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SUMMARY

There has been a notable disagreement between life cycle GHG emission esti-
mates reported by research communities and key energy sector stakeholders
as many LCA models are not validated against real operation data. This is
originated from lack of collaboration and knowledge exchange between model
developers and company experts. We present a pragmatic procedure for
engaging company experts to advance the assumptions, models, and information
used in an open-source LCA simulator (OPGEE). Using real operation and local
emission factor data, two oil sands SAGD fields GHG emissions are compared
rigorously against the scope 1 and 2 reported emissions. By introducing consis-
tent region-specific input data, system boundaries, and assumptions, OPGEE
carbon intensity estimates are within 1%–5% of reported data by companies.
The system boundary expansion (e.g., expanding from direct emissions to also
include offsite emissions from natural gas co-production, diluent source emission)
impacts the GHG intensities estimates for both fields.

INTRODUCTION

Life cycle assessment (LCA) has become an emerging decision-making methodology to assess and

compare greenhouse gas (GHG) emissions (or carbon intensity – CI) of different conventional and uncon-

ventional energy systems. LCA outcomes are recognized as foundation of performance-oriented policies—

e.g., US West Coast/British Columbia low carbon fuel standard,1,2 EU fuel quality directive,3 and a nation-

wide Canada fuel quality standard—to quantify and regulate atmospheric carbon footprint of different fuel

types. LCA is a core methodological approach for stakeholders to assess their process performance and to

strategize future mitigation practices. In a climate-constrained world, financial institutions are also inter-

ested to gauge carbon risk of their project candidates via LCA to minimize climate-related financial risk

associated with investments.4,5 Therefore, improving robustness of LCA models and accuracy of result

estimates are essential.

One very important missing piece in many LCA models is the absence of model validation and

verification with real operational data. This is mainly due to lack of transparency and access to publicly

available data because of collaboration and knowledge exchange absence between model developers

(mostly academic, consulting, and research & development affiliates) and stakeholders’ experts. This

lack of engagement is due to several different reasons that exploring them is not the subject of this

work, but the collaboration lack has caused disagreements and disputes regarding the magnitude of

GHG emissions of different energy facilities in scientific and professional communities. Development

and implementation of LCA-oriented public regulations have motivated stakeholders and model devel-

opers to fill this engagement gap.

In oil and gas sector, Oil Production Greenhouse Gas Emissions Estimator (OPGEE)6–8 has become a well-

known open-source LCA simulator used by academic research groups, companies, financial institutions,

thinktanks, and energy agencies.9–13 OPGEE is an engineering-based bottom-up LCA simulator based

on integration of several rigorous sub-models to cover and estimate atmospheric GHG emissions associ-

ated with almost any type of crude oil extraction technology, and processing and transportation to the

refinery gate (well-to-refinery). OPGEE has provided GHG and energy intensity insight on varying scales

and resolutions, from a country-wide level down to specific well sites.14–17 Although performance of
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some of OPGEE’s sub-models are already validated (e.g., drilling and hydraulic fracturing model17), it is of

great importance to further examine the performance of OPGEE’s other sub-models and total CI estimates

against real operating data.

For crude oil production from Canadian oil sands resources in particular, numerous previous studies have

specifically analyzed GHG footprints from Canadian oil sands operations.18–24 These studies utilize

different models/tools with different assumptions, e.g., on the system boundary, emissions allocation,

emission factors, etc. However, one typical limitation of these studies is that the model utilized generic/

simplified assumptions that are not necessarily representative of the region-specific and real operating

conditions.9,25 The uniqueness of unconventional crude sources has also resulted in conventional GHG

estimation methods being inadequate in estimating and projecting Canada’s GHG emissions from oil

sands wells.26

Therefore, validation of GHG emissions estimates from oil sands industry is of great interest. Canada’s un-

conventional oil sands are a significant contributor to the global fuel supply, and its size is projected to

grow. In 2018, Canada’s production of petroleum and other liquid fuels increased by more than 0.3 million

bbl/d to 5.3 million bbl/d. Crude oil (including condensate) accounted for 4.3 million bbl/d while biofuels,

natural gas (NG), and other natural gas liquids (NGL) accounted for 1 million bbl/day.27 Producing 2.9

million bbl/d in 2018, crude derived from oil sands is the fastest-growing resource of the Canadian oil

industry.28 For most of 2019, oil sands accounted for approximately 55 billion CAD$/month in gross domes-

tic product, slightly higher than oil and gas.29 Canada federal government expects oil sands production to

increase by 55% by 2040 compared to 2018 and reach 4.5 million bbl/d.27

The expansion of Canadian oil production has resulted in higher emissions of GHGs, with Canada’s overall

GHG being 700–730 MT CO2eq. (megatonnes of carbon dioxide equivalent) from 2011–2019. Emissions

from the oil and gas industry has increased from 153 (2011) to 191 MT CO2eq. (2019).
30 Canada, along

with other nations concerned with the potential impacts of anthropogenic climate change, has

implemented different carbon emission reduction programs to incentivize lowering GHG emissions by

companies. Most of these initiatives use a market-based policy design such as Alberta’s Technology

Innovation and Emissions Reduction Regulation (TIER) and its predecessors Carbon Competitiveness

Incentive Regulation (CCIR) and Specific Gas Reporting Regulation (SGER). Large emitters, such as those

operating oil sands-based sites, must lower their emissions to meet benchmarks set by the program or

purchase technology fund credits. The proceeds of technology fund credits purchases collected by govern-

ment are then used to invest in low-carbon technologies.31 Companies may also remit Alberta-based

carbon offset credits from facilities that do not have a compliance obligation under TIER (e.g., renewable

electricity generation) or emissions performance credits from other regulated facilities that have exceed

their compliance obligation under TIER.32 Companies participating in these programs rely on accurate

measurements and models of carbon emissions to evaluate the impact of process changes and emerging

technologies. These measurement and reporting programs are prescribed by national and subnational

governments and align with UN international GHG reporting frameworks.33 All emissions reports are inde-

pendently verified to a reasonable level of assurance by an accredited verification body.34 Thus, a

consistent bank of dataset is established to examine if open-source LCA tools can reproduce stakeholders’

reported emissions.

Here, we present a pragmatic way for engaging company experts to enhance the employed assumptions

and models for LCA (see Figure 1). This work offers the chance to assess the robustness of OPGEE LCA

models to estimate GHG intensities of two Cenovus Energy Inc. oil sands in situ (steam-assisted gravity

drainage – SAGD) facilities (i.e., Foster Creek [FC] and Christina Lake [CL]), and to inform and improve these

models where appropriate. SAGD accounted for 38% of Canada’s raw bitumen production in 2018 at 1.2

million bbl/d and is predicted to increase to 50% of total production by 2035.25 With OPGEE’s modules

giving a quantified breakdown of the emissions of each process, the output of the model can be used to

identify areas that need improvement. This study can therefore serve as a template for other SAGD oper-

ations. The presented successful collaborative effort will also improve discourse about contentious agree-

ments (e.g., inconsistencies in LCA results and stakeholder emissions estimates) that can be utilized to

further informed dialog.11 This work also represents an example for policy makers on how to engage

research entities with stakeholders to improve LCA models for further decision-making practices, and

stakeholders’ reporting data to governments (see Figure 1).
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RESULTS AND DISCUSSIONS

Year 2015 results

Here, all presented results are based on reference year 2015 (see Figures S5, S6, S7 and S8 for year 2018 and

2019 results). Figures 2 and 3 present FC and CL GHG emissions results using Cenovus input data and

modified version of OPGEE. For each figure, the left-hand side stacked bar shows WTR direct and indirect

emissions estimated by OPGEE, whereas the middle bar only illustrates part of OPGEE emission estimates

based on the scope of reporting emissions in SGER (i.e., direct emissions and electricity generation

credits). The right-hand side stacked bar shows the company reported data to government based on SGER.

The modified OPGEE and SGER net life cycle emission results for FC and CL are in good agreement and

within 0.5% and 8.1% of each other, respectively. The negative elements of the bars in Figure 2 are asso-

ciated with GHG credit for FC on-site electricity generation via turbine. There is no on-site electricity

generation for CL in 2015. The OPGEE estimated net power generated for FC is 1,538.4 MWh/d, whereas

the SGER reported data are 1,545.6 MWh/d which are in good agreement.

Fuel combustion emissions during bitumen production that are mainly originated from natural gas com-

bustion during steam generation are the major direct source of GHG emissions. These emissions are

underestimated in OPGEE for both FC and CL in situ fields. This could be due to several operational as-

sumptions and design differences between OPGEE models and Cenovus steam gen. facilities. OPGEE

models are not calibrated by incorporating additional waste heats from different process units. OPGEE

combustion (or production) emissions estimate could be improved by improving the corresponding sheets

(e.g., Steam Generation sheet) with additional real operation data. OPGEE 2.0 steam generation can also

bemodeledmore rigorously by incorporating additional components (e.g., economizer, air preheater, and

blowdown water treatment which is modeled as waste in the current version), and validation based on

operation data. It should be noted that OPGEE version 3.0 steam generation models are under improve-

ment by collaborating with the oil sands industry (see OPGEE 3.0 user guide for more details35).

One of the major indirect (or offsite) sources of emission with high uncertainty which is not covered in SGER

reporting is related to the diluent that is blended with the produced bitumen. The added diluent results in

high GHG emissions contribution (dark blue in left hand bar chart) (see sensitivity analysis). Unlike many

other global oil fields (see Masnadi et al.14 Figure S20), the surface processing GHG emissions are low

for both Cenovus fields due to very low gas production rates from these two fields.

A major discrepancy is observed between the OPGEE-estimated venting, flaring, and fugitive VFF

emissions and SGER-reported data (light blue in Figures 2 and 3) that could be due to the fact that

OPGEE 2.0 venting & fugitive emissions are mainly estimated based on emission factors from the ARB

survey data which are not representative of all operation practices in oil industry. A more methodological,

rigorous, and global treatment of venting & fugitives emissions is under development in OPGEE version

3.0.35–37 In addition, all major process units of Cenovus facilities are equipped with VRUs. Cenovus facility

licenses (granted by the AER) also prohibit routine venting. However, the company does not have an accu-

rate estimate of ‘‘percentage of total vents and fugitives recovered’’ (which is needed in OPGEE as an input

data in Venting & Fugitives sheet). Therefore, this parameter is kept as 0% (OPGEE default) and VRU is only

LCA model

Stakeholder

Gov./Public 
reporting

Real 
operation and 
regional data

Feedback on GHG 
accounting methodology 
and potential mitigation 
strategies 

LCA model validation 
and verification

Policy/Decision 
maker

Regulatory reporting

Energetic/GHG accounting

Reliable quantitative insights

Regulation enforcement/ Investment decision making

Figure 1. Synergistic interactions between stakeholder, LCA model developer, and policy/decision-maker
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considered for the dehydrator unit resulting in overestimation of VFF emissions. Additional sensitivity anal-

ysis is performed to understand the effect of ‘‘percentage of total vents and fugitives recovered’’ on the VFF

and life cycle GHG emissions results (see sensitivity analysis). Results for year 2018 and 2019 follow the same

trend and are discussed in Figures S5, S6, S7, and S8.

Figure 4 shows the impact of input data on upstream GHG emissions using Cenovus input data that the

company’s engineers provided and the data used in the study by Masnadi et al.14 Original OPGEE with

nomodification is used for all cases. The FC and CL corresponding results are in close agreement revealing

a good data quality in the work by Masnadi et al.14 The FC Cenovus results are higher than Masnadi et al.

estimates mainly due to higher reported steam-to-oil ratio (SOR) by Cenovus, whereas the CL Cenovus

results are lower than Masnadi et al. estimates mainly due to lower flaring-to-oil ratio reported by Cenovus.

The study by Masnadi et al.14 was conducted in a global scale and incorporating regional-specific second-

ary inputs was not possible (due to lack of operation data) and was out of the scope of that work. Figure 5

examines that to what extent modifications made in OPGEE based on local factors (e.g., Alberta’s

electricity grid mix, see Tables 1 and 2 in the STAR*Methods) and Cenovus operation data affect the

GHG emissions results relative to the original OPGEE 2.0 used in the study by Masnadi et al.. Using modi-

fied OPGEE, results for both FC and CL fields are >10% lower mainly due to less drilling emissions as
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Figure 2. 2015 Foster Creek upstream GHG emissions and comparison with SGER reported data
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Figure 3. 2015 Christina Lake upstream GHG emissions and comparison with SGER reported data
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Cenovus drilling operations are fully electrified, and lower production emissions as multiple secondary pa-

rameters (e.g., pump efficiency, well head pressure, electricity as prime mover, steam quality, etc.) are

changed in the modified OPGEE version (see method details for more details).

Considering OPGEE well-to-refinery system boundary (direct and indirect emissions, see section Methods

details), Figure 6 combines multiple results in order to compare the environmental impacts of FC and CL

fields in different years. In addition, GHG estimates of both fields in 2015 by applying the low-end diluent

emission factor based on the sensitivity analysis (see sensitivity analysis) are presented as the best-case

scenarios (last four stacked bars in Figure 6). The first six stacked bar charts show theWTR carbon intensities

of FC and CL in 2015, 2018, and 2019 by combining the SGER/CCIR-reported direct emissions with other

sources of emissions that are out of the scope of SGER/CCIR but are covered by OPGEE. It is evident that

the CI of FC and CL is increased from 2015 to 2019 mainly due to higher SOR, and partly due to jump in
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Figure 4. Impact of input data on upstreamGHG emissions of FC and CL fields by using Cenovus data and the data

used in Masnadi et al.14 study

Original OPGEE with no modification is used for all cases.
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flaring rates in 2019. The OPEE/OPGEE*-labeled four stacked bar charts summarize FC and CL 2015 GHG

emissions by using Cenovus input dataset, one time with the original version of OPGEE used in Masnadi

et al. publication,14 and one time with the updated version of OPGEE (shown as OPGEE*) based on

regional/Cenovus data. Clearly, the results by using OPGEE* are in better agreement with the first two

stacked bar charts revealing that OPGEE can make reliable estimates if its sub-models are supported by

regional and real operation data. The last four stacked bar charts are best-case GHG estimates of FC

and CL fields based on assuming the low-end diluent emission factor of 6.4 g CO2eq./MJ (reported by

Senobari38). Under these best-case scenarios, the total life cycle GHG emissions are 24% and 29% lower

than corresponding OPGEE* estimates for CL and FC, respectively.

Figure 7 compares actual scope 1 and 2 Cenovus emissions data at FC and CL in 2015, 2018, and 2019 with

the OPGEE estimates (adjusted to reflect a comparable life cycle boundary with SGER/CCIR) of FC and CL.

Since SGER/CCIR scope 1 and 2 emissions reporting is based on the amount of bitumen produced (no

diluent blending is included), the functional unit is changed fromMJ of diluent produced to MJ of bitumen

produced.

The net electricity debit/credit is calculated by subtracting the MWh of electricity imported from the MWh

of electricity exported. As shown in Figure 7, FC and CL are net electricity exporters for some years. It is

again evident that the direct GHG emission of FC and CL is increased from 2015 to 2019 mostly due to

higher combustion emissions associated with steam generation. The modified version of OPGEE net life

cycle emissions estimates are in good agreement with scope 1 and 2 Cenovus emissions.

Sensitivity analysis

The sensitivity analysis result based on 2015 input data on WTR parameters of FC and CL are presented in

Figures 8 and 9, respectively. Following the two recent studies,11,39 the sensitivity analysis parameters are

classified as parameter uncertainty (uncert.) or variability (var.) (see Figures 8 and 9 y axis label). Uncertainty

reflects a lack of data, whereas, variability refers to the assessment inherent heterogeneity of data.40 Note

that electricity sensitivity analysis was not performed for CL as no electricity was generated on-site in

2015 at CL facility.

As both FC and CL fields blend the extracted raw bitumen with considerable amount of diluent, the natural

gas supply indirect emission factor has the highest influence on the estimated life cycle CIs, shown in

Table 1. Electricity mix and efficiencies

Electricity type

Displaced electricity Purchased grid electricitya

Power Mix (%) Efficiency (%) Power Mix (%) Efficiency (%)

Biomass 0 22.1 2.6 22.1

Coal 0 36 50.70 36

Natural Gas 100 50.1 39.50 50.1

Nuclear 0 100 0 100

Renewables 0 100 6.81 100

Oil 0 34.5 0.39 34.5

aAlberta’s grid mix.

Table 2. Indirect emission factors for electricity exported and imported

Indirect emission factors Grid transmission efficiency, %

Electricity exported, tonne CO2eq./MWh 0.418a and 0.37b 93.5

Electricity imported, tonne CO2eq./MWh 0.696c 93.5

aFor year 2015 based on SGER.
bFor year 2018 and 2019 based on CCIR.
cAlberta grid-average emissions intensity derived from.59
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Figures 8 and 9. The uncertainty associated with NG supply emission factor should be reduced by further

region-specific and supply path-specific research work.

Closing remarks

Here, we aimed to show how industry partnership, transparency, and data sharing could improve LCA dis-

cussions and address origins of discrepancies. This study presents atmospheric emissions results for two oil

sands in situ projects with the operation data that reflect the facility and local region. The presented study

clearly illustrated how LCA tools can be improved by real industry operating data and region-specific

consideration. While OPGEE can make estimates based on generic defaults which are insightful and can

capture the major sources of GHG emissions, the tool’s estimates are improved by incorporating Cenovus
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and Alberta’s data in OPGEE’s sub-models. We showed that when region- and project-specific input data,

system boundaries, and defaults are aligned, OPGEE generates CI estimates that are within 1%–5% of

reported data by the stakeholder. However, when the system boundary is expanded to include indirect

emissions (i.e., to also include offsite emissions from indirect activities associated with natural gas produc-

tion, electricity and diluent supply, and LUC), upstream CIs for both FC and CL oil fields can increase signif-

icantly (in some cases, >100% when non-operational emissions are considered), but the uncertainty

associated with a wide-boundaries LCA also increase significantly. Thus, this collaborative work clearly

demonstrates the importance of the system boundary in LCA and complete transparency that is needed

for public reporting of industrial emissions.

Thereare still somemajor sourcesof uncertainties in assessingnon-operationalGHGemissions from in situpro-

jects. For example, as shown above, diluent supply indirect emissions have major contribution in the total life

cycleGHGemissionsoutofCenovus’s facilities.While thecondensate (diluent) emission factor that is employed

in thiswork is derived fromtheU.S.DepartmentofEnergy’sArgonneNational Laboratory’sGREETmodel,Cen-

ovus’s condensate is not exclusively supplied from the U.S. Canada has seen significant increases in NGL pro-

duction in theMontney (with methane reduction regulations in place in Alberta). In addition, their diluent gets

recycled through refinery, soassumingusing fresh condensate is not accurate. The rigor and transparencyof the

current Canadian natural gas/NGL supply CI estimates are currently inadequate, and additional meticulous

research work is needed to further validate these estimates.

It is important to note that to be consistent in comparison, as a regional upstream NG GHG intensity be

employed for the oil sands in global crude GHG intensity estimates, regional upstream data should also

be used for all other global oil fields as each region has its own operation specifications and regional

context. Similar to the study performed on global CI of crude oil production,14 the presented work clearly

identifies the need of regional/global estimate of life cycle GHG emissions of natural gas and condensates

supply.

Figure 8. Sensitivity analysis for Foster Creek field WTR GHG emissions

Figure 9. Sensitivity analysis for Christina Lake field WTR GHG emissions
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The collaborative work with Cenovus to better portray the region-specific operation should be expanded

to other major industrial players in Canada and internationally in order to have a more accurate assessment

of GHG emissions from oil and gas upstream operations.

Limitations of the study

As discussed above, natural gas (diluent representative) emission factor has the major impact on the GHG

emissions estimation of oil sands facilities. This work was limited by using literature data on regional natural

gas production GHG emissions. Further market analysis should be performed to identify the major sources

of oil sands diluent supply. Subsequently, OPGEE should be utilized to estimate regional field-level natural

gas production carbon intensity by employing region-specific data.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Mohammad S. Masnadi (m.masnadi@pitt.edu).

Materials availability

All materials needed are presented in the manuscript.

Data and code availability

d Code location: OPGEE can be accessed publicly at: https://github.com/arbrandt/OPGEE/tree/master/

model.

d OPGEE is an open-source simulator and no access code is required.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Principles

We followed the principles and approaches guideline taken by Chen et al.39 in the presented study: 1) using

transparent data and assumptions; 2) maintaining the research team independence; 3) operational insights

from stakeholder are shared and considered in the study; 4) regular interaction between the research team

and company experts to ensure assumptions used are consistent with the realities on the ground (see

Figure 1).

Detail project objectives

OPGEE uses two classes of data for its assessment: primary data that are entered in the main input sheet,

and secondary data that are inserted in multiple back-sheets. Primary data (see Data S1) include mainly

reservoir and surface production parameters (e.g., crude API gravity, gas production rate, etc.) that have

the main impact on the energy intensities associated with different crude extraction operations. The sec-

ondary data are associated with more detailed assumptions on underlying models (e.g., pump efficiency,

turbine type, etc.).

Here, we follow the approach taken by Sleep et al.11 supported by AlbertaInnovates39 to validate LCA

models based on real operation data.We first compareOPGEE estimates using company provided primary

data with the results presented by Masnadi et al.14 in a peer-reviewed comprehensive global study using a

combination of public and commercial datasets. We take this as a Reference case. Next, we modify OPGEE

back-sheet defaults (secondary input data) and models based on specific operation data and process

configuration of Cenovus fields, and regional considerations (e.g., Alberta atmospheric temperature,

electricity grid mix, etc.). Finally, we compare the modified OPGEE output estimates, to Cenovus’s GHG

emissions reported to the Alberta regulator and the federal government in Canada (see Data S1) for the

two in-situ oil sands facilities and analyze the differences between OPGEE estimates and emissions

RESOURCE SOURCE IDENTIFIER

Software and algorithms

Mohammad S. Masnadi (m.masnadi@pitt.edu) https://github.com/arbrandt/OPGEE/tree/

master/model

Deposited data

Cenovus Inc. Data S1
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reported to the government agencies. We also perform a sensitivity analysis on the upstream emissions

results by varying some major input parameters.

Oil sands facilities

Upstream GHG intensities from two Cenovus Energy Inc. oil sands fields, Foster Creek (FC) and Christina

Lake (CL) were examined. Both fields use SAGD-technology for in-situ bitumen extraction in ABCanada. FC

is located about 330 km northeast of Edmonton Alberta and began as a pilot project in 1997. In 2001 it was

the first commercial field to use SAGD for bitumen extraction in an oil sands field. The oil at FC is about

450 m below the surface. while CL is located approximately 120 km southeast of Fort McMurray. Construc-

tion of pilot project at CL began in 2000 and first production occurred two years later. The oil at CL is about

375 m underground. Here, the analysis is based on 2015, 2018, and 2019 operation years.41

LCA simulator

The life cycle GHG intensities of each field are generated using OPGEE version 2.06, an open-source

engineering-based field-specific model. Contrary to top-down LCA models that use macroeconomic

data,42–45 OPGEE is a bottom-up tool and therefore, it can explain fundamental physical drivers of energy

consumption and emissions from oil field facilities. Bottom-up models require intensive data as input

parameters are not readily available in public literature. This necessitates inputs and actual data from

operators in order to maximize the accuracy of OPGEE estimates.

OPGEEmakes estimates of emissions intensities using up to 50 parameters as input data for each modeled

oil field. OPGEE includes emissions from exploration, drilling & development, production & extraction,

surface processing, maintenance, waste disposal, and crude transport. OPGEE estimates emissions using

engineering models of production methods (e.g., steam flooding), reservoir properties (e.g., pressure and

temperature), fluid properties (e.g. crude density), processing practices (e.g., application of acid wet gas

removal for associated gas processing), and crude oil transportation (e.g. via ocean tanker or pipeline).

See the user guide for more details on physical models of each process stage.35

Most OPGEE default inputs for the oil sands pathways (SAGD, mining employing paraffinic froth treatment,

and mining employing naphthenic froth treatment) were taken from Alberta Energy Regulator (AER) statis-

tical reports and Canada’s Oil Sands Innovation Alliance (COSIA) mine templates. OPGEE’s crude upgrad-

ing was developed based on the Oil Sands Technologies Upgrading Model (OSTUM46).

Steam generation for thermal oil recovery is modeled using these technologies: via once-through steam

generators (OTSG), and steam and electricity co-production via combination of gas turbine and heat

recovery steam generator (HRSG), and via solar thermal technology.35 For reference year 2015, a combina-

tion of OTSG and HRSG is employed for FC, whereas only OTSG is used for CL oil fields. For year 2018 and

2019, a combination of OTSG and HRSG are used for both fields.

Canadian SAGD operations OPGEE default data are taken from a variety of public sources. By using the

COSIA template (Base case, warm lime softening – OTSG)47 (see user guide6). ‘‘When the template

does provide the required data, we supplement that data with AER company reported data including sta-

tistical reports47 and in-situ performance presentations47 and expert feedback when no public data is

available’’.6

GHG intensity

In this work, ‘‘GHG intensities’’ and ‘‘carbon intensities (CIs)’’ are equivalent terminologies. GHGs included

in this work are: CO2, CO, CH4, N2O, and non-methane volatile organic compounds (NMVOCs) to all air

receptacles. GHGs are converted to CO2eq. using the following global warming potential (GWP) factors:

The reference case results presented here (i.e., original OPGEE) are based on pulse emissions over a

100-year time frame – AR5/GWP100 (without carbon feedback)48 as Masnadi et al.14 study was originally

based on AR5. As the reported data to the Alberta government (Specified Gas Emitters Regulation –

SGER, and Carbon Competitiveness Incentive Regulation – CCIR) are based on the Fourth Assessment

Report of the IPCC,49 the OPGEE modified version results are presented based on pulse emissions over

100-year time frame – AR4/GWP100.
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Life cycle co-product accounting

Two main methods exist for accounting the energy use/emissions of fields with co-products (i.e. electricity,

NG, NGLs, upgraded process gas, diesel, residual fuel, and petroleum coke). Two methods of co-product

displacement and Allocation by energy6,50 can be used in OPGEE. Since most of the regulatory reporting

documents (e.g., SGER) and available datasets (e.g. the U.S. Argonne National Laboratory’s GREETmodel)

use co-product displacement as their default method to deal with co-products emissions debits or credits,

this method is used by default in this work.

Data source & availability

OPGEE Primary input data for both FC and CL oil fields (see Data S1) are extracted from publicly available

company reports (i.e., AER ST60 and ST53, annual In-Situ Performance Presentations – ISPP). These data

are cross checked and verified by the company. Additional supplemental primary data are obtained by

Cenovus (see Data S1). The primary input data are used for both OPGEE original and modified runs.

As OPGEE default setting uses generic assumptions that do not account for regional variability, its second-

ary inputs are modified to Alberta region-specific values, where appropriate. These data are related to

more detailed parameters of OPGEE back-sheets. The secondary input data are received by consulting

with Cenovus engineers. These data are only used for the results associated with the modified version of

OPGEE (see Data S1).

System boundary

Different system boundaries can be used for life cycle production and usage of petroleum driven hydrocar-

bons (see Figure S1). There are several LCA study examples that come up with different estimates for life

cycle emissions of a similar system mainly due to considering different system boundaries. The presented

life cycle OPGEE results are based on WTR system boundary (see Figure S1).

LCA functional unit

The original functional unit (or unit of analysis) in OPGEE 2.0 for oil sands is 1 MJ (or bbl) of dilbit (i.e., a

blend of bitumen and diluent) delivered to the refinery entrance gate (see Figure S1). For the cases where

only the estimated OPGEE direct emissions are compared with Cenovus reported emissions (based on

SGER and/or CCIR), the functional unit is 1 MJ (or bbl) of bitumen extracted.

Direct & indirect emissions

Direct emissions are generated on-site, whereas indirect emissions are released offsite but are associated

with the on-site operation. Both direct and indirect (or offsite or fuel cycle) emissions are accounted in

OPGEE, as follows: 1) On-site fuels combustion emissions (e.g., natural gas combustion for SAGD steam

generation units); 2) Indirect emissions debit (or credit) associated with electricity import (or export),

diluent import, natural gas import, etc.; 3) Land use change (LUC) emissions; 4) Methane venting, flaring,

and fugitive (VFF) emissions. These emissions are reported as part of drilling & development emissions

in OPGEE. 5) Embodied emissions originated from the oilfield infrastructure materials (e.g., steel for injec-

tion wells). Embodied emissions are reported as part of offsite emissions in OPGEE.

Alberta Specified Gas Emitters Regulation (SGER) and Carbon Competitiveness Incentive Regulation

(CCIR)51 are focused on scope 1 and 2 emissions only, and not scope 3 (which indirect diluent emissions

would be included). Thus, the company reported emissions to the Albertan government (SGER and

CCIR) only include direct on-site stationary fuel combustion and corresponding VFF emissions (see Data

S1), as well as deemed GHG emissions from electricity generation (emissions credit). The embodied emis-

sions are excluded in Masnadi el al.14 work and therefore, they are also ignored in this work and the pre-

sented results.

Default values of OPGEE direct and indirect emissions factors are used for the original OPGEE runs. These

emission factors are gathered from GREET1_2016 model52 (see Table S1). Different electricity emission

factors are used for the modified version of OPGEE (see Method details).

Emissions intensities estimates for Canadian natural gas supply (indirect emissions factors in Table S1) vary

widely in the literature. The life cycle GHG intensities of both FC and CL are highly sensitive to the natural
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gas indirect emission factor as both fields blend the extracted bitumen with diluent, and the fact that

natural gas supply emission factor is used to account for the diluent supply. Different values between

6,224.8-14,032.2 g CO2eq./mmBtu are reported for Canadian national average, western Canadian, and

shale gas from Canadian fields.53–56 The challenge is that there are very limited references for Canada-spe-

cific NG CI. IHS Markit reports that in total about 55% of oil sands diluent demand is met by domestically

produced condensate and about 15% is met by imported condensate. The balance of non-condensate

diluent demand, about 125,000 b/d in 2019, is supplied by imports from the United States.57 For this

work we followed Sleep et al.11 approach to use an upstream natural gas indirect emission factor of

6752.3 g CO2eq./mmBtu (LHV) (or 6.4 g CO2eq./MJ) from Senobari38 for local natural gas emission factor

in western Canada. See sensitivity analysis for the effect of this emission factor on theWTR GHG emissions.

Heating values

The low heating value of dilbit is calculated based on the heating values of the produced bitumen and

diluent and volume fraction of diluent in the blend:

LHVdilbit = ð1 � fraction of diluentÞ � LHVbitumen + ðfraction of diluentÞ � LHVdiluent

See Table S2 and Table S3 and for heating value of crude oil and gaseous components.

Electricity grid mix

OPGEE electricity mix is modified to follow Alberta’s grid mix using 2015 Alberta Utilities Commission re-

ported data58 (see Table 1). Both OPGEE and Carbon Competitiveness Incentive Regulation (CCIR)51 as-

sume that the exported electricity to the Alberta grid displaces electricity generated by combined natural

gas cycle power plant (see Table 1).

Indirect electricity emission factors: As shown in Table 2, exported and imported electricity indirect emis-

sions factors are modified in OPGEE to represent Alberta’s region-specific fuel cycle.

Land use change

Drilling and development results in land use impacts, which can release biogenic carbon from disturbed

ecosystems and soils.60 A reduced time frame modified version of land use change (LUC) emissions esti-

mates from Yeh et al.60 for oil sands are included in original OPGEE 2.0 model (see emission factors in

Tables S2 and S3). Moderate crude ecosystem carbon richness and field development intensity are

assumed for the original OPGEE results presented in this work.

However later using remote sensing technique, Yeh et al.61 explored the historical and potential land use

change of oil sands industry in Canada for oil sands mines and in situ projects (see Figures S2 and S3). Low

end and high-end LUC emissions estimates on a per MJ of bitumen produced are presented for in-situ

fields. The original OPGEE LUC model is modified by adopting LUC emissions reported by Yeh et al.61

for Christina Lake oil field. Yeh et al. estimated LUC impacts from the entire lifetime of the project for Chris-

tina Lake is between 0.56 and 0.94 g CO2eq./MJ bitumen extracted. Here, an estimated average of 0.75 g

CO2eq./MJ is used for both Cenovus Foster Creek and Christina Lake oil fields. This is much lower than the

original average LUC emissions (1.26 g CO2eq./MJ) employed in OPGEE based on Yeh et al.60

We used one of the most developed LUC emission data available in literature for this work. However, LUC

emissions are highly uncertain in LCA studies. It is believed that the LUC impact data sources used in this

work are several years old andmight not represent recent efforts by the Canadian oil sands industry (e.g., to

increase bitumen recovery rates and reduce the impacted land area and the tailings ponds).39 In addition,

Cenovus operation is not a mining operation and does not include tailing ponds. Hence, the LUC emissions

are likely overestimated in this work. As such, a wide range of emissions intensities are included in the sensi-

tivity analysis to reflect the LUC impact uncertainties (see sensitivity analysis).

Surface processing units

The produced associated gas is processed in a selected gas processing path in OPGEE, where the user can

select from eight gas processing paths to simulate a variety of field conditions and production choices6

(Figure S4 shows a simplified depiction of the associated gas processing paths in OPGEE containing

four main branches). Both FC and CL oil fields use dehydrator and H2S removal facilities as their surface
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processing units to treat the produced associated gas. Cenovus’s fields use liquid triethylene glycol (TEG)

desiccant as their dehydration method. A similar glycol dehydrator unit is modeled and used as default in

OPGEE 2.0 (see OPGEE user guide6).

For the H2S removal, Cenovus’s fields employ non-regenerative H2S scavengers using Triazine non-regen-

erative scavenger recovery units (NRSU). Traizine is the reaction result of an amine, MEA in this case and

Formaldehyde. The NRSU is a continuous gas flow contactor and the chemical is injected in continuous

basis and removed based on the efficiency of H2S removal with continuous removal flow. The NRSU is a

single stage chemical package, and the spent chemistry (the reacted byproduct) is blended with methanol

and disposed off via deep well disposal in 1B class wells. However, the original version of OPGEE 2.0 only

includes regenerative H2S (and CO2) removal units (amine-based process using MEA, DGA, DEA, DEA-

High Load, MDEA) which is likely more energy and emissions intensive due to regeneration of aqueous

alkanolamine solution. A combination of Dehydrator + Amine Process (Associated Gas Processing Path

#3 in OPGEE Inputs sheet) is selected for the presented results that the original version of OPGEE 2.0 is

used. In the modified version of OPGEE, a new non-regenerative H2S path is modeled and added in the

Surface Processing sheet using Cenovus H2S removal unit process specifications and process flow diagram.

The major sources of emissions out of Cenovus NRSU are from: 1) chemical, methanol, and circulation

pumps electricity consumption; 2) spent chemicals heater natural gas consumption; 3) methanol fuel cycle

emissions: themethanol supply indirect GHG emissions are estimated based onmethanol production from

natural gas feedstock which is estimated to be 20.9 g CO2eq./MJ.62 The environmental impacts associated

with the spent chemical are not accounted in this work.

Drilling & development

OPGEE drilling energy consumption estimates are based on volume of diesel consumed. However,

Cenovus drilling operations are fully powered by electricity (based on Cenovus data). Hence, the original

OPGEE estimated total daily amount of diesel consumed (in mmBtu) is converted to equivalent daily elec-

tricity consumed (in kWh), and GHG emission associated with the estimated consumed electricity is

included in the modified version of OPGEE.

Venting & fugitives

The default venting and fugitives emission factors for OPGEE 2.0 are generated from the California Air

Resources Board (CARB) survey data.63 These defaults represent the average case in California, hence,

in some instances they might not be a good representation of the level of venting and fugitives in Canada.

This is particularly true where practices and environmental regulations are significantly different than

California regulations. These default settings can be modified by the user to reflect changes in equipment

condition, practices, and environmental regulations.6 For original runs, no vapor recovery unit (VRU) is

incorporated, whereas for modified runs, VRU emission factors are included for dehydrator venting and

fugitive emissions estimation. A sensitivity analysis is also performed to explore the impact of percentage

of total vents and fugitives recovered on the life cycle GHG emissions of both fields (see sensitivity analysis).

Modified version of OPGEE

As discussed above, inputs are modified to Alberta-specific and Cenovus-specific values, where appro-

priate. Here is a summary of changes made in the modified version of OPGEE in order to estimate FC

and CL WTR emissions more accurately: 1) GWP based on AR4; 2) Secondary input data of OPGEE back

sheets; 3) Electricity grid mix and indirect electricity emission factors; 4) LUC emissions based on the

most recent available data for CL field; 5) Vapor recovery units are added for venting and fugitive emissions;

6) Drilling electrification.

QUANTIFICATION AND STATISTICAL ANALYSIS

All presented quantifications are based on the developed open-source simulator (i.e., OPGEE). Additional

sensitivity analysis is performed to study the impact of the key parameters on the final result estimates.
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