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Abstract

Liquefied natural gas (LNG) is a promising altervatto coal to mitigate the greenhouse gas
(GHG) and patrticulate emissions from power, indysaénd district heating in China. While
numerous existing life cycle assessment (LCA) ssi@istimate the GHG footprint of LNG, large
variation exists in these results. Such variabitibpld be caused by differing project designs,
system boundaries, modeling methods and data soutde not clear which of these factors is
most important. Here, three research groups froma@a and the US performed independent
LCAs of the same planned LNG supply chain from @an@ China. The teams applied different
methods and assumptions but used aligned systendaoes and worked with a single upstream
producer to obtain production data. The GHG emmssiof Canadian LNG to China for power
and heat generation were found to be 427 — 556 geg®Wh and 81 — 92 g Geg/Md;.
Compared with Chinese coal for power generatiod, 2987 g C@eq (34% — 62%) reduction
can be achieved per kWh of power generated. Thieateéandency in each study is aligned more
closely than the overall uncertainty range: thusceumtainty caused by fundamental data
challenges likely outweighs variability caused e wf different LCA methods. Differences in
assumptions and methods among the three teamwleaaderate variation at the stage level, but
in better agreement at the life-cycle level, sh@nthe existence of compensating variation.
Given the robustness to very different LCA methodsisting literature variation may be

explained by project-, location- and operator-dejeen parameters.

Keywords: Canadian Liquefied Natural Gas; Greenbdbas Emissions; Life Cycle Assessment;

Power Generation; District Heating; China

1 Introduction
Global CQ emissions increased 1.5% annually during the lasade (2008-2017). China is a

major driver of this global trend with an annuatrease of 3.0% on average, due primarily to
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coal consumption (Le Quéré et al., 2018). Coal dateis China’s energy use in most of the
sectors. For example, the total installed coal povepacity in China reached 900 GW by the
end of 2015, accounting for ~59% of the total c#@ya(China National Development and
Reform Commission, 2016). Coal also supplies aeldrgction (~80%) of industrial and district
heating demands in China (David Benazeraf, 2017anghand Lucia, 2015). Thus, coal

consumption, especially in China, has been thefaéglobal climate policy (Chen et al., 2019).

Given its lower CQ emission per unit of energy, natural gas (NG) basn described as a
“bridge fuel” to displace coal in the transitionmards a low carbon economy (Abrahams et al.,
2015; Safaei et al., 2015). According to the BR demand will grow ~50% from 2016 to 2040
and one of the major factors is coal-to-gas swighin China (BP, 2018). The Chinese
government has been promoting coal-to-gas switchecpuse of the lower air pollution and
greenhouse gas (GHG) emissions associated withX\&& (et al., 2016). From 2000 to 2016,
China has increased NG production from 24 to 18ibi(10°) m®, but domestic gas production
failed to keep pace with the increasing demandmget this gap, two potential options are
coal-based synthetic natural gas and imported alagas. A study by Kong et al. (2016) suggests
that imported natural gas is a better choice imseof its energy return on investment regardless
of whether the environmental inputs are considel®®016, China imported 343 billion (30
m® of liquefied natural gas (LNG), ~10% of global LNi@port volumes, with the largest
suppliers being Australia and Qatar (China Industrformation Network, 2017). LNG is
manufactured by cooling NG to -162 °C, allowingnBportation in dense form via ships.
Overseas shipping of LNG has the potential to foans gas from a regional resource
constrained by pipelines to a global resource withnified market. The projected growth in

China’s NG demand has made the Chinese market lappé&ainternational LNG producers.

While switching from coal to gas will clearly impre local air quality (Mao et al., 2005; Nan et
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al., 2019), the LNG supply chain has environmemtapacts: the processes of extraction,
transportation and liquefaction of NG are energgsive. Methane emissions from NG supply
chain could erode some of the climate benefits Gf Nherefore, a life cycle assessment (LCA)

to quantify the GHG emissions of importing LNG thi@a for use is necessary.

Prior LCA studies that quantify GHG emissions of N@d LNG systems show significant
variations in estimated pre-combustion emissioas @upplementary Information (SlI) Table S1
for details of these studies). For example, for L8{Gtems, pre-combustion emissions are found
to be 16.3 £ 8.8 g C&£eq per MJ of LNG delivered across these studibes#& variations can be
attributed to differences in projects analyzed, L&ystem boundaries, functional units, data
sources, modelling approaches, and simplifying rmagsions. After end-use, upstream and
liquefaction emissions are generally the most §icant GHG contributors for NG and LNG
pathways. Most data used for modeling upstreamsgoms in these studies were sourced from
government inventories (e.g., US EPA and EIA), andieer-reviewed literature, with few
studies conducted using data from industry (Gaal.e2020; Okamura et al., 2007). Similarly,
estimates of energy consumption and emissiongjaéfaction in existing studies mainly relied
on approximate emission factors rather than usnogistry data or detailed engineering-based
process models. Two previous studies (Abrahamsl.et2@15; Weber and Clavin, 2012)
combined the results from different studies usinant@ Carlo simulations. However, they do not

isolate the differences in methods and assumpiioaslear manner.

To address some of the discrepancies and uncétaiim existing LNG LCA studies, we
assembled three parallel research groups from @thriidniversity (SU, USA), University of
British Columbia (UBC, Canada) and University of Igzay (UC, Canada) to develop
independent LCA models of the same proposed LNGeptroEach LCA quantifies the GHG

emissions of exporting Canadian-sourced LNG to €Hior power generation and district
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heating applications. The three independent asssgsnrely on a few basic assumptions
common to all three teams (see Table 2) but udéteit methods. Data from the collaborating
producing company (Seven Generations Energy Ltd7/&) were utilized by all three teams for

estimating upstream emissions for this study.

2 Description of Case Study

The basic structure of the LNG pathway studiedudek 5 stages: (1) upstream: pre-production,
extraction, production and processing of NG in Mentney play of Northern Alberta; (2)
midstream: transmission of NG to a hypothetical Lpl@&nt in the Prince Rupert area of British
Columbia (BC) and subsequent pre-treatment and-dgeprocesses to meet the LNG feed
specification; (3) liqguefaction: conversion of NGUNG and loading LNG to the marine tanker;
(4) transport: including tanker berthing at BC,pging of LNG to Shenzhen Port, China and
re-gasification; (5) downstream: including disttilon of NG to a power or district heating plant

in Huizhou, China and end use of fuel. The prodlessis illustrated in Figure 1.
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1: Upstream 2: Midstream 3: Liguefaction 4: Transport
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Figure 1. Basic structure of 7G LNG system

A base case system definition and scenario waslajee for use by all teams (see Table 2).
Emissions are quantified based on LNG feed of liohi(10%) standard cubic feet per day (bcf/d)

4
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(defined as the amount of NG ready for liquefactianh the liquefaction facility, after
pre-treatment and deep-cut processes). More detaithe choice of 1 bcf/d production for the
analysis can be found in the Methods section. Togegt life was assumed to be 30 years, from
2022 to 2052. For each life cycle stage, the GHGc&s accounted by all three teams are listed
in Table 1. Other GHG sources, such as site exjpbor,dand use change and waste disposal, are

considered only by one or two of the three teandasthe details can be found in Section 3.1.

Table 1. GHG sources accounted by all three teamsaich life cycle stage

Life cycle stage GHG sources

Stage 1 Embodied emissions of construction materials, chalsj fuels and electricity

for use in pad development, well drilling and ocegjas processing

Emissions from fuel combustion for providing heatl gpower

Venting, flaring and fugitive emissions

Stage 2 Embodied emissions of pipeline material, electyiéir compressor station and

chemical solvents for gas pretreatment (dehydratioidl gas removal)

Emissions from NG combustion for compressor station

Pipeline fugitive emissions

Emissions from energy consumption (NG) for prettremt and deep-cut

Stage 3

Emissions from energy consumption (NG and/or dlgtty for liquefaction

Stage 4

Embodied emissions of fuels for marine transpatati

Emissions from fuel combustion for marine transpiboh

Emissions from energy consumption (NG) for regeatfon

Stage 5

Embodied emissions of pipeline material, electyiéir compressor station and

power plant infrastructure

Emissions from NG combustion for compressor station

Pipeline fugitive emissions

Emissions from NG combustion emissions for powef lagat generation

Upstream production and emission data were providgdased on the Kakwa field in Northern
Alberta and the year of 2016. Midstream to dowrmstredata were mainly sourced from the
literature as no specific project data are avadldbke Sl Table S2 for details). One team (SU)
conducted a field audit of fugitive emissions at #&G@ilities associated with the LCA (Javier

Roda-Stuart, 2018) and each team requested speeifadinformation from the company as



1 needed. To account for uncertainties in the systegh and low emission scenarios were also

2 analyzed for various input parameters (see Table 2)



Table 2. Comparison of the base, low and high eanisscenarios of LNG for power generation and istreating

Base scenario Low emission scenario High emission scenario

(Common to all teams) SuU UBC uc SuU UBC uc
Stage 1 ¢ Production of 1 bcf/d LNG feed from 2022 to 2052 _ _ B _ _
Stage 2 ¢ Transmission from Kakwa field to BC coast using _ ¢ Low fugitive e« Compressors are _ ¢ High fugitive Compressors
8 compressor stations (4 NG powered, 4 electrical) emission entirely powered emission are powered
¢ 30-inch pipeline factor by electricity factor entirely by NG
» Compressor stations spacing 154 km (9.22E-07 kg  Low fugitive (5.37E-06 kg High fugitive
CHy/kg- kmy emission factor CHykg-kmy emission factor
(4.53E-08 kg (2.11E-06 kg
CH,/kg: kmy CH,/kg- kmY
Stage 3 ¢ NG combined cycle (NGCC) for refrigeration e BC grid for ¢ BC grid for ¢ BC grid for * NG simple cycle ¢ NGCC for NGCC for
power (54% efficiency) ancillary and ancillary and ancillary and (40% efficiency) ancillary and ancillary and
¢ BC grid for ancillary power refrigeration refrigeration refrigeration for ancillary and refrigeration refrigeration
power power power refrigeration power  power power
Stage 4 « Shipping from BC to Shenzhen via 2.65E+05 m _ _ * Return trip using ¢ Shippingvia _
ocean tanker bunker fuel 1.40E+05 m
« Boil-off gas (BOG) and additional regasification ocean tanker
for propelling power
« Return trip using diesel
Stage 5 « 30 km transmission to power plant or district » Power ) ) » Power generation )

generation via via NGCC at 49%

NGCC at 60%

heating plant
¢ Power generation via NGCC at 54% efficiency efficiency

« District heating at 85% efficiency efficiency

3 From Theresa M. Shires et al. (2009), originalg42t CHy/(km-y), and converted to 9.22E-07 kg {ig- km by dividing by NG annual transmissiSrizrom Skone et al. (2016)From Skone et
al. (2011)®From Zimmerle et al. (2015)



3 Methods

In 2016, the 7G Kakwa field operations producedtaltof 0.291 bcf/d of NG, 39.3 thousand
barrels per day (kbbl/d) of condensate and 30 &bblt/natural gas liquids (NGLs) (all sales
product basis). This total production comes froro separate sources — 7G’s legacy plants and
7G contracted third-party plants. Since the emissidata from the third-party plants were not
available, we only accounted for the emissions@oduction associated with 7G’s legacy plants
and corresponding pads. Production from 7G’s legaents consists of 0.28 bcf/d NG, 38.3
kbbl/d condensate and 8.31 kbbl/d NGLs. The teamdated the expansion of production with a
target of 1 bcf/d of LNG feed available by 2022swaming a linear increase from 2016 to 2022
(~4x increase of legacy plant output). This 1 bdidIG feed was modeled to be maintained

across the 30-year project life from 2022 to 2052.

The three teams developed their own LCA modelsuntfy the GHG emissions of Canadian
LNG to China for power generation and district irgat The included GHGs are GGCH,, N,O
and where relevant, HFC-134a. Results are presasdiQ equivalent (C@eq), using IPCC
AR4 global warming potentials (GWP) with a time izon of 100 years, i.e., 1, 25, 298 and
1430, respectively (IPCC, 2007). Our functionaltsirdre g C@eq/kWh for power generation
and g CQ-eg/MJ, for district heating. The unit of g G@qg/MJ NG was used for comparing
pre-combustion emissions. For teams UBC and UChalmal energy quantities are measured
on a lower heating value (LHV) basis except forrgpeallocation (see Section 3.3.2), as the
heating values of the products (i.e., NG, NGLs aaoddensate) provided by 7G are in higher

heating value (HHV) basis. The team SU used LHVs@iantly in their modeling.

To maintain independence, initial collaborationvwesn the universities was restricted to broad
study outlines and assumptions. After initial ré&sulere constructed, the teams engaged in

cross-comparison, internal peer review, and eroorection to ensure that best practices were

8
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incorporated across studies. Differences in modatmethods or assumptions that could not be

clearly identified as errors were retained to easliversity of methods.

3.1 LCA Models of LNG

Three independent LCA models were developed totgydahe GHG emissions associated with
each life cycle stage of the LNG. Features of tloelehused by each team are shown in Table 3.
The differences between results are mainly duéeospecific tool used to conduct the LCA as
well as different default data employed when 7Gdatre not available. The processes included
by each team in their models and the associatedstairces are listed in the S| Table S2. Only
SU included the GHG emissions from the NG site epgtlon operations with data available
from their LCA model. Only UBC considered the GHf@issions (or GHG credits) associated
with disposal (or recycling) of the waste materifitsm infrastructure, wastewater from well
drilling, waste chemicals and solvents from NG pssing, etc., and details can be found in SI
Section 4.2.1.6. SU and UBC quantified the land alsnge emissions based on the same idea,
i.e., multiplying the area of land impacted by ttegbon emissions per unit of land impacted.
Different methods were applied by the two teamestimate these two elements and details can
be found in Sl Sections 3.3.1.3 and 4.2.1.1. UOnhdidconsider the land use change emissions as
they believed that the existing literature for @arbemissions from land disturbance are not
representative of 7G field location and the GHGs=mins associated with land use change for
NG extraction are typically small compared with extlactivities over the LNG life cycle. The

detailed LCA models of each team are presentedaeirbt Sections 3, 4 and 5.

SU used the Oil Production Greenhouse Gas Emisskstamator (OPGEE) model, a
peer-reviewed open-source bottom-up oil and gaschtle GHG assessment tool (El-Houjeiri et
al., 2017). OPGEE estimates the GHG emissions iagsdavith the production, processing, and

transmission of oil and gas products. OPGEE wagleopented with custom calculations to
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model 7G operations more accurately, including @@rnal data on production operations and
fugitive emissions data from field leak detectiorasurement campaigns. Some process stages,
such as natural gas liquefaction, are not repredeimt default OPGEE modules, and so were
modeled using data from the literature. For theitifegy emissions from gas extraction and
processing, the SU team requested and analyzededuadeak detection and repair (LDAR)
surveys at 7G production well pads and processinijtfes. The SU team also accompanied gas
emissions detection contractors on 7G site survEys.other two teams used the same LDAR

data as provided by SU.

UBC developed a custom life cycle inventory of tteG supply chain. The inventory was
developed in a stage-wise manner using a top-dopproach. The process flows were
determined based on mass and energy balances erdntesions associated with each process
were estimated either directly from data providgd7ic or computed using emission factors
from published literature. Upstream data were myaesttracted from 7G operation and emission
inventory data, while other data, such as infrastme embodied emissions, pipeline
transmission fugitives, energy consumption of lfqgegon, marine transportation and
regasification were collected from multiple sourdesluding peer-reviewed journal articles,
technical reports (see S| Section 2 for detailad daurces for each process) and databases such
as GHGenius (Delucchi and Levelton, 2013), EIO-LE2arnegie Mellon University Green
Design Institute, 2008) and Ecoinvent v3.2 (Werattal.,, 2016), and then compiled in a
self-developed Excel spreadsheet. UBC collectedddvenstream data on regasification of the
landed LNG in China and its end use in power gemerand district heating and shared with

the other two teams.

UC modified life cycle modules developed by the N&ional Energy Technology Laboratory
(NETL) (Skone et al., 2011) that includes defaifiét tycle inventory data for NG production in

10
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the US. 7G production and operating data were pwated to adjust or replace inconsistent
assumptions. Some included activity units in thgioal NETL model, such as gas sweetening,
were excluded because the data could not be disgafgd, or the activity was not relevant to 7G
operations. To account for aggregated data, sorteitpainits were redefined to match the

boundaries of available data. For example, statjonambustion was re-defined to encompass
all NG combustion for upstream processing. The freliNETL model was then used to

estimate the GHG intensity for each upstream ardbtr@am process. As no actual liquefaction
plant exists in Canada, data from journal artigl@brahams et al., 2015) and environmental
impact assessment reports of LNG plants in the veestst of Canada (Environmental

Assessment Office of British Columbia, 2015; LNGn@da, 2014) were used to model the NG
liquefaction process. UC performed a literaturdaewvon liquefaction emissions and shared the

results/data with the other two teams.

Table 3. Comparisons of the LCA model of each team

SuU uBC ucC
Model type In-house database and LCA Built-from-scratch model Adapted existing life cgcl
simulator (OPGEE) modules from NETL
General approach Bottom-up approach Top-down approa Top-down approach
Uniqueness » Engineering-based LCA * Detailed emission accounting « Monte Carlo simulation to
process models of life-cycle activities handle uncertainty
« Accurate estimation of « Analysis of different ¢ Analysis of different
fugitive emissions by onsite  allocation methods allocation methods
leak detection surveys  Using current wells age  Using current average
 Using current average distribution and decline curve  production per well and
production per well and to predict new wells to be decline curve to predict new
decline curve to predict new drilled wells to be drilled

wells to be drilled

" The details about the Monte Carlo simulation arepmesented in this work but can be found in thilipation of Liu (2019).

3.2 Production Scale-up

To model production scale-up, each team estimdtechtmber of wells required to be drilled

11
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using decline curve to fit reported Kakwa “typevas” (averaged empirical production curves).
Each team used different fitting functions to pobjproduction over the life of each well and
simulation was then used to estimate the numbeswet$ needed (see Sl Sections 3.3.1.1, 4.2.1.7
and 5.1.1.4). The number of new wells to be dritedupport such a hypothetical development
as estimated by the three teams is shown in Tablefréstructure construction emissions, i.e.,
pad development and well construction, was estidnaiesed on the new infrastructure to be

added, while other emissions associated with gasegsing were assumed to scale with

production.
Table 4. The number of new wells to be drilled stingated by three teams
SuU UBC uc
Modeling method Stretched exponential Exponential um®f exponentials
Wells drilled per year during 113 118 84
production ramp up (2017 - 2021)
Wells drilled per year during steady 86 136 84

state (2022 - 2052)

3.3 Emissions Allocation

3.3.1 Infrastructure Construction Emission Allocation

The time span of the project is 30 years for aints, while the productive life of wells was

assumed by the three teams individually (15 yegr6l® and 20 years by SU and UBC). New
wells and pads will be built over the project timel to maintain gas production, resulting in
residual wells and pads at the end of the projedtastructure construction, including pad

development, well drilling and completion, is ngpvaxt of daily operation, but an event that only
occurs one time in the life of a well. SU appor&drthe infrastructure emissions proportionally
to the amount of condensate being recovered freamwll during the design life of the wells.

UC evenly apportioned the infrastructure constarcemissions throughout the design life of the

wells to get an annual emission equivalent. UBGcalled infrastructure emissions based on the

12
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average operating time or the average ultimatergesvery of all operating wells during the

project life.

3.3.2 Upstream and Midstream Emissions Allocation

The upstream stage produces NG and other co-pmduet condensate and natural gas liquids
(NGLs). Emissions from the upstream operations rthust be divided between these multiple
products. Two types of process-based allocation® vw&amined for the upstream emissions,
which are referred to as 1-step and 2-step allocatihe schematics of the two types of
process-based allocations are shown in Figure ghduld be noted that the SU and UC teams
adapted 1-step allocation method in their upstreaadysis, while the UBC team used 2-step
allocation. Prior to liquefaction, NG will go thrgh the pre-treatment to remove impurities (e.g.,
CO, and HS, water, and mercury), followed by a deep-cut @sscto separate heavy

hydrocarbons, i.e., liquefied petroleum gas (LF@&n the main stream to meet the LNG feed
specification. It should be noted that the deepfacilities will only be needed if the gas is too

liquid-rich to go directly to the LNG facilities, vich is the case in this study. Thus, the allocated
emissions from upstream together with the midstreamssions need to be allocated between
the LNG feed and LPG. See Sl Section 4.2.1.8 fer nimthematical representation of the

upstream and midstream emission allocation.

13
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Upstream (a) 1-step allocation
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Figure 2. The schematic diagram of upstream andtneidm emissions allocation

Different teams made somewhat different assumptawait the energy content of co-products,
changes to gas-oil-ratios over time and yieldsrattionation processes (see Sl Sections 3.2,
4.2.1.8 and 5.1.1.6), which result in somewhatedgit allocation factors. The allocation factors

used by three universities are summarized in Table

Table 5. Upstream and midstream allocation faaieesl by three universities

1-step allocation (UC and SU)

Upstream Energy-based Value-based M ass-based
Sales NG SU: 70%; UC: 55% UC: 35% UC: 56%
Sales condensate SU: 26%; UC: 29% UC: 60% UC: 36.5%
Sales NGLs SU: 4%; UC: 16% UC: 5% UcC: 7.5%
Midstream Energy-based
LNG feed SU: 85%; UC: 85%
LPG SU: 15%; UC: 15%
2-step allocation (UBC)
Upstream Energy-based Value-based
Step 1 Sweet NG 65% 35%

Raw condensate 34% 65%
Step 2 Sales NG 90% 89%
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Sales NGLs 10% 11%

Midstream Energy-based
LNG feed 85%
LPG 15%

Note: For energy-based allocation SU allocated 80NG for the current 7G operations and allocatééo for
NG for the future operations to account for theamgion of gas production in the future and theease of the

ratio of gas to liquids production over time, wHil€ and UBC viewed the allocation factor of NG iaed.

3.4 Power Generation via NG

The efficiency of converting NG to power or heat &ey parameters explored in the sensitivity
analysis. These parameters can vary from plantatat,pvith considerable discrepancy between
reported and actual efficiencies and large vamati@tween modern technologies and older
plants. In this study, the power generation efficie of the specific power plant in Shenzhen,
China as well as average generation efficiency lmh&s NG power plants was not available.
For this reason, data from operating combined cgeke turbine (CCGT) plants in the US were
collected. Each power plant in the US reports &Uls EIA the power generated, volumes of gas
consumed, and energy density of consumed gas oan¢éhiy basis (U.S. Energy Information
Administration, 2018). SU analyzed EIA reportedad&dr 15 plants of greater than 100 MW
capacity with power generation between January 20ib December 2016 (inclusive). Total
generation and consumption for year 2016 were tsembmpute efficiencies of these modern
plants. Mean LHV-basis efficiency is 53.8%, whiledran is 54.0%, which was used as the best
estimate by all three teams in this study. Theildet&lectricity generation efficiency data can be

found in the Sl Table S11.

3.5 Uncertainty and Sensitivity Analysis
The three teams used different methods to exantfieeuncertainty/sensitivity of the key
parameters. SU performed a qualitative surveydattthe uncertainty associated with each life

cycle stage of the LNG system. UC conducted Mon&ldCsimulations to determine the
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uncertainty of the GHG emission intensities of IthNG, the details of which can be found in the
publication of Liu (2019). UC also performed a stwity analysis on the upstream and
midstream of the LNG by bounding the input paramsetesing data from 7G and literature or
applying a pre-determined percentage variatiorhefrtominal value when these two sources of
data were not available. UBC conducted a sensitatalysis by varying parameters 10% on
either side of the base-value over the life cydld. §G. The Results and Discussion section
mainly presents the uncertainty survey by SU aedstnsitivity analysis results from UBC with
a brief discussion of the sensitivity analysis lssfrom UC. The detailed results of UC’s
sensitivity analysis can be found in Sl Sections165 and 5.1.2.1.3. The parameters for the

sensitivity analysis used by UBC are listed in &bl

Table 6. List of parameters for sensitivity anadyisy UBC

Parameter Unit -10% Base value +10%
Project life time years 27 30 33
Workover emission MscfCH,/workover 3.30 3.67 4.04
Onsite stationary combustion t Gegly 1.94E+05 2.16E+05 2.37E+05
Sales gas production rate 3 2.61E+09 2.90E+09 3.19E+09
Canadian transmission pipeline length km 972 1080 1881
Transmission fugitive emission t GHmM-y 2.012 2.235 2.459
Marine transport distance km 8864 9849 10834
Liguefaction compression energy MJ/t LNG 827 919 110

NG power plant efficiency % 48.6% 54.0% 59.4%

" Mscf: million standard cubic feet

3.6 LCA model of Chinese Coal for Power Generation

For a consistent comparison of the GHG emissiohsdsn Chinese coal and Canadian LNG for
power generation in China, a single life cycle miaddeChinese coal was built by UBC based on
the assumption that the coal is consumed in theesaty as NG. Four stages were included in
the coal life cycle, i.e., coal mine constructicsgal mining (including coal processing),
transportation and end use. The coal mine is mddedan Shanxi Province which is the second
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largest coal production province in China after@0lIhe product is anthracite coal with an LHV
of 20.91 MJ/kg. Transportation is by train from 8kiato Huizhou with a distance of ~2000 km.
Four technologies were investigated for coal pogemeration, which are either the dominant
generators in China now or being encouraged to idelyapplied in the near future, i.e., (1)
integrated gasification combined cycle (IGCC) (80W, 44% efficiency); (2) Subcritical coal
combustion (300 MW, 38.2% efficiency); (3) Supercal coal combustion (600 MW, 40.8%
efficiency); and (4) Ultra-supercritical coal constion (1000 MW, 45.19% efficiency). Details

of life cycle modeling of coal can be found in ®ic8on 4.3.

4 Results and Discussion

4.1 Life Cycle GHG Emissions of Canadian LNG

Figure 3 presents stage-wise GHG emissions of LblGobwer generation and district heating
by the three teams. The main bars present thedwasario GHG emission results, and the error
bars indicate the low and high bound of the lifeleyemissions estimated by the three teams.
The pie charts above the bars show the pre-contlugmission breakdown for the base
scenario. The descriptions of base, low and higis&on scenarios are shown in Table 2 and the

break down GHG emissions data of these three sosraan be found in the S| Table S92.
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(see Figure 1)

The life cycle GHG emissions of LNG for power geatemn and district heating are consistent
among three teams although different methods wdilezed, ranging from 427-556 ¢
CO,-eq/kWh [427 (low) — 483 (base) — 556 (high) for,283 — 479 — 522 for UBC, and 428 —
476 — 509 for UC] and 78-92 g G@g/MJy [84 (low) — 86 (base) — 87 (high) for SU, 81 —85

92 for UBC, and 78 — 86 — 92 for UC].

In comparison, the life cycle GHG emissions of @si coal for power generation were found to
be 848 — 1114 g C&g/kWh (see Sl Table S97 for life cycle stage-vasgssions of coal) and
291 — 687 g C®eq (34%—-62%) reduction per kwh of power genereetus achievable in the

presented case study. If the 1 bcf/d NG producedainada is shipped to China and displaces an
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equivalent amount of coal for power generation91435.2 million tonnes (Mt) C&eq/ly GHG

reduction is possible on a life cycle basis. Thesth@HG intensive stage in the LNG life cycle is
Stage 5, which makes up ~78 — 80% of total GHG sionsfor both power generation and
district heating, while other stages contributesIéisan 10% individually. This suggests that
efforts to reduce end-use emissions or improveusadefficiency can significantly improve the

effectiveness of LNG utilization.

Pre-combustion emissions (Stage 1 to Stage 4) a&stinvary by teams (see Sl Table S93 to S96).
Figure 4 shows a detailed breakdown of Stage 1stonidy three teams, with gas processing
identified as the most significant contributor: W02 g CQ-eq/MJ (39%), UBC 1.93 ¢
COxreg/MJ (59%) and UC 2.10 g G@qg/MJ (74%). The gas processing emissions are
associated with NG combustion to power processels as solvent regeneration, boiler heating,
compression and power generation. It should bedntitat SU's processing emissions is only
about half of UBC and UCs’, which contributes te timajor difference in Stage 1 emissions
between SU and the other two teams. This can bkaierg by different methods used by three
teams to quantify the gas processing emissionsysd their in-house LCA software OPGEE
with built-in granular process models to estimat@ssions from each processing unit, while
UBC and UC used the aggregated stationary combudata provided by 7G to estimate major
processing emissions. The aggregated emission atatdhe combination of emissions from
various activities as described above, which a@blento be disaggregated with available data,

so detailed unit process comparisons between the thams cannot be performed in this study.
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Figure 4. Stage 1 GHG emissions breakdown for tteams (note that (1) the stage 1 emission wasaéld based on the energy
content of co-products; (2) the unit MJ of NG isessed at the 7G’ field boundary, i.e., before eggering the transmission
pipeline to the liquefaction facility; (3) “Smalbarces” emission in SU’s results is defined astilér sources that are not explicitly
modeled by their in-house software OPGEE, e.g.,ni¢tes embodied emission, indirect consumption Hm®y working labor,
maintenance etc.; (4) “Offsite emissions” in SUssults include emissions from the generation oftetdty used on-site, and

emissions from steel, cement and other materialdyation for site equipment and wells.)

Venting, flaring and fugitive emissions are anotG&tG-intensive source of emissions which are
in good agreement among the three teams, accoufaing.44 g CQ-eq/MJ (17%), 0. 46 g
COx-eg/MJ (14%) and 0.53 g G@g/MJ (18%) for SU, UBC and UC. For flaring emisss, all
three teams used the data provided by 7G, whilevéarting and fugitive emissions, SU

conducted an onsite survey of 7G field equipmedtdistributed the data to UBC and UC.

For a consistent comparison of the infrastructure \&ell construction emissions between three
teams, different emission categories were aggrdgateeach team, i.e., for SU, drilling and
development, land use and offsite emissions wenebated to obtain 0.44 g Geg/MJ, for
UBC, pad and plant infrastructure and well congtomcemissions were combined to contribute
0.37 g CQ@-eq/MJ, and for UC, drilling, hydraulic fracturinand well completion emissions
were combined to get 0.17 g &©g/MJ. This indicates that life cycle emissionsnestion for

LNG are generally not sensitive to infrastructune avell construction emissions.
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Each team has some unique emission categoriefioas19n Figure 4. For example, SU has a
“small sources” category, while the other teamsndg and similarly for UBC’s “workovers”
category. Small sources emission accounts for @fignt portion of SU’s upstream emission
(~19%) and it is set as a fixed value (0.5 g.@@/MJ) in OPGEE. This number represents an
estimate of the sum of a number of small sourcesn@sion in oil and fields (Masnadi et al.,
2018), and it becomes significant in this study7&s upstream emissions are relatively low.
Future work is needed to increase the granulafitth® small sources model so that it can be
scaled appropriately (i.e., the term can be redasathore sources are characterized). UBC has a
workovers emission of 0.35 g G@g/MJ, corresponding to fugitive methane emissions
associated with workovers. It accounts for 11% &Q4$ Stage 1 emissions but it was not
included by SU and UC. 7G provided UBC with the iw@mof workovers conducted in its 2016
operation but no emissions data of workovers wenitad, so UBC used the emission factor

from NETL (3.67 Mscf CH/workover) (see Table 5) to estimate the workoeensssion.

Since differences in parameters and assumptiond bgeeach team other than allocation
methods could also lead to the differences in egéth upstream emissions, for a consistent
comparison, the impact of different allocation nogeth is compared within each team. Results
show that allocation drives some of the differen¢e® base scenario, energy-based allocation
leads to nearly twice the upstream GHG emissioansity of value-based allocation, while

1-step and 2-step allocation methods as well aagtriicture emission allocation methods show
moderate impact on upstream emissions. More detailshe results of different allocation

methods on upstream emissions can be found inltBe@ion 6.1.2.

For Stage 2 emissions, SU has ~60% and ~25% hggtenate than UBC and UC. Stage 2
emissions are derived from two sources, i.e., @)sgmission emissions, and (2) pretreatment

and deep cut emissions. For the pretreatment agp cet emissions modeling, all three teams
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used the same energy consumption rate as sugdssisa (~1.8% of NG input). Also, all teams
used identical total transmission distance, thecisgabetween and number of compressor
stations, and the share of NG versus electricitwgyed compressor stations. Therefore, the
differences in Stage 2 emission is attributed toigher fugitive emission factor used by SU
compared with the other two teams. Fugitive emissiassociated with pipelines vary widely
and different studies report different fugitive esion factors. In this study, SU used emission
factor of 3.40 t Cl{km-y as suggested in IPCC report (Picard, 200h)lewdBC and UC used
2.24 t CH/km-y based on data from American Petroleum Irsti{Theresa M. Shires et al.,
2009). The difference in pipeline fugitive emissofactor lead to ~1.5x difference in
transmission fugitive emissions between the themens. Detailed results of Stage 2 for three

teams can be found in Sl Table S94.

The GHG emission estimates of Stage 3 varied g/ tlesn 9% among the three teams for the
base scenario (SU: 25.1 g €€9/kWh; UBC: 24.7 g C®eqg/kWh; UC: 24.2 g Ceqg/kWh), as
they were largely modelled based on the same sewickterature data (Delphi Group, 2013).
Stage 4 emissions varied by less than 21% betvesanst (SU: 23.3 g G&eg/kWh; UBC: 23.1

g CO-eq/kWh; UC: 18.3 g C®eqg/kWh), mainly driven by different energy consuiop rate
and the emission factor associated with the reigasion process used by each team. Detailed
results of Stages 3 and 4 for three teams canuralfm the S| Table S95 to Table S96. The main
challenges of Stages 3 and 4 assessments aregtheutertainty associated with the energy
consumption of liquefaction and regasification gsses. Most existing LCA studies as well as
this study estimate the energy consumption of fagteon and regasification based on a rough
factor relative to the NG throughput, and do natlide detailed modeling. Future work is
required to handle these uncertainties by devetppimocess models if no specific plant data are

available.
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4.2 Comparison with Literature

The estimated GHG emissions of the LNG systemigdtudy are compared with those from the
peer-reviewed literature. It should be noted tlet €énd use emission was excluded for the
comparison due to its general dominance over th@emife cycle and the uncertainty involved
in LNG utilization. The results of our study arerfr the base scenario. LNG LCA studies
(Abrahams et al., 2015; Arteconi et al., 2010; Eiswet al., 2011; Delphi Group, 2013; Jaramillo
et al., 2007; Korre et al., 2012; Okamura et &l072 PACE, 2009; Safaei et al., 2015; Tagliaferri
et al., 2017; Venkatesh et al., 2011) were coltketed the following treatments were performed
to harmonize the emission data: (1) All resultsevewnverted to a basis of MJ of NG delivered
to end user. For Delphi Group (Delphi Group, 20dBjch ends analysis at the outlet of LNG
plant, we converted the results by multiplying bB@s energy ratio between LNG before
marine transport and NG delivered to the end (&Rl results were converted to LHV basis,
for studies using HHV (Arteconi et al., 2010; Jartret al., 2007; Tagliaferri et al., 2017), a

factor of 1.1 was applied as suggested by Weba éiVeber and Clavin, 2012).

The selected literature evaluate the emissionsNG Lprojects around the world, while only
Delphi Group (Delphi Group, 2013) work is focused @anadian LNG system. Specifically, it
used the upstream emission calculations from GH@efidelucchi and Levelton, 2013), which
are based on data from two shale gas operationestern Canada, i.e., Montney play and Horn
River play. The geological formation, gas charasties, venting regulation, transmission
distance and electricity mix etc., could differ refgcantly in different regions of the world.
Detail analysis of the impact of these locationategent factors on the results is out of the scope
of this study. For a consistent comparison, onky $tiage-wise results of Delphi Group are
presented in Figure 5, with the results of all oth€A studies aggregated and presented in the
box plot to show the variation. Detail descripti@mistage-wise emissions of all literature studies

can be found in S| Section 6.3.
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Stage-wise analysis found large variations in tpstneam emissions. Compared with Delphi
Group, our upstream emission estimates are 64%r|ovidch can be explained by the following
reasons: (1) lower C{roncentration in the raw gas (0.5 mol% for thisdgtws 1 mol% at
Montney play and 12 mol% at Horn River play for thieidy by Delphi Group); (2) lower
venting, flaring and fugitive emissions (~0.5 g £%9/MJ for this study vs ~1.6 g G@g/MJ

for the study by Delphi Group), as 7G tries to @unethane emissions by, e.g., using
instrument air instead of instrument gas pneuna#idces and conducting regular leak detection
and repair surveys.; (3) lower production and psecey emission (~1.7 g G&@qg/MJ for this
study vs ~3 g C®eq/MJ for the study by Delphi Group), as relatyveéw facility in operation
and dual fuel (diesel and NG) are used for wellidg and completion operations to increase the

energy efficiency.

Compared with the total pre-combustion emissionsNG from literature, 16.3 (median) + 8.8
(standard deviation) g G&qg/MJ (including both Delphi Group and other séslj the result of
this study, 14.7 (median) + 1.0 (standard deviatigrCO-eq/MJ (combination of the results
from three teams), shows ~10% less emissions mstaf the median value and significantly
lower variations. Three independent groups usedsémee verified data from industry together
with data from engineering studies and literatwbich enhances the robustness and reliability
of the results. This may also imply that the defeces in methods and assumptions would create
less variations for the LNG pre-combustion emissifor a clearly defined case, while much
larger variations could be caused by location ddeeh parameters like gas characteristics,
electricity mix, transmission distances, etc., adlvas operation dependent parameters like
facility energy efficiency, processing technologitsak detection and repair behavior, etc. To
verify this statement, future work needs to be doynéeeding the literature models with our data

to see whether it will make a big difference onéhassion estimates.
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Figure 5. Comparison of the pre-combustion emisefdoNG between this study and literature (Note {13 the box plot shown
here representing the total pre-combustion emisdiam literature studies except Delphi Group;@2)phi Group’s result was
originally reported in MJ of NG out of LNG plant@a factor of 1.05 was applied to account fordbresumption and loss during
marine transportation, regasification and distitouto make their result comparable; (3) Delphi @r's results show the average

emissions of Montney play and Horn River play opiere.)

4.3 Uncertainty and Sensitivity Analysis

SU conducted a qualitative survey of the uncerydaiot each life cycle stage of the LNG system
and the results are shown in Table 7. End use emsslominate the life cycle emissions, so
decreasing uncertainty in this stage is the best twareduce overall uncertainty. Studies
attempting to better understand the end use of liNGhina are useful for determining the
real-world GHG emissions of Canadian-produced LNM@&ge uncertainty is also found in
liquefaction and regasification. Different techrgiks and energy sources can make a big
difference on the energy consumption and subselyu@htG emissions. Process models of the
liquefaction and re-gasification processes wouldtoute greatly to the academic literature.
Although using 7G’s data reduces the uncertairitg, apstream emissions are still pale in
comparison to the total emissions from other sta@iese may be better spent on modeling other

processes in the LNG supply chain, if the goalbidést estimate life-cycle emissions (Javier
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Roda-Stuart, 2018).

Table 7. A qualitative survey of uncertainty fockdife cycle stage of the LNG system by SU

Stage Uncertainty Level Description

Upstream Medium Access to detailed data on 7G tipas site visits with real
measurements, and significant time spent modelstream
processes. Intermittent emission soureee not included, increasing

the uncertainty level from low to medium.

Midstream Low Transmission energy requirementsagléunderstood, and sources

of emissions fairly limited.

Liquefaction High Many unknowns here and significdifferences between what has
been reported in environmental impact assessmedt&/bat has been

modeled and reported in academia.

Transport Medium Tanker shipping emissions are wedlerstood (low), but re-
gasification remains under-studied and is not nmextlél depth in this
study (high).

Downstream High Power generation and district Ingagimissions are well-understood,
but significant uncertainty remains in determine@ct end-use of
LNG in China.

" Intermittent emission sources include intermittegnting or site changes. For example. catadynestseate seasonal pieces of
equipment that are used to maintain a certain testy® near temperature-sensitive equipment. Tregraly utilized during cold

weather events and could emit large amounts oftgasgh poor combustion.

Ten parameters were tested for their sensitivityht life cycle GHG emissions of LNG for
power generation by UBC (the specific values ofresponding parameters can be found in
Table 6) based on time-based 2-step energy altotésee Section 3.3.1, Section 3.3.2 and Sl
Section 4.2.1.8 for details about the allocatiorthods). Figure 6 shows the variation of results
subject tax10% change in each parameter. The most sensitiver fs associated with end use,
which is the NG to power efficiency. This was execas the end use stage accounts for about
80% of the life cycle GHG emission of LNG for poweBales gas production rate and
liquefaction energy requirement rank the second tneeEnsitive parameters. These two
parameters lead to a 0.5% change of the life c(5 emission if the nominal values are

changed by 10%. This impact is moderate when coedpaith the influence of NG power plant
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efficiency. Other parameters, such as onsite cotidsugmission, project lifetime, workover
emission factor and etc., show only minor impad.4% variation). In terms of the upstream
and midstream of LNG, gas production rate, NG comgion for stationary combustion in gas
processing, onsite venting and flaring emissionsl, MG consumption by compressor stations
are among top sensitive parameters according tarthlysis by UC (see Figure S24 and Figure

S25 of the SI).

NG power plant efficiency
Liquefaction compression energy
Marine transport distance

- . _— Increase (+10%)
Transmission fugitive emission

. . L Decrease (-10%)
Canadian transmission pipeline length

Sales gas production rate
Sales gas heating value
Onsite stationary combustion

Workover emission Base life-cycle emissions
=479 g COxeq/kWh

Project life time

-12% -8% -4% 0% 4% 8% 12%

Change of life cycle GHG emissions

Figure 6. Sensitivity analysis of the GHG emissiohENG for power generation

5 Conclusion

This study presented three independent LCAs witmprehensive analysis and consistent
comparisons on the GHG emissions of a planned Ligplg chain from Canada to China. The
key issue addressed here is the potential uncriaib CA studies performed by different teams
using different methods. Compared with the curd@etature, our results show significantly

lower variations (standard deviation: 1.0 vs 88@-eg/MJ) in LNG pre-combustion emissions.
This could imply that (1) using the same verifieatadfrom industry together with data from

engineering studies and literature can enhanceadiwstness of the results; (2) differences in

methods and assumptions by qualified teams woutdgive substantially different life-cycle
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results for a clearly defined case, while muchdangariations could be caused by location and
operation dependent parameters such as gas chiestézge electricity source mix, processing
technologies and the leak detection and repair (RDprogram deployed. The second point still
needs to be verified in the future by feeding fkerdture models with our data to see if it will

make a big difference on the emissions estimates.

Compared with Chinese coal for power generationgdaiction in emissions of 34% to 62%
(291-687 g C@eq per kwWh) can be achieved using LNG from Cand#he. end use of the
re-gasified LNG contributes ~80% of total emissiooger the life cycle, while other
pre-combustion stages contributed less than 10%idhally. Gas processing is the largest
contributor to the upstream emissions of LNG, falal by venting, flaring and fugitives. The
pre-combustion emissions estimated in this studyl@awer than the median of literature studies
(14.7 vs 16.3 g C&eqg/MJ) due to the characteristics of the gas.tivelly new upstream
facilities operating in a highly regulated jurisiibiey and effective methane mitigation practices
deployed by the operator. Therefore, the upstreauisston (stage 1) results of this study may
not be representative of current but possibly fitoyperator behavior and natural gas production
in Canada. As fugitive emissions reduction regategi become more stringent, the emissions

rates seen here will likely become more common.
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Highlights

* Three independent LCAs on the same LNG system using different methods and
assumptions

* Large GHGs mitigation by displacing Chinese coal with Canadian LNG for power/heat
generation

* Methods variation has less impact on life-cycle results than location- and
operation-dependent factors

» Using both industrial and literature data can enhance the robustness of the life-cycle
results
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