8.42 8.74 Bijupira-Salema 6.39
Greater Plutonio 7.96 8.23 Frade 4.69 4.64

Angola
Hungo 7.56 Jubarte 6.7
Kissanje 8.14 Lula 8.1
Mondo 8.25 Marlim 6.07 6.1
Brazil
Nemba 8.55 Marlim Sul 6.81 6.81
Pazflor 7.38 Ostra 51 5.03
Canadon Seco 7.59 7.68 Polvo 4.96 4.88
Escalante 7.61 7.7 Roncador 5.76
Argentina

Hydra 6.38 6.52 Roncador Heavy 5.46
Medanito 8.23 Sapinhoa 6.81

26 2010 data used when available to estimate Cl values.
27 2011 data used when available to estimate Cl values.
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2010 LOOKUP
BASELINE| TABLE CI
CRUDE NAME (¢ (9CO2e| (9COze

2010 LOOKUP
BASELINE| TABLE CI
CRUDE NAME | (9CO2e| (9COze

/MJ) /MJ) /MJ) /MJ)
Albian Muskeg 19.76 Forcados 18.17
River Heavy
Albian Heavy 19.86 19.76 Okono 26.27
Synthetic
OKWB 39.75
Cold Lake 17.53 17.48
Pennington 2313
Federated 7.54 8.16
Qua lboe 15.28
Koch Alberta 7.4 8.01
. Usan 15.97
Lloydminster 8.43
Yoho 15.28
Mixed Sweet 7.51 814
Peace River Oman 10.95 10.89
19.47
Heavy
Loreto 7.2 6.75
Peace River Sour 7.99
Mayna 8.8 8.38
Shell Synthetic 20.74
s ——— ESPO 12.07 12.3
uncor Synthetic 23.39 24
(all grades) M100 14.61
Surmont 19.33
Sokol 9.13
Syncrude
Synthetic 20L] 2O Vityaz 9.27
Wabasca ] Arab Extra Light 745 7.45
Doba €3 Saudi Arabia Arab Light 739 7.32
Camo (Limem 7:83 Arab Medium 6.84
Castilla 7.42 7.35 Bualuang 35
Magdalena 18.97 Calypso 548 584
: Trinidad
Rubiales 6.99 Galeota 756
South Blend 7.63 Murban 825
Vasconia 7.88 7.76 Upper Zakum 7.26
. Azurite 1012 Boscan 8.58 9.03
Congo
Djeno 10.46 Hamaca 2227
NEio &l el Hamaca DCO 592
Ecuador
Oriente 9.88 9.58 Mesa 30 9.7
Ceiba 9.41 Petrozuata (all
synthetic grades) 22 2220
Basra Light ne7 1.6 Zua_ta (all 2198 22927
synthetic grades)
Kuwait 8.82
ANS 13.67 14.88
Amna 12.57 i
Niobrara 3.63
Tapis 9.48
Four Corners 6.06
Isthmus 8.61
Bakken 9.76
US North
Eocene 5.72 5.88 Dakota North Dakota
9.76
" Sweet
Khafji 7.26
WTI 1.59
Ratawi 7.53 7.74
Covenant 212
ABO 7.55
Aliso Canyon 2.08 315
Agbami 20.35
Ant Hill 2213 29.05
Amenam 15.97
Antelope Hills 2.89 4.85
Antan 3735 o il
At 12.76 17.48
Bonga 523 or
SERCCIIICTIEN  Arroyo Grande 27.38 28.47
Bonny 16.93 16.12
Asphalto 9.78 13.42
Brass 74.27
Bandini 7.48 7.09
EA 3.65
Bardsdale 5.4 4.23
Erha 827
Barham Ranch 2.79 293
Escravos 21.57
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2010 LOOKUP
BASELINE| TABLE CI
CRUDE NAME | (9COze| (9CO2ze

2010 LOOKUP
BASELINE| TABLE CI
CRUDE NAME | (9COze| (9CO2ze

/MJ) /MJ) /MJ) /MJ)
Belgian Anticline 3.78 4.46 Jacalitos 2.24 213
Bellevue 8.62 7.54 Jasmin n.82 11.95
Bellevue, West 8.76 6.26 Kern Front 22.05 22.69
Belmont
’ Kern River 8.61 8.3
Offshore S22 s
Belridge, North 454 46 Kettleman Middle 35 4.03
Belridge, South 13.49 14.28 Kettleman North 5.01 5.77
Beverly Hills 4.05 45 Landslide 10.67 1.48
Big Mountain 33 336 Las Cienegas 4.64 453
Blackwells Corner 4.48 Livermore 22 23
Brea-Olinda 2,99 3 Lompoc 31.6 15
Buena Vista 13.93 7.68 Long Beach 599 6.2
X Long Beach
Cabrillo 288 298 Aieer 3.76 3.5
Canal 413 3.91 L.A. Downtown 4.16 4.33
Canfield Ranch 3.67 3.54 Los Angeles, East 8.42 7.28
Carneros Creek 2.99 317 Lost Hills 10.9 9.89
Cascade 222 227 Lost Hills, 4.42 287
Northwest
Casmalia 748 A Lynch Canyon 721 6.97
Castaic Hills 292 2.29 Mahala 286
Cat Canyon 3.92 3.93 MchnaId 497 429
Anticline
Cheviot Hills 3.09 &2 o
McKittrick 16.14 18.98
Chico-Martinez 3.07 X
Midway-Sunset 21.48 22.41
Cienaga Canyon 4.24 3.87
Monroe Swell 2.02
Coalinga 253 24.34
Montalvo, West 2.68 2.76
Coalinga, East 20.25 20.85
Montebello nie 13.16
Coles Levee, N 4.22 4.35
Monument 374 292
Junction
Coles Levee, S 4.98 51
Mount Poso 12.95 10.65
Coyote, East 5.65 5.97
Mountain View 4.69 3.54
Cuyama, South 12 10.92
Newhall-Potrero 2.82 294
Cymric 20.17 20.17
Newport, West 3.82 3.96
Deer Creek 9.49 10.47
Oak Canyon 3.51 3.56
Del Valle 4.43 4.36
Oak Park 215 2.38
Devils Den 528 4.69
Oakridge 2.59 2.45
Edison 8.63 12.82
Oat Mountain 1.9 2.02
El Segundo 3 3.21
Ojai 3.47 3.64
Elk Hills 6.4 7.44
5 e Olive 1.87 1.97
wood, S.
e 3.99 3.93
Offshore Orcutt .77 12,07
Fruitvale 10.33 3.58
Oxnard 15.64 n.47
Greeley 8.25 8.59
Paloma 3.82 3.83
Hasley Canyon 1.99 2.05 .
Placerita 29.37 30.71
Helm 3.44 52
Playa Del Rey 6.67 4.26
Holser 3.05 3.04 .
Pleito 4.21 2.78
Honor Rancho 2.86 415
Poso Creek 23.08 23.38
Huntington Beach 514 4.94 X X
Pyramid Hills 2.75 30
Hyperion 173 1.78 .
Railroad Gap 9.27 8.52
Inglewood 8.87 8.91 L
Raisin City 7.44 8.4
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2010 | LOOKUP 2010 | LOOKUP
BASELINE | TABLE CI
CRUDE NAME || (gCOze| (9COze CRUDE NAME || (gcOze| (gCO2e
/MJ) /MJ) /MJ) /MJ)
Ramona 3.45 374 Strand 297
Richfield 365 3.86 Tapia 52 6.1
Rincon 3.4 3.73 o Calnyer, 278 3.01
South
Rio Bravo 4.96 5.27 Tejon 55 6.48
Rio Viejo 252 261 Tejon Hills 6.04 6.58
Riverdale 3.02 3.25 Tejon, North 5.07 5.31
Rose 212 2.57 Temescal 3.15 325
Rosecrans 524 56 Ten Section 6.19 6.12
Rosecrans, South 3.14 3.03 Timber Canyon 3.47 3.57
Rosedale 6.8 7.78 Torrance 4.49 433
Rosedale Ranch 8.66 8.15 Torrey Canyon 2.86 2.88
Round Mountain 29.18 28.56 Union Avenue 18 2.51
Russell Ranch 6.87 7.79 Ventura 4.39 4.25
Salt Lake 257 2.7 Wayside Canyon 171
Salt Lake, South 3.74 415 Wheeler Ridge 4.09 4.36
San Ardo 27.39 26.02 White Wolf 1.7 1.76
San Miguelito 4.51 5.44 Whittier 2.39 2.47
San Vicente 2.35 2.45 Wilmington 6.43 6.71
Sansinena 274 26 Yowlumne 1115 10.02
SaAr‘saenCu‘zra 3.34 3.39 Zaca 7.46 8.2
Santa Fe Springs  11.39 10.09 Beta 175 1.81
Santa Maria 4.93 554 Carpinteria 2.65 2.7
Valley
Santa Susana 3.19 3.47 DosiCladias 3¢ HEE
Sargent 481 4.49 Hemete ik 4.3
Selitesy 23 347 Hueneme 4.1 4.16
Sawtelle 285 312 - gecdf“” ReseRele 4e HE
Seal Beach 478 512 Point Arguello 9.08 914
Semivesie 37 340 Point Pedernales 4.81 4.87
Sems 299 335 Sacate 2.35 2.4
Shafter, North 256 276 S G 24% adk
Shiells Canyon 339 364 Secleye s
South Mountain 315 3.53 Default TE;:,?,}::::: -
Stockdale 1.85 1.91 Default Conventional

We note that while the results obtained by CARB and listed in Table 2.5
are based on analysis with the OPGEE tool, there are some differences
in methodology between the March 2013 CARB analysis and the
analysis presented later in this report (c.f. §8). Notably, the CARB
analysis uses OPGEE v1.1, while our analysis is based on OPGEE v1.0.
Also, while the approaches are very similar, there are some differences
in the way that CARB has undertaken its MCON by MCON assessment
compared to the representative fields methodology we have used, and
thus there are cases where the contribution of individual fields to
specific MCONSs is different between the approaches. Finally, transport
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distances in our analysis reflect transport to European refineries, while
CARB analysis reflects transport to Californian refineries.

2.2.3.c. Upstream emissions reductions

Under the California average carbon assessment methodology, there is
an opportunity for fuel suppliers to claim LCFS credits for ‘innovative’
upstream emissions reductions projects. Under the legislation, the
eligible project types are limited to solar generation of steam for
thermally enhanced oil extraction, and the use of carbon capture and
storage, both with a minimum threshold of 1 gCO.e/MJ.%8

2.2.4. Reporting requirements

The regulated parties are required to fulfill a number of obligations that
include carbon intensity reduction requirements, physical pathway
demonstration and reporting requirements. The CA-LCFS requires
separate reduction schedules for gasoline and diesel fuel and their
respective substitutes in order to meet a 10 percent reduction by 2020.
To obtain credits for these different fuels/blendstocks, regulated
parties must demonstrate (possibly through a third party) that there
exists a physical pathway (railway, cargo tank truck route, pipeline,
etc.) by which they intend to bring the fuel into California. The
reporting requirements for the CA-LCFS are based on quarterly reports
and annual compliance reports submitted through the online CA-LCFS
reporting tool (LRT).?°

The quarterly progress report is intended to show the credit balance of
the regulated party. It reports how many CA-LCFS credits and deficits
were generated during the quarter in question. The quarterly report
includes information pertaining to the fuel name, application (e.g. light
duty or medium duty vehicles), fuel pathway code and physical
pathway. In addition to these entries, each transaction is recorded by
type and amount, which in turn calculates the amount of credits and
deficits, with the possibility to upload additional documents including
invoices and the like. These reports are intended to be progress reports
for the regulated party and CARB, so that regulated parties can take
appropriate measures to adjust their position and avoid any possible
shortfalls by the end of the compliance period. The quarterly reports
are due within two months after the end of the quarter.

Starting with 2011, the annual compliance period is January 1Ist through
December 31st of each year. Regulated parties must meet the carbon
intensity reduction requirements for their fuel in each compliance
period as recorded in their quarterly reports. Parties with shortfalls
equivalent to less than 10 percent of their compliance obligation have
one year to reconcile these, while those in excess are required to do so

28 In a public workshop held on June 20th (2013), CARB presented an amendment to the
innovative crude methods provision. As part of this amendment, credits would be accrued
by crude producers rather than refineries, be based on volumes of finished products sold in
California and not be limited by the previous 1 gCO2e/MJ threshold.

29 http://www.arb.ca.gov/fuels/Icfs/reportingtool/reportingtool.htm
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within the same timeframe before being subject to penalties. The
annual report for each year is due by April 30th of the following year.
The reported data in 2011 suggest that more credits than deficits were
generated in California. To ensure that compliance with the program is
indeed taking place, the executive officer of CARB or an approved third
party can review the data and calculations submitted by the regulated
party claiming credits and adherence.

2.2.5. Consultation and program monitoring

CARB has been holding CA-LCFS related public consultation meetings
since 2007, in line with Executive Order S-1-O7, which enacted the CA-
LCFS on the 19th of January of the same year. The first public
consultation meeting was held on September 13th of 2007. In this
meeting, the groundwork was set out for a public workshop process
with meetings every 4 to 6 weeks. In addition, four working groups -
Lifecycle Analysis, Compliance and Enforcement, Policy and Regulatory
Development and Environmental and Economic- each led by CARB
staff, were established to concentrate on specific areas of the CA-LCFS
with proposed meetings between workshops. Since that first meeting,
over 40 public workshops, meetings and working group discussions
have taken place.

In 2009, CARB commissioned a number of peer reviews to comment
on the proposed CA-LCFS. These peer reviews were solicited to
comply with Health and Safety Code section 57004 as well as to ensure
that any rules be based upon sound scientific knowledge, methods and
practices. In total, four peer reviews were submitted and made
publically available. According to CARB, based on the content provided
in the comments no significant modifications to either the proposed
rule or the analysis used to support the proposal were necessary. In
addition to these peer reviews, each public consultation has been
followed by a 15 day comment period were interested parties were
invited to submit comments relevant to the policies and procedures
discussed in each meeting.

Between 2010 and 2012, CARB appointed a sustainability workgroup to
discuss the development of sustainability provisions for the CA-LCFS
and a High Carbon Intensity Crude Oil (HCICO) screening workgroup,
as well as an expert advisory panel to advise CARB staff on the 2011
CA-LCFS program review. Following feedback from stakeholders and
discussion by the HCICO screening workgroup and expert advisory
panel, at the end of 2011 CARB proposed transitioning from the initial
system of HCICO screening with fossil fuel LCA based on CA-GREET to
the California average approach. As a result of this, on November 15th
2011, a scoping plan was released for the Oil Production Greenhouse
Gas Emissions Estimator (OPGEE). On March 19th of the following year,
the first beta version of the OPGEE model was presented at a public
workshop where inputs were solicited from stakeholders on the oil
production methods being modeled. The last set of revisions for the
model was submitted on March 5% of 2013 with the release of OPGEE
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1.0. Additional comment periods and review opportunities are
expected, but as of June 2013, remain unscheduled.
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Figure 2.1. CA-LCFS public engagement timeline
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2.3. Oregon Clean Fuels Program (CFP)

2.3.1. Type of legislation, targets, and size of the affected
market

In 2009, Oregon House Bill 2186 authorized the Oregon Environmental
Quality Commission (EQC) to adopt an LCFS for Oregon (currently
known as the Clean Fuels Program [CFP]), with the intent of reducing
GHG emissions from the transportation sector by 10 percent (see Table
3.6). Toward this end, the state’s Department of Environmental Quality
(DEQ) developed a draft Clean Fuels program design with inputs from
an advisory board consisting of diverse stakeholders in 2011. The draft
rules for the CFP went through a public comment period in
July/August 2012, and final rules for initial implementation were sent to
the Environmental Quality Commission in November of the same year
for approval and adoption. Based on stakeholder feedback, the CFP
rules were separated into two Phases; a reporting phase (Phase |) and a
compliance phase (Phase I1). At this time, only Phase | of the program
has been adopted. The EQC approved phase | of the CFP in December
2012. Under Phase-I| fuel suppliers (fuel producers and importers) are
required to monitor and report the volume and carbon intensities of the
transportation fuels they supply for use in Oregon. This allows DEQ to
gather better information on fuel types, volumes, and carbon intensities
that will be used in refining the design of the compliance phase of the
program (Phase IlI). DEQ has completed the initial Phase | registration
of fuel importers and producers and will work with them on initial fuels
reporting. Phase Il of the program has not yet been proposed to the
Environmental Quality Commission. Further action on Phase Il is on
hold pending further legislative action. There is a sunset date of
December 31, 2015, which has to be removed through a legislative
action to extend the program. If removed, the DEQ is expected to
engage in additional stakeholder conversations and analysis regarding
the availability of fuels, consumer safeguards, and the program’s
impact on Oregon’s economy in order to finalize the Phase Il program
design. Based on this fresh assessment, DEQ would make a
recommendation to the Environmental Quality Commission on whether
to adopt Phase Il of the program. The goal of phase Il is to require fuel
suppliers to reduce the carbon intensity of fuels by 10% below 2010
levels.

The proposed OR-CFP is a state-level initiative in Oregon and applies
to fuel producers and suppliers in the state. Propane is excluded from
the program. Also exempted are small producers with an output of less
than 10,000 gasoline-equivalent gallons. As in the California LCFS, fuels
used in certain applications such as farm machinery, oceangoing
vessels, aircraft, and racing and military vehicles are exempted from the
program. Suppliers of certain fuels may choose to opt in to generate
credits. These include suppliers of electricity, hydrogen, propane, CNG
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from biogas and fossil fuel, and LNG from biomass. The CFP envisions
deferrals in case of fuel shortages to protect consumers.

Table 2.6. Proposed compliance requirements for Oregon CFP

Cl (GASOLINE AND | CI (DIESEL AND ITS
YEAR % REDUCTION ITS SUBSTITUTES) SUBSTITUTES)
(GCO2E/MJ) (GCO2E/MJ)

2012 Reporting only

2013 0.25 90.15 89.78
2014 0.50 89.93 89.55
2015 1.00 89.48 89.10
2016 1.50 89.02 88.65
2017 2.50 88.12 87.75
2018 3.50 87.22 86.85
2019 5.00 85.86 85.50
2020 6.50 84.51 84.15
2021 8.00 83.15 82.80
2022 10.00 81.34 81.00

Source: Oregon DEQ (2011)

As part of assessing the benefits of the proposed CFP, an economic
impact assessment was carried out using the VISION and REMI models.
For this, eight compliance scenarios were considered using different
combinations of fuels. Overall, the analysis found that the proposed
regulation would increase the number of new jobs in a range from 863
to 29,290, personal income by $60 million to $2,630 million, and gross
state product by $70 million to $2,140 million. Moreover, the program
would result in fuel savings between $43 million and $1,607 million over
a 10-year period (Wind, 2011).

Because Oregon is a small state by population, the market coverage of
the proposed CFP is not extensive. For example, in 2009 Oregon
accounted for 1.1 percent (37 million barrels) and 1.4 percent (18.6
million barrels) of U.S. motor gasoline and distillate fuel consumption,
respectively. An economic impact analysis conducted by DEQ provides
a glimpse of the likely impact of the proposed LCFS on the Oregon
fuels market and vehicles. Of nine scenarios analyzed, most estimate an
increase in in-state cellulosic biofuel, waste berry ethanol, and
Midwestern ethanol in order to meet the required 10 percent reduction
target. Scenarios D and E, on the other hand, predict a significant
increase in the number of electric, PHEV, and CNG vehicles in addition
to cellulosic biofuel (Oregon DEQ, 2010).

2.3.2. Methodology and data in petroleum GHG emissions
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calculations

Since there are no petroleum refineries in Oregon, the state brings in
refined petroleum products from Washington and Utah. To calculate
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WTW GHG emissions of gasoline and diesel, DEQ used a modified
GREET model with some inputs and assumptions specific to Oregon.
The reason for choosing the GREET methodology is that it is a
transparent and publicly available source that is widely used as a tool
to estimate fuel and vehicle lifecycle GHG emissions. It allows a user to
modify input values to reflect Oregon-specific data for extraction,
refining, and transport to calculate the CI of gasoline and diesel.

The crude mix used in Oregon’s version of GREET is assumed to be the
same as in 2007, with 90 percent refined in Washington and 10 percent
in Utah. This mix consists of crude oil from Africa, Alaska, Canada, the
Middle East, and South America. Supplies from Alaska accounted for
about 65 percent of the 2007 crude mix, and oil sands from Canada
accounted for about 9 percent (Oregon DEQ, 2011). The GREET model
does not differentiate emissions among feedstocks that fall within the
conventional crude category. However, it does differentiate emissions
between oil sands by production method, i.e., in situ vs. surface mining.
For regulatory purposes, emissions from tar sands are averaged with
emissions from other crude sources to calculate the baseline carbon
intensity of gasoline and diesel. Hence, there is no differentiation in Cls
of gasoline and diesel by feedstock types. The CFP proposal mentions
that the Cl of gasoline and diesel will be updated every three years to
account for changes in the crude mix but the intent is to update it as
often as the data allows. As a result, any increases in GHG emissions
due to use of heavier crudes such as tar sands from Canada can be
quantified and regulated. With respect to data quality and availability,
the comment made in the case of California’s version of GREET (CA-
GREET) also applies here.

For crude oil extraction and refining, DEQ uses GREET’s default values
for conventional crude oil and tar sands. For electricity use, however,
DEQ adjusts the default values by using the actual electricity mix in
2007 in exporting countries for crude oil extraction and in Washington
for refining. The electricity mix in Utah was used for electricity use in
that state.

For crude oil and petroleum fuel transport, DEQ adjusted the values for
distance traveled, payload, and mode of transport. It was assumed that
90 percent of petroleum fuels used in Oregon were transported from
Washington refineries via the Olympic pipeline, followed by ocean
tankers. The remaining petroleum fuels were transported from Utah via
the Chevron pipeline. The cargo ship payload values for the Port of
Portland and the Panama Canal were based on the deadweight limits of
125,000 tons and 80,000 tons, respectively (Oregon DEQ, 2011).

Finally NOx and CHg, and CO, emissions from fuel combustion in
vehicles, were added to WTT GHG emissions to calculate WTW GHG
emissions for gasoline and diesel. CO emissions were also added, as
they eventually convert to CO..
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2.3.3. Data aggregation, quality, and availability

GREET distinguishes the extraction emission profile of conventional oil
from oil sands. For conventional oil production, GHG emissions
represent the average extraction emissions for all conventional oil
production in the United States and exporting countries. In the case of
oil sands, GREET does distinguish emission profiles by production
method, i.e., in situ vs. surface mining. GREET relies on secondary data,
using industry aggregate information for oil sands.

The GREET model is limited by sparse data availability in crude oil
extraction. Especially for conventional wells, no differentiation has been
made by feedstock or country of origin. As in other models, venting
and flaring data may not be reliable due to a high degree of uncertainty
in measurement and estimation, especially because GREET uses
average values.

2.4. Washington LCFS

2.4.1. Type of legislation, targets, and size of the affected
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market and fuels

In response to the governor’s executive order to determine if an LCFS
similar to California’s would help meet its GHG reduction commitments,
the Washington state Department of Ecology conducted an
exploratory study to assess the GHG reduction benefits and economic
impact of an LCFS in Washington. It analyzed six compliance scenarios,
which included contributions from cellulosic ethanol and electric
vehicles. An economic impact analysis of an LCFS in Washington was
carried out to evaluate the likely impact of the program. It found that
the overall effects on employment, personal income, and gross state
product would likely be positive but small. Corresponding to less than
0.5 percent when compared to the business-as-usual (BAU) scenario. It
estimated that an LCFS may require additional investment in the range
of $0.3 billion to 2.5 billion for electric vehicle infrastructure and E-85
(ethanol blend) stations and cellulosic ethanol production facilities
(Rude, 2011). Based on this study, the Department of Ecology staff
made a favorable recommendation for an LCFS program, but no
decision has yet been made whether to adopt an LCFS.

If Washington decides to move ahead with an LCFS, it may affect
gasoline and diesel markets that respectively account for about 2
percent and 1.9 percent of total U.S. total sales for motor gasoline and
distillate fuel oil. According to the EPA MOVES model, about 2 percent
of total automobiles in use in the United States are in Washington.
Several compliance scenarios analyzed as part of the impact
assessment in a TIAX study (Pont et al., 2011) show that an LCFS may
increase the production and use of in-state and out-of-state cellulosic
biofuel (ethanol and renewable diesel). In-state canola biodiesel may
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also help meet the diesel pool Cl reduction requirement. In the high-
electric-vehicle scenario for the gasoline pool (i.e., electric vehicles
replace gasoline vehicles), it is assumed that the number of PHEVs and
BEVs will increase four times as compared to the BAU scenario, while
the number of CNG vehicles will increase by 1.2 times. For example, the
estimated numbers of fully electric vehicles and PHEVs in 2023 are
projected to be 48,028 and 282,912, respectively.

2.4.2. Methodology and data in petroleum GHG emissions
calculations

The methodology used for calculating GHG emissions of petroleum fuel
is similar to that used in the proposed CFP in Oregon. As in Oregon, the
TIAX study (Pont et al,, 2011) commissioned by the Department of
Ecology used the GREET model with some modifications to reflect the
Washington-specific inputs. The reason for choosing the GREET
methodology is that it is a publicly available source and is transparent.
It allows a user to modify input values to reflect Washington-specific
data for extraction, refining, and transport to calculate the CI of
gasoline and diesel. For the purpose of assessing the GHG reduction
potential of an LCFS, the Department of Ecology estimated the carbon
intensities of gasoline and diesel based on the weighted average of
crude mix used in refineries in Washington and Montana in 2007. In
other words, feedstock specific gasoline and diesel intensities were not
calculated even though tar sands and other heavy crudes were in the
crude mix in 2007. In that year, 89 percent of the gasoline and diesel
Washington used was refined in-state. The remaining came from crude
oil refined in Montana (9 percent) and Utah (< 2 percent); however,
gasoline and diesel refined in Utah were not modeled (Pont et al., 2011).
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Figure 2.2. Sources of crude olil refined in Washington
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Source: Pont et al (2071)

2.4.2.b. Crude extraction

In 2007, more than 85 percent of crude refined in Montana came from
Canada through the Terasen Express Pipeline. About 12 percent of
Montana’s crude oil was brought in from Wyoming, with the remaining
volume coming from in-state production (Pont et al,, 2011). Based on
the composition of the 2009 Canadian crude oil supply to Washington
and Montana, it was assumed that 23 percent and 45 percent of
Canadian crude oil in Montana and Washington correspondingly, were
oil sands. Figure 2.2 shows the breakdown of crude oil sources used in
Washington.

The 2007 crude mix consisted of crude oil from Africa, Alaska, Canada,
the Middle East, South America, and the continental United States.
Supplies from Alaska accounted for about 65 percent of the 2007
crude mix. Tar sands from Canada accounted for about 9 percent of
the 2007 crude mix.

For electricity used in crude extraction, the Department of Ecology
modified the GREET default values for electricity use to reflect the
actual electricity mix used in the countries and U.S. states sending
crude oil that was then refined in Washington and Montana.

2.4.2.c. Crude transport

Crude oil is transported to Montana and Washington via pipeline and
ocean tanker. The Department of Ecology used the miles transported
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proportionately to account for these two modes of transport and
adjusted the GREET default value for tankers of 100,000 deadweight
tons to reflect the payloads allowed into Washington ports.

2.4.2.d. Refining

For electricity use in refining, the 2007 electricity mixes in Washington
and Montana were employed instead of the default GREET values by
considering the 2007 electricity mix in exporting countries and
supplying states for crude oil extraction and in Washington for refining
in 2007. Table 2.7 shows the electricity resources mix for Washington
and Montana.

Table 2.7. Electricity mix in Washington and Montana, 2007

Residual oil 0% 1%
Natural gas 10% 0%
Coal 17% 64%
Biomass 1% 0%
Nuclear 5% 0%
Hydro 67% 34%

Source: Pont et al., 20711

2.4.2.e. Refined product transport

Gasoline and diesel are transported from Billings, Montana to Spokane,
Washington via the Yellowstone pipeline (540 miles). They are also
transported from Seattle to western Washington and to Pasco,
Washington via pipeline and ocean barge, respectively. Trucks are used
to carry refined products from terminals to refueling stations. The
distance traveled by truck is assumed to be 75 miles.

2.4.2f. End use

The methodology used for calculating combustion emissions is the
same as that described for the Oregon CFP.

2.4.3. Data aggregation, quality, and availability

Since Washington uses GREET for lifecycle analysis of fuels, the same
issues and comments relating to the Oregon CFP are applicable here.

2.5. Northeast and Mid-Atlantic States Clean Fuels
Standard

In 2009, the governors from eleven Northeast and Mid-Atlantic (NE/MA)
states signed a memorandum of understanding to evaluate and develop a
program framework for a regional LCFS, similar to that adopted in
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California, by 2011. However, there was no formal commitment to adopt the
program. In response to this, the Northeast States for Coordinated Air Use
Management (NESCAUM), a quasi-governmental organization, carried out
an economic impact analysis of an LCFS in the region to explore the costs
and benefits of the program. As part of this exercise, NESCAUM used the
REMI model (NESCAUM, 2011) to analyze the economic impact of a regional
LCFS, now known as the Clean Fuels Standard, for three scenarios: the
biofuel future, the natural gas future, and the electricity future. In the
biofuel future, six-tenths of the required 10 percent GHG reduction is met
by low-cost biofuels, with the rest derived from high-cost natural gas (2
percent) and electricity (2 percent). In the natural gas future, low-cost
natural gas provides a 6 percent reduction, and high-cost biofuel and
electricity meet the remaining 4 percent reduction target. Similarly, in the
electricity future, electricity achieves a 6 percent reduction, with the
remaining reduction coming from high-cost biofuels and natural gas (2
percent each). The analysis found that the program could provide a net
benefit of between $22 billion and $41 billion in 10 years, including job
creation and health improvements.

As the next step, the NE/MA states are internally scoping out details on
how a clean fuels program would work, with details on program elements,
carbon intensity, credit trading, alternative policies, etc. There is no specific
timeline for any of these decisions.

2.6. British Columbia Renewable and Low Carbon
Fuel Requirements Regulation (RLCFRR)

2.6.1. Type of legislation, targets, and size of the affected
market

The British Columbia (BC) Renewable and Low Carbon Fuel
Requirements Regulation (RLCFRR) is a province-level regulation that
is a subset of the Canadian province’s Greenhouse Reduction Act.3° It
regulates both biofuels and fossil fuels imported to or produced in BC.
The RLCFRR aims to increase the use of renewable fuels and reduce
GHG emissions. In the fossil fuels category, the regulated fuels are
diesel, gasoline, propane, CNG, LNG, electricity, and hydrogen. The
RLCFRR consists of two parts: a renewable fuel requirement and a low
carbon fuel requirement. The renewable fuel requirement sets the
targets for renewable content in diesel and gasoline, whereas the low
carbon fuel requirement is similar to California’s LCFS and requires a 10
percent GHG reduction by 2020. The low carbon fuel requirement is a
performance-based, fuel-neutral standard. It offers a flexible
mechanism for compliance through emissions credit trading. One
notable difference from California’s LCFS is that deficits are not

30 Greenhouse Gas Reduction (Renewable and Low Carbon Fuel Requirements) Act:
Renewable and Low Carbon Fuel Requirements Regulation (2008). BC. Regulation
394/2008.
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allowed to be carried over to the next year, although credits may be
carried over.

Carbon credits and deficits are calculated by comparing the Cl of the
fuel in question with the baseline carbon intensity. The carbon
intensities under the RCLFRR are given in terms of higher heating value
of regulated fuels - this differs from the other programs considered
here, all of which assess carbon intensities in lower heating value terms.
For consistency with the underlying regulation, we quote the values in
HHV terms for the remainder of this section. The RLCFRR treats the
gasoline and diesel pools separately, with independent compliance
targets. The average baseline WTW carbon intensities for 2010 were
calculated by averaging the intensities of gasoline and ethanol for the
gasoline pool, and biodiesel and diesel for the diesel pool. This is an
update on the initial treatment introduced for the RLCFRR in 2010,
under which there was a single baseline carbon intensity for all fuels,
and brings the RLCFRR into line with California’s LCFS, for which
baseline carbon intensities of gasoline and diesel were also estimated
separately. This change was made because in the initial ‘reporting only’
period, the single fuel pool approach created a potential problem in
terms of the fuel supply. That is, it effectively disincentivized the supply
of diesel. As a result the lieutenant governor approved an amendment
to the regulation in November 2012, which designates gasoline and
diesel classes as two separate pools with separate Cls effective from
July 2013.

It is worth noting that the refinery and crude supply situation in British
Columbia is somewhat distinct from that of California. The British
Columbian refineries are highly dependent on Western Canadian oil,
and do not have the same level of complexity as the refineries in
California, meaning that they are more limited in the extent to which
they could switch to heavier, sour crudes. British Columbia is also a
smaller oil market than California, and there was a concern that under a
mass balance system of crude oil tracking it might have been possible
for refiners to nominally allocate lower-carbon oils to British Columbian
operations without delivering real changes in the carbon intensity of
the global oil supply, or having any impact on investments in high-
carbon oils. These issues contextualize the decision of British Columbia
to remove the option for differential reporting of crude carbon
intensity.

29



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

Table 2.8. Compliance targets under the RLCFRR

CARBON INTENSITY LIMIT

FOR GASOLINE CLASS CARBON INTENSITY LIMIT

COMPLIANCE PERIOD FUEL FOR DIESEL CLASS FUEL
(gCO2e/MJ, HHV BASIS) (gCO2e/MJ, HHV BASIS)
July 1, 2013 to December 31,

5014 86.20 92.38

2015 85.11 91.21

2016 84.23 90.28

2017 82.93 88.87

2018 81.62 87.47

2019 80.31 86.07

2020 and subsequent 7856 8420

compliance periods

The required CI of the average fuel used in BC for each compliance
period was determined relative to the 2010 baseline, such that a 10
percent reduction is achieved by 2020.

Cl values of all fuels in the mix were obtained using the GHGenius
model (Table 2.9). To calculate a Cl, GHG emissions from 12
components of a fuel lifecycle are considered:

m Removal of hydrogen and CO; from natural gas
2 Carbon sequestration in fuel

3 Direct land use

4 Co-product production

5) Feedstock production and harvest

®) Feedstock transport

7 Manufacturing of fertilizer and pesticide
(8) Fuel production

) Fuel transport and storage

(10) Fuel dispensing

an Venting and flaring

(12) Fuel combustion in vehicles

When calculating CI values for specific biofuels, GHG emissions from
indirect land use changes, capital equipment, construction of facilities,
vehicle manufacturing and operation, and corporate activities are not
considered.
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Table 2.9. CI of fuels obtained from GHGenius

FUEL CARBON INTENSITY (gCO2e/MJ, HHV
BASIS)

Gasoline class 87.29
Propane 75.35
Diesel class 93.55
CNG 62.14
LNG 63.26
Electricity 11.00
Hydrogen 95.51

Source: British Columbia Ministry of Energy and Mines (2013a)

Ethanol and biodiesel are classified as gasoline class and diesel class
fuels respectively, with default Cl values of 87.29 gCO,e/MJ and 93.55
gCO,e/MJ, respectively, if fuel specific Cl values are unavailable. The ClI
values for fuels such as electricity in the regulations are not adjusted for
drivetrain efficiencies. However, when fuel suppliers undertake
compliance reporting, credits are adjusted for these fuels to reflect
more efficient drivetrains.

To allow the regulated parties to comply, British Columbia extended an
initial ‘reporting only’ period to June 30, 2013. The low carbon fuel
requirement is likely to increase biofuel blending and the number of
advanced technology vehicles. There were 3.2 million motor vehicles
registered in BC in 2009. However, no comprehensive study has been
carried out to assess the market and environmental impacts of the
RLCFRR.

2.6.2. Methodology and data in petroleum GHG emissions
calculations

The carbon intensity analysis under the RLCFRR is undertaken using
the lifecycle analysis tool GHGenius (c.f. §4.3). As of November 2013,
the approved version of GHGenius for carbon intensity calculations
under the RLCFRR was version 4.01 (British Columbia Ministry of
Energy and Mines, 2013b). The reason for choosing GHGenius is that it
is a publicly available model and has a transparent database. GHGenius
is devised to estimate fuel and vehicle lifecycle GHG emissions in the
Canadian context. This model also enables users to choose region-
specific input values related to crude oil extraction, refining, and
transport. For example, it has input values for western, central, and
eastern Canada. While the initial implementation of the regulation
provided scope for suppliers to report refinery specific crude oil carbon
intensities, following amendment this option is no longer available and
there are now single reportable carbon intensities for fossil gasoline
and diesel fuel respectively.

It is worth noting that the refinery and crude supply situation in British
Columbia is somewhat distinct from that of California. The British
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Columbian refineries are highly dependent on Western Canadian oil,
and do not have the same typical level of complexity as the refineries in
California, meaning that they are more limited in the extent to which
they could switch to heavier, sour crudes. British Columbia is also a
smaller oil market than California, and there was a concern that under a
mass balance system of crude oil tracking it might have been possible
for refiners to nominally allocate lower-carbon oils to British Columbian
operations without delivering real changes in the carbon intensity of
the global oil supply, or having any impact on investments in high-
carbon oils. These issues contextualize the decision of British Columbia
to remove the option for differential reporting of crude carbon
intensity.

Crude production and refining data as applicable to British Columbia
were used to calculate Cl values of gasoline and diesel.

2.6.2.a. Extraction

About half of the crude oil refined in Canada is imported. However,
British Columbia only uses crude oil produced in western Canada. Table
2.10 shows the crude slates used in western Canada and their physical
characteristics. The API gravity and sulfur content of the Canadian
crude slate for BC is given below. The crude slate includes both
bitumen and synthetic crude from bitumen upgrading, both derived
from Canadian oil sands. Bitumen extracted using surface mining is
then upgraded to synthetic crude via chemical processes, while
bitumen extracted using thermal techniques such as Cyclic Steam
Stimulation (CSS) and Steam Assisted Gravity Drainage (SAGD) can
also be supplied directly to refineries without upgrading. In Alberta,
about 20 percent of oil sands can be recovered via surface mining, with
the rest using in situ technologies. GHGenius has default values for both
of these two extraction pathways. Energy consumption data for
conventional crude oil and conventional heavy oil come from Canada’s
Energy Outlook report (National Resources Canada, 2006). For
synthetic crude, energy consumption data come from Suncor and
Syncrude, which report GHG emissions of 0.78 metric tons/m? of crude
oil. Energy consumption data for oil sands come from the Canadian
Association of Petroleum Producers (CAPP). Additional data reported
by Alberta Energy Resources Conservation Board (ERCB) for surface
mining and tar sands are also used. In GHGenius, time series data on
extraction are available. GHGenius provides values for the energy
consumption (and associated emissions) used in the extraction of six
broad categories of oil: condensate, offshore conventional, onshore
conventional, heavy conventional, synthetic, and bitumen. However,
when calculating lifecycle GHG emissions, the model does not
differentiate between the Cl of gasoline and diesel by feedstocks.
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Table 2.10. Characteristics of crude oil slate used in BC

SULFUR
TYPE APl GRAVITY CONTENT (WT. CRUDEBS(I:.ATE IN
CONTENT)
63.6

Condensate 0.00100
Conventional 37.5 0.0055 39%
Conventional 259 0.0040
offshore
Heavy 28.6 0.0230 14%
Bitumen 8.0 0.0470 7%
Synthetic 31.0 0.0020 41%

Source: Fuel characteristics from (S&T)2 Consultants, Inc. (2008)

Flaring and venting data were projected based on the CAPP flaring and
venting rates for the year 2000, assuming that such emissions are
declining. For example, the 2007 flaring and venting emissions for
conventional oil were estimated to be 57 percent lower than in 2000
([S&T]? Consultants, 2007). The 2000 CAPP flaring and venting
emissions for light and medium oil were 3,488 gC0O,e/GJ. Conventional
heavy oil has higher flaring and venting rates compared to bitumen
extraction.

2.6.2.b. Refining

Refining data for 2002 were modified to reflect current industry
practices and the production of ultra-low sulfur fuel. GHGenius uses the
relationship between energy consumption, API gravity, and sulfur
content to estimate energy consumption in refineries. Refining
emissions for bitumen are higher than for synthetic crude oil and
conventional oil owing to higher density and sulfur content. GHGenius
has time series data to estimate changes in refining emissions over
time.

2.6.3. Data aggregation, quality, and availability

GHGenius calculates the energy consumed in extraction differently for
condensate, onshore, offshore, heavy oil, bitumen, and synthetic crude
oil. Although it does not provide GHG extraction emissions for each of
these feedstock/production types, it might be possible to calculate
feedstock-specific extraction emissions. The BC RLCFRR does not
differentiate petroleum fuels by crude type in calculating GHG
emissions.

Since BC only uses crude extracted and refined in western Canada,
data quality used in GHGenius for BC RLCFRR is good overall. This is
helped by the narrow geographical range, which contributes to low
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data variability, while emissions and production information is available
by crude oil type and even by operator. There have been several
detailed studies on Canadian venting and flaring (see Johnson and
Coderre, 2011, 2012; Johnson, Kostiuk, and Spangelo, 2001, among
others), and operators have strict requirements to report venting and
flaring emissions, which provides improved data for verifying any
estimates. Time series data on crude oil extraction are also available.

2.6.4. Data quality for reporting

To ensure that Cl calculations are accurate, the regulation has specified
guidelines for choosing the best data available. Acceptable data for
calculating Cl using lifecycle analysis are: site-specific process data,
secondary data that are not from specific processes in the product
lifecycle data, activity data, emission factors, direct emission data (as
measured with equipment), and financial data showing GHG emissions
per unit of monetary activity. It is suggested that site-specific data
should be used to the extent that it is available.

To ensure data quality, the regulation recommends meeting the data
quality requirements set by the International Organization for
Standardization’s ISO 14044:2006 to assess the quality of data. Best
practices to ensure data quality include:

e use the data from the latest period possible;

e use the data specific to the geographic region where the process
OCCUrs;

e use the data specific to a technology employed; in case of variance,
a large set of data should be collected to calculate an average
value;

e use the complete data collected over a year rather than for short
period to the extent possible;

e use methodology and data consistent with the model;

e ensure that results are reproducible by a third party and minimize
the uncertainty when appropriate.

2.6.5. Reporting requirements

34

For compliance purposes, fuel suppliers are required to complete a
compliance report form designed for the regulated parties (British
Columbia Ministry of Energy and Mines, 2013c). In addition they should
provide a report explaining how Cls were calculated, how data were
collected, and what types of assumptions were made. This allows the
BC Ministry of Energy, Mines and Natural Gas to monitor and verify the
calculations.

There are three ways the regulated party can report the Cl intensity of
fuels (Ministry of Energy, 2010).
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e |t can choose the default values provided in the regulation.

e |t can calculate its own CI values using the approved version of
GHGenius by modifying input data for a specific fuel pathway or
production process. In such cases, it needs to provide the evidence
for choosing the new input data.

e |If fuel types, feedstocks, or production processes of interest are not
included in GHGenius, fuel suppliers may request that the director
approve a new Cl by providing the methodology and input data
used for calculating new values.

2.7. U.S. Renewable Fuel Standard 2 (RFS2)

2.7.1. Type of legislation, targets, and size of the affected
market and fuels

The Renewable Fuel Standard RFS2 is a volumetric standard that aims
to increase the production and use of renewable fuel in the United
States. The RFS2 applies to producers and importers of gasoline and
diesel in the United States; however, it does not regulate petroleum-
based fuels. It mandates the use of 36 billion gallons of renewable fuel
by 2022. The RFS2 classifies renewable fuel into four categories:
cellulosic biofuel, biomass-based diesel, advanced biofuel, and
renewable biofuel, and it has set the volumetric requirements for each
biofuel category. It specifies a minimum GHG reduction threshold for
each type of renewable fuel.

Cellulosic biofuel refers to biofuel derived from lignocellulosic
feedstock, and it should achieve at least a 60 percent reduction in GHG
emissions compared to gasoline/diesel. The RFS2 projects an
availability of 16 billion gallons of cellulosic biofuel by 2022. Advanced
biofuel is defined as any biofuel that achieves at least a 50 percent
GHG reduction, with the exception of ethanol from corn starch which is
explicitly excluded as an advanced biofuel feedstock?®'. It is expected
that there will be 22 billion gallons of advanced biofuel by 2022.
Renewable (biomass) diesel refers to methyl esters biodiesel or diesel-
like fuel obtained from biomass using thermochemical processes; it
should achieve at least a 50 percent reduction in GHG emissions. It is
expected that there will be at least 1 billion gallons of biomass-based
diesel by 2022. Renewable biofuel can be obtained from any renewable
biomass including crops. It is assigned a threshold of 20 percent GHG
reduction. Corn ethanol from plants built before 2007 or commissioned
in 2007 is grandfathered. Each year the EPA is required to set the
standards for cellulosic biofuel and biomass-based diesel based on the
projections for their availability and other considerations for the
following year.

31 That said, we are not aware of any corn ethanol pathway that would currently achieve a
50% carbon reduction in the EPA lifecycle analysis framework.
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To determine whether a biofuel can qualify as a renewable fuel and in
what category, the carbon intensity of that biofuel is compared with
the carbon intensity of baseline gasoline or diesel. The baseline
reference is gasoline or diesel produced in the crude mix in the United
States in 2005. Lifecycle analysis was used to estimate CI for various
fuels. For biofuels, emissions from indirect land use changes are
included. The EPA uses the FASOM model to estimate GHG emissions
fromm domestic land use and the FAPRI model to estimate GHG
emissions from international land use.

The regulatory impact analysis of the RFS2 shows that this policy can
reduce GHG emissions by 138 million metric tons per year by 2022. It is
expected to displace 13.6 billion gallons of diesel and gasoline by 2022
but is also likely to increase commodity prices. The RFS2 is also likely
to have a significant impact on air and water quality: the analysis
suggests that it will increase emissions of hydrocarbons, NOy, acet-
aldehyde, and ethanol but will reduce emissions of CO, benzene, and
ammonia (EPA, 2010). These reductions come from decreases in
exhaust CO emissions, gasoline use, and livestock population,
respectively. The RFS2 is projected to increase annual nitrogen and
fertilizer loading in the Mississippi River basin by 9 million kg and 0.5
million kg, respectively. Considering fuel costs, monetized health and
GHG impacts, and energy security, the net benefit is expected to be in
the range of $8.5 billion to $21.5 billion in 2022 (EPA, 2010). No social
impact (e.g., labor rights, wages, working conditions, etc.) assessment
was carried out for the RFS2.

The RFS2 affects gasoline and diesel consumption in the United States
by increasing the volume of renewable fuel used in transport. In 2010,
9.0 MMbbl/d and 3.8 MMbbl/d of gasoline and diesel, respectively,
were consumed in the United States (EIA, 2013a). This will affect the
gasoline and diesel blending in motor vehicles. In 2009, there were 245
million automobiles®? (cars and trucks) on road in the United States.
Currently 10 percent ethanol and 20 percent biodiesel blending are
common. In order to meet the RFS2 target, the volume of ethanol
blended in gasoline must be increased. In this regard, the EPA has
approved a 15 percent ethanol blend for vehicle model years 2001 or
newer. Drop-in fuels such as renewable gasoline and diesel obtained
from cellulosic feedstock could help meet part of the cellulosic biofuel
requirement.

2.7.2. Methodology and data in petroleum GHG emissions
calculations

To calculate carbon intensities of baseline gasoline and diesel, the EPA
used the National Energy Technology Laboratory (NETL) analysis
(2008). The Energy Independence and Security Act (EISA) of 2007
required that the GHG reductions of renewable fuels be measured

32 U.S. Department of Energy. Transportation Energy Data Book. Available at: http://www-
cta.ornl.gov/data/chapter3.shtml
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against the baseline GHG emissions of gasoline and diesel. The reason
for choosing the NETL study as opposed to the GREET model is that its
goal and scope match with the EISA definition of baseline gasoline and
diesel. The NETL analysis included all the crude oils refined in the
United States as well as imported gasoline and diesel, taking into
account three GHGs: CO», N>O, and CH4. The NETL analysis estimates
GHG emissions by country of origin, but for the RFS2 only the weighted
average value has been used.

2.7.2.a. Extraction

To estimate the weighted average emissions from extraction in 2005,
all crude types-domestic and imported-were analyzed, which included
oil sands from Canada, heavy oil from Venezuela, and conventional
crude oil. Conventional crude oil includes oil obtained from onshore
and offshore extraction and enhanced oil recovery processes. The
types and amounts of crude oil in the 2005 crude mix were determined
based on EIA import data, CAPP, and other sources. U.S. domestic
production accounted for 34 percent of the crude oil refined in the
country, whereas imports from Canada, Mexico, Saudi Arabia,
Venezuela, and Nigeria accounted for 11 percent, 10 percent, 9 percent,
8 percent, and 7 percent respectively (Figure 2.3).

The NETL analysis used the country-specific emission profiles obtained
from PE International except for Canada (Table 2.11). For conventional
oil production in Canada, the U.S. average value was used to estimate
extraction emissions while adjusting for Canada-specific flaring and
venting emissions. For oil sands, actual emissions reported by two
major companies, Imperial Oil and Syncrude, were used to calculate
extraction emissions per barrel and are close to the values estimated by
Charpentier, Bergerson, and MaclLean (2009). The estimated extraction
emissions for conventional Canadian crude oil and oil sands are 32.4
kgCO.e/bbl and 111 kgCO.e/bbl. The latter value was derived assuming
that the fuel extracted from oil sands is composed of 43 percent crude
bitumen and 57 percent synthetic crude oil. Except for Canada, in
which emissions from oils sands are distinguished from conventional
crude oil, extraction emissions are the aggregate values for each
country.

The NETL study (2008) estimated country-specific flaring and venting
emissions using the relationship between CO, emissions and the
amounts of hydrocarbon vented or flared. Although it estimated
extraction emissions of crude oil by country of origin, it did not
calculate WTW emissions by gasoline and diesel differently by country
of origin or feedstock type.
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Figure 2.3.Sources of crude refined in U.S. refineries

33.80%

10.70%

= U.S. = Canada = Mexico = Saudi Arabia
= Venezuela Nigeria = [raq = Angola
= Ecuador = Algeria = Kuwait = Other

Source: U.S. EPA (2070)

Table 2.11. Country-specific extraction emission profiles

COUNTRY kgCO2e/BBL

u.s. 24.5
Saudi Arabia 13.6
Mexico 38.4
Venezuela 24.2
Nigeria 128.6
lrag 19.6
Angola 81.8
Ecuador 31.3
Algeria 351

Source: NETL (2008)
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2.7.2.b. Foreign refineries

In 2005, the United States imported 12.7 percent and 5.2 percent of
total gasoline and diesel consumed, respectively (NETL 2008). The two
largest sources of refined products were Canada and the Virgin Islands.
The imported gasoline and diesel from Canada accounted for 25
percent and 32 percent of total imports, respectively, while gasoline
and diesel imported from the Virgin Islands accounted for 17 percent
and 29 percent, respectively. For these two countries/territories,
extraction emissions are modeled using the PE International extraction
emission profiles. For other countries, extraction emissions are
estimated using GaBi 4, a well-known lifecycle assessment application.
For other countries for which extraction emissions profiles are not
available, the EPA uses the surrogate emissions profiles.

2.7.2.c. Crude transport

For transport emissions, the EPA considers five modes of transport
(ocean tanker, rail, water carrier, pipeline, truck) and miles traveled. For
imported crude oil, transport by pipeline (100 miles) to the port or
border within the exporting country followed by transport by ocean
tanker to the U.S. border is assumed. The transport distance from the
foreign country to the U.S. port comes from Portworld.com. For
domestic production, crude is assumed transported to refiners by
pipeline, ocean tankers, rail, and trucks. The estimated energy intensity
for pipeline transport is 260 BTU/ton-mile.

In the case of imported refined products, transport by pipeline (100
miles) within the same country to refineries is assumed. If crude oil is
imported from another country, GABI 4 software is used to estimate
transport emissions.

2.7.2.d. Refining

The NETL analysis calculates refinery emissions based on four major
contributors: (1) embodied emissions in energy inputs purchased from
outside sources (power, steam, coal, natural gas) and used in the
refinery; (2) hydrogen production; (3) fuel combustion; and (4) flaring
and venting. These emissions are then allocated to gasoline and diesel
based on capacity/throughput and contribution to refined products.

The impact of API gravity and sulfur content of crude on refinery unit
processes such as coking, hydrocracking, and hydro-treating are used
to estimate energy consumption and associated GHG emissions. For
example, higher sulfur content in crude requires more hydro-treating
and hence more hydrogen use. Likewise, API gravity affects catalytic
cracking, hydrocracking, coking, and vacuum distillation. The NETL
analysis uses regressions between API gravity and upgrading
throughput, between API gravity and distillation capacity, and between
volumetric throughput and energy consumption to estimate energy
consumption.

For foreign refineries, a domestic refinery model was used as a
surrogate to estimate refinery emissions.

39



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

2.7.2.e. Transport of refined products

For domestically produced refined products, the proportion of
transport through each mode (pipeline, water carrier, trucks, and rail)
and distance traveled are considered. The modal shares for transport of
domestically refined products are 59.8 percent for pipeline, 29.9
percent for water carrier, 6.3 percent for trucking, and 4.0 percent for
rail. The imported refined products are assumed transported to U.S.
ports via ocean tanker or pipeline.

2.7.2.f. Combustion

CO; emissions from fuel combustion are based on the emission factors
used in EPA’s GHG emission standards for passenger vehicles. N.O and
CH4 emissions are derived from the EPA’s MOVES model.

2.7.3. Data aggregation, quality, and availability

For extraction emissions, the NETL study provides country-specific
emissions profiles. Emissions are averaged for all crude types within a
country that is part of the 2005 crude mix except for Canada. In the
case of Canada, there is a differentiation between oil sands and
conventional oil. Oil sands extraction emissions are based on project-
level data reported by Syncrude and Imperial Oil for surface mining and
in situ production methods. Venting and flaring emissions are the
important contributors to GHG emissions, and the NETL study (2008)
notes that the variability of extraction emissions among the countries
analyzed is partly caused by venting and flaring rates. The other
reasons for variability are the differences in extraction methods, field
maturity, and crude characteristics, among others.

The NETL study uses surrogate emission profiles for countries for
which extraction energy consumption and emission data are not
available and thus may have contributed some uncertainty to the
model. Also, emissions from heavy oil extraction in Venezuela are not
included in the analysis because of lack of data. When the extraction
emissions of heavy oil are assumed to be comparable to those of oil
sands, NETL found that this would affect WTW GHG emissions by less
than 3 percent. The NETL analysis (2008) notes that its WTW emission
estimates are robust, with overall uncertainty of less than *1 percent.
Each variable analyzed did not contribute variance of more than = 4
percent in WTW estimates. For a more in-depth analysis of the NETL
study, please refer to §0O.

2.7.4. Reporting requirements
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Under the RFS2 there are no reporting requirements for petroleum-
based fuels since they are not regulated fuels. Reporting requirements
only pertain to biofuels. Regulated parties must comply with the biofuel
requirements for a given year through Renewable Identification
Number (RIN) transactions.
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2.8. EU Fuel Quality Directive (FQD)

2.8.1. Type of legislation, targets, and size of the affected
market

The Fuel Quality Directive (FQD) requires transport fuel suppliers in the
EU to reduce GHG emissions by at least 6 percent by 2020.%° This
reduction can be achieved through the use of alternative fuels. As in
other LCFSs, lifecycle analysis is the basis for calculating the carbon
intensity of road transport fuels3* and GHG savings. The FQD also
outlines that an optional two percent GHG reduction can be achieved
from the use of novel technologies such as CCS and the use of electric
vehicles. Moreover, there is a mechanism for claiming a two percent
reduction by using credits generated from Clean Development
Mechanism (CDM) projects.

In addition, the FQD has sustainability criteria in place, aiming to ensure
that biofuels meet a minimum standard of environmental sustainability
and offer real GHG benefits. The FQD has set a minimum GHG savings
threshold of 35 percent. This threshold will be increased to 50 percent,
effective from January 2017, and 60 percent, effective from January
2018. Only biofuels produced in installations operated during or after
2017 will be subjected to the 60 percent GHG requirement. Biofuels
from wastes and residues are subject to the GHG savings requirement
but not the other sustainability rules. The methodology used for
calculating the CI of biofuels is outlined in Annex IV of the FQD. The
methodology does not include indirect land use change (ILUC) GHG
emissions; however, the directive instructs the European Commission
to evaluate ILUC and if necessary propose a measure to take ILUC into
account. In this regard, the Commission has conducted several ILUC
modeling studies and has carried out an impact assessment on how to
incorporate ILUC into the FQD and the Renewable Energy Directive
(RED). A proposal to limit the contribution of food based biofuels to
the RED, and to introduce reporting of iLUC emissions based on default
factors, is currently being considered by the European Union’s
institutions

Biofuel suppliers can either report the default values of fuels provided
in the FQD or alternatively can demonstrate that their fuels achieve
greater GHG savings. This may be necessary for some fuels to be
eligible for support, where the default savings value is below 35/50/60
percent as appropriate. Using additional data to demonstrate better
than default performance would also contribute to meeting suppliers’
FQD targets and may deliver additional value for the biofuels
dependent on member state implementation of the FQD. There are
some restrictions on when suppliers are permitted to report default
emissions values for biofuels, notably conditions around national

33 Directive 2009/30/EC, OJL 140/88,5.6.2009
34 The directive applies primarily to road transport fuel. A full discussion of the inclusion and
exclusion of other fuel uses is beyond the scope of, and of limited relevance to, this paper.
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NUTS?® inventories for biofuels produced in Europe, but it is not yet
clear how much effect these requirements will have once implemented
in national legislation.

The FQD prohibits the use of biomass from land that (in January 2008)
was forested, high-biodiversity grassland, peat land, or wetlands. The
mass balance approach should be used to demonstrate compliance
with sustainability criteria. In a mass balance approach, it is not
required that the exact molecules of material with which a sustainability
claim is associated should be tracked all the way from cradle to grave.
However, at any intermediate facility in the chain-of custody it must be
shown that an equal quantity of material with a given sustainability
claim entered the facility as is reported to have left it. This contrasts to
approaches such as book and claim, in which a sustainability claim can
travel completely independently from the material. Fuel suppliers can
use approved international and voluntary standards to show
compliance with sustainability criteria.

The European Commission is required to report every two years to the
European Parliament the measures taken to protect air, soil, and water
by EU member countries and developing countries that supply biofuels.
In addition, the Commission is required to report to the Parliament the
impact of biofuel production on social sustainability issues such as land
rights, labor rights, equal pay, and minimum employment age, among
other issues.

As the use of biofuel and electricity in transport increases as a result of
FQD implementation, this will affect the market for petroleum products
and the share of different vehicle types in the EU. There are about 240
million vehicles in use in the EU, of which 87 percent are passenger
vehicles.3® At present, the number of electric vehicles in the EU is
negligible to the RED/FQD targets but is expected to increase in
response to FQD and RED implementation, as well as other long-term
market and policy drivers. In the EU, more diesel is used in transport
than gasoline (biodiesel has infrastructure compatibility advantages
over ethanol and much greater existing production capacity), so it is
expected that more biodiesel will be blended than ethanol. In the EU,
refineries are configured to produce more diesel than gasoline, but
there is still a shortage of domestically refined diesel, making diesel
substitutes appealing. The amount of petroleum products consumed in
the EU for all purposes was approximately 455 million metric tons of oil
equivalent (toe) in 2010 (EUROSTAT, 2012). In 2006, 8.1 exajoules of
diesel and 4.4 exajoules of gasoline were consumed in the EU
(EUROSTAT, 2012).

35 NUTS stands for ‘nomenclature of territorial units for statistics.’
36 European Automobile Manufacturers’ Association (ACEA). Available online at:
http://www.acea.be/news/news_detail/vehicles_in_use/
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2.8.2. Methodology and data in fossil fuel GHG emissions
calculations

Lifecycle GHG emissions are calculated using the following equation:

E = @ec t €+ ep * €tg * €y — €sca = €ccs — Eccr — Cee,

Where
E Total emissions from the use of the fuel;
€ec Emissions from the extraction or cultivation of raw
materials;
e Annualized emissions from carbon stock changes caused
by land-use change;
€p Emissions from processing;
etd Emissions from transport and distribution;
eu Emissions from the fuel in use;
€sca Emissions savings from soil carbon accumulation via
improved agricultural management;
€ccs Emissions savings from carbon capture and geological
storage;
Eccr Emissions savings from carbon capture and replacement;
and
€ee Emissions savings from excess electricity from

cogeneration.

Only CO,, N,O, and CH4 emissions are taken into account. Embodied
emissions in capital equipment are excluded.

To measure the GHG savings of biofuels, the Cl of biofuels is compared
to the CI of the fossil fuel comparator. The FQD requires the Cl of the
fossil fuel comparator to be based on the average lifecycle emissions of
fossil fuels. The FQD states that the comparator should represent the
carbon intensity of the European fossil fuel pool, as reported under the
FQD, but that until such emissions data for gasoline and diesel are
available, the value shall be taken to be 83.8 gCO.e/MJ. To arrive at
83.8 gC0,e/MJ, the EC used the CI of individual fossil fuels and their
volumes. The data on volumes of fossil fuels used were obtained from
sources such as the 2006 Fuel Quality Monitoring (FQM) report, the
European Association of Liquefied Petroleum Gas (AEGPL), and EU fuel
consumption data. In 2010, fossil fuels used in the EU were diesel, gas
oil, petrol (gasoline), LPG, and CNG. The Cls of fossil fuel were obtained
from Joint Research Centre-European Council for Automotive
Research and Development and CONCAWE (JEC) WTW analysis (JEC,
201).

The consultation document focused on the issue of balancing
administrative burden with accuracy. The directive calls on the
European Commission to develop a methodology for estimating GHG
emissions of fossil fuels, and the Commission is considering the
introduction of separate default values by feedstock type such as
conventional oil, shale oil, oil sands, gas-to-liquid, and coal-to-liquid to
provide market signals for GHG reduction.
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2.9. EU Renewable Energy Directive (RED)

The RED is a volumetric mandate requiring 10 percent energy content in
transportation to be from renewable sources including biofuels by 2020.37
It is expected that at least 8 percent of transport energy will come from
biofuels, with double counting of waste and cellulosic biofuels effectively
reducing the overall energy target slightly (on the order of 1 percent), and
the rest coming from renewable electricity such as solar and wind. Since
the RED and FQD have been harmonized,*® features in the RED relating to
sustainability criteria, methodology for estimating GHG emissions, and
indirect land use change are the same as in the FQD.

2.10. UK Renewable Transport Fuel Obligation
(RTFO)

In 2008, the Renewable Transport Fuel Obligation (RTFO) was
implemented, providing a volumetric mandate for renewable fuels in the
United Kingdom. Under the RTFO, 5 percent (by volume) of road transport
fuel®*® used in the United Kingdom should be biofuel by 2013. The RTFO was
amended in 2011, and now biofuels sold in the United Kingdom are
subjected to the same sustainability criteria as in the FQD/RED, as well as
the other FQD/RED provisions. UK biofuels are required to achieve a 35
percent GHG savings (rising in due course as described above) and should
not be produced from biomass derived from high carbon stock and
biodiverse areas. When biofuels are independently verified (by the
provision of a limited assurance opinion from a verifier qualified to do an
International Standard on Assurance Engagements [ISAE] 3000
sustainability audit) for sustainability criteria, they accrue renewable
transport fuel certificates (RTFCs), awarded to the owner of the fuel as it
crosses the duty point. The RTFO counts the certificates accrued to
biofuels produced from defined wastes and residues and from
lignocellulosic feedstocks. Suppliers of fossil motor fuels are required to
demonstrate compliance with the RTFO by earning or acquiring enough
RTFCs to show that the required volume of biofuel has been supplied. The
excess RTFCs can be traded among the participants. Alternatively, the
obligated parties can pay a buyout price for the purpose of compliance. It
is also possible for the obligated parties to carry over excess RTFCs for one
year to the next to meet not more than 25 percent of the next year’s
obligation. The RTFO does not regulate fossil fuels and hence does not
outline a methodology for estimating GHG emissions of fossil fuels.

37 Directive 2009/28/EC, OJL 140/16, 5.6.2009.

38 |n the sense of having the same lifecycle analysis requirements and sustainability criteria,
and the fossil fuel comparator will be the same in both directives.

39 The RED and FQD are not strictly limited to road transport fuel, and the RTFO takes its
lead on fuel coverage from the directives, but because road transport is likely to be the
dominant sector involved and non-road motorized machinery, canal boats, and so forth are
tertiary to the goals of the current project, we have simplified for brevity.

44



European Union crude oil sourcing

3. European Union crude oil sourcing

3.1. Introduction

Over the past decade, the world economy has experienced a number of
strong demand downturns that have reduced pressures on oil markets,
despite a number of supply-side disruptions (e.g., from Iragi and Libyan oil).
Nonetheless, by 2010 global oil consumption was growing at a rate of 3.1
percent, reaching a record level of 87.4 million barrels per day (MMbbl/d)
while outpacing supply that grew at a rate of 2.2 percent (British Petroleum
[BP], 2011b). Despite supply reduction and price pressures, projections to
2035 show that oil demand (excluding biofuels) is expected to rise to 99
MMbbl/d (International Energy Agency [IEA], 2011). Most of this demand
will be driven by a ballooning transport sector in non-OECD markets,
accounting for 93 percent of global energy growth (BP, 2011a).

Figure 3.1. Projected change 2010-2035 in primary oil demand by sector
and region in IEA ‘New Policies Scenario’ (IEA 2011f)
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The transport sector is expected to remain the main source of global oil
demand over the next quarter of a century (Figure 3.1), reaching almost 60
MMbbl/d in 2035, representing an increase of close to 14 MMbbl/d over
2010 levels (IEA, 2011f). Within the sector, road transport remains the
primary driver of oil demand with projections holding it accountable for up
to 75 percent of global transport oil demand by 2035, corresponding to
more than 45 MMbbl/d (Ibid). With the global stock of road transport
vehicles set to double between 2009 and 2035, driven largely by China,
India, and other non- Organization for Economic Co-operation and
Development (OECD) markets, passenger light-duty vehicles (PLDVs) wiill
remain the single largest generator of emissions (Figure 3.2) and oil
consumption (Figure 3.3). It is important to highlight the uncertainty
related to some of these projections, given economic and political
downturns that affected the world economy in the period following 2008.
Nonetheless, vehicle ownership levels in non-OECD countries (125 per
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1,000) are projected to remain well below the OECD levels of almost 550
per 1,000 people in 2035.

Figure 3.2. Total Well to Wheel (WTW) emissions by transportation mode
and region (ICCT Roadmap, 2012)
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Figure 3.3. Projected world transportation oil demand by mode in New
Policies Scenario (IEA 20T11f)
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According to the International Energy Agency (IEA, 2011f), the market
penetration of electric vehicles and hybrids is expected to remain relatively
small at the global level through 2035. The role of policy, especially in some
of the largest OECD markets, though, is expected to decrease further oil
dependence with the adoption of policies incentivizing fuel efficiency
improvements and fuel standards. However, it is important to consider
different caveats in these projections. Not only can economic factors
negatively affect these trends, but also the survival rates of passenger
vehicles. For example, the U.S. National Highway Traffic Safety
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Administration (2006) estimates that the survival rate at 15 years for
passenger vehicles is around one-third.

Alternative fuels are also projected to grow but in these analyses remain far
below some more ambitious expectations. Within this category, biofuels
make the most important contributions, with the sector experiencing an
annual average growth rate of 5 percent to 2035 (IEA, 2011f). Nonetheless,
their share in total transport fuel demand would in this case grow to only 6
percent (IEA, 2011f) by then. Overall, oil remains the dominant energy
source for the transport sector, representing 83 percent of all fuels up to
2035 (IEA, 2011f). The sourcing and carbon intensity of crude oil will hence
continue to be of great importance to European energy and emissions. In
the absence of countervailing pressures from emissions regulations, this
crude sourcing is likely increasingly to include ‘unconventional’ sources
such as thermally enhanced extraction of heavy, extra heavy, or bituminous
reserves.

The following section explores the current sourcing of crude oil in the EU
by detailing oil trading and distribution networks.

3.2. Crude oil sourcing for the European Union

From 2005 to 2011, the European Union (EU-27)4° has averaged annual
imports of crude oil of slightly more than 11.6 MMbbl/d at an average cost
of insurance and freight (CIF) price of around $75/bbl (DG Energy,
20712a)#. The region remains a net importer of crude oil, with European
Union crudes (which exclude those from Norway) representing only a
fraction of all consumed crude in the region. For the time period 2005-2011
(see Figure 3.4), just below 38 percent of all crude was obtained from
former Soviet Union (FSU) countries, followed by Africa (19 percent) and
the Middle East (18 percent).*? As shown in Figure 3.5, the Russian
Federation has remained the main provider of crude to Europe, supplying
on average more than 28 percent of all imports to the region. This is
followed by Norway (14 percent). Iran, which was the fifth largest provider
to Europe in 2007, has become less important in the intervening period,
with Kazakhstan and Saudi Arabia absorbing much of its share. Presumably,
given the current geopolitics of Iranian oil, this share is unlikely to increase
again in the short term. Finally, Libya has remained the third largest
supplier of crude to Europe since 2006.

40 EU refers to the EU-27, i.e., Austria, Belgium, Bulgaria, Cyprus, the Czech Republic,
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia,
Lithuania, Luxembourg, Malta, the Netherlands, Poland, Portugal, Romania, Slovakia,
Slovenia, Spain, Sweden, and the United Kingdom.

41 The CIF price is defined as the cost, insurance, and freight price of a good delivered.
According to the OECD, the price is set at the frontier of the importing country, including
any insurance and freight charges incurred to that point, or the price of a service delivered
to a resident. It does not include any payments of import duties or other taxes on imports or
trade and transport margins within the country of delivery (OECD, 2012).

42 Significantly, several of the European Union’s major suppliers-including Russia, Nigeria,
Kazakhstan, and Iran-are associated with fields that have high levels of flaring on a unit
production basis (ICCT/ER, 2010).
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Figure 3.4.Crude oil imports into the EU-27 by region, 2006-2011 (DG

Energy, 2012a)
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Figure 3.5. Major suppliers of EU crude oil (percentage of EU imports)
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For that same six-year time period, the predominant import of crude oil
blends (see Figure 3.4) has been Urals from Russia, averaging close to 16
percent of all crude oil imports into the EU. There is an additional 12.5
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percent consisting of imports of other Russian crudes that are not specified
in the European Commission data. Unspecified Norwegian crude (5.6
percent), Saudi Arabian Arab Light (5.5 percent), Kazakhstan crude (5.1
percent), and Libyan medium (30-40 API gravity) (4.4 percent) represent
the remaining most commonly imported crudes.

Defining Crude Blends

The U.S. Energy Information Administration (EIA) defines crude oil
as “a mixture of hydrocarbons that exists in liquid phase in natural
underground reservoirs and remains liquid at atmospheric pressure
after passing through surface separating facilities” (EIA, 2012).
Depending on the characteristics of the crude stream, it may also
include: (i) small amounts of hydrocarbons (in gaseous phase) in
natural underground reservoirs that are liquid at atmospheric
pressure; (ii) small amounts of non-hydrocarbons produced with the
oil, such as sulfur and various metals; and, (iii) drip gases, liquid
hydrocarbons produced from tar sands/oil sands, gilsonite, and oil
shale (EIA, 2012). A crude blend denotes the commingling of two or
more crudes. Crude blending provides an opportunity to create a
new variety of crude for transportation needs, refining efficiency, or
product value. This is accomplished through two methods: (i) on-line
blending, where two or more components are injected and mixed in
a single line, and (ii) tank blending, where components are added
and mixed in a common tank based on a recipe approach (Husky
Energy, 2012). The characteristics of a blended crude are determined
by the relative flows of the commingled crudes, their physical
properties, the size of the tank, the number of tank mixers, and
mixing time, among other factors that make creating a homogenous
blend a complex task. One of the most widely referenced blended
crudes is Brent Crude, produced in the North Sea region from a
mixture of light crudes, which serves as a reference for pricing a
number of other crude streams. In this report, we talk about crude
blends in the broad sense of being all of the blends that might be
delivered to a refinery and will include any crudes that are delivered
as a single stream from the well to refinery without actually being
blended with other crudes.

3.2.2. Oil refineries

Currently, there are more than 6,000 individual oilfields in the world
(ICCT/ER, 2010). Once these crudes are produced, they are typically
mixed at a terminal and eventually sold onto the world crude market as
approximately 300 distinct crude types or ‘blends’ (see box) for
onward shipment to one of the world’s roughly 650 refineries (ER,
2012). For example, Figure 3.6 shows how the production from certain
Nigerian oilfields is collected and commingled before some minor
processing at the ExxonMobil terminal of Qua lboe. As can be seen,
many fields supply the terminal (shown as a white square), via multiple
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pipeline routes (shown in green). Typically, blended crudes are
transported by pipelines, tankers, and/or barges to their ultimate
destination. The majority of these flows occur by oil tanker,
transporting anywhere between 0.5 million and 2 million metric tons of
oil, depending on their size. Given that each crude has different stated
characteristics (notably the API gravity—light or heavy—and the sulfur
content—sweet or sour) with specified conversion profiles for refining,
refineries are supplied with information regarding a number of metrics
necessary to enhance their refining process. The refinery, depending on
how it is set up, will produce different quantities and types of oil
derivatives, including gasoline and diesel among others. The yields of
these products will vary with crude input and refinery processing
configuration. Some offshore fields produce directly from the platform
where crude is uploaded to a nearby marine terminal or a buoy and
placed en route to a refinery. Examples of this include Hibernia in
Canada but also the Chevron-operated Agbami field in Nigeria, which is
the country’s largest deepwater development of light, sweet crude
(Chevron 2012). Fields produced from floating production storage
offshore (FPSO) ships typically sell their own crudes without
commingling.

Figure 3.6. Commingled field production for Qua Iboe blend (Nigeria)
(ER, 2012a)
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Figure 3.7 (Grinsven et al., 2012) shows the oil streams that might
typically be imported into an EU country. Currently, there are 104
refineries located within the EU, with a crude refining capacity of 15.6
MMbbl/d (JRC, 2012). This is equivalent to 18 percent of total global

capacity, making the region the second largest producer of petroleum
products in the world after the United States.** Although the utilization

43 There are refineries in 21 member states, with the exceptions of Cyprus, Estonia, Latvia,
Luxembourg, Malta, and Slovenia.
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rate of the refineries located in OECD Europe (the EU-27 minus a half-
dozen smaller, primarily eastern countries, plus Iceland, Norway,
Switzerland, and Turkey) has been as high as 90 percent, in recent
years (due in large part to the economic downturn), utilization rates
have fallen below the 80 percent mark (JRC, 2012b). The two primary
refinery products in the EU are gasoline and gas oil/diesel. European
refineries oversupply gasoline (measured against the domestic market),
so gasoline is the main petroleum derivative export of the region, while
they undersupply diesel, which is also imported as refined product in
conjunction with jet fuel/kerosene.** Crude oil refinement can also be
achieved at certain chemical plants, while storage and trading
companies can construct their own blends from different oil streams or

refining components.

Figure 3.7. Diagram of oil streams into refineries and their output
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Present locations of major trading and blending hubs
supplying the EU

There are currently around 300 locations from which crude blends are
sold in the world (ER, 2012)%°. Although not all of these locations
supply the EU market, around 50 to 70 crude blends from more than 35
countries are currently sold into the EU (ER, 2012). The current analysis
has identified a total of 51 unique terminals supplying the EU market,

44 Russia is the largest supplier of gas oil/diesel to the EU, followed by the United States,
which is also the largest recipient of gasoline from the EU. Concerning kerosene/jet fuel
imports, the EU mainly relies on a number of Middle Eastern countries.

45 That includes single-field output sold from FPSO ships and offshore buoys.
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including their geographical location (ER, 2012).4¢ Given that the EU
does not provide detailed description of all crude imports,*’ the
analysis provides multiple terminal locations to reflect the fact that
there are different crudes that might be sourced from each of these.
The following paragraphs will provide a more in-depth inspection of
three major suppliers of European crude oil: the FSU (including Russia)
and Norway, because of the high volumes supplied from these regions,
and Nigeria, because of its status as a source of high flaring emissions.

Figure 3.8.Location of major crude oil blending hubs supplying the EU
market (ER, 2012a)

46 Longitude and latitude of terminals may not be accurate and should be taken as

approximate locations.
47 It is likely that the EU might have the underlying details of these more generic
descriptions.
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Figure 3.9.Crude import volume to EU by blending hub of origin (ER,
2012a)
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Table 3.1. 2011 crude oil imports into the EU, including terminal location
(DG Energy, 2012a; ER 2012a)

% OF
CO%:}I’(I:ILOF A3 OOFILCRUDE TOTAL TERMINAL LAT LONG
IMPORTS
Other Russian
BluEsER Fed Crude 12.7 Tuapse + others 44.09 39.07
Federation

Urals 15.25 Novorossiysk; Ventspils, Latvia 44.34 37.47

Statfjord 1.6 Mongstad 69.49 5.02

Ekofisk 2.48 Teesside, UK 54.39 -1.08

Norway Othecrﬂljlgervvay 56 Various offshore 61.21 1.8

Oseberg 1.03 Sture 60.37 4.5]

Gullfaks 0.89 Mongstad 69.49 5.02

Arab Light 6.92 Ras Tanura, Juaymah, Yanbu 26.38 50.1
Saudi Arabia Arab Medium 0.18 Ras Tanura, Juaymah, Yanbu 26.38 50.1
Arab Heavy 0.14 Ras Tanura, Juaymah 26.38 50.1

Kazakhstan Crude 6.06 Aktau 4456 5026
Medium (<33°) 1.32 Focados 5.1 5.1
N Light (33-45°) 4.2 Escravos, Bonny, Brass 53 5

Condensate

(>45%) 0.31 Focados + others 51 51

Other Iran Crude 0.61 Sirri, Lavan Island 26.47 532

Iran Iranian Heavy 4 Kharg Island 2914 50.19

Iranian Light 1.03 Kharg Island 2914 50.19
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COUNTRY OF TYPE OF CRUDE
ORIGIN OIL
Flotta
Forties
United Kingdom Brent Blend

Other UK Crude

Basrah Light
Kirkuk

Other Irag Crude
Medium (30-40°)

Libyan Arab Heavy (<30° API)

Jamahiriya
Light (>40°)

Saharan Blend

Algeria Other Algeria
Crude
Other F.SU Other FSU Crude
countries
Cabinda
Angola Other Angola
Crude
Denmark Denmark Crude
Isthmus
Mexico
Maya
Souedie
Syria
Syria Light
Heavy (<30° APD
Egypt Medium/Light
(30-40°)
Kuwait Kuwait Blend

Medium (22-30°)
Heavy (17-22°)

Venezuela
Extra Heavy
(<17°)
Brazil Brazil Crude

Congo Crude

Other Colombia
Crude

Congo
Colombia

Cameroon Cameroon Crude

Tunisia Tunisia Crude
Light Sweet
Canada (>30° APD
Other Gabon
el Crude
Abu Dhabi Murban

ul

4

% OF
TOTAL
IMPORTS

4.44
0.13
1.82
0.7

1.71

0.9
2.02
0.17
1.37
0.36
1.25
2.45

0.32

2.61

0.05

1.29
0.09
118
0.67
0.21
0.36

0.63

0.75
0.16
01

0.38

0.62
0.53

0.36

0.34

0.23

0.19

0.16

0.12

TERMINAL

Ceyhan, Turkey
Flotta
Hound Point
Sullom Voe

Various offshore incl. West of
Shetland

Min al Bakr; Ceyhan, Turkey
Ceyhan, Turkey
Min al Bakr
Es Sider,
Bouri
Zuetina, Ras Lanuf

Arzew, Bejaia, Skikda
Arzew; La Skhirra, Tunisia

Novorossiysk, Russia; Ventspils,
Latvia

Cabinda
Offshore, Quinfuguena, Planaca

Gorm
Dos Bocas, Salina Cruz
Caya Arcas, Salina Cruz
Tartous, Baniyas
Tartous, Baniyas

Wadi El Firan, Ras Gharib
Ras Shukheir, Zeit Bay

Mina al Ahmadi
Puerto la Cruz

La Salina
Punta Cardon

Offshore, e.g. Roncador, Marlim

Djeno, Nkossa
Covenas

Offshore, Lokele Kole

La Skhirra, Gabes, Zarzis,
Bizerte, Ashtart offshore
terminal

Offshore, including Hibernia

Depends on crude

Das Island

LAT

36.86
58.53
56
60.27

61.21

29.41
36.53
29.41
30.38
33.54
30.51
5.5

5.5

44.34

=5.32

-6.2

55.63
18.37
201
34.53
34.53
28.44

28.08

29.04
10.14
10.22

10.37

=89.75
4.56

9.31

4.07

34.31

46.75

25.09

LONG

35.94
3.05
3.22

117

48.48
35.56
48.48
18.22
12.39
20
-0.08

-0.08

37.47

12.1

1214

811
5.1
=159
35.45
35.45
33513

33.17

49.09
-64.37
-71.27

-70.13

=89.75
11.54

-75.47

8.29

10.16

-48.77

8.9
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Figure 3.10. Crude oil imports into the EU by terminal for 2011 (DG

Energy, 2012a; ER, 2012a)
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3.2.4. Russia and FSU

As previously shown, more than 80 percent of the crude headed to the
EU is derived from a small sample of oil-producing countries, led by
former Soviet Union members, which represent on average 38 percent
of all imports into the EU (DG Energy, 2012a). Of these, the most
important supplier is Russia, which is currently estimated to produce
just a bit more than 10 percent of the world’s oil, making it the largest
non-OPEC producer and the second largest global producer, behind
only Saudi Arabia (IEA, 2011f). Recent data show that Russia exported a
total of about 4.8 MMbbl/d of crude oil in 2011, with 78 percent of this
going to European markets, particularly Germany, the Netherlands, and
Poland (EIA, 2012). The country is also the main source of diesel to the
European market, which as noted above is characterized by a structural
shortage of diesel output. In terms of crude types, more than half of all
Russian crude exports to Europe are the Urals Blend, with an API
gravity between 31 and 33. The remaining crude exports to Europe are
likely to be the Siberian Light blend that is exported via Tuapse, on the
Black Sea.?® Siberian light is another light, sweet stream, with an API
gravity of around 35.

Close to 80 percent of Russia’s oil is exported through the Transneft
pipeline system (see Figure 3.11), with the remaining oil shipped via
tankers from a number of Black Sea ports, although these seem to be in
decline (EIA, 2012). The Transneft pipeline system spans more than
31,000 miles to the ports of Novorossiysk on the Black Sea and
Primorsk on the Baltic (Transneft, 2012). In addition, the Caspian
Pipeline Consortium (CPC)—a production association originally formed
by the Russian and Kazakhstani governments in conjunction with a
number of oil companies including Chevron, ExxonMobil, LUKoil, and
Royal Dutch Shell, among others—currently controls the transport of
Kazakhstani oil from the Tengiz, Kashagan, and Karachaganak fields to
the Novorossiysk-2 marine terminal on Russia’s Black Sea coast (CPC,
2012a)4°. As a result, since 2005 the CPC has averaged in excess of 32
million metric tons of crude oil shipment volumes from its marine
terminal (CPC, 2012b).

48 EU data sources list the remaining crude imports from Russia as nonspecified.

49 Ownership is currently as follows: Russian Federation (represented by Transneft-24%-and
CPC Company-7%)-31%; Republic of Kazakhstan (represented by KMG-19%-and Kazakhstan
Pipeline Ventures LLC-1.75%)-20.75%; Chevron Caspian Pipeline Consortium Company-15%;
LUKARCO B.V.-12.5%; Mobil Caspian Pipeline Company-7.5%; Rosneft-Shell Caspian
Ventures Limited-7.5%; BG Overseas Holding Limited-2%; Eni International N.A. N.V.-2%; and
Oryx Caspian Pipeline LLC-1.75%.

57



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

Figure 3.11. Russian gas and oil pipeline network to Europe (EIA, 2012)
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The Baku-Thilisi-Ceyhan (BTC) pipeline is an important connection for
other FSU exports, supplying Caspian oil to the Mediterranean Sea for
shipment (see Figure 3.12). Currently, it is considered to be the second
longest oil pipeline in the former Soviet Union after the Druzhba
pipeline. As a result, the current pipeline system provides the principal
route to market for more than half of non-Russian oil exports from the
Caspian region. The region’s largest producer, Kazakhstan, primarily
supplies non-Russian crudes from the Caspian, destined for Europe.
More than three-quarters of Kazakhstan’s production is exported
through Russia. There have also been a number of developments in
Russia to reduce the amount of oil flows running through non-Russian
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ports. In 2001, the Baltic Pipeline System to the terminal at Primorsk,
near St. Petersburg, was commissioned, making Primorsk the largest
export outlet for Russian crude, overtaking the Druzhba pipeline to
Central and Eastern Europe while diverting exports away from
congested routes through the Black Sea port of Novorossiysk.

Figure 3.12. Caspian region pipelines (EIA, 2005)
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3.2.5. Norway

The second largest national source of European crude imports is
Norway, which remains one of the world’s largest non-OPEC crude
exporters and holds the largest oil reserves in Western Europe. The
bulk of Norwegian oil production is located in the North Sea, although
the government has recently pushed to increase exploration in the
Norwegian and Barents Seas, resulting in a record 65 drilled wells and
28 discoveries made during 2009. According to the IEA, in 2009,
Norway produced more than 122.5 million metric tons of fuel
derivatives, of which 81 percent consisted of crude oil, followed by gas
oil/diesel (4.9 percent) and gasoline (2.9 percent) (IEA, 2012). The large
majority of this production is exported to Sweden (41 percent),
Denmark (21 percent), the United Kingdom (12 percent), Ireland (9
percent), and the Netherlands (6 percent) (ETFDB, 2012). Although the
EU does not specify the types of crudes imported from Norway, the
country currently produces 18 varieties of light crude blends with an
API gravity range of 25 to 62 and average sulfur content of 0.034
weight percent wt% (Statoil, 2012).

59



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

Figure 3.13. Location of major oil and gas fields (left) and pipelines
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(right) of Norway (Norwegian Petroleum Directorate, 2012)

.-4lm .

hipIhnnpd. noMacmaps.
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

rrrrrr

HHHHHHH

The Norwegian oil sector is predominantly controlled by Statoil ASA—
an international energy company that is 67 percent owned by the
Norwegian government and controls 80 percent of the country’s oil
and gas production (Statoil, 2012). The government also provides a
number of incentives for crude oil exploration that in practice refunds
more than three-fourths of the costs associated with this process, as
well as tax inducements for other oil activities. Norway has an extensive
network of subsea oil pipelines (see Figure 3.13) connecting offshore
fields with onshore processing terminals; however, the most extensive
systems are those of the Oseberg Transport System and the Troll | and
[l (see Figure 3.14). In addition to these pipelines, ConocoPhillips
operates the 900,000-bbl/d-capacity subsea Norpipe (see Figure 3.15),
which connects Norwegian oilfields to the oil terminal and refinery at
Teesside, England. Norway in itself has a refining capacity of 319,000
bbl/d of crude oil, at the Slagen plant (116,000 bbl/d) operated by
ExxonMobil and the Mongstad plant (203,000 bbl/d) operated by
Statoil. The latter is located in proximity of the port of Mongstad, the
largest in Norway measured by tonnage and second only to Rotterdam
for shipping crude oil and refined products in Europe.
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Figure 3.14. Oseberg and Troll | and Il pipeline networks (Norwegian

Petroleum Directorate, 2012)
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Figure 3.15. Subsea Norpipe Pipeline to Teesside refinery (UK)
(Norwegian Petroleum Directorate, 2012)
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3.2.6. Nigeria

Nigeria currently has anywhere between 200 to 220 oil-producing
fields that make up more than 25 different crude blend streams.>°
These crude streams vary in API gravity from 26.4 to 47.2, with an
average of 35.9, situating them within the light crude specifications on
average. These crudes have average sulfur content of 0.18 percent
(Platts, 2012; Statoil, 2012). Nigerian crude oil is exported either as
single-crude streams or commingled and exported via an oil marine
terminal. In terms of production, Nigeria has supplied on average close
to 5 percent of all EU crude imports, corresponding to some 22 percent
of its total production, although the bulk of Nigerian output goes to the
United States. The country is currently home to six oil export terminals
owned and operated by different companies. Royal Dutch Shell owns
the Forcados and Bonny terminals; ExxonMobil operates the Qua lboe
terminal in Akwa lbom state; and Chevron owns the Escravos terminal
located in the Delta state and operates the Pennington terminal; while
ENI operates the Brass terminal. In addition to these terminals, around
10 percent of the country’s oil-producing fields are offshore, making up
close to half of crude production in Nigeria in 2011. An analysis of data
provided by the Nigerian National Petroleum Corporation (NNPC) in its
annual statistics (2010) allows us to investigate the split of the Nigerian
crude categories in the EU data. We summarize these results in Figure
3.16 below.

50 Field numbers can be expected to increase over time due to new discoveries.
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Figure 3.16. Nigerian crude blends by extraction volume (ER, 2012)
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3.3. Crude trading and pricing

Trading of crudes does not occur at the physical hubs listed above but at
financial exchanges like the ICE (Intercontinental Exchange) or NYMEX
(New York Mercantile Exchange). In practice, equity stakeholders of
particular oilfields own crude production, while entitlements to crude
volumes by these owners depend on a number of factors. These include
taxes taken by the government in the form of barrels of crude as well as
any adjustments made for quality in commingled crude streams (see Figure
3.17 below). The latter occurs when producers use a crude quality bank. In
practice, this is a system of credits and debits to adjust for market value
differences in crude oil as measured by changes in certain

specified crude characteristics. A quality bank allows producers of high-
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grade crude to be compensated when poorer-quality oil is mixed with
theirs in a pipeline, with the lower-quality oil producers penalized. An
allocation system is used to calculate the adjusted numbers of barrels, with
producers of higher-graded crudes being allocated more barrels of the
blend than they physically put into the system. Essentially, each crude is
gauged so that the barrels received would equate to the value of the crude
entered into the system. In addition, off-take by tankers is not a continuous
process in the same way that crude is produced. A tanker may take a fixed
volume of product from crude storage tanks. Hence, smaller owners may
have to wait many months before they have enough volume to fill a tanker.
Of course, they could sell their portion of the crude to larger
traders/owners.

Figure 3.17. Crude allocation example (ER, 2012a)
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3.3.2. Benchmark crudes

A crucial element in the development of the spot oil market in the late
1970s and early 1980s was the emergence of key benchmark grades.
These grades served as the reference levels for crudes of similar quality
and in similar locations, providing a focus for increased trading and a
rise in market liquidity. Prices of other crudes were based on these key
benchmarks. The first international spot market benchmark grades
were Arabian Light in the Middle East and Forties in the North Sea. The
emergence of UK Brent as a North Sea reference crude oil in place of
Forties in the early 1980s was no accident; it resulted from the grade’s
mix of suitable characteristics. Benchmark grades are critical in defining
the spot values of related crudes, and they have also become the key
price variable in many term-contract price formulas. In addition, they
are the basis for most hedging and risk management efforts and attract
the bulk of speculative trading interest.

A full description of some fundamental benchmarks and their
application is provided in the Oxford Institute for Energy Studies
publication “An Anatomy of the Crude Oil Pricing System” (Fattouh,
2011). The essential point is that these future oil markets are tied to
physical markets, allowing for producers, buyers, and speculators to
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trade and hedge on these volumes. These paper trades can be
swapped for physical cargoes, for delivery at a later date. For example,
a dated Brent deal is much like any other physical spot market
transaction, with the buyer taking delivery of an actual cargo under set
terms of time, price, and so forth. The main characteristics that
distinguish the "wet” barrel market in Brent are its linkage to the
forward and futures markets for "paper” barrels and the widespread
use of its prices as a reference point for other crude oil trading.
Virtually all of the trading in these physical cargoes occurs in the few
weeks immediately before they are loaded. Trading further into the
future is handled by the forward, futures, and swaps markets; trading at
the time of loading or afterward is rare except for some cargoes in
transit to more distant markets, such as the United States. The trading
of cargoes during transit is further complicated by international
regulations and guidelines and the need for the requisite paperwork.

Overall, prices and volumes reported on physical cargoes of oil are the
result of an imperfect collection of a number of sources collated by
price-reporting agencies such as Platts and Argus. These agencies
decide which trades are included in their reports. Note that imports to
refineries/terminals are a matter for customs of a particular country
and are recorded in this system, hence the ability for the EU or country
agencies to report such volumes. Fattouh (2011) provides data on the
amount of trades on these various benchmarks. In terms of dated Brent
contracts, the amount of trades on the primary benchmarks is actually
quite low.

Table 3.2. Some basic features of benchmark crudes (Fattouh, 2011)
WTI CMA
+ WTI P- | FORTIES DUBAI
PLUS
Production (MMbbl/d) 300-400 1,220 70-80

Volume Spot Traded (MMbbl/d) 579 939 514 635 86 246

Number of Spot Trades per

Calendar Month 260 330 18 98 i85 10
Number of Spot Trades per Day 13 16 <1 5 <1 <1
Number of Different Spot
Buyers per Calendar Month = 27 7 1o . 5
Number of Different Spot Sellers
per Calendar Month = o e e s e
o)
Largest 3 Buyers % of Total 43% 28% 63% 72% 100% 50%
Spot Volume
o)
Largest 3 Sellers % of Total Spot 28% 51% 76% 56% 100% 80%

Volume

3.3.3. Tracking crudes in transit

An analysis of ship movements requires detailed knowledge of ships’
arrival and departure times at their ports of call. Such data have
become available since 2001. Ships/ports have begun installing
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Automatic Identification System (AIS) equipment.>! AIS transmitters on
board ships automatically report the arrival and departure times to the
port authorities. This technology is primarily used to avoid collisions
and increase port security; however, arrival and departure records are
also available by Lloyd’s Register-Fairplay for commercial purposes as
part of its Sea-web database.®>? Significantly, AIS devices have not been
installed in all ships and ports yet, and therefore there may be certain
gaps in the data. Still, all major ports and the largest ships are included;
thus, the database represents the majority of cargo transported on
ships. There are also other companies like Drewry that will have access
to similar data sets as well as recent compilations that are available at
no cost.%3

3.4. Future trends

3.4.1. Introduction

Several economic, political, and technological constraints interact to
determine the quantity and flows of crude oil around the world. The EU
remains one of the regions most heavily reliant on imports of crude to
satisfy its current demand levels. For the period 2005-11, more than 60
percent of the EU’s crude was sourced from former Soviet Union (FSU)
countries (led by Russia) and non-EU-27 Europe (Norway), while the
remaining crude came from the Middle East and Northern Africa. The
dependence on non-EU oil is likely to increase in the foreseeable future,
making crude sourcing an important strategic concern for the region.
According to most projections, there will be limited room for maneuver
in the sourcing strategies that the EU is employing today, with the
biggest change coming from the decline of North Sea oil, compensated
for by greater flows of West African and Caspian resources. However,
these projections are sensitive to supply disruptions caused by political
unrest as well as to the introduction of more restrictive sourcing
policies in the EU and the potential to augment supplies from
unconventional crudes.

3.4.2. Energy-Redefined projections

A 2010 Energy-Redefined (ER) study for the ICCT provided estimates
for crude oil imports into Europe by source region until 2020 (ICCT/ER,
2010). These projections used data from the BP Statistical Review of
World Energy (2009) and from a proprietary dataset managed by
Energy-Redefined containing production data for approximately 3,100
oilfields in countries that supply to Europe. In addition, the U.S. Energy

STAIS technology is used on aircraft to track flights.

52 www.sea-web.com. Note this is now owned by IHS. Analysis of these journey can be made
from these data.

53 See http://www.fleetmon.com and
http://www.drewry.co.uk/publications/view_publication.php?id=324
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Information Administration (EIA) International Energy Outlook
reference case scenarios for 2015 to 2020 were used to estimate future
global crude flows (EIA, 2009 and 2010). The study estimates the
projected total imports into Europe from various countries and/or
regions as well as additional volumes of crude that would be required
over 2010 import demands. The study does not identify specific
oilfields in each country that are more or less likely to export oil to
Europe, and it excludes countries that are not currently exporting to
Europe. It is also worth noting that, although the EU is a net importer of
crude, it also exports crude, mainly from the United Kingdom (Norway,
a European Economic Area [EEA] member, is also a significant crude
producer). For the purpose of the Energy-Redefined analysis, only
imports into Europe were considered.

Overall, the ICCT/ER study estimates that European imports are
expected to increase by 10 percent, to about 1.4 MMbbl/d by 2020 (see
Figure 3.18 and Figure 3.19). Imports to Europe are to be dominated by
sourcing from FSU countries (including Russia), the Middle East, and
North and West Africa, in that order. The study predicts that crude
imports from West Africa and Canada in particular are likely to cover
the increase in imports to Europe from 2010 levels. In the case of
Canada, this is a major increase from its very low current exports to
Europe and reflects expected increases in Canadian crude production
as the tar sands are progressively exploited. The EIA’s International
Energy Outlook estimates that Canadian tar sands production will
increase from around 1.0 MMbbl/d to around 4.0 MMbbl/d by 2020. In
regard to West Africa, the expected increase of close to 40 percent
reflects decreasing flows to the United States, given bullish forecasts
for U.S. biofuels and crude production.

Figure 3.18. Projected crude oil imports into Europe (ICCT/ER, 2010)
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Figure 3.19. Additional crude imports into Europe over 2010 case
(ICCT/ER, 2010)
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In general, Europe will remain dependent on the Middle East, Russia,
and Africa for its crude oil in the medium and long term. The relatively
static nature of European crude sourcing offers the possibility to foster
stronger trade relations with these partners but also creates a high
level of dependency given the region’s position as a net importer of
fossil fuels. It should be noted that, with OPEC likely to maintain a
strong position in world oil markets, with the relative lack of
transparency inherent in the oil industry, and with potential
political/institutional instability in oil-producing countries, these
patterns might at any point be subject to changes that are difficult or
impossible to predict. There is also a growing push toward
unconventional crudes, with the EU’s oil shale (see §3.4.3) and tight oil
reserves®* potentially taking a more significant role in supplying the
region in the longer term. As previously mentioned, UK and Norwegian
production are not explicitly characterized in the Energy-Redefined
analysis, although the North Sea still represents a major source of oil for
the EU. Production figures show that crude output peaked in Norway in
2001 and in the United Kingdom in 1999, and current downward trends
are expected to continue (H66k and Aleklett, 2008), contributing to
the need for increased imports. Nevertheless, while depletion of many
of the giant fields in Norway and the United Kingdom are driving the
overall decline in North Sea oil production, it remains to be seen how
undiscovered and undeveloped fields may add to current production
levels.

54 Referring to light crude oil contained in shale
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3.4.3. Oil shale in Europe

70

Oil shale is a broad classification for sedimentary rock that can contain
up to 50 percent fossil organic matter called kerogen (Brandt, 2011). Oil
shale can be exploited either by surface processing techniques or by in
situ technologies. Once extracted, it can be used to obtain heat by
direct combustion (e.g., in the generation of electricity), processed to
produce oil, or exploited as a source of other valuable chemicals.
According to conservative estimates from the World Energy Council
(WECQC), world oil shale resources in place were approximately 4.8
trillion barrels of oil in 2008 (WEC, 2010). Most of these are located in
North America (approximately 78 percent), with Europe and Asia each
accounting for around 8 percent of the inventoried resources. A little
more than two-thirds of the listed European resources are located in
Russia (67 percent), with the remainder mostly located in Italy (20
percent) and Estonia (4 percent) (WEC, 2010). Within the EU, oil shales
are found in 14 member states (see Table 3.3). Historically, some areas
of the EU (e.g., France and Scotland) have had experience of exploiting
oil shales as early as the late 1600s; however, currently only Estonia is
actively engaged in exploitation on a significant scale (350 metric
kilotons per year) (EASAC, 2007). The Estonian oil shale deposit
accounts for just 17 percent of all deposits in the EU, but Estonia
generates in excess of 90 percent of its power from oil shale, and the
oil shale energy sector accounts for 4 percent of Estonian GDP, while
oil shale consumption represents close to 72 percent of its combustion-
generated CO, emissions (EASAC, 2007 and Brandt, 2011). Given the
experience of Estonia, there is much debate on whether to exploit
further in other countries of the EU. While kerogen could be seen as a
strategically useful domestic energy resource, it has a very large carbon
footprint, with fuels refined from kerogen expected to be somewhat
more carbon intensive than even the Canadian tar sands. Whether
production happens will depend on a number of economic, political,
and technological developments that are difficult to predict in the near
future. The trajectory of oil prices is likely to be key (see Figure 3.20).
Oil shale exploitation for transportation fuels seems unlikely to take off
seriously if oil prices remain much below $100 per barrel, but it is likely
to seem appealing for higher prices. Potentially more important than
the oil price will be the environmental implications of kerogen
exploitation and the political will to confront climate change.
Legislation such as the Fuel Quality Directive, which assigns feedstock-
based carbon intensity defaults to different types of oil, could act to
discourage investment in shale oil. In terms of public opinion, the
intense opposition of environmental campaigners to Canadian tar sands
oil may well foreshadow similar opposition to kerogen development in
Europe. The United States has more extensive oil shale reserves than
Europe and probably also has more appetite to exploit them despite
climate change concerns. It therefore seems likely that the experience
of the United States will set a precedent for initiatives in the EU and
could determine whether these resources are ever utilized significantly.
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Table 3.3. Estimates of shale oil resources in place for Europe (in Gbbl
and MMt) (DG Internal Policies, 2011)

RESOURCES IN PLACE (WEC RESOURCES IN PLACE (WEC

COUNTRY 2010) 2010)
[Gbbl] [MMt]
Austria 0.008 1
Bulgaria 0.125 18
Estonia 12.686 2494
France 7 1002
Germany 2 286
Hungary 0.056 8
ltaly 73 10446
Luxembourg 0.675 97
Poland 0.048 7
Spain 0.28 40
Sweden 6.114 875
UK 3.5 501
EU 109.1 15775

Figure 3.20. Production cost curve (not including carbon pricing)
(adapted from IEA, 2010d)
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3.4.4. CONCAWE study

In 2008, the CONCAWE Refinery Technology Support Group (RTSG)
published a research study aimed at assessing oil refining in the EU to
2020. In doing so, the report also provided perspective on the
evolution of energy consumption and EU oil imports. Historical trends
and projections of oil imports to the EU-which in this case refers to the
“EU-27+2,” i.e., the current 27 EU countries plus Norway and
Switzerland-were obtained using an industry study by Wood
Mackenzie (WM). WM uses a proprietary demand model integrated into
its Macro Qils Service to provide long-term crude supply, demand, and
price outlooks for the transportation sector. Furthermore, WM offers
crude slate analysis by country or region that is integrated into its
Global Oil Supply tool to yield long-term production and quality
forecasts.

According to CONCAWE and WM, the EU-27+2 consumed about 715
MMt of crude oil and feedstocks in 2005, with consumption set to grow
to 765 MMt by 2020. Crude oil supply is considered to be adequate
within the time frame of the study, while the projected crude slate for
EU imports shows shifts in future sourcing destinations (see Figure
3.21). Unlike the ICCT/ER analysis, which left out North Sea oil,
CONCAWE includes it and expects North Sea production to be cut in
half from its 2007 levels by 2020. In response to this drop, the crude
supply to the EU is expected to be supplemented by Caspian oil, which
will almost triple during the same time horizon, as well as by West
African oil, increasing slightly from its 2007 levels. Overall, Russian,
Middle Eastern, and North African oil dominate crude sourcing for the
EU-27+2 through 2020. Any changes in the origins of the crude are not
expected to affect significantly the average crude quality refined in
Europe, thus maintaining the current proportion of around 45 percent
of sweet (i.e., low sulfur) crudes over the next decade.

Figure 3.21. Projected EU crude oil by source (CONCAWE, 2008)
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3.5. Case study: Russian oil industry

It is estimated that Russia currently holds around 13 percent of the world’s
ultimately recoverable resources of conventional oil, 26 percent of gas, and
18 percent of coal (IEA, 2011f). Despite this, the IEA (2011f) projects that oil
exports (both crude and refined products) will decline slowly, from a peak
of 7.7 MMbbl/d in 2012 to 6.4 MMbbl/d in 2035, as crude production falls
and domestic demand for transport fuel continues to grow (see Figure
3.22).

Russia remains one of the major sources of oil and gas for Europe, with this
trend expected by IEA to continue to 2035. Exports are likely to continue
to exploit existing infrastructure with an expansion westward through the
export terminals at Primorsk and Ust-Luga on the Baltic Sea. Nonetheless,
these trends face important challenges in the near future. First, according
to IEA estimates, Russian oil production is set to plateau around 10.5
MMbbl/d before starting a slight decline to 9.7 MMbbl/d by 2035 (see
Figure 3.23). Second, the geography of oil exports is beginning to shift
toward Asian markets, with the share of China in Russia’s total fossil fuel
export earnings rising from 2 percent in 2010 to 20 percent by 2035 and
the EUs share falling from 61 percent to 48 percent in the same time period
(IEA, 2011f). In addition to conventional oil resources, bitumen and extra-
heavy oil resources are known to be extensive in Russia, with recent
estimates at around 120 billion barrels located in Tatarstan, eastern Siberia,
and around St. Petersburg. The IEA estimates that unconventional oil
output is likely to be relatively low in the short to medium term, perhaps
close to 0.1 MMbbl/d by 2035. Although there have been some pilot
projects with steam-based thermal methods of recovery and other
innovative mining methods, no large-scale developments have been
commissioned.

Figure 3.22. Russian fossil fuel export earnings in 2010 and 2035 (in 2010
dollars) (adapted from IEA, 2011f)
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Figure 3.23. Oil production in Russia and selected countries (New Policy
Scenario) (adapted from IEA, 2011f)
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3.6. Benchmark crude oil price projections

Crude oil prices are determined by both supply restrictions and oil
availability in the long term as well as current and future demand
prospects. However, the dynamics of these markets are inherently
complicated to predict. Most forecasts of oil prices in the medium and long
term, project an upward trend stabilizing in due course at a higher level
than has been normal in the past. Ultimately, higher oil prices may affect EU
crude sourcing destinations as well as increased investment in
unconventional oil developments.

Figure 3.24. Crude oil prices 1861-2010 (BP, 2011b)
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Historically, oil prices have been extremely volatile (see Figure 3.24), with
episodes of volatility largely influenced by exogenous factors that have
affected supply: obvious examples are the Arab oil embargo of 1973, the
[ranian revolution, and the invasion of Iraqg (after which a record $147 a
barrel was set in 2008).%°> Over the past couple of years, the volatility of
crude prices has continued, driven by instability in the Middle East and
North Africa that drove Brent futures above $110 per barrel and West Texas
Intermediate (WTI) above $87/bbl in December 2012. Currently, NYMEX
crude futures, Brent spot, and WTI Cushing spot are all selling at more than
$100/bbl (Bloomberg, 2012; accessed on April 13).

Estimates of future prices diverge substantially, depending on a number of
assumptions (as well as the type of crude for which estimates are forecast,
although we expect crude prices to continue to move in scale with each
other). According to projections by the IEA (2011f) (Figure 3.25), crude oil
prices (reflected in 2010 dollars) are expected to increase to somewhere
within a range of $120 to $140 per barrel by 2035. In its Current Policy
Scenario, crude oil prices are set to reach $118/bbl by 2020 and $140/bbl in
2035. In its New Policy Scenario, prices will reach $120/bbl by the latter
date. In the 450 Scenario (in which relatively aggressive action on climate
change reduces oil demand), prices stabilize at about $97/bbl in 2015.
Similarly, a study by the EU Commission (DG Energy, 2010, Figure 3.26)
looking at EU energy trends to 2030 has international fuel prices for the
EU-27 projected to reach $90/bbl in 2020 and $108/bbl by 2030 (in 2010
dollars). More conservative estimates for the region are reflected in Purvin
and Gertz (2008, Figure 3.27)-they have crude prices stabilizing in a range
of $52-$57/bbl (in 2010 dollars) by 2020.

Figure 3.25. Average IEA crude oil prices and demand (IEA, 2011f)
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At these projected price levels, it remains unclear how crude prices may
affect EU sourcing decisions. As prices for conventional oil increase, the
relative cost of investing in unconventional crudes decreases, raising the
possibility of exploiting local resources such as oil shale. Note that
domestic EU unconventional resources are much smaller than those

55 In July 2008, light, sweet crude traded for an all-time high of $147.27, while Brent crude
traded for $144.49 on London's ICE futures exchange (USA Today, 2008).
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concentrated in Russia, which is already the major provider of fossil fuels to
the region. It is less clear how price responsive the market for renewable
fuels is-currently, European renewable fuel production is more responsive
to regulations than prices. Still, in the event that advanced biofuel
technologies could be commercialized at a production cost that made
them competitive with fossil fuels, high oil prices could result in renewable
fuel supply above mandated levels.

More generally, given transportation costs and the difficulties of rapidly
adjusting refinery configuration to accommodate changing crude slates, it
seems unlikely that generalized increases in benchmark prices for crudes
currently on the market will substantially affect the mix of European
imports. It will only be if the price spread significantly deviates, for instance,
if light crudes become much more expensive compared to heavy crudes,
that we might expect to see more profound shifts in refinery capacity and
slates. Thus, while crude prices might well be an important determinant of
the uptake of unconventional and renewable fuels, it seems likely that the
European conventional crude slate will be somewhat stable relative to
general crude price movements-i.e., it will be more important to the mix
how big the gap is between any given crude prices over time than their
absolute value.

Figure 3.26. World fossil fuel prices (constant $2008) (DG Energy, 2010)

120 -
100
80
60
40 -

0 T T T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

Constant USD of 2008 per boe

—Gas (NCV) e Ol = Coal

76



European Union crude oil sourcing

Figure 3.27. Brent crude oil price forecast (Purvin and Gertz, 2008)

US dollars per barrel

80 4

= Current Dollars
70 4
= Constant 2007 Dollars

60 -

u
o
1

N
o
L

w
o
1

20 A

10 A

1985 1990 1995 2000 2005 2010 2015 2020

3.7. Additional factors influencing EU crude
sourcing

3.7.1. Global oil production and reserves

The latest World Energy Outlook published by the IEA (2011, Figure
3.28) estimated total world oil production at nearly 84 MMbbl/d in 2010
(excluding processing gains and biofuels). The BP Statistical Review of
World Energy (BP, 2011b) has it slightly lower at 82 MMbbl/d, an
increase of 2.2 percent since 2009. According to BP, this uptick was
driven by gains in Nigeria, Qatar, Russia, the United States, and China,
with the last of these experiencing its largest production increase ever
(7.1 percent). On the other hand, Norway experienced the world’s
largest decline in absolute production, with the United Kingdom
following close behind. Proven reserves of oil increased to 1.47 trillion
barrels by 2010, according to the Oi/ and Gas Journal (2010)—
equivalent to 48 years of production at existing levels. The Statistical
Review of World Energy (BP, 2011b) has estimated proven reserves
slightly higher-1.53 trillion barrels-an increase of 0.5 percent from 2009
to 2010. In either case, these estimates exclude recent upward revisions
from Iraq and Iran that show 16 billion barrels discovered in 2010.
Accounting for the probable remaining recoverable resources, it is
estimated that total reserves could reach nearly 5.5 trillion barrels (IEA,
2011f).
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Projections by the IEA (2011,Figure 3.28) show that global production is
expected to increase by 15 percent from 2010 levels to reach 96
MMbbl/d by 2035, according to its New Policy Scenario,*® at the same
time as crude oil production from fields producing in 2010 will drop
from 29 MMbbl/d to 22 MMbbl/d by 2035. As a result, global
production will rely more heavily on the development of current and
future oil discoveries as well as biofuels and unconventional oil sources.
Each of these options will have carbon implications that are highly
dependent on how projects are implemented. While the majority of
current global production is by non-OPEC countries-accounting for
58.2 percent of global output in 2010-non-OPEC production is
expected to peak at 51 MMbbl/d shortly after 2015 and then fall to less
than 48 MMbbl/d by 2035, with Brazil, Canada, and Kazakhstan being
the only suppliers not experiencing production declines.®” (IEA, 2011f)
Predicted increases in production for this period will be driven by OPEC
oil output, which is expected to reach 49 MMbbl/d in 2035,
corresponding to 51 percent of world output (IEA, 2011f, and BP, 2011b).
Already, in 2010, non-OECD countries accounted for 85 percent of the
increase in global crude runs (referring to refinery intakes of crude oil)
and for the first time accounted for a majority of global output (BP,
2011b).

56 |EA (2011f) provides three policy scenarios: (1) the Current Policy Scenario, which assumes
no changes in current policies; (2) the New Policy Scenario, in which recent government
policy commitments are assumed to be implemented, resulting in a level of emissions
consistent with a long-term average temperature increase of more than 3.5°C; and (3) the
450 Scenario, which works back from the international goal of limiting the long-term
increase in global mean temperature to 2.0°C Celsius above preindustrial levels.

57 Recent expansion of fracking in the United States suggests that U.S. production might
also expand.
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Figure 3.28. Global oil production 2010-35 (New Policy Scenario) (IEA,
2011f)>8
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Figure 3.29. Recoverable oil resources and production by region 2010-35
(New Policy Scenario) (IEA, 2011f and BP, 2012)
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According to projections by the European Energy Pathways report
(Johnsson et al., 2011) the remaining oil resources appear to be
sufficient to meet baseline demand up to 2030. This is driven by a
number of factors including levels of discovered resources deemed to
be substantially larger than proven reserves and a presumed large

58 Decline in production estimates corresponds to oil fields producing in 2010.
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potential for resource growth in fields that have already been
discovered. Nonetheless, it seems that global supply of oil will continue
to be tight, driven by the rapid decline in production levels in Mexico
and the North Sea as well as limited access to large resources in the
Middle East, Russia, and Venezuela. These are further exacerbated by
unfavorable institutional frameworks, which can lead to budgetary
constraints for some large national oil companies, geopolitical tensions,
and dwindling investments among producers to build up surplus
production capacity.

In contrast to global production levels that are expected to continue to
rise, production within the EU-27 is projected to experience a
substantial decrease, from 105 MMt of conventional oil produced in
2008 to a mere 13.1 MMt in 2050, largely due to the depletion of UK
resources (Johnsson et al.,, 2011, Table 3.4). As conventional production
declines, it is possible that unconventional oil production, mainly in the
form of oil shale located in Italy, Estonia, and the United Kingdom will
begin to supplement rising demand. Given current production levels,
these resources are expected to have an impact on oil markets only
after 2020 (presuming there are no insurmountable
political/environmental barriers to increased exploitation). Overall,
given current demand forecasts, the EU will remain a net importer of
crude and derivatives, and this trend will be further exacerbated by
dwindling reserves in its member countries in the medium and long
term.

Table 3.4. Conventional oil production and projections in the EU 2008-
50 (Johnsson et al., 2011)

—mmmmmmmmm

Denmark 14.2 12.8 1.3
Germany 3.1 2.6 1.7 1.1 0.7 0.5 0.3 0.2 0.1 0.1
Italy 52 4.9 4] 3.4 2.9 2.4 2 1.7 1.4 12
Netherlands 22 1.9 1.4 1 0.7 0.5 0.4 0.3 0.2 0.1
UK 715 643 535 469 411 31 23.3 17.6 13.3 10

Others 8.2 6.7
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Figure 3.30. Projected oil production and demand levels to 2050 in the
EU-27 (and Norway) (adapted from Johnsson et al., 2011)>°
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In general, it seems likely that reserves will be adequate to meet
potential demand levels to 2050. The Statistical Review of World
Energy (BP, 2012) suggests that Middle Eastern, North and South
American, and African proven reserves should last to 2050 even with
limited new finds. The lowest proven reserves relative to current
production are in the Asia-Pacific, Europe and Eurasia (Figure 3.31).

SOEE&TT refers to the European Energy and Transport - Trends to 2030 report (2008) by
the European Commission Directorate-General for Energy in collaboration with Climate
Action DG and Mobility and Transport DG.
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Figure 3.31. Years of proven reserves at current production rates by
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While there is little question that North Sea oil production is dwindling,
accurately estimating Russian and other FSU countries reserves is more
challenging. Russia already accounts for more than 70 percent of
current FSU imports to Europe and (according to BP) a similar
percentage of proven FSU reserves. Table 3.5 summarizes findings
from an Oil Drum (2006) literature review, which showed a range of
reserve estimates for Russia between 60 and 200 Gbbl. In 2006, BP
assessed less than half the reserves estimated by some other experts.®°
Nevertheless, we believe that restrictions on supply due to dwindling
reserves in Russia are unlikely in the 2050 period. Russia also has
extensive unconventional resources. For high-oil-price scenarios
without preventative environmental regulation, it seems likely that
these reserves will be exploited in the time frame to 2050. Still, given
the increasing market for Russian oil in China and elsewhere in Asia, it is
probable that Russian oil will represent a smaller fraction of EU imports
moving forward.

60 Note that some of this difference is to do with the probability threshold for counting
reserves used for each estimate.

82



European Union crude oil sourcing

Table 3.5. Various estimates of Russian oil reserves (2006)

ESTIMATED RESERVES
SOURCE (THOUSAND MILLION
BARRELS)

Oil & Gas Journal (OGJ) 60

John Grace* 68

World Qil 69

British Petroleum 72

10 largest Russian oil companies 82

Evgeni Khartukov (Russian oil expert) 110

United States Geological Survey 16

Ray Leonard (MOL Group) 19

Wood Mackenzie 120

IHS Energy 120

Mikhail Khodorkovsky (former Yukos head) 150

Brunswick UBS (consultants) 180
DeGolyer & MacNaughton (audit) 150 to 200

3.7.2. EU crude oil demand projections

According to the IEA (2011f), total primary energy demand in the
European Union is set to increase by less than 5 percent from 2009
levels to 2035. The jump in energy demand occurs prior to 2020, with
natural gas demand rising by 24 percent over the outlook period,
corresponding to 30 percent of the region’s energy mix by 2035 (IEA,
2011f). Similarly, the consumption of renewable energy is expected to
increase annually by 3.5 percent, so that by 2035 its share of the
energy mix grows to 23 percent (IEA, 2011f). Oil imports to the EU are
expected to remain steady at around 9.8 MMbbl/d until around 2020
before declining to 8.8 MMbbl/d in 2035 (IEA, 2011f). The region will
experience a more tempered demand schedule than that projected
globally. The IEA (2011f, Figure 3.25), under its Current Policy Scenario,
shows worldwide oil demand increasing by 24 percent over 2010 levels,
or 0.8 percent annually, while under its New Policy Scenario the
corresponding increase is reduced to 15 percent and 0.5 percent yearly.

Nonetheless, in the EU (as elsewhere), oil still will dominate energy
consumption in the transport sector in 2035, accounting for 83 percent
of the total; its total share of the EU’s energy mix will be about one-
fourth (IEA, 2011f). Overall, Europe remains the region most dependent
on oil imports, accounting for 24.8 percent of global crude imports and
17.4 percent of petroleum product imports in 2010 (BP, 2011b).
According to IEA projections, EU imports as a share of GDP are set to
stabilize at around 3 percent until 2020 before dropping to
approximately 2.5 percent by the end of 2035 (IEA, 2011f). The drop in
import expenditures mirrors demand growth of alternative fuels and a
more diversified energy mix. Nonetheless, over the long term the EU is
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likely to rely heavily on external trade to fulfill demand, as this presents
a cheaper option than additional investments in unconventional crudes
or refining capacity. Despite this, the product mix will become more
diverse, enhancing energy security by diversifying crude sources and
reducing exposure to supply shocks. Meanwhile, product quality
requirements are not expected to act as a material barrier to trade as
quality begins to converge internationally (see Purvin and Gertz, 2008).

Figure 3.32. Oil demand and its share of imports by region (New Policy
Scenario) (IEA, 2011f)
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3.7.3. Transportation sector fuel demand in Europe

Energy used for transport is likely to continue to be primarily oil in the
coming decades, despite technological advances and increasing
demand for renewable fuels. Currently, 97 percent of freight and
transport activities rely on oil as a primary fuel, corresponding to 57
percent of all oil consumed in the EU-15%" (Chen and Koppelaar, 2010).
Furthermore, estimates show that the share of oil consumed by the
transport sector for the EU is expected to rise to 59 percent by 2030 as
overall oil consumption declines over time (Chen and Koppelaar, 2010).
Similarly, Fiorello et al. (2008), using an integrated modeling
framework to determine transport demand in a high-oil-price scenario,
show that total passenger kilometers in the EU-27 are strongly affected
by oil price changes through modal shifts, destination changes, and
reduced distances traveled, as well as diminished economic activity. In

6'Refers to Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,
Luxembourg, the Netherlands, Portugal, Spain, Sweden and the United Kingdom
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regard to freight performance, the authors conclude that high prices
slow down the growth of tons per km but not total freight traffic.

Fiorello et al. note that transport demand is typically characterized as
relatively price inelastic but argue that persistently high oil prices could
lead to behavior changes. Renewal of the car fleet and adoption of
alternative fuels, together with efficiency improvements, are likely to
make the cost of traveling by car less sensitive to oil price toward
2050. Nonetheless, high fuel costs could encourage switching to rail
(for which prices are much less sensitive to energy cost), not only from
cars but also potentially from air travel and buses. Air travel demand is
characterized as being particularly elastic with respect to energy prices.

3.8. EU crude sourcing trends - conclusions

The literature on the relationship of future European oil supply to cost is
limited. Oil markets are notably volatile and subject to political instability;
this pattern seems unlikely to change in the near future. The future of
unconventional oil production is likely to be highly sensitive to oil prices
and environmental legislation. Despite all this, we expect that, overall,
European oil sources will be relatively stable over the coming decades.
Russia, the FSU, the Middle East, and Africa look set to continue to
dominate production; in general, we expect this production to be from
conventional sources with a comparable emissions profile to the current EU
crude slate. From an emissions modeling perspective most of the areas and
processes of interest in 2050 are likely to be much the same as now. While
increased oil prices would undoubtedly have some influence on the
proportions extracted from different sources, the dynamics underlying
these price increases would have a larger impact. So that high prices driven
by Chinese demand might have a different effect on EU sourcing choices
than high prices caused by a jump in U.S. demand. Regarding emissions,
the impact of high prices is likely to be moderate-increased prices may
make things like end-of-field-life enhanced recovery more viable, with
associated emissions increases, but such enhanced recovery will not be a
dominant means of extraction. In terms of upstream emissions modeling, of
more interest is the trajectory of production from tar sands and oil shale
reserves. It is possible that Canadian tar sands oil may become a growing
source for the EU to 2020 and beyond. Similarly, with sustained high oil
prices the pressure to expand oil shale exploitation (following the Estonian
model) is likely to grow. Since both of these extraction approaches are
likely to be profitable at oil prices in the range we expect moving forward,
regulatory barriers (such as carbon pricing) may be more determinative of
the importance of these fuel sources in Europe than the oil price alone.

It would be possible to use a linear programming approach to produce
more detailed predictions for each oil price scenario, but we are cautious
about the accuracy of such assessments. We have therefore restricted
ourselves to more general conclusions and comments, focused on
assessing any issues of particular interest as regards upstream oil emissions
modeling. We summarize these in Table 3.6 below.
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Table 3.6. EU Crude Sourcing

SOURCE

CURRENT
IMPORTS

COMMENTS

FSU (Russia,
Caspian)

North Africa

West Africa

South & Central
America

86

41.7%

12.3%

7.8%

2.6%

Russia’s reserves may be slightly less certain in nature than those of other regions. There is also competition for
Russian crudes from the Asian market. It is possible that in a low ($50) oil price scenario, Russian production could
reduce and we might expect to see the importance of Russian crude to the European market diminish. For a
persistent > $100 oil price, however, it seems probable that unconventional reserves will be exploited and will
support continued exports to the EU (if with a different carbon profile). Even with unconventional production, given
increasing oil demand from Asia, it seems unlikely that Russian crude will take a significantly larger place in EU
imports to 2050 than it does now.

Given its proximity to the EU, and despite recent political changes, notably in Libya, North Africa is expected to
continue being an important partner in oil sourcing. North African reserves are estimated at 69 billion barrels
(dominated by Libyan reserves estimated at 47 billion barrels) by the EIA in 2012. This situates the region between
Russia and the United Arab Emirates in terms of reserves. Aside from any new political upheavals, sourcing by the
EU from the region as a whole is expected to remain broadly stable.

West African reserves are dominated by Nigeria, which makes up 98% of the region’s 38 billion barrels according to
the EIA in 2012. It seems likely that the EU will continue to be a key export market, not least given the European
refining sector’s substantial appetite for the light crudes characteristic of Nigerian production.

Proven reserves in Latin America have risen dramatically in the last decade, and with extensive unconventional
resources production increases seem likely, especially for a high-oil-price scenario ($150), which should allow the
national oil companies scope to make serious investments. Energy-Redefined predicts a moderate increase in supply
from now to 2020, and it seems reasonable to expect that new South and Central American sources will enter the
EU fuel mix in the coming decades-perhaps more so for a high-oil-price scenario.



European Union crude oil sourcing

CURRENT

SOURCE IMPORTS COMMENTS

Middle Eastern reserves are significant and should sustain production levels to 2050. There seems little reason to
expect a major change in European imports, aside from political instability as exemplified by the recent Iranian oil

N o)
Midle e Bere. I embargo, from the Middle East-a high-oil-price scenario might drive more investment elsewhere, though, reducing
the fractional importance of these supplies to Europe.
North Sea 20 6% North Sea oil reserves are diminishing, and we see little reason to expect that to change. North Sea oil will be less
5 (o)

important in Europe regardless of oil prices.

Canada has extensive reserves of bituminous oil, which are highly profitable to exploit at $100 a barrel, and would
still generate profits at $50. It seems likely that investment will move faster for a higher oil price, so higher prices are

Canada 0.07% likely to make this source more significant for Europe. Given the relatively low gasoline yield from refining bitumen,
and the structural shortage of diesel in Europe, one pathway might be for bitumen to be refined in the United States
and the excess diesel to be exported as finished product.

At $50 a barrel these will not be exploited, and at $100 other unconventional sources (e.g., fracking, tar sands) will
probably take precedence in new development in the medium term, but in a $150 scenario these resources, extensive
in many areas, will look appealing and, absent contrary price signals from climate legislation, could become an
important source of EU crude.

Oil shales 0%
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4. Summary of Findings from LCA
Studies

4.1. Introduction

In the fuels sector, one major policy response to the challenge of reducing
carbon emissions has been the development of low carbon fuel standards
(LCFS) and similar policies®? (c.f. §2). Beginning with California in 2007,
LCFS-type regulations have been seen as a useful tool to stimulate
improvements in transportation fuel technologies with the aim of reducing
the consumption carbon-intense fuels while incentivizing investments in
new vehicles and low carbon fuels. The European Union’s Fuel Quality
Directive is one example of these policies. These regulatory frameworks
require decreases in the carbon dioxide emissions associated with the
entire lifecycle of fuels and thus rely on the application of lifecycle analysis
(LCA). There is no single optimal LCA framework, or single agreed system
boundary, but in general the aim of LCA is to account for the energy used
and CO, emitted by processes related to the production, transport, storage,
and use of fuel.

Given the complexity of fuel production processes and the lack of a single
unified LCA framework, it is unsurprising that there have been diverging
carbon intensity (CI) estimates published in the literature and that the
accuracy of the modeling used to determine the Cl of fuel sources has
come under increased scrutiny. Added to this are complications regarding
access to proprietary industrial data for product inputs and feedstock, to
which many policy makers have limited access. In the regulatory context,
the desire to minimize regulatory burdens conflicts with the desire to
demand exhaustive data reporting to improve the accuracy of analytical
results. Some regulatory frameworks have tried to manage this conflict by
allowing the use of conservative default values while encouraging suppliers
to “opt in” and report additional data to demonstrate a lower carbon
intensity for their fuels (Sperling et al., 2007). Even outside of active
regulatory frameworks, LCA results have become a key driver of
discussions regarding climate policy-the debate around the exploitation of
oil sands in particular has been characterized by the use of dueling Cl
estimates.

This chapter reviews the literature on the modeling of lifecycle GHG
emissions from conventional crude oil production. We note that much of
this literature has focused on the fuel mix available for consumption for the
U.S. market, and as such, some degree of caution must be exercised in
generalizing from the American to the European fuel markets. Still, there is

62 Low Carbon Fuels Standard is the specific term for the policy in force in the state of
California but is also commonly used as a generic term for that class of performance-based
policies to regulate the carbon intensity of fuels.
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much overlap of crude sources between the regions, and it is possible to
infer conclusions about the Cl of comparable processes even in different
geographical locations. The sources we have reviewed include:

1. Joint Research Centre, EUCAR and CONCAWE (JEC) Well-To-Wheel
Study (2011)

GREET 12011

GHGenius 4.00c

McCann and Associates (2001)
Energy-Redefined (ICCT/ER, 2010)
TIAX (2009)

Jacobs (2009) (plus overview of results from Jacobs, 2012)

® N O oA WD

National Energy Technology Laboratory (NETL) study (2009)
9. IHS CERA (2010a)

It is important to understand when comparing the results of different LCA
studies that each set of results reflects a specific study methodology,
system boundary, period of time analyzed and set of input data.
Differences between results therefore can reflect both real differences
between production systems analyzed and differences in the approach
taken by the studies in question. While the outputs of these different
studies can be usefully compared to some extent, caution is appropriate in
interpreting what differences in results really mean. In this report, we focus
on providing an overview of each individual study, rather than attempting a
rigorous and comprehensive methodological comparison of different
studies.

4. Joint Research Centre, EUCAR and CONCAWE
(JEC) Well-To-Wheel study (2011)

4.1.1. Objective and data description

The primary objective of the JEC Well-To-Wheels (WTW) study is to
establish the energy and greenhouse gas balance for various fuels
suitable for road transport powertrains. The study notes that “the
ultimate purpose ... is to guide those who have to make a judgment on
the potential benefits of substituting conventional fuels by
alternatives”; i.e., it is intended to allow comparative judgments to be
made about the greenhouse gas (GHG) reduction efficacy of various
fuel pathways. The study aims to calculate the emissions, energy, and
cost implications of replacing the conventional fossil fuel mix, as
measured in 2010 and predicted in 2020, with increased use of the
various alternative fuel possibilities.
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4.1.2.

Data quality and quantity

JEC uses International Association of Oil and Gas Producers (OGP)
regional data as a key source. OGP publishes data annually-the year
2005 is chosen as the basis for the WTW study because, unlike later
years, venting and flaring are reported explicitly (see Table 4.1). OGP
membership covers about a third of global oil production-JEC notes
that membership is skewed toward multinational oil operators and
away from national oil firms.

Table 4.1. Energy and GHG emissions from crude oil production (OGP,

2005)
TOTAL AFRICA ASIA EUROPE FSU ME NA SA
OGP production MMt/a 2103 390 298 515 51 235 366 248
Total production MMt/a 6382 614 706 538 1262 1471 1318 473
Coverage % 33% 64% 42% 96% 4% 16% 28% 52%
ENERGY |
Total PJ/a 2688 325 441 476 59 142 820 425
Specific energy MJ/MJ 0.03 0.02 0.035 0.022 0.027 0.014 0.053 0.041
MMt/a 283.2 106.8 39.8 335 7.1 275 415 27
CO2 t/kt 134.7 273.8 133.6 65 139.2 nz n3.4 108.9
kt/a 2361 674 566 122 49 139 389 422
CHa4 t/kt 112 173 19 0.24 0.96 0.59 1.06 17
MMt/a 342.2 123.7 53.9 36.6 8.3 31 51.2 375
COze t/kt 162.7 3171 181 7 1632 131.8 140 151.4
% due to venting 21 6 36 9 17 13 23 39
% of Cin crude 520
Specific emissions g/MJ 3.87 7.55 4.31 1.69 3.89 314 3.33 3.6
FIGURES PRORATED TO
TOTAL PRODUCTION
MMt/a 1016.5 194.7 127.8 382 205.9 193.8 184.5 71.6
COze t/kt 494 499 429 74 4038 825 504 289
Specific energy MJ/MJ 0.03
% of C in crude 5.10 10.10 5.70 2.30 520 4.20 4.40 4.80
Specific emissions g/MJ 379

The JEC study notes that the data coverage from OGP is variable-with
the best coverage for Europe and reasonable coverage for Africa and
South America but poor coverage elsewhere. This is illustrated in Table
4.2. It also notes that the aggregation implied in these regions could
mask substantial variations. The coverage is nominally global, however,
the coverage of EU crudes is complete, even if the data precision for
those calculations is relatively poor.
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Table 4.2. Coverage of OGP data ([S&T]?, 2011)

|__REGION _| 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009_

Africa 63% 63% 62%  66% 63% 61% 59%  59%
AUSA;EQ “s 40%  43%  47%  46%  44%  43%  45%  42%
Europe 102% 104% 99% 94%  98%  100%  103%  98%  104%
SO\E‘; mi:on 0% 10% 1% 4% 4% 5% 8% 8% 10%
Middle East ~ 10% 9%  16%  15%  16% 17% 15% 20%  33%
A'r“noerrti*;a 53%  51%  30%  29% 27% 25% 23%  25%
Afﬁ;rtlza 47%  57%  58%  53% 42% 4% 40%  40%

-

4.1.3.

Methodological considerations

The JEC study is not a modeling study in the way that it approaches
crude oil extraction emissions-rather, it uses estimates from the
existing literature as a basis for its conclusions. This is somewhat similar
to the NETL study (see §0). The JEC work predates the International
Reference Lifecycle Data System (ILCD) guidelines and hence does not
refer to them.

As in other studies, JEC does not include construction emissions or
emissions involved with decommissioning plants and vehicles within
the system boundary. It observes that the impact of these emissions on
the overall pathway Cls is likely, in general, to be small compared to the
uncertainty already in the estimates. The calculations for the WTW
study are undertaken via proprietary software (the E3 database by L-B-
Systemtechnik of Ottobrunn, Germany).

The study defines lifecycle stages similar to those defined in, for
instance, the NETL study:

1. Production and conditioning at source
Transformation at source
Transportation to EU

Transformation in EU

oA W N

Conditioning and distribution.

Stages one and two are of interest to us here. The stages are defined
the same for all considered fuels, not only crude oil. The study aims to
represent emissions for 2015-2020 and thus endeavors to account for
technology that will be commercially available within that timeframe.

Carbon equivalency values for GHGs are based on the 100-year global
warming potential (GWP) defined by the Intergovernmental Panel on
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Climate Change (2007). As in other studies, lower heating values are
used for the energy content of fuels.

The OGP report on which JEC bases its production emissions suggests
that about 50 percent of the attributed GHG emissions are a result of
venting and flaring-JEC cautions that it is unclear whether this includes
or excludes the 35 percent of reported emissions that are ‘unspecified.’
It therefore concludes that flaring and venting account for 1.3-2
gCO.e/MJ for the average EU crude, with extraction accounting for 2-
2.6 gCO2e/MJ. JEC cross-references the OGP flaring and venting values
against National Oceanic and Atmospheric Administration (NOAA)
values reported based on satellite mapping. The satellite mapping
suggests a higher value for flaring and venting, potentially up to 3.2
gC0O2e/MJ—JEC settles on 2.5 gC0O,e/MJ + 50 percent. This takes the
average emissions for crude production to 4.8 gCO,e/MJ.

For oil sands, JEC does not attempt modeling of extraction but instead
takes a value of 20 gCO,e/MJ for production based on the available
literature. For Venezuela, JEC expects similar values but notes that
Venezuelan extra-heavy oil is more liquid than Canadian bitumen,
which might allow lower energy inputs. For both regions, JEC expects
gas to supply power for steam generation.

Transport emissions by ship are calculated based on assumptions
about type of oil tanker and distance transported. JEC is interested in
marginal crude for comparative purposes with other alternative fuels. It
believes the marginal crude to Europe would be a relatively light Middle
Eastern crude, and thus it bases its transportation value on shipment
from the Middle East, yielding 0.8 gC0O,e/MJ.

4.1.4. Parametric significance and temporal variations

JEC notes the importance of flaring estimates to oil extraction
emissions. The JEC model is not based on modeling via extensive
parameters, and so there is no parameter analysis to speak of. Similarly,
there is no sensitivity analysis for individual parameters, as this is not
intended as a potential reporting model. The JEC work aims to look five
to ten years forward, but it has not made any assumptions about
changing production emissions profiles over time-again, this is
somewhat less relevant for the highly aggregated emissions values.

4.1.5. Summary findings

92

The JEC report finds average production emissions intensity of 4.8
gCO.e/MJ of crude. The transport emissions (for Middle Eastern crude)
are found to be 0.8 gC0O,e/MJ, giving a total of 5.7 gCO,e/MJ for
delivery of crude to a European refinery.
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4.2. GREET 12011

4.2.1. Objective

The Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) model has been widely used, especially in the
United States, to calculate GHG intensity of fossil fuels. The carbon
intensity calculated for the U.S. represents an aggregate average value.
It is used for the upstream GHG intensity of fossil fuels for the EPA
Rulemaking to Establish Light-Duty Vehicle Greenhouse Gas Emission
Standards and Corporate Average Fuel Economy Standards and, in its
modified California-GREET incarnation, for the California LCFS.

4.2.2. Methodological considerations

The GREET oil recovery calculations are based on an ‘energy efficiency’
rating for each fuel pathway. This expresses the percentage of total
input fuel energy that is yielded as transport fuel—so if 9 MJ of energy
(in the form of crude oil) were refined with 1 MJ of electricity into 9 MJ
of petroleum, that process would have the following energy efficiency:

9/ (9+1)x100 =90 % efficiency.

This efficiency rating defines the energy inputs into the recovery
process. This information is then cross-referenced with a breakdown of
the type of process fuels (e.g., natural gas vs. coal vs. petroleum coke)
used for oil recovery, and emissions factors for those fuels themselves,
to determine total emissions from recovery for a range of pollutants-
notably, methane, nitrous oxide, and of course carbon dioxide. In this
way, GREET can calculate the total CO, equivalent emissions per
megajoule of output fuel.

GREET currently calculates three fossil fuel recovery pathways-crude
oil, oil sands mining, and oil sands in situ surface production. The
recovery energy efficiencies and process fuel shares are detailed in
Table 4.3.
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Table 4.3. Efficiency and process energy use for oil recovery in GREET

201
OIL SANDS MINING OIL SANDS IN SITU
CRUDE
GREET
RECOVERY Bitumen Bitumen Bitumen Bitumen
Extraction Upgrading Extraction Upgrading
SN 98.0% 94.8% 98.6% 84.3% 98.6%
efficiency
Ul 2.0% 2.0% 2.0% 2.0% 2.0%
emission share
Loss factor 1.000 1.000
Energy use (MJ/million MJ)
Crude oil 204 0 0 0 0
Residual oil 204 @) @) @) 0
Diesel fuel 3,057 329 0 0 (0]
Gasoline 408 0 0 0 0]
Natural gas 12,635 45,132 13,787 181,01 13,787
Coal 0 0 0 0]
Liguefied

petroleum gas

Electricity 3,872 9,377 397 5214 397
Hydrogen 84,187 32,364
Petroleum 0 0 0 0
coke
Feed loss 28 14 14 14 14
Refinery still 0 0 0 0
gas
Natural gas o
flared

*GREET allows the user to input a flaring emissions value, but the default is zero
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As noted, the version of GREET used for the California Low Carbon
Fuel Standard is slightly modified and referred to as California-GREET.
California-GREET uses the same crude and bitumen recovery values as
GREET 12011.

4.2.3. Data quality and quantity

The crude recovery efficiency value of 98 percent used in GREET is
referenced in comparison to three other studies: NREL et al. (1991),
Delucchi (1991), and Ecotraffic, (1992). The process fuel mix is based on
Wang (1999). For oil sands, the process efficiencies and fuels are
suggested by Larsen et al. (2004)-the efficiency of mining has been
revised upwards between then and the current model version. There is
no attempt in GREET to distinguish between crude recovery at
different locations beyond these three pathways, and hence there is no
coverage of specific crudes for import for Europe except the two
Canadian pathways.

4.2.4. Summary findings

The carbon intensity of the pathways as detailed in GREET is given in
Table 4.4.

Table 4.4. GREET oil production Cls

PATHWAY Cl (gCO2e/MJ)

Crude oil 7.45
Mined bitumen 18.9
In situ bitumen 20.3

4.3. GHGenius 4.00c

4.3.1. Objectives

GHGenius has been developed by (S&T)? consultants since the year
2000 for Natural Resources Canada, based on Mark Delucchi’s 1998
Lifecycle Emissions Model (LEM). It is similar to GREET in that it is
essentially a spreadsheet-based model that can calculate emissions of
both greenhouse gases and other pollutants. LEM initially modeled a
steady Canadian crude slate (about 50 percent domestic, 50 percent
imported). In 2011, the model was enhanced to provide a more time-
sensitive encapsulation of changing crude flows and to have improved
coverage of Canadian crudes exported for refining elsewhere.

The GHGenius model “is capable of analyzing the emissions from
conventional and alternative fuelled internal combustion engines or fuel
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cells for light duty vehicles, for class 3-7 medium-duty trucks, for class
8 heavy-duty trucks, for urban buses and for a combination of buses
and trucks, and for light duty battery powered electric vehicles. There
are over 200 vehicle and fuel combinations possible with the model.”
([S&TJ?, 2011). GHGenius models past, present, and future years based
on trends stored in the model.

4.3.2. Data quality and quantity

GHGenius has better coverage of areas importing oil to Europe than
other North American models. Table 4.5 shows the regions that
GHGenius includes data for, with the percentage of EU crude use they
account for.

Table 4.5. Coverage by GHGenius of crudes from regions supplying

Europe

% OF CRUDE REFINED IN EUROPE (FIRST
LSRN THREE MONTHS 2011)

United States O (Diesel imported as refined product)
Canada 0.07
Mexico 1.36

India 0
Northern Europe 20.59
OPEC 0
Venezuela 0.61
North Africa (Algeria, Libya) 1112
Nigeria 5.38
Indonesia 0
Persian Gulf 12.95
Australia 0
Other South America 0.43
Other Middle East 0.86
Caribbean Basin 0
Other Africa 4.84
Asian Exporters 0
Other 0

TOtal COVEIESS Of o CrUde

(S&T)? (2011) observes that there is no single comprehensive public
source for the assays (properties) of the various crudes of interest for
the Canadian marketplace. It uses the Oil Properties Database from
Environment Canada, a poster from McQuilling®® services LLP,
company websites, and EIA country briefs. It further points out that
because oilfield and oil properties can vary widely within regions or
countries (see ICCT/ER, 2010), this introduces additional complications.

63 www.meglobaloil.com/MARPOL/pdf
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Energy consumption data for oil production is available for the United
States and Canada, and in GHGenius the energy consumption of
production in other countries is defined relative to the U.S. numbers.
GHGenius has been calibrated to reflect energy consumption trends
apparent in OGP data (see Table 4.6).

Table 4.6. Energy consumption for crude oil production (OGP regional
values as compared to GHGenius U.S. value)

ENERGY RELATIVE TO U.S.
DATA COVERAGE CONSUMPTION, GHGENIUS VALUE,
GJ/TONNE 2009

Africa 59% 113 0.54
Asia/Australasia 42% 1.59 0.76
Europe 104% 112 0.54
FSU 10% 1.06 0.51
Middle East 33% 1.00 0.48
North America 25% 3.08 1.47
South America 40% 1.69 0.81

Caverne | e | ass | or

The values GHGenius uses are in Table 4.7. Data quality for the OPEC
nations in particular is relatively poor, as indicated by the assignation of
identical energy efficiency values to many country/product
combinations. The GHGenius documentation explains that, for many
regions, detailed data is unavailable. Hence, there is significant
uncertainty in the GHGenius estimation of the regional energy intensity
for each oil category.
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Table 4.7. Energy efficiency of oil production in GHGenius 4.00c¢c

RATIO OF ENERGY USE FOR GIVEN REGION/PETROLEUM PRODUCT TO
ENERGY USE FOR U. S. ONSHORE CONVENTIONAL

CRUDE OIL 8 Weighted
PRODUCED IN: % average across
° all petroleum
5 products
(3]

United States 0.70 1.00 5.00 9.00 5.00 6.00 3.36
Canada 0.97 1.38 1.40 0.78 3.66 5.40 3.06
Mexico 0.70 1.00 1.50 2.90 5.00 6.00 217

India 0.45 0.64 0.42 0.58 5.00 6.00 0.50
Northern Europe 0.39 1.00 0.55 1.20 5.00 6.00 0.60
Venezuela 0.70 1.00 3.00 1.20 5.00 6.00 110

: A’\:ggtrTa’ALfirécya@ 0.39 055 0.65 120 500  6.00 0.55
Nigeria 0.46 0.55 0.65 1.20 5.00 6.00 0.60
Indonesia 0.46 0.65 2.00 1.20 5.00 6.00 0.92
Persian Gulf 119 1.70 2.00 1.20 5.00 6.00 1.58
Australia 0.53 0.76 2.00 1.20 5.00 6.00 1.69
Other South 057 0.81 2.00 120 500 6.0 0.85
Other Middle East 1.05 1.50 2.00 1.20 5.00 6.00 1.50
Caribbean Basin 0.70 1.00 2.00 1.20 5.00 6.00 1.00
Other Africa 0.46 0.65 2.00 1.20 5.00 6.00 0.89
Asian Exporters 0.46 0.65 2.00 1.20 5.00 6.00 0.92
Other 0.70 1.00 2.00 1.20 5.00 6.00 1.00

For Canada, GHGenius uses more detailed data. For conventional oil,
GHGenius uses data from Canada’s Energy Outlook: The Reference
Case 2006. For mining of oil sands, GHGenius uses a three-year
average of energy consumption data from the Alberta Energy
Resources Conservation Board (ERCB) ‘ST-43’ data. These data are
based on actual reporting from the Albian Sands and Syncrude Aurora
projects.

For in situ production from oil sands, data are again available from
ERCB, the ‘ST-53" data. GHGenius assigns steam:oil ratios (SOR, the key
parameter for thermally enhanced production methods) based on these
data. For cyclic steam stimulation (CSS) the SOR is taken to be 3.9,
with 2.6 GJ of natural gas per metric ton of steam, while for steam-
assisted gravity drainage (SAGD) the SOR is taken as 3.0, with 3.2
GJ/ton of steam. For primary in situ production, values have been
based on Clearstone Engineering et al. (2009)-there is a lack of
detailed data on the energy intensity of the primary production phase.

For bitumen upgrading, GHGenius bases its energy intensity calculation
on ‘ST-43 data for seven actual Alberta upgrader projects (stand-alone
upgraders) and three actual Alberta projects (integrated upgraders).
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Similarly, fugitive, flaring, and venting data for the mining and in situ
projects are based on actual project data from ERCB.

For land use changes, GHGenius reviews the relevant literature and
uses values in line with those papers-see (S&T)? (2012).

4.3.3. Methodological considerations

GHGenius 4.00c has a much more disaggregated set of crude oil
production pathways than GREET, for instance. It includes pathways for
production of condensate (APl > 40), conventional onshore crude,
conventional offshore crude, heavy crude, bitumen, and synthetic
crude, for up to 16 regions—a total of 33 crude pathways.

GHGenius describes crudes with four characteristics: APl gravity, sulfur
content, carbon content,®* and energy content.®® The carbon and
energy content are calculated values, making APl and sulfur input
parameters. For the carbon intensity of production, another
fundamental input parameter is the energy efficiency (metric
kilotons/ton of oil produced)-in GHGenius, these values are normalized
to the energy intensity of U.S. onshore production (Table 4.7).

Finally, there is the rate of flaring and venting for each region.
GHGenius uses data from the World Bank Gas Flaring Reduction
Partnership (NOAA satellite imaging of flare intensity cross-referenced
with production data from EIA to give flaring rates per ton of
production) for flaring-this has replaced an earlier calculated flaring
assessment in GHGenius 3.15 (see Table 4.8).

64 Calculated from gravity and sulfur as

% C =76.99 + (10.19 * API gravity) + (-0.76 * Sulfur content) (EIA, 2006)
65 Also calculated from API

HHV = 42,860 + 93*(API-10) (lowa State University)
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Table 4.8. Flaring rates from GHGenius 3.15 and NOAA compared

Liters/tonne Liters/tonne

U.S. 7,706 7,405

Canada 13,593 13,578
Mexico 9,383 11,230

India 30,604 18,370

N. Europe 5,455 3177
Venezuela 28,214 17,472
North Africa (Algeria, Libya) 30,752 50,091
Nigeria 191,786 142,461
Indonesia 42,648 49,373
Persian Gulf 14,839 29,726
Australia 873 15,225
Other South America 25,442 20,240
Other Middle East 7,591 32,963
Caribbean Basin 15,158 28,996
Other Africa 148,851 60,054
Asian Exporters 1,865 29,973

The rates of flaring in liters per ton of production are combined with a
flare efficiency rating to determine venting.®® It is possible to estimate
venting rates by assuming that gas that is produced and is not
detected as flared by the World Bank is being vented, which gives
overall flare efficiencies of 80-95 percent, i.e., between 5 percent and
20 percent of gas is being vented in each region. The World Bank uses
an average flaring efficiency of 93 percent, which has been adopted by
GHGenius. The OGP provides additional data on non-flaring methane
emissions from production; see Table 4.9.

Table 4.9. Methane emissions excluding flaring and venting (OGP)

Africa 173 1.45 1.37 1.38
Asia/Australasia 1.9 1.41 1.51 1.81 2.66
Europe 0.24 0.25 0.23 0.26 0.28
FSU 0.97 0.78 0.62 0.56 0.62
Middle East 0.47 0.41 0.33 0.7 0.3
North America 1.06 1.45 1.55 1.64 1.65
South America 1.42 1.41 1.36 1.66

“—mm“

66 This captures not only flare tip efficiency but also other expected venting losses.
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4.3.4. Summary findings

The production emissions (including recovery, flaring, and upgrading)
from GHGenius by region are listed in Table 4.10. The values are not
based on single more or less representative oilfields but on a weighted
average of national production emissions taking in relative volumes of
condensate, onshore conventional, offshore conventional, heavy crude,
bitumen, and synthetic crude oil (SCO).

Table 4.10.Production emissions in GHGenius, weighted average for each
country/region across produced petroleum outputs*

PRODUCTION
e R EMISSIONS (gCO2e/MJ)

U.S. 14.8
Canada 1
Canada oil sands 19.1
Canada conventional 8.8
Mexico 10.6
India 7.6
N. Europe 53
Venezuela 7.8
North Africa (Algeria, Libya) 9.1
Nigeria 14.8
Indonesia 12.0
Persian Gulf 12.1
Australia 1.9
Other South America 8.1
Other Middle East 1.0
Caribbean Basin 8.1
Other Africa 1.4
Asian Exporters 9.7
Other 6.3

*Emissions per MJ of refined product

4.4, McCann and Associates (2001)

The consultancy McCann and Associates (McC&A) has published several
crude oil LCAs since 1999%7. The McC&A analysis is not extensively
documented compared to the other examples listed here, and therefore we
report only the results, without details of the methodology. We believe that
the McC&A assessment of production emissions is based on energy
consumption and flaring data rather than an engineering model. The results
are shown in Table 4.11.

67 http://www.ogj.com/articles/print/volume-97/issue-8/in-this-issue/general-
interest/crude-oil-greenhouse-gas-life-cycle-analysis-helps-assign-values-for-co-2-
emissions-trading.html
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Table 4.11. McC&A 2001 LCA results (gC0O.e/MJ transport fuel)®®

CANADIAN BRENT SAUDI NIGERIAN CANADIAN VENEZUELAN
LIGHT BLEND LIGHT ESCRAVOS SCo PARTIAL UPGRADER
3.8 3.4 55

Production 12.6 17.8 19.1
Transport 1.3 2.1 49 1.8 1.2 1.6
Refining 57 6.0 6.0 55 59 6.2
Tailpipe 75.9 75.6 74.6 76.2 76.2 77.0
By-procuct 4 43 46 3.9 38 36
WTW 90.7 915 95.6 100.1 104.9 107.6

4.5. Energy-Redefined

4.5.1. Objective and data description

In 2010, Energy-Redefined (ER), commissioned by the ICCT, published
Carbon Intensity of Crude Oil in Europe, one of the few studies focusing
its attention on the European market. The study aimed to quantify the
upstream GHG emissions of crude oil supplied to the EU market from
extraction to refining with the objective of highlighting the processes in
which the greatest opportunities for significant reductions could be
attained. In particular, emissions were quantified for five production
processes: extraction; flaring and venting; fugitive emissions; crude oil
transport; and refining. It is worth noting that the analysis does not
delve beyond the refinery to include emissions associated with
distribution or combustion of the end products.

4.5.2. Data quality and quantity

The ICCT/ER (2010) study is unique in terms of scope. The database
used is extremely comprehensive, covering approximately 6,000
oilfields in total. ER believes that this database covers every major field
in the world. The reported results cover about half of these fields, more
than 4,000 locations that may be supplying the European market-the
identification is done on the basis that any field in a country supplying
Europe may itself be supplying Europe, and thus the coverage should
be complete for all significant current flows to the continent. The
database uses extensive public and proprietary data, as well as field
level cross-correlation of relevant production parameters by ER®°. It
includes information on all crude characteristics required for the ER
parametric model. It is significantly more comprehensive than would be
possible using public data alone, having been developed with data
obtained through ER’s working relationships with the oil and gas sector.
Similarly, the methodological considerations used to estimate the

68 Converted from kg per 1000 liter based on an average 34 MJ/| of transport fuel

69 Somewhere between 20 and 30 percent of the database was cross-correlated based on
values for similar fields from a dataset containing over 30 production parameters for 12,000
oil and gas fields.
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carbon intensity of these varying crudes draw from a wide collection of
peer-reviewed literature compiled into a proprietary model. The ER
study relied on public sources included the EIA, Canadian Association
of Petroleum Producers (CAPP), the U.S. Geological Survey, the
Ministry of Petroleum and Energy of Norway, and the UK Department
of Energy and Climate Change, as well as the U.S. Minerals Management
Service.”® Many other public sources of information are likely to have
been consulted during the compilation of the ER database, including a
number of government organizations; however, ER does not
specifically cite these. For flaring data, satellite data (obtained from the
NOAA) was paired with country-level emissions factors from the Global
Gas Flaring Reduction Unit (GGFR) at the World Bank. Fugitive
emissions were determined on the basis of CAPP emission factors
(CAPP, 2002) for equipment fittings such as seals, valves, and flanges.

Even given the extensive access of ER to proprietary data on top of
publicly available resources, ER remarks that most fields (4,000-plus)
are not described directly in the existing literature. In many cases,
therefore, ER has cross-populated its database for specific fields based
on data for comparable fields. The ER emissions model has been
applied to this database and calibrated to the existing literature on
emissions. Where possible, ER compared the GHG estimates provided
by its engineering based model with the known data to establish
acceptable levels of consistency. The precise details of the calibration
procedure and the extent of cross-population are not documented in
the ER report.

4.5.3. Methodological considerations

Methodologically, the study identified fourteen unique parameters that
interact at five different stages of the extraction-to-refining process to
estimate total GHG emissions of crudes supplied to the EU market.
These parameters include both crude characteristics such as viscosity,
API gravity, and feedstock as well as field characteristics including age
of field, pressure, type of development, equipment components, and
others (see Table 4.12 for parameters by crude process). Once
identified, the parameters’ interactions were modeled to estimate
energy use, flaring, and venting at the field level. Rates of flaring and
venting were modeled with a combination of oil characteristics, oilfield-
specific information, and satellite mapping. Satellite mapping allows the
identification of areas in which fields are flaring-however, because
several oilfields may be indistinguishable in satellite flare imaging, this
alone is not adequate to identify flaring rates. ER uses the gas-to-oil
ratio (GOR) for fields to estimate gas production. ER models the
variation of GOR over time-older fields are likely to have higher GOR
than when they were initially tested, making for a substantial difference
in expected per barrel flaring rates (Figure 4.1). ER parameterizes this

70 On October 1, 2011, the Bureau of Ocean Energy Management, Regulation and
Enforcement (BOEMRE), formerly the Minerals Management Service (MMS), was replaced by
the Bureau of Ocean Energy Management (BOEM) and the Bureau of Safety and
Environmental Enforcement (BSEE) as part of a major reorganization.
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time trend with the crude viscosity for the individual fields, which
allows it to estimate the type of drive for each field (c.f. ER, p. 40). The
time-varying GOR, coupled with the production rate for oil, allows ER
to estimate production of gas at each field in the vicinity of which
flaring is observed. It is assumed that the gas will be used to provide
energy at the field. So that if more gas is produced than required and
there is no gas-export infrastructure, it is assumed that the remaining
gas is flared at an efficiency of 98 percent (see Figure 4.2). ER
compared the bottom-up flaring estimates to World Bank national
flaring data and found that there is a good correspondence between
the two for most countries.

Figure 4.1. Variation of gas-to-oil ratio over time for a typical field, with
weak, medium, or strong water drive, or a solution gas drive
(ICCT/ER, 2010)
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Figure 4.2.Schematic of the Energy-Redefined flaring rate estimation
methodology (ICCT/ER 2010)
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Adding to this, GHG emissions from crude oil transport were derived
using emission factors for given modes of transport from GREET
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(Wang, 2010). Similarly, to calculate emissions from crude refining, ER
drew on parametric relationships devised by Keesom, Unnasch, and
Moretta (2009), calibrating their findings to European refineries. The
study assumes a notional refinery where GHG emissions are driven
entirely by API gravity. This excludes the effect on refining energy
intensity of other crude characteristics including sulfur content-it is not,
however, expected to make a large difference to the results. The model
excludes emissions associated with construction activities, freight or
personal transportation, buildings, well work-overs and testing,
exploration and seismic activity, and changes in land use.

Overall, the model arrived at an estimation of the marginal effect of
each crude through the value chain, starting from the wellhead and
ending with its impact at the refinery. The study is not based on the
Joint Research Centre’s ILCD handbook.
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Table 4.12. Key parameters for different process stages in ICCT/ER report

VALUE
CHAIN
ELEMENT

Extraction

Flaring

Fugitive
emissions

Transport

Refining

(2010)

KEY PARAMETERS

Age of field
Depth
Initial reservoir pressure
Viscosity
GOR
APl gravity
Type of
development/feedstock

Gas-to-oil ratio (GOR)
Energy use at field
Gas specifications

Infrastructure for gas
transport

Age of field

Type of development
Number of components

Distance
APl gravity

API gravity
Sulfur content
Type of refinery

Source: Adapted from ER, 2010

DATA SOURCES

Oil company reports,
government reports,

PennWell, Institute
of Energy, Energy-
Redefined LLC
database for
production energy

GGFR country-
average emission
factors, Energy-

Redefined LLC data,

NOAA satellite data

Oil company and

government reports,

CAPP/OGP/EPA
emission factors,
Energy-Redefined
LLC field estimates
from factors

PennWell,
portworld.com,
GREET

Oil company data,
PennWell, publicly
available literature

DATA CHALLENGES

Confidential oil company
data

Not in one place
Some data must be
purchased for substantial
fees, with restrictions
Government
ownership/secrecy
Reporting of data on
varied basis
Frequent errors in data
quality control

No complete set of field-
by-field data
Inaccuracy in

measurements (x20%)

Not measured frequently

No current detailed data
for fugitive emissions by
field
Inaccuracy in
measurements (x300%)
Not measured frequently
Confidential data
Emissions not reported
by tanker (but can be
calculated)
Confidential data
Actual refinery setup and
operation can vary

Some data are estimates
based on assumptions

4.5.4. Parametric significance and temporal variations

The ER parametric emissions model uses field age as a parameter in
itself and also as a determinant variable for several oilfield
characteristics—the ER database contains data of variable age and
hence field-age-affected parameters such as the gas-to-oil ratio are
moderated with reference to age of field. Energy intensity of oil
processing will increase with age, and this is captured in the ER
parametric model (see Figure 4.3, Figure 4.4). GOR is also expected to
increase with age compared to the values measured at well exploration,
and GOR is a key determinant of flaring rates (for fields that flare). ER
has estimated the amount of flared gas produced at each field, using a
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field-by-field model that includes oil production, GOR, and the
production profiles of fields displaying different characteristics over
time (see ICCT/ER, 2010).

Figure 4.3.Example of events in life of oilfield and impact on energy
intensity of production (from Vanner, 2005)
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For medium to light crudes, ER shows that older fields tend to have
higher emissions in its model (Figure 4.4).

Figure 4.4.Upstream emissions are lower for younger fields, considering
in this case crudes with API > 30 (ICCT/ER, 2010)*
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*Emissions in ICCT/ER (2010) are given per megajoule of gasoline produced
The ER report notes that determination of emissions values is complex

and that in general any single parameter is a poor indicator of
emissions intensity. One exception to this rule is the flaring rate-
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because flaring is such a significant proportion of the emissions for
fields that flare, it is a relatively good indicator of overall emissions
intensity for these fields (see Figure 4.5). Similarly, the steam injection
rate for thermally enhanced fields is likely to be the primary driver of Cl
for those fields.

Figure 4.5.Upstream emissions for fields that flare are well correlated to
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For the lower-emissions crudes (i.e., crudes for which flaring is zero or
lower) APl may be a primary driver of emissions intensity, especially for
heavier crudes. Figure 4.6 shows that for API below 35, APl seems to
be somewhat correlated to emissions intensity.
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Figure 4.6.API is a more important parameter for lower-intensity crudes
(< 8 gC0O,e/MJ upstream emissions) (ICCT/ER, 2010)
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The ER report concludes that “many factors drive the level of crude
emissions intensity” but suggests five of particular importance:

e Level of flaring (dependent on GOR and availability of nearby
infrastructure)

e APl gravity

e Reservoir depth

e Start year

e Development type (e.g,, oil sands, floating platform, etc.)

ER does not report the emissions implications of enhanced oil recovery
(EOR) techniques for non-bituminous oils explicitly, but some EOR
projects are modeled. Deepwater fields are also specified in the
Energy-Redefined database.”

4.5.5. Sensitivity analysis

ER presents a sensitivity analysis for three categories of fields (low,
medium, and high emissions), subject to variation in the following
parameters:

e Flaring default value: standard assumption used by Canadian
regulators (2.3 kgCO,e/bbl) versus the ER data based on gas
specification, etc.

7Tt is the reservoir depth (and hence lifting energy) associated with deepwater fields that is
likely to be the key determinant of emissions, rather than the depth of the water itself.
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e GOR increased by 10 percent

e Efficiency increased by 5 percent

e Production increased by 10 percent

e Flare tip efficiency reduced by 5 percent, from 98 percent
e Refining allocation: straight run versus processing energy
e Refining emissions reduced by 10 percent

e Venting reduced by 10 percent

As with sensitivity analysis in some other studies (e.g., TIAX), these
ranges are somewhat arbitrary, although informed by ER’s expectations
of uncertainty. Without a systematic uncertainty analysis, one should
be cautious in treating the different parameter variations as
comparable. In some cases, much larger variation from the base case
may be plausible.

The results of the sensitivity analysis are presented in Figure 4.7. While
this sensitivity analysis provides some indication of the importance of
the principal parameters, ER does not follow this through to specific
conclusions regarding the level of accuracy required of field level
measurements for inputs to a modeling framework. In general, the
tested sensitivities give less than a 5 percent change for the
representative medium- and low-intensity cases. For the high-intensity
representative case, the sensitivity is higher, in particular to flaring
parameters (as flaring is the main driver of the high-intensity case). The
flaring quantity sensitivity testing addresses not the accuracy of
measurement but the difference between using a standardized
allocation based on the Canadian default versus using the field-specific
values calculated from satellite data by ER. It is recognized that flare
measurements are challenging in the field and are likely to include
substantial uncertainty (including flare tip efficiency uncertainty; see
also Johnson and Kostiuk [2002]), and so ER also tests for sensitivity to
flare tip efficiency. However, this report does not make
recommendations about implementation of flaring monitoring systems,
nor does it quantify the likely outcome uncertainty implied by
uncertainty in flaring measurement.
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Figure 4.7.Sensitivity results from ICCT/ER report (2010)
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4.5.6. Summary findings

In summary, the findings of the analysis determine a carbon intensity of
crudes ranging from 4 to 50 grams of CO, equivalent per megajoule of
crude oil, with an average of 12 gC0O,e/MJ. Using 2009 as a baseline
year, the analysis shows that roughly half (6.4 MMbbl/d) of all imported
crude into the EU had an extraction-to-refining GHG emissions range of
4 to 9 gC0Oze /MJ, while the other half ranged from 9 to 19 gCO,e/MJ.
In addition, a small volume of imported crude (0.3 MMbbl/d) occupied
the higher part of the emissions ranges with a carbon intensity between
19 to 50 gCO.e/MJ. For the very high carbon intensity crudes, the
determinants in GHG emissions are the presence of high levels of
flaring, venting (related to very high GOR), and the extraction of
unconventional crudes such as oil sands. Examples of oilfields with
details of their signature characteristics and resultant carbon intensities
are presented in Table 4.13.

The study estimates that the average emissions intensity for extraction
projects and extraction-to-refinery output (tied to imports to the EU)
will rise by about 18 percent and 7 percent, respectively, between 2010
and 2020. In addition it is worth noting that prior work relating to
specific case studies showed that considering emissions derived from
activities excluded by the current analyses, as previously mentioned,
might add 5 to 10 percent to the lower numbers presented above-for
the very high emissions estimates, this would be less as a percentage.

Emissions intensities for the full set of oilfields are detailed by oilfield
cross-referenced to production volume (Figure 4.8), including division
into oil sands projects, fields that flare, and fields that do not flare
(Figure 4.9). The analysis gives a clear picture of a high-emissions tail
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to the European crude supply, for which substantial emissions savings
should be possible.

Figure 4.8.Extraction-to-refining GHG emissions associated with
imported crude oil (ICCT/ER, 2010)
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Figure 4.9. Upstream and well-to-refinery gate emissions from ICCT/ER
(2010)
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Left: Extraction GHG emissions for imported conventional crude oil (with and without
flaring) and tar sands Right: Weighted average extraction-to-refining GHG emissions for
imported conventional crude oil (with and without flaring) and tar sands, with uncertainty
ranges for the average values

As well as the anonymous identification of emissions for all oilfields, ER
presents characteristics and modeled emissions for a set of specified
representative oilfields (Table 4.13). It observes an upstream emissions
range in these representative crudes from 6.2 gC0O,e/MJ for the lightest
crude with zero flaring (Mad Dog, in the USA) to 30.5 gCO,e/MJ for
Kupal in Iran, a field with extremely high levels of flaring. Oil sands
production in Canada (mining) is represented by
Steepbank/Millennium, with 26.6 gCOse/MJ.

ER discusses the applicability of various aggregation bases, concluding
that a simple aggregation by characteristics (including country) will
tend to leave substantial error margins in assessing any individual field.
The emissions intensities are not aggregated by country/region in the
report, but the report does detail emissions intensities from several
representative named oilfields. As noted above, ER does not
recommend that a single field should be considered representative of
its region, but these individual field values would be appropriate data
points for calibration of the Oil Production Greenhouse Gas Emissions
Estimator (OPGEE) model. According to ER, it can be confidently
asserted that oil sands projects are more carbon intensive than the
average for conventional crude.
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Table 4.13. Characteristics and upstream GHG intensity for representative fields (ICCT/ER, 2010)
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The study highlights that the greatest opportunities for emissions
reductions are likely to lie in flaring and venting reduction, as well as
through the reduction of emissions related to unconventional oil
extraction. Flaring and venting reduction entails improvements to
existing infrastructure, such as optimizing flare tip efficiency, moving to
reinject associated gas, development of gas export infrastructure, or
the capture and underground storage of CO.. Unconventional oil
extraction, on the other hand, is inherently characterized by energy-
intensive technologies. Hence, while upgrading infrastructure might
help reduce emissions somewhat, any efficiency-driven improvements
in emissions performance, given current technologies, are unlikely to
make these crudes competitive in carbon intensity terms with
conventional crudes. It is worth noting once more that there are large
uncertainties associated with flaring and fugitive emissions values. This
as a result of the general lack of monitoring and measurement by
producers and the lack of available data quantifying those that are
measured-these issues have been explored in more detail by Matthew
Johnson at Carleton University in Ottawa, Canada.”?

4.6. TIAX

4.6.1. Objective

Motivated by the use of well-to-wheel (WTW) lifecycle measures of
GHG emissions for transportation fuels in the recently adopted
California LCFS as well as in the most recent discussions regarding the
Renewable Fuels Standard 2 (RFS2) by the EPA, the TIAX study sought
to provide estimates to add to the available literature. In addition, the
authors recognized an opportunity to improve on the default values
derived from the GREET model, currently used by both regulatory
frameworks, for gasoline and diesel derived from conventional crude
oil. That is, the current default values in the GREET model fail to
account for the steady decline (decreases in API gravity and increases
in sulfur content) in the quality of crude oil in the United States over
the past 30 years. As such, the objective of the study was to estimate
and compare well-to-tank (WTT) GHG emissions of Canadian crudes
and other major crudes used in the United States. To do so, the study
selected representative crudes to analyze before undertaking crude
recovery and refining analysis to quantify the amount of energy
consumed in each process and the division of this energy among
process fuel types to determine their particular GHG emissions.
Significantly, in an effort to maintain transparency, all the data used to
develop emissions estimates were publicly available, while the
calculations through which these estimates were obtained were clearly
documented. This included a modified GREET model with new input
values. Finally, it is worth remarking that the TIAX study is really a set

72 For more information, including recent publications and journal articles, please refer to
Johnson’s webpage: http://faculty.mae.carleton.ca/Matthew_Johnson/publications.html.
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of individual analyses rather than a single modeling effort that could be
applied generally. This makes it different from several of the studies
discussed including the ER, Jacobs, and OPGEE models.

4.6.2. Data quality and quantity

The data used by the TIAX study come from a variety of public,
industry and government sources. The study assesses nine market
crudes (as opposed to specific oilfields). Because the study is explicitly
focused on important U.S. sources, the coverage of crudes entering the
EU is relatively poor-even if one treats each studied crude as
representative of all fields in its country of origin, TIAX covers less than
16 percent of EU imports (Table 4.14). In reality, the studied crudes are
unlikely to be good emissions proxies for all oilfields in that region.
However, unlike a more comprehensive study such as Energy-
Redefined (2010), the data sources for each of the nine study crudes
are well specified, public, and available; thus, the data quality is more
readily ensured than in less transparent studies. Because it considers
relatively well-documented crudes, the study does not rely on
extensive cross-population of data.

Table 4.14.Countries for which crude GHG intensity is considered by
TIAX, and percentage of EU imports coming from those

countries
Saudi Arabia 6.3
Irag 1.9
Canada 0.1
Nigeria 54
Mexico 1.4
Venezuela 0.7

Negligible imports of crude but may be
American crudes represented in refined product (diesel)
imports, particularly Gulf Coast crude

For each of these crudes, the data documenting recovery energy along
with total production estimates as well as production gas and injection
figures were obtained from national or state-level government
organizations. For example, for the analysis of Alaskan crude, total
production figures were obtained from EIA estimates, while production
gas and injection ratios were derived from the Alaska Oil and Gas
Conservation Commission. Similarly, data for Kern County Heavy Oil
relied on the California Division of Oil, Gas, and Geothermal Resources’
(DOGGR) annual report (2006). In addition, a 2008 NETL report
regarding baseline data and analysis of lifecycle GHG emissions of
petroleum-based fuels was used to establish the proportion of on-site
electricity production to the grid. For foreign-sourced crude,
production figures and crude characteristics were obtained from the
EPA’s Database of Petroleum Imports.
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TIAX notes that flaring and venting data are only sparsely available,
with venting data particularly sparse. Data on flaring were not available
to TIAX at the reservoir level-the values are therefore based on
reporting at regional levels, with the EIA and World Bank being the
primary data sources (see Table 4.15). Because the data characterize
only regional totals rather than field specifics, a potentially large error
margin is introduced in predicting reservoir/crude/field-specific values
(the same is true of the Jacobs report below)—the gap in flaring
emissions between the highest or lowest flaring fields and the national
average could be tens of gCO.e/MJ. For assessment of the carbon
intensity of Canadian oil sands projects, TIAX relies heavily on pre-
project environmental impact assessments rather than operational
data, which introduces a degree of uncertainty and may fail to reflect
operational realities.

Table 4.15.Sources of venting and flaring emissions (TIAX Table 3-8)

ANAYLSIS CRUDE BASIS FOR ANALYSIS VALUES

The venting and flaring values are based on actual
California Heavy data from the California Department of Conservation,
the only data source found for California emissions.

The combined venting and flaring value is based on
data from the State of Alaska Oil and Gas
Alaska - NS Conservation Commission. The total amount was split
according to the U.S. average values for amount flared
over total vented and flared (85%).

The combined venting and flaring values from the
USEPA and EIA were averaged. The total amount was
split according to the Gulf of Mexico values for amount

flared over total vented and flared (26%).

The ERCB values for Alberta venting and flaring were
Canada Heavy used as they were the only Alberta specific values
found

Gulf of Mexico

For flaring, an average of the EIA and World Bank data
Mexico is used. These values are consistent. For venting, an
average of the NETL and EIA values is used.

For flaring, an average of the EIA and World Bank data
Venezuela is used. These values are consistent. For venting, an
average of the NETL and EIA values is used.

For flaring, an average of the EIA and World Bank data
Iraqg is used. These values are consistent. For venting, an
average of the NETL and EIA values is used.

For flaring, an average of the EIA and World Bank data
Saudi Arabia is used. These values are consistent. For venting, an
average of the NETL and EIA values is used.

For flaring, an average of the EIA, World Bank and
HART data is used. These values are consistent. For
venting, an average of the NETL and EIA values is
used.

Nigeria

4.6.3. Methodological considerations

As previously mentioned, lifecycle emissions calculations for gasoline
and diesel are highly sensitive to differences in crudes and recovery
methods. As such, the TIAX study seeks to correct for deficiencies in
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current models through an approach that heavily favors the use of
publicly available data and peer-reviewed methodologies. It does not
use the ILCD handbook. The study is divided into three sections: (1)
Crude Oil Recovery Data; (2) Refinery Modeling; and (3) GREET
Integration. In order to launch these processes, a number of
representative conventional crudes—nine in total—were identified by
the steering committee for the recovery and refining analysis.”®

Figure 4.10. TIAX technical approach (TIAX Figure 2-1)

Received and incorporated

stakeholder input

Crude recovery analysis
e Determine recovery techniques
* Estimate energy use v
* Determine process fuel types
* Quantify venting and flaring
* Incorporate stakeholder input

A

. Quantify GHG emissions
Se::erclé’:na_llysw ¢ Modify GREET model
LUCIOLS + Run GREET model

3

Crude refining analysis
* Construct detailed crude assays
* Build and calibrate refinery models
¢ Run refinery models for each crude

The crude recovery analysis, for conventional crudes, consisted of the
calculation of recovery energy consumed per barrel of crude, for each
crude type and its dominant recovery technique. For unconventional
crudes—Canadian oil sands—four bitumen recovery pathways were
selected by the study’s Steering Committee to characterize the range
of recovery techniques used to deliver oil sands to refineries.” In
parallel, six projects from the Athabasca and Cold Lake regions of
Alberta were selected as being representative in order to determine
energy balance data. This was done based on selection criteria that
included making available public/releasable data, being currently
engaged in production activities, and having a high production capacity
relative to similar projects. Finally, for both conventional and
unconventional crudes, flaring and venting quantities were derived
based on published data.

73 The following conventional crudes were included in the TIAX study: Alaska North Slope,
Kern County Heavy Oil (Midway-Sunset), West Texas Intermediate (Permian Basin), Bow
River Heavy Oil (Canada), Medium (Saudi Arabia), Basrah Medium (lraq), Escravos (Nigeria),
Maya Heavy (Mexico), Bachaquero 17 (Venezuela).

74 The four bitumen recovery methods were: surface mining with upgrading, in situ steam-
assisted gravity drainage (SAGD) with upgrading, in situ SAGD without upgrading, and in
situ cycle steam stimulation (CSS) without upgrading.
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Table 4.16.Conventional oil pathways by crude (TIAX Table 6-1)

LABEL CRUDE NAME RECOVERY METHODS

Water Alternating Gas (WAG) and Natural

Alaska Alaska North Slope !
Drive
Cangg\r/r;a Kern County Heavy Oil Steam Injection, Sucker Rod Pumps
Texas Hess Texas Water Flooding, Natural Drive
Intermediate
Canada Heavy Bow River Heavy Oil Water Flooding, Progressive Cavity Pumps
Iraqg Basrah Medium Water Flooding, Natural Drive
Mexico Maya (Cantarell) Nitrogen Flooding, Gas Lift
Nigeria Escravos Water Flooding, Gas Lift
Saudi Saudi Medium Water Flooding, Natural Drive
Venezuela Bachaquero Cyclic Steam Stimulation, Sucker Rod Pumps

(Maracaibo)

Table 4.17.Oil sands pathways (TIAX Table 6-2)

LABEL DESCRIPTION

Bitumen recovery through mining, onsite upgrading.
SCO Mining, Sell Coke Assume that the coke is ultimately utilized as a fuel (some
of the recovery energy is allocated to the coke).

Bitumen recovery through mining, onsite upgrading.
SCO Mining, Bury Coke Assume that the coke is never utilized as a fuel (none of
the recovery energy is allocated to the coke).

Bitumen recovery through SAGD, onsite upgrading. All
SCO SAGD, Use Coke coke is gasified with resulting syngas utilized as a process
fuel.

Bitumen recovery through SAGD, onsite upgrading.
SCO SAGD, Use NG Assume that the carbon rich syngas is replaced with
natural gas.

Bitumen recovery through SAGD, SOR of 2.5, no electricity
exports

Bitumen recovery through SAGD, SOR of 2.5, with
electricity exports

Bitumen recovery through CSS, SOR of 3.4, no electricity
exports

Bitumen recovery through CSS, SOR of 4.8, with electricity
exports

Bitumen, SAGD 1
Bitumen, SAGD 2
Bitumen, CSS 1

Bitumen, CSS 2

Refinery modeling was conducted with the objective of determining
the amount of energy required to refine each crude oil into gasoline
and diesel by process fuel types. In order to achieve this, MathPro Inc.
used the ARMS refinery linear programming model to determine the
impact of each crude oil on refinery energy consumption by fuel type.
To do so, a regional approach, whereby the differences in refinery
crude mixes, product slates, and refinery configuration are established
regionally, was preferred. It used three regional models: PADD 2
(Midwest), PADD 3 (Gulf Coast), and California, as well as a national
model, which is a composite of the three. Each model is a regional
aggregate rather than attempting to represent a single refinery, and
TIAX modeled 26 crude-refinery combinations in total. The refinery
models were used to determine the total refinery energy consumption
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attributable to each crude type, and, by marginally reducing the output
of each end product (e.g., gasoline, diesel) in turn, the refinery model
was also used to determine energy allocations for these end products.

Once the energy balances were established for each pathway
considered, these were converted to GREET terms in order to calculate
the energy consumption and emissions associated with production of
different transportation fuels. This was done for inputs to
crude/bitumen recovery and refining. Emissions from by-product
petroleum coke were attributed to the upgrading and refining process,
as energy allocation to by-products was done using the substitution
method.”®> The emissions attributable to crude and finished fuel
transportation to the refinery and refueling stations, respectively, were
estimated using GREET default values for energy intensity,
transportation fuel types, and transport emissions factors. In addition,
electricity as a process fuel was included using slightly modified GREET
values to allow for different electricity mixes based upon field location
and utilization of grid power with supplemental figures for certain
countries obtained from IEA data.

4.6.4. Parametric significance, sensitivity analysis

TIAX’® undertook sensitivity analysis for five upstream variables, plus
refining efficiency, for all eight non-bituminous pathways plus the range
of oil sands pathways it considered. The five upstream parameters
were:

e Crude recovery efficiency, + 2 percent

e Associated gas venting, minimum and maximum suggested
values from literature review

e Associated gas flaring, minimum and maximum suggested values
from literature review

e Gas oil ratio, £ 50 percent

e Fugitive volatile organic compounds (VOCs) (only for SCO
mining).

For refinery efficiency, TIAX allowed * 2 percent compared to the
numbers defined in GREET and = 50 percent on energy use for
conventional crude production. The basis for using these ranges is not
entirely clear.

Because the choices of upper and lower values for each test are at least
somewhat arbitrary, the method for choosing them varies between
parameters, and the report does not characterize any sense of the likely

75 Whereby all the energy is allocated to the main product, with a subsequent credit given
that is equal to the emissions associated with the processing of the product for which the
by-product is substituting.

76 Results of the sensitivity analysis are captured on pages 81-84.
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distribution of these values, the comparability of the sensitivity by
parameter is somewhat reduced. The comparison of sensitivity to
variation in parameters would be more meaningful if the variations
were more clearly comparable in their own right: the values in the TIAX
analysis are relatively insensitive to gas flaring rate compared to
refining, but this may tell us more about the ranges TIAX has chosen to
consider than about the relative importance of refining and flaring to
emissions intensity.

Sensitivity to different parameters varies by crude, in the way that one
might expect. That is to say that oil with low upstream emissions is
more sensitive to refining assumptions, while oil for which flaring
and/or venting dominate emissions is more sensitive to flaring/venting
assumptions, and oil sands are sensitive to extraction efficiency. Table
4.18 presents a matrix of the ranking of sensitivities for each pathway.
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Table 4.18. Parameter sensitivity analysis by TIAX. Highlighting added,
with more important parameters marked orange, less
important green.

PARAMETERS (RANKED 1 FOR MOST SENSITIVE TO 5 FOR LEAST, N/A FOR NOT
SENSITIVE AT ALL)

Alaska
California

Crude Fugitive
R (ct:13 Gas-to-oil | VOCs (SCO Refining
Senddn) venting ratio mining efficiency
efficiency
4
Gulf of .
Mexico
Alberta 4
conventional
Saudi Arabia na

Iraq 4 n/a

Venezuela _ n/a

Nigeria 4 n/a

SCO in situ
Synbit
Dilbit

Bitumen

We see in the sensitivity matrix that refining efficiency is consistently
one of the most important determinants, while sensitivity to flaring
assumptions and the gas-to-oil ratio seems to be less critical. As noted
before, however, these results must be understood in terms of the
parameter changes that TIAX used for its sensitivity analysis. For
instance, the sensitivity of Nigerian results to venting is attributable to
the large difference between minimum and maximum tested venting
rates, more than * 50 percent. Insensitivity to GOR is partly because
the flaring rates are based on data rather than being parameterized by
GOR, unlike the Energy-Redefined modeling, for instance.

The TIAX study also pays particular attention to variation in
assumptions about oil sands extraction processes. For oil sands

77 Note that in the TIAX study, GOR is not an explanatory parameter for flaring, i.e.,
adjusting the GOR does not affect the amount of gas flared. This is because TIAX took
flaring values from data about actual total flaring rates, not using a parametric equation.
However, GOR is implicitly included in the flaring/venting estimates since in real life GOR is
an explanatory variable for the flaring rate (e.g., the ICCT/ER [2010] report).
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production, it compares upstream emissions for synthetic crude versus
bitumen production (note that bitumen refining is likely to be more
energy intensive than syncrude refining, so in that sense one might say
that some of the refining emissions for bitumen that is upgraded to
syncrude are shifted upstream in the TIAX report), different emissions
allocations to petroleum coke (allocation to coke by energy content, no
allocation to coke, and an assumption that coke would be used for
extraction process energy), and different extraction technologies
(mining, two versions of SAGD, two versions of CSS). It is clear that the
disposition of petroleum coke (a higher carbon energy source than
coal) is of significant importance to the analysis-a pathway assuming
gasification of coke for process energy when SAGD bitumen is
upgraded to syncrude has upstream emissions that are double those of
most other pathways.

The variation in flaring emissions for each representative crude in
Figure 4.11 is also indicative of the parametric importance of flaring
assumptions.

Figure 4.11. Upstream emissions from TIAX split between flaring/venting,
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on Figure 6-1)
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*Results in gCOze/MJ of crude

Because the TIAX study uses relatively up-to-date reported data, there
is no consideration of the importance of temporal effects.

TIAX also performs uncertainty analysis using stochastic simulation
with GREET. It notes that stochastic simulation does not in general
change the crude rankings and that the error bars are adequately
narrow to suggest that the results and rankings may be robust (Figure
412, Figure 4.13).
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Figure 4.12. RFG uncertainty analysis (TIAX Figure 7-3)*
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Figure 4.13. ULSD uncertainty analysis (TIAX Figure 7-4)
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4.6.5. Summary findings
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conventional crudes. The GREET default value for conventional crude
extraction (5 gCO.e/MJ) falls within the range presented by the
analysis. The GREET default value for synthetic crude oil mining is 30
percent higher than that estimated by the TIAX model, mainly due to
the omission of certain process fuel consumption activities by TIAX. On
the other hand, the GREET default value for SCO-SAGD is less than half
of the estimated result for the pathway in which coke is used for
energy. The TIAX recovery and flaring emissions numbers are shown in
Table 4.19.

Table 4.19.Recovery, flaring, and venting emissions from TIAX

CRUDE Eﬁlfgl’gz; VENTING/FLARING RECOVERY TOTAL
* *
(5CO/MI™ EMISSIONS (9CO,e/MJ*) (9COze /MJ")
0.7 0.1 0.9

Alaska North Slope

California Heavy 11.6* 0.6 12.2
West Texas
Intermediate B2 08 ]
Canada Heavy 11 1.8 2.8
Iraq 0.2 4.9 5,1
Mexico 11 2 31
Nigeria 0.1 16.7 16.8
Saudi Arabia 0.1 0.2 0.3
Venezuela 8.5 1.8 10.3
SCO Mining, Sell coke 10.1 0.5 10.6
SCO Mining, Bury 12.4 05 12.8
coke
SCO SAGD, Use all 373 23 406
coke
SCO SAGD, Use no 234 33 X7
coke
Bitumeln‘ SAGD, no 6.7 23 10
electricity export
Bitumeh ‘SAGD with 10.7* 33 14
electricity export
Bitum_e_n CSS, no 133 23 16.6
electricity export
Bitumen CSS with 19.1* 33 224

electricity export

*Results shown in gCO2e/MJ of crude

Refining emissions for given crude types vary by region, reflecting the
impact of the crude slate, refinery configuration, local grid mix, and
other characteristics. Overall, refining SCO has the lowest emissions of
any crude oil over the entire sample (reflecting that the upgrading
process means SCO is essentially somewhat pre-refined), while
transport emissions are relatively small. The emissions associated with
refining synbit (a blend of bitumen and SCO) and dilbit (a blend of
bitumen and condensate) into reformulated gasoline (RFG) blendstock
are comparable to conventional heavy crudes (see Figure 4.14), while
emissions for refining synbit and dilbit into ultra-low-sulfur diesel
(ULSD) are comparable to medium to heavy conventional crudes (see
Figure 4.15). Note that this ignores emissions from initial syncrude
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upgrading. If one considers only the bitumen, ignoring the diluent, the
refining emissions are somewhat higher than for any other crude.

Figure 4.14. RFG blendstock refining and transport emissions (TIAX
Figure 6-3)*
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Figure 4.15. ULSD blendstock refining and transport emissions (TIAX

Figure 6-4)*
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*Results in gCOze/MJ of ULSD

The WTT emissions results show that the GREET default values (12.5
g/MJ) of RFG blendstock emissions for conventional crudes as well as
oil sands mining and in situ are comparable to those obtained through
the current analysis; that is, they fall within the same range (10 to 19
g/MJ). As for the GREET default values of ULSD emissions (10.3 g/MJ),
the results are consistent with the higher-range values for conventional
crudes but are much higher for oil sands mining and in situ (2to 8
g/MJ). Overall, heavy conventional crudes tend to have comparable
emissions to those of oil sands pathways, while SCO-Mining has the
lowest emissions within this group.

The WTW emissions calculations show a wide range of results, from
around 85 g/MJ to more than 125 g/MJ for RFG blendstock and from
above 80 g/MJ to more than 120 g/MJ for ULSD (see Figure 4.16,
Figure 4.17). As for the GREET default values, those for RFG blendstock
and ULSD derived from conventional crude oil are within the calculated
results, while those for oil sands mining are considerably higher.
Similarly, GREET default values for RFG blendstock from in situ
recovery of oil sands are consistent with those for synbit and dilbit,
while those for ULSD are on the higher end of the spectrum.
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Figure 4.16. Variation in WTT emissions for RFG (TIAX Figure 6-14)
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Figure 4.17. Variation in WTT emissions for ULSD (TIAX Figure 6-15)
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In general, the analysis shows that a reasonable estimation of GHG

emissions for distinct pathways is accessible with publicly available
data and peer-reviewed methodologies. However, by considering only
a small set of representative fields, the results ignore the variability in
GHG emissions that would be demonstrated by using individual oilfields
with a larger sample size.
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4.7. Jacobs Consultancy (2009, 2012)

4.7.1. Objectives

The 2009 Jacobs study is motivated by the same policy environment
and commissioned by the same sponsors (Alberta Energy Research
Institute) as the TIAX study. In light of the California LCFS and the
prospect of similar regulatory frameworks in other U.S. states and
Canada, the Jacobs study sets out to calculate the lifecycle GHG
emissions of petroleum fuels. In particular, emphasis is placed upon
explaining the methodology to analyze different petroleum types as
well as extraction technologies, reservoir locations, transport modes,
and processing options. The study aims to fill the gap left by similar
exercises by accounting for variations in GHG emissions from crude
production in different regions that supply crude oil to the U.S. market
as well as for differences in GHG emissions resulting from the
conversion of different crudes and bitumen to transportation fuels.
Overall, the primary objective of the study is to analyze the treatment
of oil sands with respect to conventional crudes being processed in the
United States by preparing a reasoned comparison of WTW GHG
emissions for oil sands bitumen versus specific crudes-there is a keen
interest in whether under some circumstances emissions from oil sands
might fall within the same range as emissions from conventional oil.

Methodologically, the study specifies that it closely follows
requirements and standards associated with ISO 14000 lifecycle
assessment frameworks. The Jacobs study was not undertaken with
reference to the JRC ILCD handbook. Overall, the model uses the
GREET framework. However, as Jacobs notes, GREET provides limited
resolution on crude and bitumen production emissions, and therefore
Jacobs supplements it with its own model to calculate these based on a
more detailed assessment of crude characteristics. This includes
dealing with GHG emissions from co-products, flaring, and
unconventional production methods such as nitrogen and steam
injection. As an extension of these processes water-to-oil (WOR) ratios
are also included in an effort to provide a more nuanced view of the
differences between process energy requirements for extracting
different crudes. The Jacobs study claims it aims to “ensure
transparency of results, methodology and underlying data by using
public and defendable data sources.” This statement is slightly
ambiguous, but given the use among other things of proprietary
models that are not generally available, we take it to mean that data
should be public or defendable, rather than public and defendable.

4.7.2. Data quality and quantity

Jacobs models a set of ‘well-known’ market crudes-Bachaquero, Maya,
ArabMed, Mars, Bonny Light, Kirkuk Blend, Canadian SAGD bitumen,
California thermally enhanced oil recovery (TEOR), and Canadian
mined bitumen. These are essentially the same crudes chosen in the
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TIAX study (but excluding U.S. Gulf Coast and Alaskan), and hence, just
as in the case of the TIAX study, the coverage of European crudes is
poor-as noted above, even if we treated each crude as representative
of its entire country (an optimistic assumption at best), we would have
coverage of less than 16 percent of European crude imports. As with
TIAX, however, the data quality is relatively good (an advantage of
using major market crudes). The key reservoir parameters are generally
referenced clearly, largely to trade publications. Jacobs note that data
on Kirkuk are ‘out of date and incomplete,” but it is unclear whether
cross-population was necessary for the modeling in the report or on
what basis that would have been carried out. Other than Kirkuk, it does
not appear that Jacobs found it necessary to cross-populate data.

Crude production data were obtained from the EIA, as well as import
data for crudes produced outside of the United States. The analysis
uses the GREET model, supplemented with additional data, to define
emissions from the transportation of fuels and refined products as well
as vehicle fuel consumption. Estimates for electric power requirements
and co-generation for different production technologies including
TEOR, SAGD and mining were derived from the Electric Power
Research Institute, DOGGR, and Jacobs Engineering (of which the
consultancy is a subsidiary). In regard to gas flaring, estimates were
obtained from a study sponsored by the World Bank based on analysis
of satellite images by the NOAA. Certain well characteristics including
reservoir depth ranges and pressure were obtained through proprietary
datasets, notably the Oil and Gas Journal (PennWell Publishing) and
the APS Review. It is unclear whether these characteristics were
obtained through data purchases or through citations in publicly
available literature. In any case, the transparency of these data is
limited given that the stated sources are not publicly available for
corroboration. Characteristics of the modeled crudes are presented in
Table 4.20.

Table 4.20. Summary characteristics of documented crudes (Jacobs,
2009, Table E-1)

THERMAL FLARED GAS
STEAMTO !.vggff PRO::SCED (WORLD N2 INJECTION
OIL BANK RPT)

bbl/bbl bbl/bbl scf/bbl scf/bbl scf/bbl
0 - -

Bachaquero 5,100 500 0.5 0.25 9 70-80
Maya 9,500 1,600 = 3 340 20-50 1,200
Arab Medium 6,100 3,000 = 2.3 650 25-30
Mars 14,500 5,500 = 53 1,040 20-25
Bonny Light 8,700 4,300 - 2 840 650-840
Kirkuk 7,500 3,000 = 2 600 300-400
California Heavy -5
Bitumen - SAGD ~3

Bitumen - Mining

Gas flaring information is based on reporting by the World Bank and
NOAA. Presumably, like TIAX, Jacobs found it necessary to make
assumptions about the relationship between the regional flaring data
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from the Bank and NOAA and the rate of flaring at each field. This
relationship is not documented, but we presume that Jacobs assumed
regional average rates of flaring per barrel for all fields. For venting,
Jacobs notes that data were not available; the same is true for fugitive
emissions and for gas composition.

4.7.3. Methodological considerations

Overall, the WTW lifecycle approach covers the following core
processes: crude/bitumen production and initial processing,
transportation and storage, upgrading and refining, motor fuel
distribution, and vehicle operation. Emissions for these processes, by
fuel type, are summed over all of the steps from crude oil extraction to
vehicle end use, including the impact of co-products. GHG emissions
are then reported in grams of CO; equivalent per megajoule of
transportation fuel produced. These emissions are based on the 100-
year global warming potential (GWP) of the primary greenhouse
pollutants from transportation fuels: carbon dioxide (CO,), methane
(CHy), and nitrous oxide (N2O). The use of this approach seeks to
provide an accurate estimate of GHG emissions for each crude oil or
bitumen-based oil in each step of its specific lifecycle (Figure 4.18),
instead of using average GHG emissions for crude oil production or for
refining. These activities are undertaken with the objective of
enhancing previous studies by aiming to reflect accurately differences
between crude oil production, upgrading, and refining, for a basket of
crudes that Jacobs argues is representative of crudes refined in the
United States (Table 4.21).

Figure 4.18. Pathways for crude and bitumen extraction (Jacobs, 2009,

Figure E-4)
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Table 4.21.Crudes modeled (Jacobs, 2009, Table 2-4)

FEEDSTOCK | UPGRADER | REFINERY
FEEDSTOCK | EXTRACTION | UPGRADING m LOCATION LOCATION | LOCATION

Venezuela - Conventional Base Venezuela
Bachaquero with steam = Refinery, Lake none Chicago
< assist FCC Maracaibo
Mexico - Conventional Base Cantarell
Mava with N2 -- Refinery, field Gulf of none Chicago
y injection FCC Mexico
Sau_d;éargb@ Conventional Base
Medium with water -- Refinery, Saudi Arabia none Chicago
Crude QOil ieoed —
Conventional )
} Conventional
crude oil off shore ri Base Mars
from the U.S. With Wategr; == Refinery, Platform US none Chicago
Gulf Coast - fl FCC Gulf Coast
Mars ood
Nigerian - Conventional Base
Bor?n Light - high flaring -- Refinery, Nigeria none Chicago
y -9 of gas FCC
Iraqi Crude Conventional Base
Oilq— Kirkuk with water -- Refinery, Kirkuk Iraq none Chicago
flood FCC
California
h;zimg?: B Thermal Base Los
Y enhanced oil == Refinery, Bakersfield none
Kern River, Angeles
=3 oaguin recovery FCC
Heavy
) : Base
Canadian Qil Delayed . :
Sands SAGD Coker. SCO Refinery, Ft McMurray Edmonton Chicago
FCC
) : Base
Canadian Qil Surface Delayed ) .
Sands Mining Coker. SCO Reglggry, Ft McMurray Edmonton Chicago
) : ) Base
Canadian QOil Ebulating ) :
Sands SAGD Bed, SCO Refinery, Ft McMurray Edmonton Chicago
FCC
Bitumen
Canadian Ol direct to Base
Sands SAGD refinery - Refinery, Ft McMurray none Chicago
diluent to FCC
refining
Bitumen
direct to B
Canadian Oil refinery - ase :
SAGD . Refinery, Ft McMurray none Chicago
Sands diluent
FCC
returned to
Canada
Bitumen
direct to Base
Cayteelian OF) Surface eilery = Refinery,  Ft McMurray none Chicago
Sands Mining diluent
FCC
returned to
Canada

As previously mentioned, the methodology follows ISO standards

14000 on lifecycle analysis and uses the GREET model as a framework,
supplemented with additional sub-models to differentiate GHG
emissions from extraction and refining for specific crudes and bitumen,
and upgrading for the bitumen-to-SCO pathway. The outputs from
these extraction (plus upgrading) and refining models can then be

132



Summary of Findings from LCA Studies

expressed as process efficiencies and used to parameterize GREET to
give a final result.

The extraction model was developed by Jacobs for the study and
includes modeling of the major energy uses and emissions detailed in
Table 4.22.

Table 4.22. Major sources of energy use and GHG emissions in crude
production (Jacobs, 2009, Table 3-1)

EQUIPMENT PURPOSE

Downhole Pump, Water Re-injection Pump, Diluent

Pumps B
Reciprocating Compressor Gas Lift, Gas Re-injection
I . o L
Heaters Crude Stabilization, Reboiler @ 10% vaporization,

Water Deaeration @ 5% vaporization

Glycol Dehydrator for Water

Removal from Gas Heater in Glycol Treater Pumps in Glycol Treater

Amine Treater for CO2/H2S Removal Heater in Amine Treater Pumps in Amine Treater
Water Treatment Reinjected Water, Water Discharge
Direct Venting Vented Produced Gas, Fugitive Produced Gas
Gas Flaring Flared Gas
CO2 Venting CO2 Venting

Lighting, offices, labs, maintenance, security,

Miscellaneous Energy ; i
instrument air, storage, small pumps, etc.

Fuel consumption for extraction equipment was based on Caterpillar
technical information, while power generation efficiency for on-site gas
and diesel generators was assumed at 75 percent and pump efficiency,
65 percent (Natural Gas Processors Suppliers Association [NGPSA],
1998). Emissions for generators are based on GREET. The CO;
emissions from gas generation are partly determined by the
composition of the gas produced at the field (although, in practice,
Jacobs reports that no data is available on gas composition, so this
becomes irrelevant to the reported results).

Table 4.23 shows the parameters used to model extraction energy (and
hence emissions), with the values for a ‘generic’ crude.
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Table 4.23. Inputs to the Jacobs crude production model, for example,
generic conventional crude (Jacobs, 2009, Table 3-4)

Crude Name Generic
API 30.0
Sulfur Wi 2.0
Heating value LHV
Crude Heating Value GJ/Bbl 5.82
[CReservoircharactortis
Reservoir Pressure psi 1,500
Reservoir Temperature °F 200
Reservoir Depth ft 5,000
[Production haractersties ||
Gas/Oil Ratio scf/bbl 1,000
Water/Oil Ratio bbl/bbl 10.0
Gas Lift No
Gas Lift Rate SCFB 0.0
Diluent Lift - Use if API below: 25.0
[ Produced gas compositionmoty ||
Source for Gas Composition Default

Input Gas Composition

H2S mol% 1.0%
CHa mol% 75.0%
CaHe mol% 14.1%
CsHs mol% 4.7%
CO2 mol% 5.0%
H20 mol% 0.3%
Gas Heating Value - LHV Gas BTU/SCF 1,018
Heating Value - LHV w/0 CO2 BTU/SCF 1,086
[Ventingof prodcedgas |
Vent Loss % 0.5%
Fugitive Loss % 0.5%
[Reiniction of gas amawarer
Gas Reinjection: % of Gas After Vent/Fugitive % 50.0%
CO2 Separation Yes
CO2 Reinjection: % % 100.0%
Water Reinjection: % of Produced Water % 100.0%
Treatment of Reinjected Water Yes
Treatment of Discharged Water Yes
[Disposal ot nonreimectedgas | |
Amount of Non-Reinjected Gas scf/bbl 500.0
Proportion of Gas to Flare % 1.0%
Proportion of CO2 to Flare/Vent % 50.0%
CFiang ofproducedgas | ]
% Combusted % 99%
% Non-Combusted % 1%
Downhole Pump Driver Natural Gas
Water Reinjection Pump Driver Natural Gas
Compressor Driver Natural Gas
Fired Heaters Natural Gas
Water Treatment Natural Gas
Amine Treater - Fired Heaters Natural Gas
Amine Treater - Drivers for Motors Natural Gas
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Upgrading emissions modeling is based on the proprietary PetroPlan
tool developed by AMI Consultants. Upgrading is broadly comparable
to refining, and this model is much like a refining model, based on a
modular construction in which product streams are allowed to flow
from one process block to the next. Like the refining model, it uses a
system of nonlinear equations to predict the outputs from which total
process energy and emissions can be calculated. According to Jacobs,
the PetroPlan model is customizable, and the consultancy used these
features to model specific feedstocks, products, and technologies. The
input data for this were “developed by Jacobs Consultancy” and
“licensors and other parties where available and appropriate.”

For refining, Jacobs assumes a high-conversion PADD 2 (Midwestern)
refinery. The model is nonlinear and, as with the upgrader modeling, is
run using PetroPlan. The parameters that determine energy use (other
than refinery configuration) are API, sulfur content, nitrogen content,
and microcarbon residue. Refinery output is partially determined by
crude oil quality, so that lighter crudes yield more gasoline blendstock
and middle distillate (diesel).

Jacobs acknowledged that the study is limited to extraction
technologies that are currently being implemented, including both
surface mining and thermal recovery methods. New or future processes
may deliver improved efficiencies, as is normal in any industry. The
analysis excludes emissions associated with labor, equipment
production, and recycling, as well as those linked to tailing ponds used
to store surface mining effluent or land clearing, which are both often
included in the analysis of direct and indirect land use. The boundaries
are drawn to encompass fully all major GHG emission contributors,
vented and flared co-produced gas, fuel oil, coke, and other fuel by-
products. In attributing emissions to fuel by-products, the study uses a
system expansion approach, assigning process-level emissions to each
refined product as well as a substitute value to by-product coke and
light hydrocarbons. These emission levels are then examined for each
oil-processing pathway.

4.7.3.a. Emissions allocation

For the upgrading phase of upgraded bitumen pathways, Jacobs
(2009) make a methodological choice to assign emissions from by-
product production at the upgrader to the main product. Therefore
while Jacobs does attribute energy use to each of SCO, coke, sulfur and
diluent return, giving respective emissions attributions of 7, 3, 35 and 1
gCOze/MJ, the by-product emissions are then returned into the SCO
calculation to give an overall Cl for SCO production from bitumen of
8.3 gCO2e/MJ.

4.7.4. Parametric significance and sensitivity analysis

Jacobs introduces the analysis of parametric significance by varying
the parameters for a ‘generic’ crude with three different reservoir
depths-5,000 feet, 10,000 feet, and 20,000 feet. It varies six
parameters across a wide range that seems to cover all or almost all
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likely values in real world oil production (0-100 percent flaring of gas
not used for electric power, WOR of O to 25, GOR of O to 5,000
scf/bbl,”® venting of 0-10 percent of gas produced, reservoir pressure
of 100 to 10,000 pounds per square inch, CO: ratio in produced gas).
Jacobs references sources for the real ranges of these parameters,
which are comparable to the tested ranges in the report, though with
some outliers (Jacobs, 2009, pp. 3-20).

Jacobs shows that the results are relatively insensitive to the CO; ratio
in the produced gas but sensitive to all of the other parameters, though
perhaps least to pressure. In particular, for deep wells pressure is
essentially irrelevant, while WOR becomes the dominant variable at
20,000 ft. We have not at this time performed any analysis of the
extent to which a combination of high WOR and deep reservoirs is
prevalent in existing fields. Jacobs notes that there can be a substantial
range in reservoir depth for some of these crudes-for Mars (Gulf of
Mexico) and Bonny Light (Nigeria), the depth range accounts for an
uncertainty of 2 or 3 gCO.e/MJ either way. A similar result was found
by El-Houjeiri et al. (2013) using OPGEE. The study found that
increasing the depth of sample fields by 8,000 ft resulted in an increase
in GHG emissions between 56 percent and 126 percent (with the
difference attributed to other explanatory production and injection
variables specific to the sample cases).

For thermally enhanced production, Jacobs shows the dependency of
GHG intensity on the steam-to-oil ratio. Because such a large part of
the emissions profile for these projects is energy to make steam, the
results are extremely sensitive-varying from an SOR of 3 to 5 (SAGD
Canadian) or 6 (TEOR California) roughly doubles the emissions profile.
Brandt (2011) discusses the SOR for oil sands production in more detail.
Jacobs also considers sensitivity to assumptions about heat and power
co-generation-i.e., assumptions about whether thermally enhanced oil
recovery projects (California, Canada) export excess electricity to the
grid. In this modeling, it is assumed that heat and power for steam and
electricity export comes from natural gas generation, and replaces 80
percent of coal-generated electricity. The consultancy does not
consider electricity generation and export from coke combustion, and
it does not attempt an assessment of real grid electricity Cl for specific
thermally enhanced oil projects nor of grid capacity to absorb co-
generated electricity. Jacobs shows that the results are highly sensitive
to co-generation assumptions-for instance, finding that co-generated
natural gas replacing 80 percent of coal-powered grid electricity could
fully offset extraction emissions for SAGD bitumen (Figure 4.19).

78 Standard cubic feet per barrel. 1 cubic foot = 0.028 cubic meters.
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Figure 4.19. Variation in extraction emissions for oil sands pathways
(Jacobs, 2009, Figure 8-3)
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Jacobs does not consider sensitivity in the context of reporting
accuracy-it is unlikely that it sees the model as a potential reporting
tool.

4.7.5. Summary findings

GHG emissions from crude oil production are highly dependent on the
energy inputs used for the various processes as well as the venting and
flaring of produced (associated) gas. There are a number of parameters
correlated with energy use and GHG emissions, including water-to-oil
ratios, gas-to-oil ratios, reservoir depth and API. These tend to vary by
fuel type, reservoir location, and production technologies, and drive the
energy intensity of production. In order to determine GHG emissions
values, the study constructed a benchmark scenario for a generic crude
(API density of 30) with reservoir depth of 5,000 ft, produced gas level
of 1,000 SCFB, and GOR and WOR of 10:1. The GHG emissions
breakdown from this generic crude production totaled 7.4 gCO,e/MJ of
crude, with more than 50 percent of emissions derived from water
reinjection and gas treatment processes.’”® Using these base
parameters, the study modeled a number of scenarios using different
parameter ranges. The results show that the most significant
parameters affecting emissions are WOR, which increases with
reservoir depth, GOR, and flaring and venting of gas and CO, from
associated gas.®° The ranges at which these parameters are examined,

79 The current analysis added 10 percent to the total energy emissions to account
for miscellaneous energy from small users (i.e., lighting for the production site and
offices, electricity for living quarters, security, etc.).

80 The parameters included in the analysis and their ranges were: WOR (O to 25),
GOR (0 to 5,000 scf/bbl), reservoir pressure (100 to 10,000 psi), reservoir depth

137



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

although representative of a large subsection of crudes, are not based
on actual observed ranges. For example, reservoir pressures can range
to more than 15,000 psi, while WOR averages around 3:1 worldwide,
but can vary from less than 1to more than 50. The recovery emissions
are shown in Figure 4.20, while the full WTW emissions broken down
by lifecycle stage are shown in Table 4.24.

Figure 4.20. Recovery emissions (including flaring, venting) (Jacobs,
2009, Figure 3-11)

20

H Nitrogen
15 -
M Steam

I Misc Energy
I1Flaring

H Venting

M Gas Treatment

Total CO2e, g/MJ of Crude

M Water Treatment
H Gas Reinjection
11 Water Reinjection

[1Lifting

(5,000 to 20,000 ft), venting of produced gas (O to 10 percent), flaring of produced
gas (0 to 100 percent of net gas remaining after gas for electric power), CO;, (O to
10 percent in produced gas with venting of 100 percent of CO5»).
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Table 4.24. Emissions from transport of crude to U.S. refineries (Jacobs, 2009)

T s T e sy
| cuwe | csos | meos | uso | cuse | ceos | eos | uiso |
Rate BPSD 161,442 63,159 35,000 49,824
Heating Value GJ/Bbl 6.3 51 519 5.88
Emissions GHG, MTD GHG, MTD GHG, MTD GHG, MTD a/MJ g/MJ g/MJ a/MJ
Total WTTW Emissions n5.7 ne. n2.7
Vehicle CH4, N2O 0.8 0.8 0.8
Carbon in Fuel 72.8 72.9 74.1
Total GHG 32,307 13,547 7,705 1,064 3.7 421 42.5 37.8
Qil Production 1,313 4,573 2,579 4,161 na 14.2 14.2 14.2
Production GHG 1,313 4,573 2,579 4,161 na 14.2 14.2 14.2
Venting and Flaring GHG (0] 0 (0] 0 0 (0] 0 0
Qil Transport 68 27 15 25 0.1 0.1 0.1 0.1
Upgrading 6,884 2,783 1,569 2,532 6.8 8.6 8.6 8.6
SCO 5,810 2,348 1,324 2,137 5.7 7.3 7.3 7.3
Coke - Upgrading GHG to Major Products 440 178 100 162 0.4 0.6 0.6 0.6
Sulfur - Upgrading GHG to Major Products 292 18 67 108 0.3 0.4 0.4 0.4
Diluent Return - Upgrading GHG to Major Products 342 138 78 126 0.3 0.4 0.4 0.4
SCO Transport 774 313 177 285 0.8 1 1 1
Refining - Major Products with Co-Products 8,890 3,998 2,294 2,598 8.7 12.4 12.6 8.9
GHG of Major Product 8,525 3,851 2,21 2,464 8.4 12 12.2 8.4
C3 - Refining GHG to Major Products 146 59 33 54 0.1 0.2 0.2 0.2
C4 - Refining GHG to Major Products 59 24 13 22 0.1 0.1 0.1 0.1
Coke - Refining GHG to Major Products 5 2 1 2 0 0 0 0
Sulfur - Refining GHG to Major Products 155 63 35 57 0.2 0.2 0.2 0.2
Delivery 336 136 77 124 0.3 0.4 0.4 0.4
Fuel Cycle 3,855 1,605 912 1,339 3.8 5 5 4.6
Natural Gas - Upstream GHG to Major Products 2,290 923 519 849 2.3 29 29 29
Electricity - Upstream GHG to Major Products 1,565 681 393 491 15 2.1 2.2 1.7
Other Feeds 186 n3 82 0 0.2 0.3 0.5 0
Isobutane for Alkylation - Upstream GHG to Major Products 186 13 82 () 0.2 0.3 0.5 ()
Impact of Replacing Coal with Refinery Pet Coke 1 0 (0] 0 0 0 0 0
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As a comparison to conventional technologies for crude oil production,
thermally enhanced oil recovery (TEOR) processes (as used in
California), in which steam is injected into the reservoir, are also
examined. These include cyclic steam injection (CSS), steam-assisted
gravity drainage (SAGD), steam-assisted oil recovery (used for
Venezuelan heavy crude), and surface-mined bitumen with steam
separation. The results for GHG emissions by crude type or process are
presented below. Although it is generally assumed that TEOR results in
higher emissions relative to conventional techniques, the study shows
that GHG estimates for crude and bitumen production overlap those for
crudes from deep reservoirs and with significant volumes of vented and
flared associated gas. Overall, the evidence shows that there is a wide
range in GHG emissions from producing crudes (Figure 4.21), and it is
not sufficient to use an average to describe oil production. The
inclusion of flaring and venting in particular results in a convergence
between conventional and unconventional crude carbon intensities.

Figure 4.21. Variation in GHG emissions from crude production (Jacobs,
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2009, based on Figure 3-12)
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In addition to production processes, refining of crude oil and bitumen
upgrading are included in the analysis. As previously mentioned, the
study uses nonlinear upgrading and refining models to address
differences in refining intensity for converting different crudes,
bitumen, and SCOs into transportation fuels. Concerning bitumen
technologies, two primary upgrading configurations were evaluated:
delayed coking and ebulating bed (Eb-Bed) hydrocracking.
Furthermore, the upgrading models were adapted for a representative
refinery configuration: a high-conversion modern refinery located in
PADD 2 of the United States, which uses a coker, fluid catalytic cracker
(FCC), and other processing units to maximize gasoline and diesel
production. The results show that emissions are generally higher per
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megajoule of SCO (between 8.3 and 11.64 g GHG/MJ of SCO) and for
Eb-Bed configurations (1.6 g GHG/MJ of SCO or bitumen). Overall, the
gap in GHG emissions between the two different upgrading
configurations is 4.8 gC0O,e/MJ of bitumen but 3.3 gCO,e/MJ of SCO.
For crude oil refining, there is large variation depending on the type of
product derived from refining, which ranges from 3.1 g GHG/MJ of coke
produced to 12.5 g GHG/MJ of conventional blendstock for oxygenate
blending CBOB gasoline produced (Figure 4.22).

Figure 4.22. GHG emissions from refining (Jacobs, 2009, Figure 5-16)
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Also included in the analysis are crude transport, product distribution,
and vehicle emissions. Transport emissions were calculated based on
distance and transport mode. The study assumed that crude oil
transport was from oilfield to marine terminal by pipeline, with marine
tanker transport to the Gulf Coast and pipeline transport to PADD 2
refineries.®

WTW results derived from the study show that GHG emissions from oil
sands bitumen are smaller than previously thought. For example, the
difference in WTW GHG emissions between Arab-Medium and bitumen
was found to be less than 18 percent for bitumen from SAGD and only
10 percent for bitumen from mining. Furthermore, if diluents derived
from unconventional crude oils are converted to gasoline in the
refinery, and the emissions from bitumen and diluent refining are
averaged, total WTW GHG emissions are comparable to the
conventional crudes. For example, SAGD dilbit lies almost within the
conventional crude range—representing the 6 percent GHG emissions
gap between Arab-Medium and Mars and 8 percent between Mars and
Bonny Light (Figure 4.23). Overall, total GHG emissions are highest for
crudes using thermal recovery processes, followed by those using
mining and conventional crudes. The study shows that by including co-
generation credits for thermal oil production, including SAGD, surface-

8 The sole exception to this calculation was Kern County (California) crude oil. Here,
the transport distance was calculated for an in-state refinery.
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mined, and California TEOR, the GHG emissions fall to within the
conventional range.

Figure 4.23. Variation in WTW GHG emissions for crude and bitumen
(Jacobs, 2009, Figure E-6)
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4.7.6. Jacobs 2012

In 2012, Jacobs released a similar study, “EU Pathway Study: Lifecycle
Assessment of Crude Qils in a European Context”, focused this time on
the European market. The methodology is fundamentally similar to
2009, though with significant revisions and operating on a substantially
different dataset. In this new study, Jacobs assessed 11 crudes, treated
as representative of crude from 9 regions (three of the crudes were
from a single region, the North Sea). The results for crude production ClI
are shown in Table 4.25.
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Table 4.25. ClI for crude oil production from Jacobs (2012)*

Cl (gCO2e/MJ

North Sea 1 Forties 3.4
North Sea 2 Ekofisk 3.6
North Sea 3 Mariner 3.8
Saudi Arabia Arab Medium 3.8
Brazil Tupi 4.8
Libya Es Sider 52
Venezuela Bachaquero 5.6
[ran Sirri 59
Russia Urals 6.8
Iraqg Kirkuk 7.8
Nigeria Bonny Light 1.3
SAGD 12.8

Casee (bitumen)
SAGD 211

Care (upgraded)
Mined 17.1

el (upgraded)
CHOPS 6.1

Carnags (bitumen)
Polymer 10.1

Canada (bitumen)
Canada Solvent Assist 10.8

(bitumen)
Full solvent 6.5

Casee (bitumen)

*Jacobs present a number of variations of the SAGD and mined oil sands pathways - here we
present arithmetic averages. Upgrading is included where indicated

4.8. NETL study

4.8.1. Objective

The National Energy Technology Laboratory is part of the U.S.
Department of Energy. The intention of the 2008 NETL study
‘Development of Baseline Data and Analysis of Lifecycle Greenhouse
Gas Emissions of Petroleum-Based Fuels’is to provide a
“comprehensive and transparent” baseline for comparison with lifecycle
analyses of alternative transportation fuels, in response to the
requirements of the Energy Independence and Security Act (2007),
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Title Il, Subtitle A, sec. 201. This baseline is a necessary precondition for
determining the eligibility of alternative fuel projects for U.S.
government support. See also NETL (2009), ‘An Evaluation of the
Extraction, Transport and Refining of Imported Crude Oils and the
Impact on Lifecycle Greenhouse Gas Emissions.’

The study looks at conventional U.S. gasoline, diesel (< 500 ppm
sulfur), and aviation kerosene and assesses the carbon intensity of
these fuels as consumed in the United States in 2005.

Table 4.26. NETL LCA study design (NETL, 2008, Table ES-1)

LCA ISSUE ANALYTICAL APPROACH

Well-to-Wheels/Wake (Raw Material Extraction thru Fuel
Use)

Temporal Representation Year 2005

Lifecycle Boundary

Technological

R Industry Average

Geographical

: Transportation Fuel Sold or Distributed in the United States
Representation

Transportation Fuel Conventional Gasoline Conventional Diesel Fuel (<500 ppm
Lifecycles Modeled Sulfur) Kerosene-Based Jet Fuel

Impact Assessment
Methodology

Reporting Metric kg CO2e/MMBtu LHV of Fuel Consumed
100% Publically Available Data
Full Transparency of Modeling Approach and Data Sources

Data Quality Objectives Accounting for 99% of Mass and Energy Accounting for 99%
of Environmental Relevance

Global Warming Potential, IPCC 2007, 100-year time-frame

Process-based (“Bottoms-up”) Modeling Approach

The study conforms to the ISO LCA standards 14040 and 14044 (Table
4.26). It does not use the JRC ILCD handbook.

4.8.2. Data quality and quantity

The primary refining data source for NETL is petroleum industry
statistics from the Energy Information Administration, as relates to U.S.
fossil fuels supplied in 2005. Refinery equipment operational on
January 1, 2006, is assumed to be representative of 2005. The NETL
study is based on data for 2005. As with several other studies
discussed here, the focus of the NETL report is on the U.S. crude slate,
and thus, coverage of crudes imported to Europe is comparatively
poor. Table 4.27 shows the national provenance of the crudes assessed.
They represent about 16 percent of EU crude imports.
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Table 4.27. Sources of crude utilized at U.S. refineries in 2005 (NETL,
2008, Table 2-2)

PRODUCTION/IMPORT AS %
Lesseatiplz ol sl 52 OF REFINERY CRUDE INPUT
U.S. Crude Oil 33.80%
Canada Crude Qil

: 10.70%

Canada Oil Sands
Mexico Crude QOil 10.20%
Saudi Arabia Crude Oil 9.40%
Venezuela Crude Oil 8.10%
Nigeria Crude Oil 7.10%
Irag Crude Oil 3.40%
Angola Crude Qil 3.00%
Ecuador Crude Oil 1.80%
Algeria Crude Qil 1.50%
Kuwait Crude Oil 1.50%

NETL notes that data were not available to characterize the crude
profiles in exporter nations in 2005; hence, 2002 data were relied upon
in the analysis. No significant changes in extraction profile are believed
to have occurred for any country except Canada, where oil sands
extraction has been accelerating for several years. NETL used a 2005
mix of syncrude, dilbit, and conventional crude for Canada. On the
refining side, data were not available in enough detail to disaggregate
similar refinery outputs, such as low-sulfur road diesel versus higher-
sulfur off-road diesel. It used a U.S. refinery configuration in its model
for foreign crude refining-sensitivity analysis suggested that this
introduced at most a = 0.4 percent error in the overall result.

The crude extraction emissions data were based on purchased
information from PE International. The data used in the extraction LCA
by PE International are relatively well documented on a country-by-
country basis. The PE International model includes country level
information for:

1. Exploration
2. Onshore production
3. Offshore production

Emissions calculations take into account process energy inputs and
emissions from flaring and venting. Energy use is based on data from
the International Association of Oil and Gas Producers (OGP, 2005).
Flaring and venting rates are assessed using data from the World Bank
Global Gas Flaring Reduction initiative and the EIA. Canadian flaring
data come from CAPP (2002). Additional sources are quoted country
by country for exploration emissions, for additional data on flaring and
venting, and as used by the authors. The energy inputs are determined
using PE International’s own calculations in addition to the referenced
data. The PE International extraction profiles include some detail about
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the conditions of the oil industry in each producer country but do not
scale down to the level of individual field characteristics.

The study required additional analysis for estimates of GHG emissions
associated with natural gas and unfinished oil production, conventional
crude oil, as well as blended and synthetic crudes from oil sands in
Canada and Venezuelan extra heavy oil. While information for many of
these products and by-products is readily available, either through
public sources or the proprietary datasets acquired by the study team,
data for Venezuelan extra heavy is particularly troublesome. As a result,
the GHG emissions profile for extraction and preprocessing of
Venezuela’s extra-heavy oil was bounded using uncertainty analysis to
determine a 90 percent confidence interval for related emissions.

The study notes that emissions related to infrequent high-impact
events (the BP oil spill of 2010 would be an apt example) are excluded
from the analysis. However, the use of 2005 data may imply that some
impacts of abnormal events are implicitly internalized in the analysis-
the shutdown of Gulf Coast refineries in the wake of hurricanes Katrina
and Rita introduced abnormalities into the fuel usage profile of 2005-
there is no attempt to ‘correct’ for such abnormalities.

The PE International data is in some cases based on cross-populating
for one producer nation based on data from some or all exporter
nations. In some cases, EIA data at a regional level are used in
combination with authors’ calculations to fill in national values for
energy use. The appropriateness of cross-populating in the absence of
specific data is not explicitly addressed in the report, though
presumably it is implicit that PE International took that into
consideration before undertaking cross-population.

4.8.3. Methodological considerations
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In line with the ISO LCA standards, the NETL study clearly defines its
goal and scope. It outlines a system boundary for the LCA and a
functional unit, i.e., global warming potential expressed in
kgCO2e/MMBtu. The GHG emissions are limited to carbon dioxide,
methane, and nitrous oxide, with carbon equivalency values based on
100-year GWP as defined by IPCC (2007). The system boundary
includes all ‘significant’ material and energy inputs, with significance
defined for input materials as having a mass of 1 percent or greater of
the mass of the output, and defined for energy as being 1 percent or
greater of the total energy use. Additionally, inputs may be deemed
significant if they have a particularly high cost or environmental
footprint-it is probably difficult and unhelpful to apply numerical cutoff
criteria such as these completely rigorously. The assessment excludes
construction-related emissions and any emissions from land use
change. NETL aims to avoid the use of allocation methods wherever
possible, instead favoring system expansion and unit process division.

The LCA is split into five stages: raw material acquisition, raw material
transport, liquid fuels production, product transport and refueling, and
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vehicle/aircraft operation. Of most relevance to the current study is
lifecycle stage 1, the acquisition of raw materials, which covers
upstream emissions from crude oil extraction and post extraction
processing before refining. NETL includes, in an attachment, notes from
PE International on the analysis of upstream extraction emissions for
each country individually. The LCA seems on the basis of the
descriptions in the attachment to be a relatively simple model. It is
certainly not documented in detail. In short, PE International provides a
generic description of oil exploration and production, tailored to be
relevant to the circumstances of each country. It characterizes
production in each nation in terms of fractions of oil and gas,
respectively, allocates energy use based on OGP regional data and
some unspecified calculations. It also identifies flaring and venting
using EIA data, and characterizes the waste and wastewater production
and calorific properties of gas and crude for each country. Presumably,
the Cl calculation is based on energy inputs and flaring/venting
volumes.

Note that the Canadian profile was calculated differently by NETL
because of the importance of the mix of conventional and oil sands
crude.

Countries exporting refined product to the United States were
allocated emissions values based on GaBi 4 (2007), a lifecycle analysis
database. This does not give an explicit breakdown of extraction,
refining, etc., and so extraction emissions from crudes refined
elsewhere and imported as refined product are inferred by assuming
that the ratio between extraction-only and full WTW emissions for
these crudes is the same for other countries as for the United States.

Emissions for pipeline transport are based on GREET. Shipping
emissions are based on a measurement of port-to-port distances, and
an average assumption for oil tanker fuel consumption is based on
assessing various tanker models. The ton-distance travelled by crude
oil with America is based on Association of Oil Pipe Lines (AOP) data,
divided by transport mode. Transport Cl is based on GREET or Oak
Ridge National Laboratory (ORNL) data.

For refining, because NETL is interested in the average emissions of the
U.S. refining sector rather than breaking out the emissions intensity of
dealing with specific crudes, NETL bases its calculations on total sector
data. It therefore does not calculate refinery intensities for the specific
foreign crudes coming into the country but provides good-quality data
for the overall emissions intensity of the U.S. refining sector.

4.8.4. Parametric significance, temporal variations, and
sensitivity analysis

NETL aimed to capture carbon intensity in 2005, specifically, and
aimed to use 2005 data. It found that while extraction profiles country
by country may not have been available for 2005, they were
nonetheless representative of 2005. The country-specific crude
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extraction profiles used were purchased from PE International. The
industry average data used by NETL are likely to have included
implicitly time-related emissions factors, insofar as they represented a
cross-section of field ages at 2005. NETL does not, however, attempt a
more detailed representation of the temporal variations in emissions
intensity.

Flaring is highlighted as a key determinant of national average
emissions intensities (see Figure 4.24). Because NETL represents the
emissions intensities of average national crude exports rather than
representative market crudes or individual oilfields, the use of
aggregate flaring data is consistent with the results, unlike the studies
that aim to use national average flaring rates to calculate emissions
intensities for subsets of crudes.

Figure 4.24. Country-specific lifecycle stage 1 emissions vs. flaring (NETL,
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NETL points out that the U.S. lifecycle stage 1 (extraction and
upgrading) emissions are above the linear trend identified for flaring. It
suggests that while U.S. extraction technologies may to some extent be
more carbon intensive than systems in other regions, it is also likely
that there is systematic underestimation for other regions, where data
are generally of lower quality or less nationally specific. Given the
sensitivity to flared volumes, and the use of 2002 data as a proxy for
2005, ongoing reductions in flaring would imply that emissions may
have been overestimated for high-flaring countries.

The sensitivity of the U.S. average emissions intensity to these factors
(among others) is illustrated in Figure 4.25, in which the ‘crude oil
extraction profile adjustment’ shows a range from a minimum in which
a 25 percent reduction in flaring from 2002 to 2005 is assumed and a
maximum that raises foreign crude source emissions by 3.4
kgCO.e/bbl.

NETL also explores the variation in Cl when changing (moving down
Figure 4.25)
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1. The ‘other’ foreign fuel sources that are not explicitly modeled

2. The profile of foreign countries with no explicitly modeled ClI for
material refined in the country and exported to the United States

3. The Cl of Canadian oil sands extraction, down or up by 25
percent

4. The emissions intensity of Venezuelan crude, by assuming that
25 percent had the same emissions intensity as oil sands
production in Canada.

The results of these five sensitivity tests are also shown for diesel and
kerosene but are essentially comparable. There is no assessment of the
significance of individual parameters, presumably because, based on
the documentation of the PE International LCA, it represents only a
simplified model rather than an engineering model of comparable
complexity to the proposed OPGEE, for example.

Figure 4.25. Sensitivity analysis of lifecycle stage #1 activities on the
well-to-tank GHG emissions profile for conventional gasoline
consumed in the U.S. in 2005 (NETL, 2008)

Crude Oil Extraction Reduced Baseline adjustment in line
Profile Adjustment | flaring/venting with U.S. profile

Foreign Average Crude Oil 58% of study value £ 125% of study value
Extraction Profiles (equal to U.S.) (65% of Angola)
Foreign Average Crude Oil 67% of study value 8 151% of study value
Delivered Profiles (equal to Sweden) § (equal to China) { Baseline
Canadian Ol Sands |  value
anadian Ml >ands 75% of study value 125% of study value
Profile
Venezuelan Profile 25% synthgtic/
blended bitumen
18 19 20 21 22

Well-to-Tank GHG Emissions in kg CO,E per MMBtu LHV of Conventional Gasoline Consumed
in the U.S. in 2005

Because the NETL analysis is designed to be a baseline, with no
intention of designing a scheme that would be appropriate for
reporting and individual crude assessment, there is no consideration of
the necessary level of data accuracy for field measurements as model
inputs.

4.8.5. Summary findings

The NETL study aims to determine the average baseline CI of U.S. fossil
fuels in 2005. It determines that the fuel flows that must be assessed to
make this calculation are as depicted in Figure 4.26.
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Figure 4.26. Feedstock and product volumetric flows for consumption of conventional gasoline, conventional diesel and
kerosene-based jet fuel in the U.S. in 2005 (NETL, 2008)

Il crude Oil
Il Conventional Gasoline
Il conventional Diesel

Other 19 MMbbl/yr /' Exported Il Kerosene-Based Jet Fuel
Refinery Jet Fuel
Products
1,488 MMbbl/yr 14 MMbbl/yr Exported LC Stage #5:
Con\_/entlonal Vehicle/Aircraft
Diesel

Use

73 MMbbl/yr Exported
Conventional
Gasoline

Domestic: 1,876 MMbbl/yr 2,772 MMbbl/yr

Feedstock Acquisition 3,176 MMbbl/yr

for U.S. Refineries
gRomesticiCrude(oil Foreign: 3,679 MMbbl/yr
- Foreign Crude Oil
- Other Inputs

Conventional
Gasoline Consumed
in the U.S. in 2005

Other Inputs: 365 MMbbl/yr

T 1,056 MMbbl/yr

Volume Gain
387 MMbbl/yr 545 MMbbl/yr

1,113 MMbbl/yr

Conventional
. . . . Diesel Consumed
Foreign Refineries Exporting . A
Gasoline to the U.S. 1 i ULS: [h 2003
(59 Countries)

404 MMbbl/yr

Crude Oil Extraction

for Foreign Production Foreign Refineries Exporting
of Gasoline 379 MMbbl/yr* Diesel to the U.S.
(26 Countries) 57 MMbbl/yr
Crude Oil Extraction 614 MMbbl/yr
for Foreign Production Foreign Refineries Exporting
of Diesel 54 MMbbl/yr* Kerosene Jet Fuel to the U.S. Kersosene-Based
(26 Countries) 69 MMbbl/yr Jet Fuel Consumed
Crude Oil Extraction I {2 ULS: T 2eE5
for Foreign Production T
of Jet Fuel 65 MMbbl/yr*

Volume Gain
32 MMbbl/yr

*Crude oil input to FOREIGN refineries include only the portion of crude oil considered to be contributing to gasoline, diesel and jet fuel production
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NETL finds an average Cl for 2005 U.S. gasoline of 91 gC0O,e/MJ,82 for
diesel of 90 gCO2e/MJ, and for kerosene of 88 gCO.e/MJ. Note again
that these well-to-wheels values include a typical U.S. refinery
configuration for all crude. The upstream part (lifecycle stage one ‘raw
material acquisition’ + lifecycle stage two ‘raw material transport’)
contributes 8.2, 7.5, and 7.7 gC0O,e/MJ for gasoline, diesel, and
kerosene, respectively.

For individual nations, the raw material acquisition emissions are shown
in Table 4.28 (for the case of diesel production). This includes the
emissions for three categories of Canadian oil (bitumen, SCO,
conventional). Note that this lifecycle stage includes upgrading for
SCO, but does not consider the increased refining emissions required
by bitumen that has not been upgraded. Note also that the Venezuelan
emissions characterize only conventional crude production, not extra-
heavy oil. The estimated upstream emissions of Venezuelan extra heavy
oil production and upgrading are listed in parentheses.

Table 4.28. GHG emissions from lifecycle stage 1 (raw material
acquisition) by country (NETL, 2008 & 2009)

EMISSIONS IN gCO2e/MJ

btk OF DIESEL PRODUCED
U.S.
Saudi Arabia 22
Mexico 6.3
Venezuela 3.9
(conventional)
Venezuela 155
(upgraded
extra heavy)
Nigeria 20.9
Iraqg 31
Angola 13.3
Ecuador 50
Algeria 5.7
Kuwait 27
Canada (oil 18.0
sands)
Canada 57

(conventional)

The results show, as in other studies, that the highest emissions
intensities are driven by countries where average flaring rates are very
high (Nigeria, Angola) or by extraction of bitumen (Canada).

82 Note that NETL presents results in kgCO2e/MMBtu. These numbers are similar to the
gCO2e/MJ values, but must not be confused with the converted values.
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4.9. IHS CERA

IHS CERA (2010a) presents results of a meta-analysis of studies of crude oil
GHG intensity. The studies it considers include NETL, TIAX, Jacobs, GREET,
GHGenius, and McCann. In addition, it considers Unconventional Fossil-
Based Fuels: Economic and Environmental Trade-Offs (RAND Corporation,
2008); Canadian Oil Sands: Opportunities and Challenges (National Energy
Board, Canada, 2006); Environmental Challenges and Progress in Canada’s
Oil Sands (Canadian Association of Petroleum Producers, 2008); 2009/10
Sustainability Report (Syncrude Canada Ltd.); The Shell Sustainability
Report, 2006 (Shell); as well as IHS CERA’s own data. We believe that the
studies in this list not reviewed here do not contain additional analysis of
emissions other than from Canadian oil sands. The results of the IHS CERA
literature review are shown in Table 4.29 and Figure 4.27.

Table 4.29. Production emissions identified for various crudes by IHS
CERA meta-analysis (2010)

CRUDE PRODUCTION EMISSIONS, gCO2e/MJ
REFINED PRODUCT (INCL. UPGRADING)*

West Texas Intermediate 0.7
Canadian Heavy (Bow river) 2.4
Saudi Medium 2.0

U.S. average domestic crude 41
Mexico Maya 53
Average U.S. barrel consumed 6.7
Canadian mined dilbit** 4.4
Venezuela Bachaguero 6.8
Canadian mined bitumen 3.9
Canadian SAGD dilbit 85
Average oil sands imported to United 0

States

Canadian mined SCO 13.5
Nigerian Light 14.0
Canadian SAGD bitumen 1.8
Venezuelan partial upgrader 17.7
California Heavy 14.5
Canadian SAGD SCO 20.0
Middle East Heavy” 16.7

CSS bitumen 14.0

*IHS values inferred from Figure 4.27, as they are not tabulated in the report

**Note that to the best of our knowledge mined dilbit did not exist as a real pathway when
IHS CERA wrote this report

“Steam-assisted production
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Figure 4.27. WTT emissions from IHS CERA meta-analysis (2010)

West Texas Intermediate

Canadian Heavy (Bow River)

Saudi Medium (ave)

Average U.S. Domestic Crude (2005)
Mexico-Maya

Average U.S. Barrel Consumed (2005)
Canadian Oil Sands: Mining Dilbit
Venezuela-Bachaquero

Canadian Oil Sands: Mining Bitumen
Canadian Oil Sands: SAGD Dilbit
Average Qil Sands Imported to United States (2009)*
Canadian Oil Sands: Mining SCO
Nigeria Light Crude

Canadian Oil Sands: SAGD Bitumen
Venezuelan Partial Upgrader
California Heavy Qil

Canadian Oil Sands: SAGD SCO
Middle East Heavy Oil**

CSS Bitumen***

Source: IHS-CERA.
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Results of a meta-analysis of 13 publicly available life-cycle studies.

Assumptions:

*Assumes 55 percent of exports to the U.S. are dilbit blends and 45 percent are SCO

**Steam injection is used for production.
***Assumes SOR of 3.35.

12 percent loss of volume upgrading bitumen to SCO.
All SAGD crude production cases assume an SOR of 3.

All oil sands cases marked “Dilbit” assume that the diluent is consumed in the refinery with
no recycle of diluents back to Alberta, and only 70 percent of the barrel is from oil sands.
All oil sands cases marked “Bitumen” assume that the diluent is recycled back to Alberta,
and all of the barrel processed at the refinery is from oil sands.
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4.10. Overview of modeled LCA emissions

Table 4.30. Comparison of oil production emissions in gC0O,e/MJ?* from the reviewed LCA studies, by region

JACOBS
JEC (OGP) | GREET MCC&A TIAX
. 5.3

3.4 3.0
25
North America
u.s.
INENE]
Texas
Gulf Coast
California

Canada
(conventional)

Canada (oil
sands)

Africa

Nigeria

North Africa

83 The emissions in this table are quoted variously per MJ of crude, average refined product, gasoline or diesel, as given in the studies.
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JACOBS % OF EU
(]
JEC (OGP) | GREET CRUDE

Libya 8.9%

0%

Indonesia . . 0%

FSU . 41.7%
Russia . . 29.1%

Middle East . . . 13.8%

1.9%
Saudi Arabia . . . . . 6.3%
Kuwait . 0.6%
41%

| PR s s
. . . . 3.9 (15.5)# 12.3° 0.7%

*JEC revise the OGP emissions upwards based on higher flaring estimates from satellites. This is only captured for the global average.

**Energy Redefined give example crudes, not national averages, and only well to refinery gate values. We have used their approximately linear scaling of
refinery emissions to API to back refining out, but transport to refinery is still included.

2This model covers a number of oil sands pathways - this is a simple arithmetic average, including upgrading where appropriate.

“GHGenius includes both bitumen and SCO pathways. This is the average for the production GHGenius models in 201].

“*GHGenius reports relatively high U.S. emissions because U.S. heavy and offshore production are modeled as being very energy intensive.

aJacobs (2012) have two UK crudes - Forties and Mariner. This is an arithmetic average.

BNETL (2009) report a separate value for Venezuelan extra heavy, shown in parentheses
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The production emissions from the models are shown by region above in
Table 4.30 (including transport to refinery in the case of Energy-Redefined).
There are certain obvious trends in the data from various studies, for instance
thermally enhanced recovery consistently results in very high emissions, as
do high levels of flaring. While we have grouped results by region for ease
of reference, note that national origin is not in general a good indicator of
carbon intensity, as noted by ICCT/ER (2010). Indeed, as shown in Figure
4.28 national origin can be a very poor indicator for countries such as the
U.S, Canada or Venezuela where production ranges from conventional light

crude to thermally enhance extraction of heavy crude or bitumen.

Figure 4.28. Upstream crude oil Cl from studies in the literature
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Both Jacobs (Jacobs, 2009; 2012) and Energy Redefined (ICCT/ER, 2010)
undertake parametric modeling of extraction emissions, and there is some
consistency on the primary parameters for modeling between these studies.
The following list includes the most important variables as identified in those

papers:
e API gravity
e Reservoir pressure
e Reservoir depth
e Reservoir temperature
e Viscosity

e GOR
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e WOR

e Age of field

e Flaring rate®

e Venting rate

e Fugitive emissions
e Type of lift

e Development type

84 Most analyses lack a model of flaring. Energy-Redefined is an exception in this regard,
having a parameterized model based on engineering considerations plus satellite data.
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5. Best practices in the development
of GHG estimation tools for the oil
and gas industry

Building a tool that estimates greenhouse gas (GHG) emissions from oil and
gas operations can be done at a variety of levels of detail and using an
assortment of approaches, tools, and modeling frameworks. An important
consideration is that some of these goals or desirable qualities are in
tension, i.e., a more complete and rigorous model is generally more
complex and less easy to use. Hence, certain models place stronger
emphasis on transparency than rigor and vice versa. The particular
objectives of the currently available models estimating GHG emissions from
oil and gas operations will be discussed in detail in subsequent sections.

The purpose of the current analysis is to highlight the properties that are
most desirable and that may enter in conflict when designing such a tool.
These include (i) rigor, complexity, and calculation detail; (ii) transparency
of data sources and modeling equations; (iii) completeness in coverage of
sources and types of emissions; (iv) usability of model and controls by
outside parties; (v) choice and quality assessment of data, defaults, and
model parameterization; and (vi) consistency in the presentation of model
output and results.

In addition to these considerations, there are a number of benchmark
guidelines and handbooks outlining methods and procedures that should
be followed when estimating lifecycle GHG emissions from different
sources, including crude oil and natural gas. These include the International
Organization for Standardization (ISO) 14040 lifecycle assessment (LCA)
framework, the International Reference Lifecycle Data System (ILCD)
Handbook (European Commission, 2010), and the American Petroleum
Institute (API) compendium of GHG emissions estimation methodologies
for the oil and gas industry (API, 2009), among other relevant publications.

The following section will explore both established guidelines and the
desired properties of GHG emissions estimators.

5.1. Guidelines for GHG estimation

5.1.1. APl compendium of GHG emissions estimation
methodologies for the oil and natural gas industry

The APl compendium came about as a result of the growing need to
harmonize the efforts of local, regional, and international organizations
developing or revising guidelines on estimating, reporting, and
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verifying GHG emissions.®> Consequently, an effort was made to
compile the most currently recognized methods used to estimate
emissions from the oil and natural gas industry, with the objective of
enhancing the consistency of emissions estimation. As such, it aims to
accomplish four main goals (API, 2009):

e To assemble an extensive collection of relevant emission factors
and methodologies for estimating GHG emissions, based on
available and recently published public documents;

e To summarize detailed procedures for conversions between
different measurement unit systems, with emphasis on oil and
natural gas industry standards;

e To describe the multitude of oil and natural gas industry operations
and the associated GHG emissions sources; and

e To develop emission inventory examples to demonstrate the broad
applicability of the methodologies.

In terms of scope, the compendium sets out to recognize the full range
of industry operations from exploration and production through
refining and the marketing and distribution of end products. In regard
to emissions, estimation methods include those for carbon dioxide
(CO»), methane (CHa), nitrous oxide (N20), hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulfur hexafluoride (SFe) for all common
sources, including combustion, vented and fugitive emissions. In
addition, an effort is made to include estimation techniques from
indirect emissions, characterized mainly by those associated with
purchased and imported energy as well as from the allocation of
emissions among energy streams.

5.1.2. Comparison of international guidelines for estimating GHG
emissions in the oil and gas industry

Recognizing the inherent difficulty in providing a systemic, consistent,
reliable, and credible methodology to derive GHG emissions for the oil
and gas industry, Ritter et al. (2003) conducted a literature review to
analyze the consistency in GHG emission estimations for oil and gas
industry operations across a number of commonly cited protocols.
Their efforts were primarily motivated by the APl compendium, which
was then in a pilot phase of distribution. Their analysis focused on the
root sources of the emission factors used for estimating GHG emissions
in an effort to provide transparency and relevance in the emissions
factors’ development and application. Overall, the authors’ results have
provided important feedback for future revisions and lessons learned
for the APl compendium as well as other initiatives.

The authors compared the APl compendium to five other international
guidelines. These were: (i) the Australian Greenhouse Office (AGO)

85 Since 2003, the APl GHG emissions methodology working group is coordinating internally
with the API benchmarking workgroup to support aggregating industry emissions and to
develop a compendium software tool.
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Workbook for Fuel Combustion Activities, (ii) the Canadian Industrial
Energy End-Use Data and Analysis Centre (CIEEDAC) memorandum on
“Guide for the Consumption of Energy Survey,” (iii) the
Intergovernmental Panel on Climate Change (IPCC) Guidelines for
National Greenhouse Gas Inventories, (iv) the UK emissions trading
scheme, and (v) the World Resources Institute/World Business Council
for Sustainable Development (WRI/WBCSD), Greenhouse Gas Protocol.
To compare these guidelines with those proposed by the API
compendium, the authors used emissions derived from combustion
devices, given that these represent the major sources of emissions for
oil and gas industry operations, as well as many other industries. The
results of this exercise are provided in Table 5.1, demonstrating
numerical differences resulting from the various guidelines.
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Table 5.1. Comparison of CO, emissions factors for fuel combustion
(Ritter et al., 2003)*

METRIC TONS OF CO,/ MMBTU (LHV*)

IPCC
VARI":BILITY FUEL TYPES API CO; Y Volume
(%) . Workbook DEFRA,
Emission 3 CIEEDAC
1.1 (Table Protocol
Factor 4) (Table
1-1)
3.6 Aviation Gas 0.074 0.0767 0.0752 0.0741
14.4 Bitumen 0.0864 0.0908 0.0862 0.0938 0.0993
252 Coke (Coke 0.1212 0.1407 0.1209 0.0982 0.1209 0.0997
’ Oven/Gas Coke)
54 Crude QOil 0.0793 0.0783 0.075
6.4 Distillate Fuel 0.0777 0.0762 0.0746 0.0777 0.0796
Electric Utility 0.1063 0.1033 0.094
1.9
Coal
- Ethanol 0.0775
) Flexi-Coker/Low 0.1262
Btu Gas
1.4 Gas/Diesel Ol 0.0794 0.0786 0.0794 0.0783 0.0783
2.8 Jet Fuel 0.0773 0.0767 0.0752 0.0758
44 Kerosene/Aviation 0.0773 0.0786 0.0766 0.0752 0.0774
’ Kerosene
3.8 Lignite on7z4 0.1218 0175
2.7 LPG 0.0677 0.0674 0.068 0.0662 0.0679
2.9 Butane 0.0726 0.0705
5.3 Ethane 0.0653 0.0675 0.0641
1.6 Propane 0.0764 0.0685 0.0686
Misc. Petroleum 0.0771 0.0773 0.0752
2.8 Products and
Crude
2.5 Motor Gasoline 0.0763 0.0743 0.0753 0.076
9.7 Naphtha (< 104°F) 0.071 0.0744 0.0785 0.0814
Natural Gas 0.068 0.068
0.0 o
Liquids
6.8 Natural Gas 0.0588 0.06 0.0589 0.0616 0.0588 0.0576
73 Other Bituminous 0.0972 0.0989 0.0918 0.0972
’ Coal
03 Other Oil (> 0.0783 0.0785
’ 104°F)
- Pentanes Plus 0.0724
37.3 Petroleum Coke 0.1082 0.1337 0.1072 0.0933 0.1083 0.1047
26.4 Refinery Fuel Gas 0.0619 0.078 0.0637 0.0615
11.0 Residual Fuel 0.0843 0.0768 0.0829 0.0752 0.0844
- Special Naphtha 0.0779
- Still Gas 0.0697
8.9 Sub-bituminous 0.1045 0.1044 0.0954 0.1047
’ Coal
- Unfinished Oil 0.0794

*The values in this table are originally given by Ritter in higher heating value (HHV) terms.
They have been converted using LHV:HHV ratios taken from the Engineering Toolbox
(www.EngineeringToolbox.com) for coke, pentane and ethane, and GREET for all other fuels.
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5.2. Desirable properties of GHG estimation tools
for the oil and gas industry

5.2.1. Lifecycle assessment practices

Any lifecycle emissions model should use best practices in bottom-up
lifecycle assessment calculations to provide rigorous estimates of
emissions:

e The model should clearly define system boundaries and make clear
distinctions between included and excluded emissions sources.

e The model should follow accepted standards for LCA in areas where
methodology is flexible (e.g., co-product allocation or system
boundary expansion). Commonly accepted standards include ISO
standards for LCA (Series 14040) as well as the International
Reference Lifecycle Data System (ILCD) Handbook developed by
the European Commission (2010).

e The model should apply formal significance criteria when setting
system boundaries. This allows a comprehensive approach to
analysis while preventing the model scope from expanding beyond
feasible levels. These significance criteria should recognize the
uncertainty in initial assessments and apply cutoffs in a conservative
manner. For example, if an emissions source is nearly large enough
for inclusion within the significance boundary, caution should err on
the side of inclusion.

e The model should clearly define the rules concerning data cross
applicability i.e. how data for one field, MCON, country or region
could be utilized for estimating emissions from another field, MCON,
country or region.

5.2.2. International Organization for Standardization (ISO)
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14040 Series

The ISO 14040 series describes the preparation, conduct, and critical
review of lifecycle assessment (LCA) studies as well as lifecycle
inventories (LCIs). These have become a benchmark across industries,
including the oil and gas sector. In general, these processes encompass
the definition of the goal and scope of the LCA, the lifecycle impact
assessment (LCIA) phase, the lifecycle interpretation phase, reporting
and critical review of the LCA, limitations of the LCA, the relationship
between the LCA phases, and conditions for use of value choices and
optional elements. In regard to ISO 14040 for LCA, four interrelated
phases are described. These are: (i) definition of scope and goal (ISO
14047), (i) inventory analysis (ISO 14041), (iii) impact assessment (ISO
14042), and (iv) lifecycle interpretation and results (ISO 14043). These
are generally constructed as part of an iterative process whereby
feedback is consistently communicated from and incorporated into
different LCA phases. In addition, the standards provide guidance on
the nature and quality of data collected for the LCA study.



Best practices in the development of GHG estimation tools for the oil and gas industry

The ISO standard 14040 provides an overview of the practice,
applications, and limitations of LCA. It does not provide a detailed
review of the techniques or methodologies for individual phases of the
assessment, given that the purpose of the standard is cross-
applicability between diverse sectors. ISO 14040 provides the
methodological requirements with which any LCA should comply. The
standard cannot lay out specific recommendations on practice because
the significance of different characteristics and processes vary so much
from one LCA to another. Therefore, there are several ways in which an
LCA can be ISO compliant.

5.2.3. International Reference Lifecycle Data System (ILCD)
handbook (European Commission, 2010)

In 2010, the European Commission, together with the Joint Research
Centre (JRC) and the Institute for Environment and Sustainability
published the first edition of the International Reference Lifecycle Data
System (ILCD) Handbook. The goal of the ILCD Handbook is to provide
technical guidance for detailed LCA studies as well as the technical
basis to derive product-specific criteria, guides, and simplified tools. It
is based on and conforms to the ISO 14040 standards but extends
beyond these, providing additional details for lifecycle assessments
(Figure 5.1). Specifically, the ILCD Handbook further details the ISO
provisions for the three main areas of support: (i) micro-level decisions,
(i) meso-/macro-level decisions, and (iii) accounting. Micro-level
decisions are assumed to have limited structural consequences outside
the decision context, so that decisions have no direct impact on
production capacity. Meso-/macro-level decisions are assumed to have
structural consequences outside the decision context, directly affecting
production capacity. Finally, accounting provisions are purely
descriptive documentation of the system'’s life.

The objective of the handbook is to achieve more sustainable
production and consumption patterns, by providing producers and
consumers with a framework to consider the environmental
implications of the whole supply chain of products (both goods and
services), their use, and waste management.
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Figure 5.1. The role of the ILDC Handbook in LCA guidance (European

Commission, 2010)
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5.2.4. Rigor, complexity, and calculation detail

Modeling efforts should take an appropriate approach to determine a
balance of rigor and detail, given the associated trade-offs and data
l[imitations:

Where possible, the model should use fundamentals of petroleum
engineering and earth sciences to define functional relationships and
parameter values. Sources with appropriate rigor include peer-
reviewed literature, industry texts, and reference handbooks used in
industry. Web sources and other informal sources should be
minimized where possible.

The model should not be more complex than necessary, given
uncertainties and accuracy of data inputs. In general, the level of
detail in an LCA model is not expected to approach that used in
calculations for industry production and operations purposes. Not
only is such detail unneeded, but the additional data inputs required
in such a model would make an LCA tool difficult to use.

The model should aim to include rigorous default values or include
default relationships in the absence of reasonable single values of
input data (see §6.4.3.c).

5.2.5. Transparency

Lifecycle modeling should be performed in as transparent a fashion as
possible. Some models, due to dependence on proprietary data or
methods, cannot be made public. In that case, use of such proprietary
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models should be minimized. Transparency is especially important in an
LCA tool that will be used in the public domain. This transparency has a
number of dimensions:

Documentation should be complete and thorough and should
explain in sufficient detail all major aspects of the model.

All sources should be cited clearly in both model structure and
documentation.

Publicly available sources should be used wherever possible. While
exceptions may need to be made for accurate model functioning,
these should be minimized.

All model calculations should be accessible to the user, to the extent
that they do not excessively reveal any proprietary data sources
used.

The model should be built using a widely used and accessible
program (e.g., Microsoft Excel).

The model should be freely downloadable over an open and
accessible website.

5.2.6. Completeness

Model development should be as complete as practicable. Attention
should be paid to the importance of various sources. More specifically:

The modeling should address all lifecycle stages of oil and gas
production, including exploration and drilling, production and
extraction, surface processing, maintenance, waste disposal, and
crude transportation.

The modeling should take in (as needed) all possible types of
emissions sources from oil and gas operations, including combustion
emissions, flaring emissions, fugitive and vented emissions, land use
emissions, and emissions embodied in purchased electricity or other
consumed materials used on-site.

5.2.7. Usability and controls

Ease of use, as well as internal controls to prevent misuse, is an
essential feature of a modeling framework intended for general use.
The usability and safety features to ensure ease of use include the
following:

The user should access the model, in nearly all cases, through a
front-user control and results sheet. This will allow a user to input a
set of data into the model and to generate results without modifying
the numerous background aspects of the model.

The model should present graphic results in easy-to-read and easily
exportable format.

The model should alert the user when data are entered incorrectly.
Such data entry errors could include fractional percentages that do
not sum to 100 percent, or nonphysical assumptions.
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e The model should alert the user when an improbable combination of
data is entered into the model. For example, if a user supplies a
pressure that is far below the expected pressure at a given field
depth, the model should alert the user that this is a possible data
error. The model should continue to run but should simply alert the
user that this is an area that might need more attention.

e The model should collect all error statements and caution
statements in an easy-to-read summary sheet to check for model
running capability.

5.2.8. Data, defaults, and model parameterization

Any modeling framework should give significant attention to concerns
about data availability and quality:

e The LCA modeling effort should include a data quality assessment as
a fundamental part of the analysis.

e Effort should be applied to find accurate data inputs for default
parameters and relationships.

e The model should be parameterized with a variety of default values
or default relationships so that it can be run to estimate emissions in
the absence of complete information?®®.

e The model should strive to include realistic default values for
parameters of secondary importance or for constants needed in
computations.

¢ Where input parameters have important variation over the life of the
field or in proportion with other known parameters, default
relationships should be specified in preference to default values. For
example, if the water-to-oil ratio is not known, a default relationship
that relates the age of the field to the expected water-to-oil ratio
should be used in preference to a single default value for all fields.

5.2.9. Model output and results presentation

Model outputs should be specified in forms that are usable and fully
comparable to other studies (e.g., gC0O.e/MJ). The model should allow
flexible outputs in forms that are readily usable in other fuel lifecycle
models (e.g., GREET, GHGenius).

86 For additional information regarding OPGEE defaults, please refer to §7.3.3.
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6. OPGEE

6.1. Introduction

At the core of this project is the oil production greenhouse gas emissions
estimator (OPGEE), an engineering-based lifecycle assessment tool for the
measurement of greenhouse gas emissions from the production,
processing, and transport of crude petroleum. It is a project of Stanford
University, with contributions from the California Air Resources Board
(CARB) and the International Council on Clean Transportation (ICCT),
administered by Dr. Adam Brandt. OPGEE is an upstream model - the
system boundary extends from initial exploration to the refinery gate -, and
emissions are reported in terms of grams of carbon dioxide equivalent per
megajoule (gCOze/MJ) of crude oil delivered to the refinery (using lower
heating values). OPGEE has been developed to fill a gap in the set of
currently available tools for GHG analysis of oil production. Tools like
GREET and GHGenius have broad scope, are publicly available and
transparent but do not include process-level details. Models such as those
used by Jacobs and Energy-Redefined examine processes but are
proprietary, and results from these models cannot be reproduced by the
public or interested parties.

The OPGEE model is built in the spreadsheet application Microsoft Excel.
Excel is a widely owned and familiar software, and its use makes the
workings of the model (including all calculations) accessible to most
potential users. It also enables the model to be modified by users. A full
explanation of OPGEE is available in the OPGEE documentation, attached
as Annex C of this report. Alongside this report, the ICCT has included a
modified version of OPGEE used to calculate the EU baseline, OPGEE
1.0.ICCT.

6.2. OPGEE development

OPGEE was developed with funding from the California Air Resources
Board in support of the California Low Carbon Fuel Standard (LCFS). The
CA-LCFS seeks to reduce the carbon intensity (Cl) of transportation fuels
by 10 percent from the baseline value by 2020. A significant need for CA-
LCFS implementation is that the baseline CI of current fuels be constructed
using an accurate and robust methodology. Since baseline fuels are almost
entirely petroleum-based, a predictive model was required to estimates
GHG emissions from oil and gas operations.

The goals of OPGEE development were to:

1. Build a rigorous, engineering-based model of GHG emissions from oil
production operations.

2. Use detailed data, where available, to provide maximum accuracy
and flexibility.
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3. Use public data wherever possible.

4. Document sources for all equations, parameters, and input
assumptions.

5. Provide a model that is free to access, use, and modify by any
interested party.

6. Build a model that easily integrates with existing fuel cycle models
and could readily be extended to include additional functionality
(e.q., refining)

In the summer and autumn of 2011, a model-scoping plan was created and
circulated to interested regulators, industry observers, and other interested
parties. This scoping plan was not released for general comment. Based on
comments received, the scope and planning of the model was revised
somewhat. At that stage, a large variety of data sources were accessed and
compiled. Industry-specific reference texts were purchased (see OPGEE
documentation for the full list of technical references). Peer-reviewed oil
industry literature databases were gathered. More than 125 sources were
accessed in model development.

In early 2012, a beta version of OPGEE was created. This was an initial
“scoping” version that was created to solicit feedback from industry
observers and other experts. This beta version was introduced in a public
workshop on March 19 at the California Air Resources Board. Verbal and
written comments from this process were incorporated into the revisions to
the model.

After the beta version of OPGEE was released and revisions were made, the
OPGEE documentation was created. This model documentation aimed to:

1. Explain the use of the model, the required data, and the method of
gathering results.

2. Give advice for effective use of the model with limited data
availability.

3. Document all major equations in the model, with easy access to
model pointers so that the documentation serves as effective
reference for the model.

4. Document data inputs for all model parameters, ranges of
parameters, and any “smart defaults” that were developed to aid in
predictions with limited data.

5. Document assumptions and simplifications made in model
development.

The model documentation and draft version of OPGEE v1.0 (called OPGEE
v1.0 draft a) were released in a workshop on July 12, 2012, at the California
Air Resources Board offices. Verbal and written feedback was solicited
from workshop participants. No official comments were taken at this
meeting, although extensive feedback was received and incorporated
(where possible) into the model.

The proposed CARB regulatory version of OPGEE v1.0 was released to
official public comment on September 17, 2012.87 On November 26, the
regulation became effective. Most recently, a March 5" 2013 CARB public

87 http://www.arb.ca.gov/regact/2011/Icfs2011/Icfs2011.htm
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workshop presented a revised OPGEE version 1.1 draft a, with stakeholder
comments due by April 5t of 2013. This latest version of OPGEE includes a
number of improvements, including:

1.

10.

1.

12.

13.

14.
15.

An enhanced user inputs worksheet for the implementation of new
macro for the bulk assessment.

More flexible modeling features allowing for the removal of gas
processing units, addition of ocean tanker size and volume fraction
of diluent.

Modified accounting of emissions that removed the allocation of off-
site GHG emissions (credits/debts), added a separate emissions
category for total off-site GHG emissions and a separate emissions
category for diluent lifecycle emissions.

An enhanced graphing interface

Modified land use change emissions factors to account for 30 year
analysis period

Added petroleum coke lifecycle energy consumption and GHG
emissions based on GREET

A new model functionality for flaring efficiency calculations that
incorporates the choice of including flare tip diameters as well as
including a wind impacts.

An improved water-oil ratio smart default with extended
geographical coverage, inclusion of fields larger than 630 M bbl and
the elimination of long tail effects.

A more detailed demethanizer model that includes energy consumed
by demethanizer

The option of diluent blending after production that accounts for
indirect GHG emissions associated with importing NGL for use as
diluent

A non-integrated upgrader option for heavy oil (non-bitumen
pathways)

Allowed processing configuration flexibility to be able to switch
dehydrator, AGR unit and/or demethanizer on and off.

Changed heater/treater calculations so that default oil emulsion (14%
emulsified water) gives fraction of emulsified water irrespective of
WOR

Improved compressor model so that it varies between 1 and 5 stages

As well as a number of minor error correction and model
clarifications
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6.3. Modeling considerations

6.3.1. Co-produced natural gas and electricity

Many oilfields not only produce crude oil, but also export natural gas
and/or excess electricity. As detailed in Annex D, §4.7, OPGEE handles
these co-products through system expansion, rather than by allocation.
System expansion is recommended as the preferred methodology to
handle co-product emissions by the ISO LCA standards. Where co-
products are exported, an emissions credit is calculated and attributed
to the oilfield based on the emissions avoided by displacing natural gas
production or electricity production from the rest of the system. The
default electricity generation in OPGEE is natural gas based, and hence
excess electricity exports are assigned a credit assuming displacement
of natural gas based electricity. A larger credit would be assigned if
displacement of coal based electricity was assumed, or a smaller credit
for displacement of renewable electricity. In principle, it would be
possible to implement regionally specific characterization of the carbon
intensity of displaced electricity, but such an inventory has not been
implemented at this stage. The carbon intensity value for natural gas
production is based on the lifecycle inventory used in CA-GREET.

6.3.2. Dynamic emissions estimates
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Emissions from an oilfield will tend to increase over time rather than
decrease. This results from a variety of conditions that change as an
oilfield ages. Operating improvements may offset some of these, but
the likely net effect of field age is to increase emissions.

As an oilfield ages, a variety of developments will cause emissions to
rise: increased water production per unit of oil production, increased
gas production per unit of oil production, increased wear on devices,
and increased likelihood of need for maintenance operations such as
well work-overs and equipment blowdowns (gas evacuations) that
require venting of emissions.

Age increases water production significantly in an oilfield (see Figure
6.1). Because of the effects of multiphase flow in the subsurface, as the
oil saturation decreases in a reservoir, the water production increases,
sometimes rapidly. This increased water production is generally difficult
to reverse due to the preferential flow of low-viscosity water compared
to high-viscosity oil (e.g., once water flow is established, the reservoir
will resist efforts to force the flow of more viscous oil). As water flow
per unit of oil increases, the amount of effort required per unit of oil
produced greatly increases. This increases the work of production and
increases emissions while also increasing costs, which is why wells and
fields are generally shut in after they “water out”.
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Figure 6.1. Exponential WOR model using mean results for Alberta and
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As oilfield pressure drops, increasing amounts of gas are evolved from
the oil in the reservoir. This results in a generally increasing gas-to-oil
ratio (GOR) as a function of field age. Thanks to the potential for
fugitive emissions, higher-GOR fields will likely have a higher GHG
burden than low-GOR fields.

Also, over time, oilfield equipment wears and reduces in efficiency. This
wear can occur, for example, in pump strings, which can rub on
production tubing and increase the work of lifting (Takacs, 2003). Also,
as gaskets, seals, and other equipment age, the possibility of fugitive
emissions increases. Because maintenance is expensive and labor
intensive, oilfield fugitive emissions are likely to increase in older fields
compared to younger fields.

Finally, oilfield maintenance operations and process upsets are likely to
increase as an oilfield ages. For example, older wells must be worked
over to improve flow properties and prolong production. This can
involve fugitive emissions when opening the wellbore to the
environment. Also, maintenance operations often require that
equipment be “blown down” (evacuated of hydrocarbons) for safety
prior to operations. Since one can expect maintenance operations to
increase in frequency with age, servicing-related emissions are likely to
increase.
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OPGEE includes the effect of some of these changes over time. The
“smart default” for the water-to-oil ratio (WOR) includes a correlation
that automatically increases the default WOR as the field ages. OPGEE
additionally has the ability to model oilfield changes with age if data are
available. For example, if it is known that aging of the oilfield has
resulted in reduced lifting efficiency (due to pump wear) and increased
fugitive emissions, these changes can be included in the model as
changes to inputs in the detailed model calculations.

6.3.3. Modeling highly gaseous oil fields

Highly gaseous oil fields may be associated with higher emissions for
several reasons. First, as gas production increases, the possibility of
fugitive emissions increases because of the need for more gas handling
equipment and higher throughput rates. Second, if flaring is practiced
to dispose of gas in remote or uneconomic (“stranded”) locations, a
highly gaseous field will have higher flaring per unit of oil produced.
These effects are seen in the high levels of emissions from flaring in
countries such as Nigeria and Russia.

OPGEE can model fields with high rates of gas production, although as
the GOR gets very high the results can become quite uncertain without
full data coverage (see §8.2.5). As the model GOR is increased, OPGEE
automatically increases gas throughputs via the gas balance sheet. This
increases the fugitive emissions from gas processing units such as the
AGR (acid gas removal) unit.

OPGEE does not have the ability to predict the gas production rate
from other parameters such as oil gravity and reservoir pressure. With
additional modeling, a coarse estimate could be made of GOR based on
oilfield characteristics, but additional data are likely required as well (oil
bubble point pressure, etc.). Accurate field-characteristic based
estimates of producing GOR are unlikely to be developed due to the
uncertainty associated with this variable and lack of required input
data, and so GOR is likely to remain a model input rather than a
predicted quantity.

6.4. Areas for development in OPGEE

Like any lifecycle analysis tool, OPGEE has limitations that prevent it from
being 100 percent accurate 100 percent of the time. These limitations do
not prevent OPGEE from generating valuable results. Indeed, OPGEE has
been subject to public consultation in California where the Air Resources
Board has concluded that OPGEE v1.0 produces results of sufficient
accuracy to be used within a regulatory framework. Nevertheless, it is
important to acknowledge these limitations and to recognize where there is
room for future development.
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6.4.1. System boundary

OPGEE includes within its system boundaries more than 100 emissions
sources from oil and gas production. The system boundaries of the
current version of the model (OPGEE v1.0) encompass emissions
sources from all major process stages (e.g., drilling and development,
production and extraction, surface processing). However, emissions are
subject to significance cutoffs, wherein very small emissions sources
are neglected as (likely) insignificant in magnitude. Therefore, some
emissions sources from exploration, maintenance, and waste disposal
are not explicitly modeled. These cutoffs are applied because it would
be infeasible (and counterproductive) for regulators or producers to
model the magnitude of every emissions source. It is unlikely that
excluding these sources results in any significant inaccuracy in OPGEE.
Indeed, OPGEE’s system boundaries include a broader coverage of
upstream emissions sources than any of the models discussed in §6.4.1.

6.4.2. Technical questions

6.4.2.a. Production modeling

The production technologies included in OPGEE are: primary
production, secondary production (water flooding), and major tertiary
recovery technologies (steam injection). Innovative production
technologies such as solar thermal steam generation and CO; flooding
are not included in OPGEE v1.0.

OPGEE assumes single-phase liquid flow in the calculation of the
pressure drop between the well-reservoir interface and the wellhead. In
reality, there is a simultaneous flow of both liquid (oil and water) and
vapor (associated gas). Results show that pressure drop calculated
using a two-phase flow model can be significantly lower than that
calculated using a single-phase flow linear model (Clegg, 2007). The
deviation of the single-phase flow assumption from reality is expected
to grow with increasing GOR. Adding a two-phase flow model should
therefore improve the accuracy of OPGEE for fields with very high
GOR.

In the modeling of thermal enhanced oil recovery (TEOR), OPGEE does
not currently recognize that the viscosity of the oil in lifting is sensitive
to steam injection (Green & Willhite, 1998). The concept of TEOR is
based on reducing the viscosity of the oil, and this should decrease the
lifting energy requirement. This effect is likely to be small compared to
overall emissions for TEOR projects, because the bulk of the energy
consumption in TEOR is from steam generation and not from lifting, but
still modeling the viscosity reduction would improve the results.

6.4.2.b. Surface processing modeling

In OPGEE it is not possible to account for the wide variations in surface
processing. The goal is to include the most frequently applied
processes in the industry while still retaining some flexibility to model
varying operating modes.
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For example, the placement of a heater/treater in water-oil separation
significantly affects the result. Also, the associated gas-processing
scheme has a default configuration that includes gas dehydration and
acid gas removal (AGR) units, which are not used in all oilfields.

6.4.3. Data availability

6.4.3.a. Flaring

Default flaring rates (millions of standard cubic feet per barrel of oil)
used in OPGEE to model GHG emissions from gas flaring are calculated
using country-level data, which cannot account for variations in field
characteristics and practices. These country-level estimates are
calculated using data from the National Oceanic and Atmospheric
Administration and the Energy Information Administration (Elvidge et
al., 2007; Elvidge et al., 2009; EIA, 2010). While data is available for
reported flaring emissions in some jurisdictions (e.g. Nigeria), in general
it is difficult to obtain field specific flaring data. Ongoing work with UC
Davis is attempting to achieve a much better resolution for the satellite
data, enabling flares to be connected to specific fields and field specific
flaring rates to be calculated.

6.4.3.b. Fugitives and venting

Most fugitive and venting emissions in OPGEE are calculated using
emissions factors derived from CARB industry survey data (Lee, 2011).%8
The completeness and quality of data collected in the survey is
challenging to verify (as is common with survey data). Also, the data
are specific to California, where environmental regulations and
practices are different from other regions. Further investigation would
be appropriate to determine whether it would be appropriate to adjust
these California based defaults to better characterize practices in other
regions.

6.4.3.c. Default specifications

All inputs to OPGEE are assigned default values that can be kept as is
or changed to match the characteristics of a given oilfield or
marketable crude oil name (MCON). If only a limited amount of
information is available for a given field, most of the input values will be
set to defaults. In contrast, if detailed data are available, a more
accurate emissions estimate can be generated.

Some defaults require more flexible (“smart”) default specifications.
The water-to-oil ratio (WOR) is an important parameter influencing
GHG emissions. OPGEE includes a statistical relationship for water
production as a function of reservoir age. The default exponential
relationship is a moderate case parameterized with a variety of industry
data. Nevertheless, this relationship does not work well in all cases - for

88 California emissions factors are used except for CO2 venting from the AGR unit, venting
from storage tanks, and fugitive emissions from production equipment (valves, connectors,
seals, etc.)
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instance, it can give misleading results for giant fields with a very high
productivity index (e.g., those in Saudi Arabia®?).

The GOR varies over the life of the field. As the reservoir pressure
drops, increasing amounts of gas evolve from oil (beginning at the
bubble point pressure if the oil is initially undersaturated). This tends to
result in increasing GOR over time. Also, lighter crude oils tend to have
a higher GOR. Because of this complexity, a static single value for GOR
is not desirable. OPGEE uses California producing GORs to generate
GORs for three crude oil bins based on API gravity. All the data
required to generate empirical correlations for GOR are not likely to be
readily available.

6.4.3.d. General lack of data availability

As noted in several places in this report, in general, many input
parameters are not available in the public domain for any given oilfield.
There are exceptions where better data is available, and these relatively
well-documented fields have been used as representative fields to build
the EU Baseline in this report (§8). Still, even for these fields many
parameters must still be based on defaults, and this restriction on data
availability is the greatest challenge to the use of OPGEE to assess
oilfield emissions globally.

6.4.4. Uncertainty

OPGEE estimates GHG emissions based on data about oilfield
operations. OPGEE can function using limited data for a given field by
relying on default values and smart defaults. If only a small subset of
the required data inputs is available for a given field, then most OPGEE
parameters will be set to default values. Because OPGEE was designed
for "typical” oilfields with moderate conditions, it works well to
estimate energy demand in these cases. However, if OPGEE is applied
to a field with extreme characteristics (very high WOR, high GOR,
significant amounts of gas reinjection), then OPGEE defaults may be
less representative of how that field may actually operate. An example
of this is given by El-Houjeiri et al. (2013) for the Alaska North Slope
region, where there are unusual surface processing arrangements
owing to the very high GOR and remote location with no gas
infrastructure.

When using OPGEE to model fields with regulatory and other public
datasets,®° it is common that production data will be available in some
detail, while little public data will be available on the oilfield
configuration and production design. Associated gas production will
often be reported, which allows computation of the field GOR.
However, generally, it will not be reported whether the same field uses
an AGR unit to treat the associated gas, and sometimes it is not
reported whether the field reinjects the gas, flares it, or sells it to the

89 The WOR for Saudi Arabian fields is referenced to literature sources in the EU Baseline.
90 For instance, when using the data published by the UK Department of Energy and Climate
Change for the country’s North Sea fields.
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market. For high-GOR fields, there could be substantial emissions
uncertainty associated with this question (see Annex D, Table C.3).

For a given field, it is impossible to know, a priori, how large the
distortion from reliance on defaults will be. Only by accessing more
data and customizing OPGEE inputs to match field conditions can one
definitively quantify any distortion. In most cases, we believe it is likely
to be small. For example, El-Houjeiri et al. (2013) observe that for the
OPGEE "generic" case (moderate WOR, moderate GOR), OPGEE
default assumptions about pump efficiencies, electricity use, pump
driver type, and other "secondary” assumptions were responsible for
only very small (< 0.5 g/MJ) deviations in model results when varied
over reasonable observed values. That is, OPGEE was not sensitive to
modeler assumptions about field parameters and equipment. In cases
with more extreme production patterns, however, this result may not
always hold (see §8.2.7.b).

6.4.5. LCI consistency

The lifecycle inventory (LCI) data (such as the carbon intensity of diesel
fuel, electricity and natural gas) used in OPGEE are chosen to be
congruent with the CA-GREET model. This reflects the focus on the
California fuel market in the original development of OPGEE. GREET is
a well-established and respected LCA system, but using CA-GREET
data as OPGEE inputs means that there is less regional specificity to
input data than would be ideal. There is also an issue of consistency of
the input LCI data with the model results. To give an example, because
OPGEE predicts high carbon intensity for most Nigerian crudes, we
might expect diesel fuel used in Nigerian crude oil production to have a
higher carbon intensity than the average diesel fuel used in California.
However, because CA-GREET LCI data are used, this linkage would be
missed. Ideally, the model would capture such regional variation in
process fuel carbon intensity, but turning OPGEE into a fully integrated
modeling system would represent a major modeling challenge, and was
beyond the scope of the exercise presented in this report.

6.5. Future work on OPGEE

Potential future work and model improvements focus on the following
areas:
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e Calibrating the model to oil field emissions inventory data. If detailed
data about oil field production parameters can be combined with
emissions inventory data, it would allow the estimates from OPGEE
to be directly tested, and calibrated as necessary. This would likely
require cooperation from oil industry stakeholders.

e Developing a two-phase flow-lifting model. This adds complexity to
model calculations but does not increase the number of input
parameters.



OPGEE

Building modules for innovative production technologies such as
solar steam generation and CO; flooding.

Making the lifting model sensitive to the viscosity change induced by
steam injection. Adding emissions associated with the demethanizer
(refrigeration system and fractionation column). Implemented in
OPGEE Vv1.1.

Adding flexibility to the gas-processing scheme: allow the options of
removing the gas dehydrator, AGR unit and/or demethanizer.
Collecting more data and improving the correlations of WOR and
GOR defaults. Implemented in OPGEE v1.1

Calculating field-level flaring rates using ongoing work by Elvidge
(NOAA) and Hart (University of California, Davis).

Using technical reports and workbooks to update fugitive and
venting emissions factors.

Building an engineering-based model for the calculation of GHG
emissions from oil sands production (the current module is derived
from GHGenius [see http://www.ghgenius.ca/]).

Many OPGEE defaults, including default processes, are currently not
sensitive to region or development type. Additional consultation
with industry and examination of the petroleum engineering
literature may allow default typical local production practices (for
example for North Sea offshore production) to be more accurately
identified, and used in place of global defaults.

The OPGEE model has been released and made available for
stakeholder comment in California, but not to date in Europe.
Actively seeking input from European stakeholders with petroleum
engineering expertise and access to industry data would provide an
opportunity for further calibration of OPGEE and expansion of the
EU Baseline database.

El-Houjeiri et al. (2013) have done some initial sensitivity analysis
with OPGEE, but a more systematic and extensive analysis would be
very valuable in identifying regulatory strategies and reconfirming
that OPGEE estimates are robust enough for regulatory use.
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7. Data availability and collection

This chapter provides an overview of the data that have been identified as
potential sources of supplementary inputs for the oil production
greenhouse gas emissions estimator (OPGEE) model. The objective of this
analysis is to determine the quantity, quality, and (in certain cases) cost of
available data as it pertains to the calculation of greenhouse gas (GHG)
emissions from conventional and unconventional crude oil sources. Given
limitations of data access and transparency within the oil industry, many
oilfields have scarce information in the public domain. Whereas publicly
available data sources have been prioritized, the study has also identified
proprietary datasets.

The current analysis is focused on populating OPGEE with data relevant to
the EU, however, some of the sources reviewed refer to North American
production that is not currently exported in any quantity to Europe. In
some cases, data from North America have been used to calibrate and/or
populate the OPGEE model-this takes as an assumption that these
relatively data-rich operations can be considered representative of crude
extraction operations elsewhere. The subsequent section first highlights the
main data requirements of the OPGEE tool, followed by a description of a
number of available data sources.

7.1. Data requirements of OPGEE model

As previously described, the OPGEE model is an open-source, fully public,
engineering-based model of GHG emissions from oil production operations
that is currently being developed for the California Air Resources Board
(CARB) and the European Commission by Hassan M. El-Houjeiri and Adam
R. Brandt at Stanford University, with the collaboration of the International
Council on Clean Transportation (ICCT) (see Annex D for additional
information). The model employs an engineering framework based on
bottom-up modeling of production, processing, storage, and transport of
oil to refineries using field characteristics as input data. The tool aims to
develop a standardized methodology for assessing GHG emissions from
fuel production (Brandt and Houjeiri, 2011). For data inputs, the model relies
primarily on publicly available, disaggregated data for all input equations
and parameter defaults. The focus on publicly available data in the
development of OPGEE reflects the desire to maximize the credibility of
the model by way of transparency and clarity of assumptions. Having said
this, the challenge of obtaining information that is both accessible and of
solid quality may hinder the intention to rely solely on public datasets.

In its current design, OPGEE describes well-to-refinery gate operations in
six stages: (i) exploration and drilling, (ii) production and extraction, (iii)
surface processing, (iv) maintenance, (v) waste disposal, and (vi) crude
transport. Web sources and public domain data, journal articles, textbooks,
and industry references currently provide the basis for the lifecycle
modeling of these processes. Table 7.1 provides a summary of the currently
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cited literature and standards organized by different lifecycle processes for
conventional crudes.

Table 7.1. OPGEE references cited by lifecycle process (El-Houjeiri and
Brandt, 2012)

LIFECYCLE PROCESS REFERENCES

Mitchell, R, Miska, S. Fundamentals of Drilling Engineering

Gidley, J., Holdtich, S., Nierode, D. Recent Advances in Hydraulic
Fracturing

Lake, L. Petroleum Engineering Handbook: VVolume -V
Devereux, S. Practical Well Planning and Drilling Manual

Azar, J., Samuel, G. Drilling Engineering

Raymond, M., Leffler, W. O/l and Gas Production in Nontechnical
Language

Allen, T., Roberts, A. Production Operations 1. Well Completions,

ACLT Workover, and Simulations

Lake, L. Petroleum Engineering Handbook: VVolume -V
Cholet, H. Well Production: Practical Handbook
Takacs, G. Modern Sucker-Rod Pumjping

Lifting and Pumping Takacs, G. Sucker-Rod Pumyping Manual

Takacs, G. Gas /lift manual

Wilson, M., Frederick, J. Environmental Engineering for Exploration and
Production Activities

General Environmental Issues

Reed, M., Johnsen, S. Produced Water 2: Environmental Issues and
Mitigation Technologies

Waterflooding. SPE reprint series no. 56

Secondary Recovery

(Waterflooding) Craig, F. The Reservoir Engineering Aspects of Waterflooding

Rose, S., Buckwalter, J., Woodhall, R. The Design Engineering Aspects of
Waterflooding
Green, D., Willhite, G. Enhanced Oil Recovery

Prats, M. Thermal Recovery
Enhanced Oil Recovery

Jarrell, P., Fox, C., Stein, M., Webb, S. Practical Aspects of CO> flooding

Enhanced Oil Recovery System American Petroleum Institute standards:

Details
RP 534 - Heat Recovery Steam Generators

Chilingarian, G., Robertson, J., Kumar, S. Surface operation in petroleum
production, | & I/

Surface operations, Separations
and Processing Manning, F., Thompson, R. Oilfield Processing of Petroleum. VVolume I:
Natural Gas

Manning, F., Thompson, R. Oilfield Processing of Petroleum. VVolume 2:
Crude Oil
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LIFECYCLE PROCESS REFERENCES

Szilas, A. Production and transport of oil and gas. Part B: Gathering and
transport

Crude Transport McAllister, EW., Pipeline Rules of Thumb: Handbook
Miesner, T., Leffler, W. O/l and Gas Pipelines in Nontechnical Language

American Petroleum Institute standards:
Spec 12J - Specification for Oil and Gas Separators
Spec 12K - Specification for Indirect Type Oilfield Heaters

Spec 12L - Specification for Vertical and Horizontal Emulsion
Surface Operations Treaters

RP 50 - Natural Gas Processing Plant Practices for Protection
of the Environment

RP 51R - Environmental Protection for Onshore Oil and Gas
Production Operations and Leases

American Petroleum Institute standards:

RP 1127 - Marine Vapor Control Training Guidelines

RP 1124 - Ship, Barge and Terminal Hydrocarbon Vapor
Collection Manifolds

Publ 1673 - Compilation of Air Emission for Petroleum
Distribution Dispensing Facilities

Std 521/1SO 23251:2006 - Guide for Pressure-relieving and
Depressuring Systems

Venting, Flaring, and Fugitive
Emissions

Std 2000/1SO 28300 - Venting Atmospheric and Low-pressure
Storage Tanks

Std 537/ 1SO 25457:2008 - Flare Details for General Refinery
and Petrochemical Service

Publ 306 - An Engineering Assessment of Volumetric Methods
of Leak Detection in Aboveground Storage Tanks

Publ 334 - A Guide to Leak Detection for Aboveground
Storage Tanks

American Petroleum Institute standards:

DR 141- Global Emissions of Carbon Dioxide from Petroleum
Sources

Schmidt. Fuel Oil Manual

In addition to the above-cited references, the study relies on various
publicly available data regarding emissions factors and specifications for
engineering components used in the production of conventional fuels.
These include emissions factors from GREET (the Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation Model), oil and gas
engine specifications from Caterpillar, Inc., and electric motor attributes
from General Electric. The study also relies on country-specific crude oil
production data from the Energy Information Agency (EIA) and regional
flaring volumes from the National Oceanic and Atmospheric Administration
(NOAA) (to determine average regional flaring rates).
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Table 7.2. Public data sources currently referenced in OPGEE Model (El-
Houjeiri and Brandt, 2012)

SOURCE REFERENCED INFORMATION

Emissions Factors: Boilers/Heaters, Turbines, Reciprocating
Engines, and Flaring with 0.2% Non-combustion

Fuel Cycles and Displaced Systems for Natural Gas

Ocean Tanker/Pipeline Transport

Fuel Specifications (Liguid Fuel Heating Values)
Caterpillar, Inc. Technical Sheets for Oil and Gas Engines

General Electric (GE) Technical Sheets for Electric Motors

Country-Specific Crude Qil Production

Country-Specific Flaring Volumes

The OPGEE model is designed so that users can estimate GHG emissions
from specific crude feedstocks and production processes by providing a
number of input parameters. These can be divided into four groups: (i)
general field properties, (ii) fluid properties, (iii) production practices, and
(iv) processing practices (see Table 7.3). In addition to these parameters,
the model includes a number of inputs related to land use impacts, crude
oil transport, unit efficiencies, and small-source emissions. As described in
the model documentation, in many instances these parameters use default
values (given the lack of field-level data). In the case of California, many of
the model’s input requirements were available through the California state
Division of Oil, Gas, and Geothermal Resources (DOGGR) report (2007)
and the CARB survey (2011), as well as through national authorities like the
EIA. In the cases of the EU and Africa, only Britain, Denmark, and Nigeria
publish extensive national oil production statistics at the field level, to the
best of our knowledge. These datasets are made available via the British
and Danish energy agencies and the Nigerian National Petroleum
Corporation (NNPC) and contain detailed (monthly) time series data at the
field level across a number of parameters included in the OPGEE model.
Even so, many parameters are absent from these datasets and have had to
be supplemented from other sources or based on defaults.
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Table 7.3. OPGEE required data inputs (El-Houjeiri and Brandt, 2012)

GENERAL FIELD PROPERTIES PRODUCTION PRACTICES

Gas-0Oil Ratio (GOR)

Field Location Water-to-Oil Ratio (WOR)
Field Depth Steam-to-Qil Ratio (SOR)
Field Age Water Injection (Y/N, Quantity)
Reservoir Pressure Gas Injection (Y/N, Quantity)
Oil Production Volume N2 Injection (Y/N, Quantity)
Number of Producing Wells Steam Injection (Y/N, Quantity)

On-site Electricity Generation

PROCESSING PRACTICES FLUID PROPERTIES

Heater-Treater (Y/N)
Stabilizer Column (Y/N) API Gravity of Produced Fluid
Flaring Volume Associated Gas Composition
Venting Volume

7.2. Public dataset overview

7.2.1. CARB Survey Data for California

As one of a number of measures under the California Global Warming
Solutions Act of 2006 (commonly referred to as AB 32), requiring
reductions of greenhouse gas emissions to 1990 levels by 2020, CARB
has surveyed relevant parties in the oil and gas sectors of California. In
2009 the survey was mailed out to crude oil and natural gas production,
processing, and storage facilities in California. The purpose of this
survey was to create a comprehensive tool that could be used to create
a robust GHG emissions inventory for the oil and gas production sector.
In previous years, CARB had already identified a list of discrete early
action measures, assembling an inventory of historic emissions,
establishing GHG reporting requirements, and setting the 2020
emissions limit that would serve as the basis for future refinements.®' As
a result of this work, CARB recognized the oil and gas production sector
as well as transmission and distribution pipeline systems as important
contributors to GHG emissions. In order to further investigate the
sources of these emissions, the 2007 survey was sent out to a total of
1,429 companies operating within the state. Of these, 960 were
removed from the list after they were identified as being out of
business, having merged or been bought by other companies, or not
operating within the crude oil and gas industry. Consequently, a total of
325 companies, representing approximately 97 percent of the 2007

91 As part of this project, in November 2007, CARB published the 1990-2004 California
GHG inventory.
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crude oil and natural gas production in California, completed the
survey.??

Table 7.4. Referenced sources of emissions factors and calculation
methodologies (CARB, 2011)

SOURCES

APl (2004). American Petroleum Institute. Compendium of Greenhouse Gas Emissions
Methodologies for the Oil and Gas Industry. February 2004.

ARB Mandatory Reporting (2008) California Code of Regulation, Title 17, Chapter 1,
Subchapter 10, Article 2, Sections 95100-95133.

CAPCOA (1999). California Air Pollution Control Officers Association. California
Implementation Guidelines for Fugitive Hydrocarbon Leaks at Petroleum Facilities.

CEC (2006). California Energy Commission. Evaluation of Oil and Gas Sector Greenhouse
Gas Emissions Estimation and Reporting. April 2006.

EPA (1996a). U.S. Environmental Protection Agency. Methane Emissions from the Natural
Gas Industry. June 1996.

EPA (1996b). U.S. Environmental Protection Agency. Compilation of Air Pollution Emission.
AP-42. October 1996.

EPA (1998). U.S. Environmental Protection Agency. Compilation of Air Pollution Emission.
AP-42. July 1998.

EPA (2000). U.S. Environmental Protection Agency. Compilation of Air Pollution Emission.
AP-42. July 2000.

EPA (2003a). U.S. Environmental Protection Agency. Natural Gas Star Lessons Learned.
Options for Reducing Methane Emissions from Pneumatic Devices in the Natural Gas
Industry. July 2003.

EPA (2003b). U.S. Environmental Protection Agency. Natural Gas Star Lessons Learned.
Replacing Glycol Dehydrators with Desiccant Dehydrators. November 2003.

EPA (2005). U.S. Environmental Protection Agency. Natural Gas Star Lessons Learned.
Efficient Pigging of Gathering Lines. April 2005.

HARC (2006). Houston Advanced Research Center. VOC Emissions From Qil and
Condensate Storage Tanks. October, 2006.

INGAA (2005). Interstate Natural Gas Association of America. Greenhouse Gas Emission
Estimation Guidelines for Natural Gas Transmission and Storage, Volume 1.

Kern County APCD (1990). Corrections to CARB’s AB2588 Air Toxics “Hot Spots”
Technical Guidance Document Table D-1, Page 118. April 25, 1990.

The survey collected data from equipment information to serve as
inputs for commonly used and publicly available equations and
emissions factors.?® These were primarily derived from EPA guidelines
and the American Petroleum Institute (API) compendium of GHG

92 The response rate of the survey was 83 percent after excluding companies that had gone
out of business, had merged or been bought by another company, or were mistakenly
thought of as being in the crude oil or natural gas business.

93 In order to reduce the complexity of assigning emissions to a particular company, CARB
allowed the company to list a company name, a facility location, and a facility identification
number (ID). The facility location and facility ID were defined by contiguous property
boundaries. As a result, 325 companies representing 1,379 facility locations and 1,632 facility
IDs in 17 air districts across California completed the survey.

183



Upstream Emissions of Fossil Fuel Feedstocks
for Transport Fuels Consumed in the EU

emissions methodologies for the oil and gas industry. The reporting
unit for the survey was at the level of the operator or in some cases the
financial jurisdiction. Overall, the survey collected information from the
following categories: (i) facility type, (ii) facility production, (iii) facility
electrification, (iv) vapor recovery and flares, (v) combustion
equipment, (vi) component counts, (vii) automated control devices,
(viii) inspection and maintenance program, (ix) natural gas
dehydration, (x) natural gas sweetening or acid gas removal, (xi) other
natural gas processing, (xii) natural gas compressors, (xiii) pipelines,
(xiv) crude oil or natural gas separation units, (xv) crude oil separation
sumps or pits, and (xvi) crude oil storage tanks.** The results for both
the oil and the gas sectors’ total California emissions were reported by
type: combustion, vented, and fugitive. The total estimated emissions
derived from the equipment covered by the survey were 18.8 million
metric tons of CO; equivalent, with combustion sources (equipment
burning fuel for energy) accounting for 87 percent of the total CO.e
emissions.®®

One of the major challenges presented by these data was the
difference in reporting units with the DOGGR survey (see below). While
CARB reported at the level of the operator, the latter reported
information by field. Therefore, if there is a field with more than one
operator (as is the case in many instances), it will be difficult to ensure
alignment between these datasets. Nonetheless, the data obtained
from the mandatory CARB survey serve as one of the few sources of
observed public data on GHG emissions from the oil and gas industry.

We are not aware that a similar survey has been carried out or is being
planned for the public domain in any of the countries sourcing the EU.
Despite certain caveats, particularly in the reporting unit, the CARB
survey is a valuable source of comprehensive public data on crude
production. Insofar as these processes are comparable across regions
and crude characteristics, the data can be used to cross-populate the
model default values for the EU scenario.

94 For additional details regarding the survey distributed by CARB, refer to Annex A of the
QOil and Gas Industry Survey Results Final Report (CARB, 2011).

95 The remaining 13 percent (2.4 million metric tons of CO2e) were derived from vented (3
percent) and fugitive (10 percent) sources. The crude oil industry proved to be the largest
emitter, with 58 percent of all California CO2e emissions derived from onshore crude
producing facilities and steam generators contributing to 41 percent of all California CO2e
combustion emissions.
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Table 7.5. Total CO, emissions for California by crude production range
(CARB, 2011)

RANGE
(BARRELS TOTAL BARRELS % OF TOTAL CO2 EMISSIONS

NUMBER OF
CRUDE OIL EACILITIES OF CRUDE OIL

PRODUCED PER PRODUCED
YEAR)

Not Reported 88 Not Reported 50% 4% 46%

< 1,000 87 42,720 37% 3% 60%
1,000 to 10,000 238 961,326 69% 5% 26%
10,000 to 25,000 84 1,267,662 95% 0% 5%
25,000 to 50,000 57 2,093,042 54% 3% 43%
50,000 to 75,000 21 1,344,532 91% 2% 7%
7%8%0050 ll 896,302 29% 2% 69%

227,371,062 92% 1% 7%

99

7.2.2. State of California Division of Oil, Gas, and Geothermal
Resources California dataset

> 100,000

The State of California’s Department of Conservation Division of Oil,
Gas, and Geothermal Resources (DOGGR) publishes an annual report
containing production and injection data on all California oil and gas
operations. These reports have been produced annually since 1915,
although the reporting parameters and methodologies have changed
through the years. The most recent available report is from 2010.%¢ The
publicly available dataset contains detailed descriptions of all
operations in California, with production and injection variables by field
and operator. The dataset also provides information on reserve
revisions, pressure maintenance projects, gas storage projects, carbon
dioxide injection projects, enhanced oil recovery projects, oilfield co-
generation projects, discoveries, and prospect wells. Currently, the
study team is looking to establish 2007 as a baseline year for
comparisons of GHG emissions derived from the OPGEE model with
observable data collected on GHG emissions by the 2007 CARB QOil and
Gas Industry Survey. For this task, the OPGEE model will be adjusted
using input values obtained from the DOGGR 2007 annual report.

96 See DOGGR:
http://www.conservation.ca.gov/dog/pubs_stats/annual_reports/Pages/annual_reports.asp
X
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Table 7.6. Sample aggregated data categories from the 2009 DOGGR
annual report

OIL AND GAS OPERATIONS
California District No.1
California District No.2
California District No.3
California District No.4
California District No.5
California District No.6
Offshore

Oil and Gas Statistics

California Oil and Gas Facts

Largest California Fields (2009)

Ten Oil Fields with Largest Production Increases

Ten Oil Fields with Largest Production Decreases
Thirty Largest Oil Producers in California (2009)
Twenty Largest Gas Producers in California (2009)
Production by District

Notices Filed and Inspections

Reports Issued by the Division

Producing Wells and Production of Qil, Gas, and Water by County
Unconventional Petroleum Production in California
Offshore QOil and Gas Fields (2009)

Operations - Oil and Gas Fields

Production and Reserves

Oil and Gas Produced by Operator

Injection

Injection, by Operator

Reserve Revisions

Gas Storage Projects

Carbon Dioxide Injection Projects

Incremental Oil Production from Enhanced Oil Recovery Projects
Oilfield Co-generation Projects

Oil and Gas Discoveries

Oil Sand Discoveries prior to 2009

Prospect Wells Drilled to Total Depth in 2009
Prospect Wells Drilled to Total Depth prior to 2009
Geothermal Operations

Summary of Geothermal Operations

Geothermal Statistics

Geothermal Operations and Feet Drilled

California’s Steam-dominated Geothermal Fields
California's Water-dominated Geothermal Fields
Geothermal Exploratory Wells Drilled to Total Depth in 2009
Geothermal CEGA Applications and Site Visits

Fluid Produced and Injected and Power Plant Capacity
Financial Report

Financial Statement (2008-2009 Fiscal Year)
Collection of Funds by Assessment

List of Delinquent Assessments and Penalties
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7.2.3. Energy Resources Conservation Board (ERCB) dataset on
Albertan crude production

This comprehensive data has been used to investigate well
characteristics, develop smart defaults and relationships based on
historical relations, and provide insights into unconventional crude
production processes. The dataset ST-16 contains monthly
pool/deposit-level production and injection records from 1962 to 2011.
Data from 2011 were discarded, as observations were available only for
the first four months. Overall, 26 injection and 11 production variables
are included in the dataset (see Table 7.7). Four out of 975 fields
included in the dataset were classified as unconventional, meaning that
their primary output was crude bitumen and not crude oil. The WOR
was provided within the dataset and was also calculated on a monthly
basis for each pool.

The dataset was transferred from a pdf file into a Stata data file so that
a longitudinal (panel) dataset could be created. A longitudinal dataset
contains observations on multiple production and injection variables
over multiple time periods for the same unit of observation. In this case,
the unit of observation is the unique identifier (ID) that was created for
each possible pool and field combination (51,272), which interacts with
a time variable that corresponds to the number of months (588)
included in the analysis. Not all combinations have been in production
uninterruptedly since 1962, so the dataset is referred to as an
unbalanced panel.

Only pool and field combinations for which WOR data are available for
at least 6 non-consecutive months and for which the value differed
from zero are included in the analysis. A total of 17,082 pool and field
combinations satisfied these conditions. A preliminary analysis
suggested that many of these pools are extremely small producers and
exhibited erratic or sporadic production behavior. We therefore limited
the analysis to the top 100 pool/fields. Overall, these pools contributed
over 65 percent of Alberta crude production over the dataset time
period. The OPGEE documentation (Annex D of this report) provides
further details on the results of this analysis in its own Annex D.
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Table 7.7. ERCB variables by production process and measurement unit

MEASUREMENT
PROCESS UNITS
ABBREVIATION DEFINITION

Injection Production m3 1'0030
m
ACID-G Acid Gas Injection v v
AIR ldem v v
AMMNIT Ammonium Nitrate v v
AN AMN Unknown v v
BRKH20 Brackish Water v v
BUTANE ldem v v
CO2 Idem v v
COND Condensate v v v
CR BIT Crude Bitumen v v
CR OIL Crude QOil v v
CR-OIL Crude Oil v v
ENTGAS Entrained Gas v v
ETHANE Idem v v
GAS ldem v v
GAS/CDR Gas/(;aer(k:)gyerDyioxide / v
GOR Gas to Oil Ratio v N/A N/A
LPG Liquefied Petroleum Gas v v
MICLAR M‘ig!i;gfoogdymg v v
N2 Nitrogen Gas v v
NAPHTH Naphtha v v
OlL Qil v v
OIL SRCE Oil Source v v
OIL/CDR Oil/Csékégce[?;oxide v v
OXYGEN Idem v v
pents  PemineRplsroecies ‘
POLYM Polymer flood v
PROPNE Propane v v
SOLV Solvent v v
SRCWTE Source of Water v v
STEAM ldem v v
WASTE Idem v v
WATER ldem v v v
WGR Water to Gas Ratio v N/A N/A
WOR Water to Oil Ratio v N/A N/A
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7.2.4. Publically available datasets for crudes sources to the EU

The OPGEE project aims to “use public data wherever possible”, in
order to maximize transparency. Notwithstanding this preference,
extensive public datasets for crudes consumed in the EU market were
obtained only for British, Danish and Nigerian fields. These datasets are
made available via each jurisdiction’s energy agency, or in the case of
Nigeria from the National Petroleum Corporation (NNPC). The
Norwegian Petroleum Directorate (NPD) was also used to supplement
information from additional sources, however supplementary
information from their public data portal (operated by Halliburton) was
unable to be retrieved/purchased. Overall, the above-cited datasets,
with the exception of Norway, contain detailed (monthly) time series
data at the field level across a number of parameters included in the
OPGEE model (see Annex D). Even so, several important parameters
are not included in these datasets and have had to be supplemented
from a number of different sources. In particular, because the reports
are focused on production data, they do not address the physical
characteristics of the fields, including parameters such as field depth
and reservoir pressure.

Table 7.8. Publically available datasets for crudes sourced to the EU

NUMBER
(o] J
DISTINCT
FIELDS

PARAMETERS INCLUDED

COUNTRY

Field Name, Current Operator,
Offshore Indicator, Qil Production,

DisfeRpimel: G Condensate Production, Gas

United En(:elrgy tand 1975 - 290 Production, Associate Gas, Gas
Kingdom cﬁr;ﬁgg 20M Flared, Gas Injected, Gas Vented,
(DECC) Produced} Water, Produceq Water
to Sea, Injected Water, Reinjected
Produced Water?’
. Field Name, Produced Oil (stb),
Denmark Eggﬁ?yE(rEeéi% 1%120' 19 Produced Water (stb), Produced
Gas (scf)
Field Name, Current Operator, Oil
Nigeria Production, Gas Production,
National 1997 - Water Production, Number of
Nigeria Petroleum 2010 250+ Wells, API Gravity, Gas Oil Ratio,
Corporation Gas Used as Fuel, Gas Sold, Gas
(NNPOC) Reinjected, Gas for LNG, Gas Lift,

Total Gas Utilized, Gas Flared.

In addition to the national data reporting for these three countries, we
have conducted extensive data searching of online sources, journal
articles, textbooks and industry references. These sources are listed in
Table 7.9.

97 All UK volume parameters measured in m3 except for gas parameters measured in Ksm?.
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Table 7.9. Literature references for the EU Baseline

REFERENCE DETAIL

Al-Saleh, M.A. et

al. (2001

Ayatollahi, S. et
al. (2004)

Bloomberg/Bus
inessWeek
News
(12/12/2011)

BP
(03/02/20M)

BP (2007)

BP (2010)

BP (2012a)

BP (2012b)

BP 2003

Bridge Energy
(2012)

CA OPGEE
20m

CEPSA (2010)

Chevron
(09/2008)

Chevron (2012)

Dana Petroleum
(N.D)

Danish Energy
Agency (2012)

DECC (2012)

Department of
Trade and
Industry (1999)

Department of
Trade and
Industry (2001)

Devon Energy
(2009)

Energy
Information
Agency (2011a)

Energy
Information
Agency (2011b)

Energy
Information
Agency (2011c)
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