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1 SUPPLEMENTARY NOTE 1 – LCA ASSUMPTIONS

1.1 GWP characterisation factors

The 100-year GWP characterisation factors for GHGs used in this analysis were based on the IPCC 

Sixth Assessment Report (AR6)1: 29.8 for methane and 273 for nitrous oxide. An updated 

characterisation factor for carbon monoxide was not included in AR6, so a value of 1.69 was 

assumed based on AR52. 

1.2 Land use change (LUC) methodology

We assumed original landcover is 88% forest and 12% agricultural based on satellite imagery of 

the Montney field location3,4 and BC landcover classification5. 

For the forest area, we assumed that merchantable timber is salvaged for use in harvested wood 

products and non-merchantable biomass is burned. We used estimated average carbon stock for 

the Canadian Boreal Plains region of 225 tC/ha distributed as 25.5% live biomass, 24% litter, 

10.5% deadwood, and 40% soil6. An assumed carbon fraction of 0.5 tC/tdry 7 resulted in total 

biomass of 270 tdry/ha. We used IPCC methodology and factors for boreal forest8 and roundwood 

density of 0.386 odt/m3 7 to estimate merchantable timber of 60 tdry/ha. We followed IPCC 

methodology and factors8 to estimate emissions from combustion of the residual 210 tdry/ha of 

non-merchantable biomass (Supplementary Table 1). Uncombusted carbon in the biomass was 

assumed to convert to CO2 through decomposition of the residual slash in the first year following 

disturbance. We assumed 25% soil carbon loss in alignment with Yeh et al.9 and slightly higher 

than IPCC guidelines (20%)8. We did not consider foregone sequestration during industrial use 

because the assumed carbon stock when cleared is based on relatively mature boreal forest 

which has an annual rate of carbon accumulation that is insignificant compared to other carbon 

flows in this analysis6.
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Supplementary Table 1. Emissions to air from conversion of forest assumed in this study. 

Excludes harvested wood products. All quantities in t/ha.

Biomass 

combustion

Biomass 

decomposition

Soil carbon 

loss

CO2 194 168 83

Carbon monoxide 13.2

Methane 0.582

Nitrous oxide 0.0322

Nitrogen oxides (NOx) 0.371

We assumed merchantable timber is converted to harvested wood products in proportion to the 

BC forest industry fiber flow distribution in 202010 with half-lives based on IPCC guidelines8. 

Carbon in pellet products was assumed to completely convert to CO2 in the first year. We 

calculated emissions from decay of wood products over a 100-year period from the date of 

disturbance. Overall, approximately 94% of carbon in the wood products is converted to CO2 over 

this period resulting in emissions of 103 tCO2/ha which were allocated back to the land 

conversion to maintain carbon balance during regrowth. Impacts associated with log transport 

and processing of merchantable timber were allocated to the wood products and were not 

explicitly quantified in this study. We did not include any indirect LUC credit for reduced logging 

activity due to log supply to the forest products industry.

Supplementary Table 2. Parameters used in this study for calculating emissions associated with 

markets for merchantable timber in BC.

Allocation
Half-life 

(years)

Lumber 41.3% 35

Oriented strand board 7.1% 25

Pellets 10.1% N/A

Pulp 41.5% 2

We assumed soil carbon on agricultural land is 70% of forest soil carbon8 and that 25% is lost due 

to conversion to industrial use resulting in 58 tCO2/ha of agricultural land disturbance. We 

ignored carbon stored in biomass on agricultural land in alignment with IPCC methodology8. We 

included indirect land use change associated with conversion of agricultural land by assuming 

that an equal area of Canadian Boreal Plains forest is temporarily converted to agricultural land 
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and then returned to forest after the industrial development is abandoned. We did not include 

the impact on climate change from modifying surface albedo through LUC, but note that the 

warming effect of trees in the boreal region of Canada has been found to exceed the cooling 

effect of sequestered carbon11,12.

For the CCGT facility, NG processing plant, and CO2 disposal wells/pipelines, we assumed site 

construction takes 2 years, operating life is 30 years, and decommissioning takes 1 year (duration 

of disturbance is 33 years). Although we limit the life of each individual well to 20 years for 

calculating production volume, we assume the same duration of disturbance for NG production 

wellsites, pipelines, and roads because drilling and completion activities on each wellsite are 

typically staged over several years13 and the model assumes that pipeline and road infrastructure 

is shared between well pads.  

Following decommissioning, we assumed disturbed land is reclaimed to its original use. Carbon 

sequestered following reversion to original use was calculated up to 100 years from the initial 

disturbance. For forest land, we assumed net ecological productivity during regrowth increases 

linearly from 0 to 2.1 tC/ha-year over 20 years, continues at 2.1 tC/ha-year for 30 years, and then 

decreases linearly to 0 tC/ha-year over 70 years based on typical profiles and measurements of 

Canadian boreal forests6,8,11,14-16. For agricultural land, we assumed soil carbon increases linearly 

to its pre-disturbance level over 20 years8. 

This methodology results in net emissions over a 100-year timeframe of 173 tCO2e/ha 

(Supplementary Table 3). Our results are slightly higher than the mid range result of 157 

tCO2e/ha calculated in Yeh et al.9 for conventional oil production on boreal land in Alberta, 

Canada using slightly different methodology.

Supplementary Table 3. Average emissions for LUC based on the methodology used in this 

study.

Life cycle emissions 

(t/ha)

CO2 125

Carbon monoxide 13.2

Methane 0.582

Nitrous oxide 0.0322

Nitrogen oxides (NOx) 0.371
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1.3 Life cycle inventory summary

The description of the life cycle inventory is segregated into the following sections:

• NG extraction: materials and fuel consumed during drilling and completion of NG 

production wells. Also includes wellsite production equipment, pipelines for NG gathering 

and fuel gas/water distribution, access roads, disposal of waste generated, LUC, flaring 

during initial flow back, and abandonment;

• NG processing: installation and operation of equipment to produce NG to supply CCGT. 

Includes fuel combustion, operational flaring, fugitive emissions, materials for 

equipment, maintenance, LUC, chemical consumption, and abandonment;

• Electricity generation: installation and operation of CCGT and CO2 capture/compression. 

Includes direct emissions, LUC, chemical consumption, capital equipment, maintenance, 

and abandonment; and

• CO2 sequestration: materials and fuel consumed during drilling and completion of 

sequestration wells. Also includes CO2 pipelines, access roads, disposal of waste 

generated, LUC, fugitive emissions, and abandonment.

1.3.1 Allocation methodology

Where necessary, allocation of inventory between NG and co-produced liquid hydrocarbons has 

been based on energy content (LHV). Energy basis was deemed more appropriate than economic 

basis for this forward-looking analysis due to uncertain future prices; it was also believed more 

reasonable to allocate emissions based on the physical contribution of each commodity towards 

meeting the energy demands of society. Since this study is focused on assessing impacts 

associated with NG production, energy allocation is a more conservative approach than economic 

allocation, resulting in higher impacts, because liquid hydrocarbon commodity prices in western 

Canada are significantly higher than NG per unit of energy17.
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1.3.2 Analysis period

2020 was selected as the period for analysis in this study as a balance between using recent 

inventory data to reflect current industry practices and ensuring that sufficient production data 

is available from each well to develop an accurate forecast of estimated ultimate recovery (EUR). 

While some studies (e.g., ref. 18) have reported significant impacts from the COVID-19 pandemic 

on GHG emissions from oil and NG production in other regions, we found no evidence that overall 

annual emissions or activity for NG production in BC was significantly affected outside of 

historical ranges and trends (Supplementary Figure 1).

  

Supplementary Figure 1. Historical trends of key metrics for BC NG production emissions and 

industry activity. Based on data reported by the BC Energy Regulator13 and BC Government19,20. 

(a) Annual marketable NG production in BC. (b) Annual energy allocation of NG production in BC 

as a proportion of total energy content (LHV basis) of all marketable NG and liquid hydrocarbon 

products. (c) Annual contribution of stationary combustion, fugitive methane, process CO2 

venting, and flaring to GHG emission intensity of NG production in BC based on energy allocation, 

100-year GWP CO2-equivalence of 29.8 for methane, and reported GHG emissions. (d) Number of 

oil and NG wells drilled in BC per year.
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1.3.3 Environmentally extended input-output (EEIO) factors

US Environmental Protection Agency EEIO impact factors were used in this analysis because of 

high disaggregation compared to other datasets21. Relevant data for Canada are expected to be 

similar due to the integrated North American economy22.

1.4 NG extraction inventory

Data were collected for 61 wells (18% sample) operated by the five companies that drilled the 

most BC Montney wells in 2020 (collectively 86% of wells drilled13). The sample was distributed 

across different well pads owned by the five operators in proportion to their relative share of the 

overall number of wells (i.e., 20% of wells drilled by each company) to ensure a geographically 

and operationally representative sample. Due to differences in operating practices and reporting 

standards, some data were not available for the entire sample.

In addition to the inventory of wellbore materials, fuel consumed during drilling/completions, 

invert losses, and NG flare volume (Supplementary Table 4), inventories were also compiled for 

drilling fluid additives (

Supplementary Table 5) and completion fluid additives (Supplementary Table 6) from reports in 

the BC Energy Regulator public database13,23,24. The drilling mud and completion chemical 

inventories are based on averages of data for multiple wells across multiple operators and are 

not intended to represent a specific well. Materials with an average of less than 0.2 t (solids) or 

m3 (liquids) were ignored in the calculations. This cut-off criteria resulted in inclusion of c. 99% 

of drilling mud materials and 99.999% of completions materials. NG for drilling and completions 

operations was assumed to be supplied from local Montney NG production. EURs for NG and 

condensate were used to calculate the total energy content of the combined effluent stream for 

each well based on typical Montney compositions (Supplementary note 1.4.5). Background 

inventories associated with supply of these materials was modelled by selecting appropriate 

library processes from the Ecoinvent database.
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Supplementary Table 4. Key process activity data for BC Montney well drilling and completions 

determined in this LCA. Data from BC Energy Regulator13,23,24. Mean values and 90% confidence 

interval for the mean for the wells sampled in this analysis.

Process activity data Mean
90% confidence 

interval
Units

Steel in wellbore casing 140 132-148 t/well

Steel in wellbore tubing 15.2 14.7-15.7 t/well

Cement in wellbore 132 125-139 t/well

Diesel consumed during drilling 47.3 42.2-52.3 m3/well

NG consumed during drilling 8.9 0-19.3 E3m3/well

Fluid loss during invert drilling 30.7 24.9-36.4 m3/km

Length of wellbore drilled with invert 1645 1367-1923 m/well

Diesel consumed during completions 80.1 63.9-96.2 m3/well

NG consumed during completions 48.4 29.9-66.9 E3m3/well

NG flared during completions 20.3 9.1-31.4 E3m3/well

NG EUR 146 123-169 E6m3/well

Condensate EUR 4820 2140-7490 m3/well

Combined well effluent EUR (LHV basis) 6.30 5.33-7.27 PJ/well

Supplementary Table 5. Inventory of drilling mud materials assumed in this study. All quantities 

are per well. Based on data from BC Energy Regulator13,23,24. Mean values and 90% confidence 

interval for the mean for the wells sampled in this analysis.

Material Mean
90% confidence 

interval
Units

Barium sulphate 55.6 26.4 – 84.8 T

Bentonite clay 2.8 1.3 – 4.4 T

Calcium ammonium nitrate 1.3 0 – 3.6 T

Calcium carbonate 0.3 0 – 0.9 T

Calcium chloride 17.4 9.9 – 24.8 T

Calcium nitrate 9.0 4.9 – 13.1 T

Caustic soda (NaOH) 0.4 0.2 – 0.5 T

Corrosion inhibitor (50% methanol, 50% ethanol products) 0.6 0.3 – 0.9 m3

Emulsifier (60% middle distillates, 40% tall oil) 0.7 0.3 – 1.1 m3

Fluid loss additive (80% asphalt, 20% aluminum silicate) 0.5 0.1 – 0.8 T

Graphite 0.3 0 – 0.5 T

Lime (CaO) 4.3 3.4 – 5.3 T

Lubricant (modified fatty acids) 0.5 0.1 – 0.9 m3

Oxygen scavenger (diethyl hydroxylamine) 0.3 0.1 – 0.5 m3

Oxygen scavenger (sodium sulphite) 0.9 0.3 – 1.6 T

Polymer beads 0.6 0.3 – 0.9 T

Sawdust 1.6 0.9 – 2.4 T

Sodium bicarbonate 0.5 0 – 1.3 T

Surfactant (middle distillates) 0.9 0.3 – 1.6 m3

Walnut shells 1.1 0.3 – 1.8 T

Wetting agent (ethylene glycol) 0.9 0 – 2.2 m3
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Supplementary Table 6. Inventory of completion chemicals assumed in this study. All quantities 

are per well. Based on data from BC Energy Regulator13,23,24. Mean values and 90% confidence 

interval for the mean for the wells sampled in this analysis.

Material Mean
90% confidence 

interval
Units

Water 13 990 12 570 – 15 410 m3

Sand (placed) 3090 2730 – 3440 t

Hydrochloric acid (30% wt.) 13.5 8.08 – 18.8 m3

Methanol 2.7 1.5 – 3.9 t

Biocide 0.85 0.7 – 1.0 m3

Friction reducer (liquid) 12.6 7.8 – 17.5 m3

Friction reducer (solid) 2.8 1.3 – 4.2 t

Surfactant 4.4 3.1 – 5.7 m3

Scale inhibitor 0.80 0.4 – 1.2 m3

Nitrogen 4.3 2.1 – 6.5 E3m3

Fuel consumption during drilling and completions in this study is 10% and 12% lower respectively 

on an energy basis (LHV) than an estimate for the Marcellus shale in the US25 which was based 

on substantially higher water injection volume during completions (39 000 m3/well). Fuel 

consumption assumed in studies of Montney wells in Alberta, Canada26,27 is significantly higher 

than this study due to the larger/longer drill and significantly larger quantity of fluid pumped 

during hydraulic fracturing compared to the average in this study.

Wellbore steel and concrete assumed in this study is significantly lower than Nie et al.27 for 

Montney wells in Alberta, Canada in 2016 (291 and 381 t respectively) due to the larger assumed 

diameter hole and more complex wellbore design in Nie et al. than employed in typical Montney 

wells in BC in 2020. Drill mud materials assumed in this study are similar to the materials 

presented in Nie et al.27; however, some of the quantities used in this study are significantly 

higher (Supplementary Table 7). Drill mud materials typically exhibit significant variability 

depending on the reservoir characteristics. Significantly larger quantities of completions 

chemicals were assumed in Nie et al.27 (e.g., 7198 t sand, 18.6 t friction reducer, and 205 m3 acid) 

compared to this study reflecting the larger hydraulic fracture fluid volume used by the 

production company in their study (43 900 m3/well) compared to the BC Montney average in our 
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study. Other studies which provide a similar level of detail for drilling and completions life cycle 

inventories were not identified for comparison.

Supplementary Table 7. Sample of drill mud materials assumed in this study compared to Nie et 

al.27. All quantities are per well.

Material This study Nie et al.

Barium sulphate 55.6 t 20 t

Bentonite clay 2.8 t 2.7 t

Calcium chloride 17.4 t 1.8 t

Calcium nitrate 9.0 t 8.2 t

Lime 4.3 t 7.5 t

Sawdust 1.6 t 2.7 t

Invert/Base oil 38.4 m3 20 m3

We assumed that drill mud is stored and reused from well to well. Drill cuttings from the wellbore 

and sand recovered at surface during initial flowback of the well during completions 

(Supplementary Table 8) were assumed to be hauled for processing and disposal at a hazardous 

waste facility near Fort St. John, BC. Drill cuttings were estimated for each well based on hole 

diameter and depth, a bulk density of 2.6 t/m3, and the mass of cuttings increased by 25% to 

account for residual drill mud moisture and solids28. We modelled the emissions/impacts 

associated with transport and processing/disposal using the Ecoinvent library process “Drilling 

waste (RoW), market for drilling waste”. Prior LCAs which included details regarding drilling and 

completions waste material handling were not identified for comparison.

Supplementary Table 8. Inventory of disposal waste generated during drilling and completions 

assumed in this study. All quantities are per well. Based on data from BC Energy Regulator13,23,24.

Material Mean
90% confidence 

interval
Units

Drill cuttings 379 364 – 393 t

Flowback sand 23.4 19.9 – 26.8 t

We assumed that drilling and completions equipment is used on enough wells that the allocation 

of impacts associated with the manufacturing of the equipment to each individual well is 

negligible compared to the materials and energy consumed drilling and completing each well.
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1.4.1 Transport

Drilling and completions equipment was assumed to be mobilised from Fort St. John, BC to each 

well pad to work on 5 wells per mobilisation based on the average of Montney formation data 

for the top five operators by drilling activity in BC in 202013. Drilling equipment transport was 

based on dedicated heavy haul transport for the rig (e.g., ref.29) and ancillary equipment (e.g., 

office trailers, washrooms, garbage bins, generators, light towers, etc.) with separate return trips 

for mobilisation and demobilisation – total freight transport of 60 000 tkm per well was assumed. 

Based on typical completions equipment used for the Montney formation in BC13, equipment 

transport was based on 30 heavy haul loads with dedicated trucks making a single round trip per 

mobilisation/demobilisation (e.g., fluid pumpers, blenders, hydration units, coiled tubing, data 

van) plus 30 heavy haul loads making two round trips per mobilisation/demobilisation (e.g., 

rental equipment, offices, tanks) – total freight transport of 90 000 tkm per well was assumed.

Transport for materials consumed in well drilling and completions operations was included in the 

Ecoinvent library inventories. 

1.4.2 Fuel consumption

Air emissions inventory for fuel consumption during drilling and completions of new wells was 

calculated from the activity data (Supplementary Table 4). 80% of diesel consumption during 

drilling operations was assumed to supply internal combustion engines and 20% to supply boilers 

based on typical consumption data13. All NG consumption during drilling operations was assumed 

to supply boilers. All diesel and NG consumption during completion operations was 

conservatively assumed to supply internal combustion engines operating in dual-fuel mode 

(simultaneous combustion of diesel and NG) based on public completions reports13. Ecoinvent 

library processes were used as the basis for determining pollution from stationary combustion 

sources to include trace pollutants and were adjusted to align with the conditions of this study 

as follows:

1. Drilling NG boiler emissions were modelled using “Heat, central or small-scale, natural gas 

(RoW)| heat production, natural gas, at boiler fan burner low-NOx non-modulating 
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<100kW | Cut-off, U” modified for fuel supplied from internal BC Montney production, 

CO2 emissions increased based on gas composition, and 90% efficiency. 

2. Drilling diesel boiler emissions were modelled using “Heat, central or small-scale, other 

than natural gas (RoW)| heat production, light fuel oil, at boiler 100kW, non-modulating 

| Cut-off, S” with no modifications and assuming 90% efficiency.

3. Drilling diesel engine emissions were modelled using “Diesel, burned in diesel-electric 

generating set, 10MW, for oil and gas extraction (GLO)| market for diesel, burned in 

diesel-electric generating set, 10MW, for oil and gas extraction | Cut-off, S” with no 

modifications.

4. Completions dual fuel engine emissions were modelled using “Diesel, burned in diesel-

electric generating set, 10MW, for oil and gas extraction (GLO)| diesel, burned in diesel-

electric generating set, 10MW, for oil and gas extraction | Cut-off, U” modified to reflect 

60% of fuel supply from diesel and 40% from NG on LHV basis. The CO2 emission factor 

was adjusted to reflect this fuel supply mix. Emission factors for carbon monoxide, 

methane, nitrogen oxides, and non-methane volatile organic compounds were adjusted 

to match US EPA emission factors for dual fuel engines30. The emission factor for sulphur 

dioxide was adjusted to match Canadian fuel standards (maximum 0.015% sulphur by 

weight for diesel). Other pollutants were left unchanged.

1.4.3 Surface equipment and pipelines

We assumed 15 t of steel material per well associated with the wellhead, surface piping, wellsite 

production equipment, and support piles based on typical wet metering facility layouts employed 

within the BC Montney field13,23,31 (“Steel, low-alloyed, hot rolled (GLO)| market for steel, low-

alloyed, hot rolled | Cut-off” plus “Drawing of pipe, steel (GLO)| market for drawing of pipe, steel 

| Cut-off”). 

We assumed each well pad ultimately has 30 wells and that pads are spaced 2 km apart with 

three pipelines between each pad based on typical Montney field layouts for the major 

producers23,31: 219 mm diameter x 6.35 mm steel pipe for NG production, 89 mm x 4 mm steel 
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pipe for fuel gas, and 236 mm composite pipe for water. We used Ecoinvent library processes to 

provide inventories for the installation of the multiple pipelines in the same ditch: 

• “Steel, low-alloyed, hot rolled (GLO)| market for steel, low-alloyed, hot rolled| Cut-off, S” 

plus “Drawing of pipe, steel (GLO)| market for drawing of pipe, steel | Cut-off, S” for steel 

pipe (total of 41.6 t per km);

• “Steel, low-alloyed, hot rolled (GLO)| market for steel, low-alloyed, hot rolled” plus 

“Sheet rolling, steel (GLO)| market for sheet rolling, steel | Cut-off, S” for steel portion of 

composite pipe (total of 17.6 t per km);

• “Welding, arc, steel (RoW)| welding, arc, steel| Cut-off, S” for field joint welds (total of 

53.8 m per km);

• “Pitch (RoW)| market for pitch| Cut-off, S” for steel pipe coating adhesive (total of 174 

kg per km);

• “Polyethylene, high density, granulate (GLO)| market for polyethylene, high density, 

granulate | Cut-off, S” for steel pipe external coating and plastic component of composite 

pipe (total of 14.4 t per km);

• “Excavation, skid-steer loader (RoW)| excavation, skid-steer loader| Cut-off, S” for topsoil 

removal (0.3 m deep by 10 m wide) along right-of-way (soil volume was doubled to 

account for removal and replacement);

• “Excavation, hydraulic digger (RoW)| excavation, hydraulic digger| Cut-off, S” for 

excavation of trench (1.7 m deep x 2 m wide) along right-of-way (soil volume was doubled 

to account for removal and replacement);

• “Machine operation, diesel, >= 74.57 kW, low load factor (GLO)| machine operation, 

diesel, >= 74.57 kW, low load factor| Cut-off, S” for pipe layers (30 h per km); and

• “Transport, passenger car, large size, petrol, EURO 5 (GLO)| market for transport, 

passenger car, large size, petrol, EURO 5| Cut-off, S” for personnel transport on location 

(2000 km per km of pipeline).
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We assume that an 8 m wide road is constructed on a 15 m wide right-of-way between each well 

pad. Road construction was modelled using the Ecoinvent library process “Road, company, 

internal (RoW)| road construction, company, internal| Cut-off, S”. 

1.4.4 Flaring

Flaring emissions were modelled starting with the Ecoinvent library process “Waste natural gas, 

sweet (GLO)| treatment of waste natural gas, sweet, burned in production flare”. This process 

was modified for CO2 emissions to reflect the Montney average wellhead composition 

(Supplementary Table 9) and to add methane, nitrous oxide, sulphur dioxide, and nitrogen 

oxides. The methane emission factor for flaring activity in our study was based on 98% 

combustion efficiency7.  Nitrous oxide emissions during flaring were calculated based on an 

emission factor of 95.2 μg/MJ (HHV basis) for flaring7. Sulphur dioxide emissions were calculated 

based on the typical Montney wellhead composition (Supplementary Table 9) and conversion of 

hydrogen sulphide to sulphur dioxide in the flare. The emission factor for nitrogen oxides was 

based on the US EPA emission factor for flares30.

Flared gas volume during completions operations for new wells (Supplementary Table 4) was 

based on public data reported for the BC Montney wells sampled in this study13. Most of these 

emissions were associated with initial flowback of the wells following hydraulic fracturing, but 

we also included any flaring reported during subsequent workovers.

1.4.5 Gas composition

The Montney formation in BC is split into two reporting areas (“Northern” and “Heritage”) which 

have similar typical gas compositions (Supplementary Table 9). We assumed the average of the 

two areas for all raw Montney NG production. The production scenario based on average BC 

marketable NG used an average of published NG compositions for the transmission pipelines in 

BC32 weighted by sales volumes in each pipeline20. For the scenarios assessing processing 

emissions for Montney NG, condensate composition (Supplementary Table 10) was assumed 

based on the average of reported data for a sample of typical wells drilled in 2020.
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Supplementary Table 9. Gas compositions assumed in this LCA. Montney gas composition based 

on the average of the two reporting areas (Heritage and Northern). BC Average is based on 

production weighted average of marketable NG in the transmission pipelines. Data from 

refs.13,20,24,32.

Component Heritage Northern
Montney 

Average 

BC 

Average

Methane 0.8312 0.8134 0.8223 0.8872

Ethane 0.0916 0.0956 0.0936 0.0799

Propane 0.0363 0.0388 0.0376 0.0215

i-Butane 0.0066 0.0074 0.0070 0.0025

n-Butane 0.0103 0.0118 0.0110 0.0029

i-Pentane 0.0029 0.0037 0.0033 0.0005

n-Pentane 0.0032 0.0037 0.0034 0.0004

Hexane 0.0029 0.0035 0.0032 0.0002

Heptane 0.0100 0.0100 0.0100 0

CO2 0.0018 0.0025 0.0022 0.0026

Hydrogen sulphide 0.0008 0.0022 0.0015 0.0022

Nitrogen 0.0021 0.0070 0.0046 0

Hydrogen 0.0001 0.0004 0.0003 0

Supplementary Table 10. Condensate composition assumed in this LCA. Montney condensate 

composition based on the average of a sample of typical wells drilled in 2020. Data from ref.13,24.

Component Mole fraction

Methane 0.1226

Ethane 0.0656

Propane 0.0776

i-Butane 0.0289

n-Butane 0.0636

i-Pentane 0.0390

n-Pentane 0.0457

Hexane 0.0795

Heptane 0.4768

CO2 0.0004

Hydrogen sulphide 0.00002

Nitrogen 0.0003

1.4.6 EUR estimation

EUR is a key parameter in calculating emission and impact intensity for well drilling and 

completion operations. We forecasted EUR (NG, condensate, and water) for each well sampled 

based on fitting a stretched exponential decline curve through the available monthly production 

data for each month (𝑖):



S-24

𝑄𝑖 = 𝑄0 ∙ 𝑒― 𝑖𝜏 𝑛

where parameters 𝑄0, 𝑛, and 𝜏 were adjusted for each well to minimise the residual sum of 

squares between the available production data and predicted decline curve. Production data in 

the first two months, or that was impacted by operating restrictions (e.g., downhole chokes or 

flush production after shut-in period), were excluded from the curve fits to optimise interpolation 

of unrestricted production data. EUR was determined for each well from the reported cumulative 

production to date plus the total of forecast future monthly production based on the decline 

curve for 20 years from first production or until the forecast production rate fell below 3 E3m3/d, 

whichever occurred first.

EURs for NG and condensate (liquid hydrocarbons) were estimated by fitting a stretched 

exponential decline curve through the available monthly production data. Stretched exponential 

decline curves have demonstrated a good fit for historical Montney production data27,33. The 

mean NG EUR used in this study (146 E6m3) is consistent with average NG EUR published by the 

BC Energy Regulator for Montney wells drilled in 2020 (c. 143 E6m3)34. The mean condensate EUR 

used in this study is within the range of average condensate EURs published by the BC Energy 

Regulator for Montney wells34. We allocated life cycle inventory to the two product streams on 

an energy basis. 

Eight wells drilled in the BC Montney between 2007 and 2015 were checked in this study to 

compare the forecast production after 28 months based on extrapolating a stretched exponential 

curve with actual long-term production data. In the example shown in Supplementary Figure 2, 

the forecast EUR based on the first 28 months of production data is 136 E6m3 compared to 149 

E6m3 based on 122 months of production data. In this example, the cumulative produced NG at 

122 months is 105 E6m3 and the production rate after 20 years is forecast to be 10 E3m3/d.  The 

average EUR at 28 months for the eight historical wells that were checked in this study was 139 

E6m3 compared to 155 E6m3 (+12%) based on all data available for each of the wells (72-152 

months).
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Supplementary Figure 2. Example of decline curve analysis used in this study to estimate EUR. NG 

production data (purple dots) for BC Montney well drilled in 2012 with stretched exponential 

decline curves fit through first 28 months of production data (green line) and all available 

production data (blue line). Data from ref.13.

1.4.7 LUC

We assumed land use per well of 0.80 ha based on typical existing well pad size with 30 wells per 

pad, 30 m wide pipeline right-of-way, and 15 m wide road right-of-way13,31 (Supplementary Table 

11). Our estimated land use for NG extraction and processing is higher than average US wells 

estimated by NETL35 (0.6 ha/well). Our land occupation estimate for wellsites is close to a prior 

estimate of Montney wells in Alberta (0.46 ha/well)27. Jordaan et al. (2017)36 found significantly 

higher land occupation for NG production from Barnett shale NG wells (Texas, USA), but their 

analysis was based on 2009 data with 73% of the wells located on single well pads and 99% of 

the wells located on pads with less than 4 wells. Their sensitivity analysis showed a strong 

negative correlation between average land occupation per well and number of wells per pad, but 

they did not consider well density comparable to typical Montney well pad layouts.
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Supplementary Table 11. Breakdown of land use assumption for NG wells.

Area (ha/well)

Wellsite 0.5

Pipeline 0.2

Access road 0.1

1.4.8 Abandonment

We assumed that wells are abandoned by setting cement plugs (5 m3/well assumed) in the 

wellbore casing and then cutting and capping in accordance with well decommissioning 

guidelines for BC37. We assumed production tubing is removed and recycled along with wellhead 

and surface piping/structural/equipment (10 t/well total assumed). We assumed support piles 

are cut below grade. Pipelines were assumed to be abandoned in place with risers cut and capped 

below grade. We assumed that abandonments are completed as part of a large, coordinated 

program so that equipment transport allocation for individual wells is negligible. 

1.5 NG processing

1.5.1 Fugitive emissions

Studies measuring fugitive methane emissions associated with oil and NG production in BC38-40 

have found that emission rates in government reported annual GHG inventories were 

underestimated (2010-2019 data); however, MacKay et al. (2021)41 found significant variance 

between fields in western Canada and measured fugitive methane rates within the BC Montney 

field in 2016 (1.04 gCO2e/MJ, adjusted for GWP100 of 29.8) that were lower than reported for 

the industry overall. The BC government significantly increased fugitive methane emission 

estimates (current and historical) for the oil and NG industry in their 2020 and 2021 GHG 

emissions inventories19,42 compared to prior inventories43. The new estimates more closely align 

with the prior studies which were not field specific (refs.38-40). The revised estimate of total 

methane emissions in the 2019 GHG emissions inventory related to upstream oil and NG 

production in BC19 is 16% higher than the annual emission rate we calculate with QGIS44 using 
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data from the analysis of satellite measurements during May 2018 to February 2020 published 

by Shen et al.45 for the region of northeastern BC where upstream oil and gas production is 

located. We allocated 2020 reported fugitive methane emissions in BC (2.75 MtCO2e, adjusted 

for GWP100 of 29.819) on an energy basis (Supplementary Table 12) to estimate a baseline 

fugitive methane intensity of 1.19 gCO2e/MJLHV (0.0401 gCH4/MJLHV) and assumed that this is 

representative of new Montney wells. Fugitive emissions of other hydrocarbons are not 

reported, so we calculate fugitive emission rates for ethane and propane by assuming that these 

components have leakage rates in proportion to the assumed gas composition for Montney wells 

(0.00855 gC2H6/MJLHV and 0.00504 gC3H8/MJLHV). This fugitive emission intensity was used for the 

first three NG production scenarios. Similar methodology applied to 2014 data (2.06 

gCO2e/MJLHV) resulted in a fugitive methane emission intensity for the fourth scenario of 0.51 

gCO2e/MJLHV (0.0173 gCH4/MJLHV), and proportionate rates for ethane and propane, based on the 

BC government target to reduce fugitive emissions 75% below 2014 emissions by 203046.

Supplementary Table 12. Calculated energy allocations for marketable oil and gas products in 

BC during 2020. Based on reported production volumes20 and assumed energy densities (LHV 

basis)32,47-49.

2020 Production
Commodity

Energy 

Density Volume Energy (PJ)
Energy 

Allocation

NG 37.5 MJ/m3 55 446 625 e3m3 2079 90.2%

Ethane 16.8 GJ/m3 354 917 m3 6 0.3%

Propane 23.3 GJ/m3 2 089 867 m3 49 2.1%

Butane 25.9 GJ/m3 1 841 736 m3 48 2.1%

Pentane+ 28.2 GJ/m3 3 308 728 m3 93 4.0%

Crude Oil 39.6 GJ/m3 790 695 m3 31 1.3%

Baseline fugitive methane emissions in this study are similar to measured values in the Alberta 

Montney for a producer that had implemented a leak detection and repair program (1.15 

gCO2e/MJLHV, adjusted to methane GWP100 of 29.8)26. Fugitive emissions associated with NG 

transmission in BC are negligible compared to upstream emissions19.
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1.5.2 Production flaring

Insufficient data were available to disaggregate flaring emissions reported by BC for the oil and 

NG industry to different aspects of production. Methane emissions from flaring are included in 

the fugitive methane emission estimate. To estimate CO2 emissions from flaring during other 

production operations (e.g., maintenance, shutdowns, process upsets), we deducted our 

estimate for CO2 emissions from flaring associated with new wells drilled in BC in 2020 from the 

total reported CO2 emissions for flaring in BC in 2020 (0.47 MtCO2)42 and allocated the balance 

to NG and liquids production on an energy basis (Supplementary Table 12) to obtain an average 

CO2 emission factor for flaring associated with on-going production operations of 0.20 

gCO2/MJLHV. We assume that the composition of flared gas is the same as average Montney well 

effluent to calculate gas flaring of 3.57 MJLHV/GJLHV of produced NG and use the same trace 

pollutant emission factors as described above for flaring during completion operations (Section 

1.4.4).

For the baseline NG processing scenario (average marketable NG in BC), we also included 

emissions of CO2 vented from NG processing facilities (1.40 MtCO2 in 202042) allocated on an 

energy basis (0.61 gCO2/MJLHV). For the low-emission Montney NG production scenarios, there is 

no CO2 vented from the NG processing equipment by design.

1.5.3 Energy inputs

For the average BC NG supply scenario, we used the BC government reported 2020 GHG 

inventory42 and oil and NG production data (Supplementary Table 12) to calculate industry 

average emission factors (CO2, methane, nitrous oxide) for NG production based on all existing 

infrastructure and practices (Supplementary Table 13). Emission factors for other criteria air 

pollutants are based on the government of Canada air pollutant emissions inventory50. This 

scenario is intended to be representative of a CCGT facility which is supplied NG from one of the 

transmission pipelines in northeast BC near or within the Montney field. We assumed the CCGT 

is located upstream of any booster compression on the transmission pipeline and that impacts 

associated with the transmission pipeline are negligible given the presumed short distance from 
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processing. Stationary combustion emissions associated with drilling and completing new wells 

were deducted from reported emissions to avoid double-counting. 

Supplementary Table 13. Stationary combustion emission intensities assumed for baseline. 

Based on BC government reported stationary combustion GHG emissions for oil and NG industry42 

and government of Canada reported air pollutant emissions inventory50 in 2020. Based on 

reported production volumes20 and assumed energy densities32,47-49. Estimated drilling and 

completion (D&C) emissions are subtracted from reported emissions to avoid double counting.

Air emission
Reported 

emissions
D&C emissions 

Emission 

intensity 

(g/MJLHV)

Total GHG 7.07 MtCO2e 0.20 MtCO2e 2.98

CO2 6.59 Mt 0.19 Mt 2.78

Methane 14.5 kt 0.53 kt 6.04E-3

Nitrous oxide 0.169 kt 0.002 kt 7.22E-5

Ammonia 34.6 t - 1.50E-5

Carbon monoxide 20.6 kt - 8.94E-3

Volatile organic compounds (non-

methane)
8.3 kt - 3.58E-3

Nitrogen oxides 23.2 kt - 1.01E-2

Sulphur oxides 10.9 kt - 4.74E-3

Particulate matter (<2.5 μm) 314 t - 1.36E-4

Electricity consumption by the oil and NG industry in BC is reported together with the mining 

industry (1679 GWh in 2020)51, so an accurate estimate of existing electricity consumption 

specific to NG production is not possible. However, the combined grid-supplied electricity 

consumption is very small compared to the energy content of NG consumed51 and the BC grid 

electricity GHG emission factor is low due to most supply coming from domestic hydroelectric 

facilities52 (this analysis uses the Ecoinvent background inventory for BC electricity supply which 

is higher than the 40.1 kgCO2e/MWh factor recommended by the BC government for 2020).  

Therefore, Scope 2 emissions for the baseline scenario associated with electricity supply to the 

oil and NG industry in BC were neglected as insignificant compared to reported stationary 

combustion emissions since emissions associated with the total electricity consumption by the 

oil and NG industry and mining industry combined are less than 1% of the stationary combustion 
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emissions reported for the oil and NG industry. For the baseline scenario, emissions from self-

generated electricity are included in the reported emissions.

For the low-emission NG process scenarios, the NG and electricity consumption of the process 

were determined from the process model (Supplementary note 2). Electricity was assumed to be 

supplied from the BC electrical grid and fuel gas was internally supplied from the processed NG 

stream leaving the processing plant. Compressor engine NOx emissions were based on the 

statutory limit in Canada for large stationary NG engines (2.7 gNOx/bkW-h)53. Other engine trace 

air pollutants were modeled based on the US EPA emission factors for 4-stroke lean burn NG 

engines30. Trace air pollutants from supply of heat to the NG processing plant were modeled 

based on the Ecoinvent background inventory for “Heat, district or industrial, natural gas (RoW)| 

heat production, natural gas, at boiler modulating >100kW | Cut-off, U” adjusted for the BC 

Montney NG composition.

1.5.4 Glycol and amine consumption

The glycol/amine losses in the NG dehydration/sweetening processes due to vaporization were 

calculated in the process model. The baseline case with average BC production emissions 

assumed glycol/amine losses were the same as calculated in the process model. Cases with 

reciprocating engine driven compressors assumed 0.03 g/MJfuel of engine lubricating oil 

consumption and disposal based on comparable equipment in the Ecoinvent background 

inventory database54.

1.5.5 Production equipment

Life cycle impacts for the NG processing facility construction and operation were estimated using 

a hybrid LCA approach. The inventory for steel consumption for equipment and construction 

materials was based on weight estimates provided by the process cost model (2364/2115 t for 

NG/electric drive compressors) and the combination of Ecoinvent library processes “Steel, low-

alloyed, hot rolled (GLO)| market for steel, low-alloyed, hot rolled | Cut-off” plus “Sheet rolling, 

steel (GLO)| market for sheet rolling, steel | Cut-off”. The inventory for steel consumption for 

supply of annual maintenance materials was estimated as the steel consumption for facility 

construction multiplied by the ratio of annual maintenance and facility construction cost 
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estimates from the process cost model (0.93% and 0.73% per year for NG-engine and electric 

drive scenarios). Facility construction labour, electrical materials, instrumentation, and 

maintenance labour were modelled using US environmentally extended input-output (EEIO) 

factors applied to the capital and maintenance cost estimates for the facility (Supplementary 

note 2.4) disaggregated into representative US EEIO categories (Supplementary Table 14). 

Capital and operating costs associated with engineering design, financing, insurance, taxes, and 

operating labour were assumed to have negligible environmental impacts. The base year of the 

process cost model (2018) was adjusted to the base year of the US EEIO database (2017) using 

the Chemical Engineering Plant Cost Index55. 

Supplementary Table 14. US EEIO categories used to model environmental impacts for the NG 

processing facility construction, electrical materials, instrumentation, and facility maintenance. 

Plant construction costs in million USD and annual maintenance costs in million USD per year with 

Q1 2018 base year.

US EEIO category NG drive Electric drive 

Plant construction

Other nonresidential structures $19.4 $19.0

Industrial process variable instruments $4.6 $4.6

Communication and energy wire and cable $2.0 $2.7

Switchgear and switchboards $2.0 $2.7

Annual maintenance

Other nonresidential structures $0.33 $0.25

Industrial process variable instruments $0.061 $0.047

Communication and energy wire and cable $0.024 $0.028

Switchgear and switchboards $0.024 $0.028

1.5.6 Water disposal

We assumed that one additional well would be drilled on or near the NG processing facility for 

disposal of produced water and that the well has the same life cycle inventory as a typical 

Montney well in this study (excluding flaring). 
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1.5.7 Pipeline releases/spills

Releases from pipelines and spills related to oil and NG industry activities in BC were modelled 

as emissions to soil based on total release volumes for all oil and NG industry incidents in BC in 

2020 (544 m3 salt water, 5 m3 emulsion, and 185 m3 methanol)56 allocated to production on an 

energy basis. Salt water composition was based on typical Montney produced water analyses13. 

Emulsion composition was assumed to be 19% petroleum oil and 81% salt water based on ratio 

of Montney well EUR for condensate and water.

1.5.8 LUC

We assumed 10 ha for the central NG processing facility and 0.5 ha for the water disposal wellsite 

based on similar existing facilities in the BC Montney13,31.

1.5.9 Abandonment

We estimate equipment decommissioning LCA inventory based on US EEIO factors using the 

facility construction cost estimates for construction labour as a proxy for equipment 

decommissioning costs and do not include credits from associated material recycling or potential 

reuse. We assumed the abandonment inventory for the water disposal well is the same as 

production wells except surface piping/structural/equipment was neglected as insignificant.

1.6 Electricity generation

1.6.1 CCGT load profiles

We considered the load profiles from five existing CCGT facilities in North America which have 

rated output similar to the unit in this study – Shepard (Alberta), Sewaren (New Jersey), Hilltop 

(Pennsylvania), Wildcat (Maryland), and Greensville (Virginia) – with a wide range of average 

capacity factors, start-up/shutdown frequency, and load profiles (Supplementary Table 15 and 

Supplementary Figure 3). The power plants were selected based on rated capacity: the largest 

CCGT in Alberta (the only facility in Alberta comparable in output to this study)57 and the four 

largest facilities in the US EPA Clean Air Markets Program (eastern US)58. We used the average of 
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data reported during 2020-2022 from each facility except Hilltop which was commissioned in 

2021 (only 2022 data used). Wildcat and Greensville have multiple units (2 and 3 respectively) 

with very similar load profiles, so we used the average of the units at each facility. The duration 

of the start-up sequence for a CCGT depends on the temperature of the equipment at the time 

of start-up, as the CCGT will gradually cool from operating temperature to ambient during the 

preceding shutdown. For the purposes of this study, three different start conditions were 

considered: hot (<8 hours shutdown), warm (8-64 hours shutdown), and cold (>64 hours 

shutdown)59-62. We assumed the small number of operating hours for each facility at less than 

35% load were associated with start-up/shutdown cycles.

Supplementary Table 15. Summary of operating parameters for the existing CCGT facilities 

considered in this study. Data shown is the annual average for 2020-2022, except Hilltop is for 

2022 only. Shutdowns and restarts are average number per year. Based on data from refs.57,58.

Facility
Capacity 

(MW)

Capacity 

factor
Shutdowns Hot restarts

Warm 

restarts
Cold restarts

Shepard 868 81% 0.3 0 0 0.3

Sewaren 717 53% 18.7 8.0 6.7 4.0

Hilltop 665 73% 18.0 7.0 4.0 7.0

Wildcat 557 37% 104.0 45.7 41.3 17.3

Greensville 591 73% 7.3 1.7 3.0 2.7
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Supplementary Figure 3. Load profiles for the facilities considered in this study. Data shown is 

the annual average for 2020-2022, except Hilltop is for 2022 only. Based on data from refs.57,58.

We also considered the effect of potential future CCGT duty cycles where frequent 

startup/shutdown cycles are required (up to 400 per year) to balance generation and demand on 

the electricity grid. For these cases, we assumed different distributions of hot/warm/cold 

startups and that the CCGT operates at 95% of rated output when required to run. The duration 

of shutdown prior to each hot/warm/cold start in these scenarios was assumed to be 8/36/64 

hours and the CCGT was assumed to be unavailable 30 days per year due to maintenance and 

unplanned outages.

1.6.2 Normal operating inventory

We considered four inventory scenarios for CCGT with CCS in our study corresponding to the 

three gross-CO2 capture rates in the NETL baseline study63 – 90%, 95%, and 97% (net fossil-CO2 

capture rates, excluding CO2 associated with inlet air, of 90.7%, 95.7%, and 97.7% respectively) – 

and 98.5% gross capture rate based on the IEAGHG baseline study (99.2% fossil-CO2 capture)64 

which used the same absorption solvent as the NETL study. Net CCGT power output in the 98.5% 

capture case was assumed to be 97.89% of the net power output in the 90% capture case based 

on the IEAGHG baseline study64.
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The NETL and IEAGHG baseline studies provide performance and emissions data for operation at 

maximum rated output. We adjusted the CCGT part load correlations developed by Spitz et al.65 

to generate inventories for part load operation that are aligned with the performance data at 

maximum output in the NETL baseline study (Supplementary Table 16). We increased net direct 

CO2 emissions in the NETL baseline study by 2% to account for the marginally higher carbon 

content of the NG composition in this study and ignore effects of this composition change on 

other life cycle inventory data.

Trace air pollutant inventory from CCGT combustion was modelled using factors from the 

Ecoinvent library process “Electricity, high voltage (CA-BC)| electricity production, natural gas, 

combined cycle power plant” with the modifications described below to nitrogen oxide, sulphur 

dioxide, and particulate emission rates. Carbon monoxide, sulphur oxides, and particulate 

emissions for the state-of-the-art H-class gas turbine with CCS were assumed to be negligible 

during normal operation63. The NOx emission factor (0.01 kg/MWh) was based on an ultra-low 

NOx burner with catalytic reduction per the assumptions in the NETL study63. Ammonia/amine 

emissions in the flue gas exiting the absorber are not included in the NETL baseline study63, NETL 

CCGT LCA35, or the background Ecoinvent inventory for CCGT without CCS. We assumed the 

contactor water wash section reduces ammonia concentration in the flue gas to 5 ppmv and 

amine concentration to a negligible residual based on pilot test data66,67.
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Supplementary Table 16. CCGT NG consumption, electricity output, and air emissions inventory for normal operation assumed in this 

study. CCGT output is percent of maximum for each CO2 capture scenario. Net CO2 emitted excludes CO2 that entered the CCGT with the 

inlet air. Calculated using data from refs.30,63,68 and part load correlations from Spitz et al.65. 

CCGT output 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

NG consumption (GJLHV/h) 2492 2775 3048 3315 3576 3834 4087 4340 4590 4841 5092 5345 5598 5854

Electricity output (MW)

90% capture 309 353 397 442 486 530 574 618 662 706 751 795 839 883

95% capture 307 351 395 439 482 526 570 614 658 702 745 789 833 877

97% capture 306 349 393 437 480 524 567 611 655 698 742 786 829 873

98.5% capture 303 346 389 432 475 519 562 605 648 691 735 778 821 864

Net CO2 emissions (t/h)

90% capture 13.3 14.8 16.2 17.7 19.1 20.4 21.8 23.1 24.5 25.8 27.2 28.5 29.9 31.2

95% capture 6.11 6.80 7.47 8.13 8.77 9.40 10.0 10.6 11.3 11.9 12.5 13.1 13.7 14.4

97% capture 3.24 3.60 3.96 4.31 4.64 4.98 5.31 5.63 5.96 6.28 6.61 6.94 7.27 7.60

98.5% capture 1.08 1.20 1.32 1.44 1.55 1.66 1.77 1.88 1.99 2.09 2.20 2.31 2.42 2.53

Other air emissions (kg/h)

Nitrogen oxides 5.1 5.4 5.7 6.1 6.4 6.7 7.0 7.4 7.7 8.0 8.4 8.7 9.0 9.4

Ammonia 7.9 8.4 8.9 9.4 9.9 10.4 10.9 11.4 11.9 12.4 13.0 13.5 14.0 14.6
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Consumable inventory for the CCGT with CCS (Supplementary Table 17) was taken from the NETL 

baseline study63. Consumable inventory trends versus capture rate from the NETL study were 

extrapolated to include the 98.5% capture case where necessary. We assumed that consumption 

rates at part load scale linearly with electrical output. Materials for the SCR catalyst and CO2 

absorbent are not specified. We modeled impacts for the SCR catalyst based on the operating 

cost estimate and US EEIO factors using the category “Other basic inorganic chemicals, at 

manufacturer”. There is limited long-term test data on amine solvent consumption rates for post-

combustion CO2 capture with CCGT and significant variability in reported data (c. 0.3-3.6 

kgMEA/tCO2 captured)66,67. Impacts associated with CO2 absorbent supply in this study were 

modelled using monoethanolamine with a consumption rate of 2 kgMEA/tCO2 captured69 (near 

the midpoint of the range of values reported in pilot testing66) as a proxy for the proprietary 

absorbent assumed in the NETL study. Water treatment chemicals were modelled using the 

Ecoinvent process “Sodium chloride, powder (GLO)| market for sodium chloride, powder”. Waste 

disposal for absorbent reclaimer and triethylene glycol were modelled using the Ecoinvent waste 

treatment processes “Refinery sludge (RoW)| market for refinery sludge” and “Spent antifreezer 

liquid (GLO)| market for spent antifreezer liquid” respectively.

Supplementary Table 17. CCGT consumable inventory assumed in this study. Calculated using 

data from the NETL baseline study63. 2018 base year for consumable costs.

Capture rate scenario 90% 95% 97% 98.5%

Consumables

Water (m3/MWh) 0.958 0.978 0.997 1.021

Water treatment chemicals (kg/MWh) 0.522 0.530 0.537 0.540

Ammonia 19%wt. (kg/MWh) 0.199 0.200 0.201 0.203

SCR catalyst (USD/MWh) 2.92E-2 2.94E-2 2.95E-2 2.98E-2

CO2 absorbent (kgMEA/tCO2) 2 2 2 2

Triethylene glycol (kg/MWh) 0.115 0.123 0.126 0.129

Waste disposal

Absorbent reclaimer (kg/MWh) 0.100 0.105 0.110 0.116

Triethylene glycol (kg/MWh) 0.115 0.123 0.126 0.129
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1.6.3 Startup and shutdown inventory

We considered a base case where the amine regenerator is heated up to operating temperature 

before amine circulation begins and a CO2 capture system designed with segregated lean and 

rich amine solvent storage to capture CO2 from the CCGT exhaust gas during startup prior to the 

amine regenerator reboiler reaching operating temperature as described in ref.59. Stored lean 

solvent is pumped through the contactor to separate rich solvent storage. Sufficient lean/rich 

solvent storage volume is included for the amine solvent flow rate through the absorber to be 

sustained until the regenerator reaches operating temperature (Supplementary Figure 4). Rich 

solvent stored during the startup sequence is then regenerated while the CCGT operates at 50% 

load on the gas turbine using throttling control between the intermediate pressure and low 

pressure steam turbines to increase amine regeneration up to the rated capacity of the 

regenerator as described in Spitz et al.65. Amine solvent from the rich solvent storage tank is 

blended with rich solvent leaving the absorber to go to the regenerator in this operating mode 

(Supplementary Figure 5). Amine solvent leaving the regenerator in excess of the inlet rate to 

the absorber refills the lean amine storage tank to prepare for the next startup. Once the stored 

amine has been regenerated, the CCGT begins normal operation and ramps to the desired 

electrical output.
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Supplementary Figure 4. CO2 capture process operating with interim solvent storage to mitigate 

startup emissions. Stored lean solvent is pumped through the contactor to separate rich solvent 

storage until regenerator reaches operating temperature.

Supplementary Figure 5. CO2 capture process operating in mode to regenerate stored rich 

solvent. Excess regenerated solvent refills the lean amine storage tank.

The startup sequences for each of the three start conditions considered in this study were based 

on refs.59-62 (Supplementary Table 18, Supplementary Table 19, and Supplementary Table 20). 

We assumed power output in steps 1 and 2 from only the gas turbine generator and used the 

average output for periods where output is ramped (linear ramp assumed). We assumed that 

amine solvent flow rate is adjusted to maintain the design capture rate and lean/rich amine 
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loading as described in Spitz et al.65. Details on the CO2 absorption system were not provided in 

the NETL baseline study. Therefore, we followed the methodology of ref.59 to estimate the 

required energy input to heat the regenerator reboiler to operating temperature. The rate of 

energy provided to the regenerator reboiler from the CCGT steam system is based on the 

methodology from ref.59 using part load performance correlations described in Spitz et al.65. The 

NETL baseline study does not discuss amine solvent storage for CO2 capture during start-up, so 

we assumed that the solvent required to accommodate this is incremental to the cost estimate 

and quantified the mass required based on the cold startup scenario. We used 

monoethanolamine in the life cycle impact calculations as a proxy for the proprietary solvent in 

the NETL baseline study and accounted for additional storage tanks based on material estimates 

calculated using Aspen Process Economic Analyzer70.

Supplementary Table 18. Description of hot startup sequence assumed in this study. 

Step Description Steam status Gas Turbine 

Load

Duration 

(min)

1 Ignition, ramp gas turbine load Not available 0-50% 15

2 Hold gas turbine load, preheating steam 

generator

Not available 50% 10

3 Ramp steam turbine load, preheat amine 

solvent regenerator reboiler

Available 50% 10

4 Hold CCGT load, regenerate loaded amine 

solvent stored during startup

Available 50% 52

Supplementary Table 19. Description of warm startup sequence assumed in this study.

Step Description Steam status Gas Turbine 

Load

Duration 

(min)

1 Ignition, ramp gas turbine load Not available 0-50% 15

2 Hold gas turbine load, preheating steam 

generator

Not available 50% 25

3 Continue steam generator preheat, preheat 

amine solvent regenerator reboiler

Available 50% 20

4 Ramp steam turbine load, regenerate loaded 

amine solvent stored during startup

Available 50% 25

5 Hold CCGT load, regenerate loaded amine 

solvent stored during startup

Available 50% 70
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Supplementary Table 20. Description of cold startup sequence assumed in this study. 

Step Description Steam status Gas Turbine 

Load

Duration 

(min)

1 Ignition, ramp gas turbine load Not available 0-50% 15

2 Hold gas turbine load, preheating steam 

generator

Not available 50% 45

3 Continue steam generator preheat, preheat 

amine solvent regenerator reboiler

Available 50% 20

4 Ramp steam turbine load, regenerate loaded 

amine solvent stored during startup

Available 50% 40

5 Hold CCGT load, regenerate loaded amine 

solvent stored during startup

Available 50% 90

During startup sequences, unburned methane in the exhaust is higher than normal 

operation30,71,72, but published data are very limited.  We used the emission intensity measured 

by Hajny et al.68 during startup of a commercial CCGT facility (417 gCH4/GJHHV), but acknowledge 

that this represents a single datapoint and that further study is needed to better quantify 

emissions for a range of turbine designs and operating conditions. Unburned methane emission 

intensity was assumed at the startup rate until steam becomes available from the heat recovery 

steam generator (end of step 2) based on estimated durations of startup sequences prior to 

meeting emissions compliance in regulatory applications for similar H-class CCGT facilities61,62. 

The operating emission intensity was used for the remaining duration of the startup sequence.

Emissions of criteria air pollutants (nitrogen oxides, carbon monoxide, and non-methane volatile 

organic compounds) during startup (until steam available) and shutdown events were estimated 

based on published estimates in regulatory applications for similar H-class CCGT facilities61,62. 

Values were scaled linearly based on the rated output capacity of the combustion turbine. Part-

load emission rates for nitrogen oxides and non-methane volatile organic compounds after steam 

availability were calculated assuming flue gas concentration is the same as full load71. Nitrous 

oxide emissions during startup and shutdown were estimated based on the emission factor for 

normal operation. The selective catalytic reduction system on the turbine exhaust was assumed 

to be inactive until the availability of steam. Therefore, ammonia emissions were assumed to be 
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zero up to that point and then were calculated using the normal operation flue gas concentration. 

Based on these assumptions, inventories for hot, warm, cold startups were estimated for each 

CO2 capture rate scenario (Supplementary Table 21, Supplementary Table 22, and 

Supplementary Table 23).

Start-up sequences for baseline scenarios without solvent storage were also developed for 

comparison. In these cases, amine solvent circulation was assumed to begin when the 

regenerator reboiler reached operating temperature and the CO2 capture system began normal 

operation. Startup duration and associated life cycle inventories (Supplementary Table 24, 

Supplementary Table 25, and Supplementary Table 26) were reduced as there is no stored 

inventory of rich amine solvent to regenerate. For hot starts without solvent storage, the life 

cycle inventories for all capture cases were identical because the regenerator reboiler reaches 

operating temperature at the same time as the steam turbine finishes ramping up in the assumed 

startup sequence.

Supplementary Table 21. CCGT life cycle inventory for hot startups with solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 5064 5064 5064 5064

Electricity produced (MWh) 562 559 557 552

Air emissions

Net CO2 (t) 27.0 12.4 6.6 2.2

Methane (t) 0.56 0.56 0.56 0.56

Nitrogen oxides (kg) 54.0 54.0 54.0 54.0

Volatile organic compounds (non-

methane, kg)
10.6 10.6 10.6 10.6

Ammonia (kg) 12.2 12.2 12.2 12.2

Carbon monoxide (kg) 84.5 84.5 84.5 84.5
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Supplementary Table 22. CCGT life cycle inventory for warm startups with solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 9304 9304 9304 9304

Electricity produced (MWh) 997 993 989 983

Air emissions

Net CO2 (t) 49.6 22.8 12.1 4.0

Methane (t) 0.99 0.99 0.99 0.99

Nitrogen oxides (kg) 104 104 104 104

Volatile organic compounds (non-

methane, kg)
15.0 15.0 15.0 15.0

Ammonia (kg) 19.6 19.6 19.6 19.6

Carbon monoxide (kg) 109 109 109 109

Supplementary Table 23. CCGT life cycle inventory for cold startups with solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 12 695 12 695 12 695 12 695

Electricity produced (MWh) 1359 1353 1349 1340

Additional amine inventory required 

(t)

1660 1753 1789 1817

Air emissions

Net CO2 (t) 67.7 31.1 16.5 5.5

Methane (t) 1.56 1.56 1.56 1.56

Nitrogen oxides (kg) 202 202 202 202

Volatile organic compounds (non-

methane, kg)
49.0 49.0 49.0 49.0

Ammonia (kg) 25.5 25.5 25.5 25.5

Carbon monoxide (kg) 557 557 557 557
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Supplementary Table 24. CCGT life cycle inventory for hot startups without solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario All

NG consumption (GJLHV) 1840

Electricity produced (MWh) 165

Air emissions

Net CO2 (t) 105

Methane (t) 0.56

Nitrogen oxides (kg) 48.3

Volatile organic compounds (non-

methane, kg)
7.0

Ammonia (kg) 3.4

Carbon monoxide (kg) 84.5

Supplementary Table 25. CCGT life cycle inventory for warm startups without solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 4921 4921 4921 4921

Electricity produced (MWh) 472 471 470 469

Air emissions

Net CO2 (t) 202 198 196 194

Methane (t) 0.99 0.99 0.99 0.99

Nitrogen oxides (kg) 96.5 96.5 96.5 96.5

Volatile organic compounds (non-

methane, kg)
10.1 10.1 10.1 10.1

Ammonia (kg) 7.6 7.6 7.6 7.6

Carbon monoxide (kg) 109 109 109 109
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Supplementary Table 26. CCGT life cycle inventory for cold startups without solvent storage 

assumed in this study. Net CO2 emitted excludes CO2 that entered the CCGT with the inlet air. 

Values shown are per startup.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 7077 7077 7077 7077

Electricity produced (MWh) 690 689 688 686

Additional amine inventory required 

(t)

0 0 0 0

Air emissions

Net CO2 (t) 277 270 267 265

Methane (t) 1.56 1.56 1.56 1.56

Nitrogen oxides (kg) 193 193 193 193

Volatile organic compounds (non-

methane, kg)
42.9 42.9 42.9 42.9

Ammonia (kg) 10.2 10.2 10.2 10.2

Carbon monoxide (kg) 557 557 557 557

We assumed the CCGT shutdown sequence begins after the gas turbine output has been reduced 

to 40% of maximum load. First, the steam turbine load is ramped to zero, followed by the gas 

turbine load ramping to zero, and then termination of NG supply (Supplementary Table 27). We 

assumed that amine continues to circulate through the absorber during the shutdown sequence 

and that excess steam is available to continue operation of the amine regenerator. As in the 

startup sequences, we assumed that amine solvent flow rate is adjusted to maintain the design 

capture rate and lean/rich amine loading as described in Spitz et al.65. There is a lack of data 

quantifying methane emissions during gas turbine shutdown sequences, but evidence that gas 

turbine combustion efficiency is significantly impaired at low flow rates (c. <35% of maximum 

design)30,71-73. Unburned methane in the exhaust stream was estimated at normal operating 

emission intensity while the gas turbine is operating at 40% load and the startup emission 

intensity based on Hajny et al.68 while the gas turbine is ramping down to zero load. Life cycle 

inventories for a shutdown were estimated for each CO2 capture rate scenario using these 

assumptions (Supplementary Table 28).
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Supplementary Table 27. Description of shutdown sequence assumed in this study.

Step Description Steam status Gas Turbine 

Load

Duration 

(min)

1 Hold gas turbine load, ramp steam turbine 

load to zero

Available 40% 10

2 Ramp gas turbine load to zero Available 40-0% 20

3 Shut-off NG supply Not available 0% 0

Supplementary Table 28. CCGT life cycle inventory for shutdowns assumed in this study. Net 

CO2 emitted excludes CO2 that entered the CCGT with the inlet air. Values shown are per 

shutdown.

Capture rate scenario 90% 95% 97% 98.5%

NG consumption (GJLHV) 1076 1076 1076 1076

Electricity produced (MWh) 102 102 102 102

Air emissions

Net CO2 (t) 5.7 2.6 1.4 0.5

Methane (t) 0.25 0.25 0.25 0.25

Nitrogen oxides (kg) 6.0 6.0 6.0 6.0

Volatile organic compounds (non-

methane, kg)
19.0 19.0 19.0 19.0

Ammonia (kg) 5.1 5.1 5.1 5.1

Carbon monoxide (kg) 87.4 87.4 87.4 87.4

1.6.4 LUC

We assumed a site area of 40 ha for the CCGT facility including CO2 capture63.

1.6.5 Capital and operating/maintenance expenses 

Similar to Barbera et al.74, the environmental impacts associated with CCGT construction were 

estimated by scaling the Ecoinvent library process “Gas power plant, combined cycle, 400MW 

electrical (RoW)| gas power plant construction, combined cycle, 400MW electrical” based on net 

electrical output of the CCGT without CCS. Insufficient detail was provided in the NETL study to 

develop an inventory of materials required for CO2 capture, compression, and dehydration. The 

impacts associated with supply of materials required for the construction of this equipment were 
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modelled based on the material inventory provided in a front-end engineering design study for 

retrofit of CCS on a 758 MW CCGT power plant (Supplementary Table 29)69 scaled by the ratio 

of design CO2 capture rate. Impacts associated with on-site construction of the CCS equipment 

were modelled based on US EEIO factors and the NETL capital cost estimates (Supplementary 

Table 30). The base year of the NETL baseline study cost estimates (2018) and 758 MW retrofit 

engineering study (2021) were adjusted to the base year of the US EEIO database (2017) using 

the Chemical Engineering Plant Cost Index55. Component weights for the absorber and 

regenerator from the 758 MW CCGT retrofit study69 are similar to the corresponding weight 

estimates for a 555 MW CCGT in Fadeyi et al.75; however, the overall material estimates in the 

758 MW CCGT retrofit study69 are significantly higher than Fadeyi et al.75 and are believed to be 

the result of a more comprehensive engineering study.

Supplementary Table 29. Construction material inventory for CO2 capture, compression, and 

dehydration equipment for 758 MW CCGT. Data from the Panda Sherman front-end engineering 

design study69 with 2021 base year (USD) for EEIO categories.

Item Amount

Ecoinvent material quantities

Steel, low-alloyed, hot rolled (GLO)| market for 2005 t

Iron-nickel-chromium alloy (GLO)| market for 1495 t

Sheet rolling, steel (GLO)| market for sheet rolling, steel 3500 t

Titanium (GLO)| market for 5 t

Concrete, normal strength (RoW)| market for 8659 m3

Monoethanolamine (RoW)| ethanolamine production 441 t

US EEIO category

Switchgear and switchboards $8.90 MM

Communication and energy wire and cable $8.90 MM

Industrial process variable instruments $13.3 MM



S-48

Supplementary Table 30. Construction cost estimates for CO2 capture, compression, and 

dehydration equipment assumed in this study. Based on data from the NETL baseline study63 

with 2018 base year (million USD).

US EEIO category 90% capture 95% capture 97% capture 98.5% capture

Other nonresidential structures $133.4 $138.1 $141.3 $144.7

Maintenance materials (excluding fuel and consumables) and labour inventories were based on 

the NETL baseline study cost estimates63. Annual maintenance material inventories were 

estimated as 2.4% of the construction material inventories based on the ratio of the annual 

maintenance material and the construction material cost estimates. Maintenance labour impacts 

were modelled using US EEIO factors (Supplementary Table 31). Impacts associated with 

operating labour, taxes, and insurance were neglected as insignificant.

Supplementary Table 31. Maintenance labour cost estimates for CCGT with CCS assumed in this 

study. All amounts in million USD/year with 2018 base year. Based on data from the NETL 

baseline study63.

US EEIO category 90% capture 95% capture 97% capture 98.5% capture

Other nonresidential structures $16.9 $17.1 $17.1 $17.1

1.6.6 Abandonment

We estimate equipment decommissioning LCA inventory using US EEIO factors for “Other 

nonresidential structures” based on the facility construction labour cost estimate from the NETL 

study63 as a proxy for equipment decommissioning costs and do not include credits from 

associated material recycling or potential reuse. 

1.7 CO2 sequestration

We assumed that surface equipment required at the CO2 disposal wells has negligible life cycle 

inventory compared to the CO2 pipelines and other inventories in this study. Life cycle impacts 
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for the CO2 pipeline were modelled based on a 323.8 mm x 11.1 mm steel pipe. This standard 

pipe size was selected to provide reasonable pressure drop for the design CO2 flow rate over 50 

km and sufficient wall thickness to meet design criteria for pressure containment with allowances 

for corrosion and thermal expansion stress. We assumed that CO2 sequestration infrastructure 

requirements do not materially change between the different cases based on the relatively small 

differences in flow rates.

We used Ecoinvent library processes to provide inventories for the installation of the CO2 

pipeline: 

• “Steel, low-alloyed, hot rolled (GLO)| market for steel, low-alloyed, hot rolled| Cut-off, S” 

plus “Drawing of pipe, steel (GLO)| market for drawing of pipe, steel | Cut-off, S” for steel 

pipe (total of 85.8 t per km);

• “Welding, arc, steel (RoW)| welding, arc, steel| Cut-off, S” for field joint welds assuming 

18 m linepipe sections (total of 56.5 m per km);

• “Pitch (RoW)| market for pitch| Cut-off, S” for steel pipe coating adhesive (total of 244 

kg per km);

• “Polyethylene, high density, granulate (GLO)| market for polyethylene, high density, 

granulate | Cut-off, S” for steel pipe external coating (total of 1.02 t per km);

• “Excavation, skid-steer loader (RoW)| excavation, skid-steer loader| Cut-off, S” for topsoil 

removal (0.3 m deep by 10 m wide) along right-of-way (soil volume was doubled to 

account for removal and replacement);

• “Excavation, hydraulic digger (RoW)| excavation, hydraulic digger| Cut-off, S” for 

excavation of trench (1.7 m deep x 1 m wide) along right-of-way (soil volume was doubled 

to account for removal and replacement);

• “Machine operation, diesel, >= 74.57 kW, low load factor (GLO)| machine operation, 

diesel, >= 74.57 kW, low load factor| Cut-off, S” for pipe layers (30 h per km); and

• “Transport, passenger car, large size, petrol, EURO 5 (GLO)| market for transport, 

passenger car, large size, petrol, EURO 5| Cut-off, S” for personnel transport on location 

(2000 km per km of pipeline).
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We assume that an 8 m wide road is constructed on a 15 m wide right-of-way beside the pipeline 

right-of-way. Road construction was modelled using the Ecoinvent library process “Road, 

company, internal (RoW)| road construction, company, internal”.

1.7.1 Fugitive emissions

Fugitive emissions from the CO2 pipeline and associated facilities were calculated assuming 

leakage of 0.00232 Gg/km-y76. CO2 leakage from the reservoir was assumed to be negligible 

because monitoring of existing sequestration projects has shown no detectable leakage over 

decades of operation76-80.

1.7.2 LUC

We assumed 0.5 ha of disturbed land per disposal wellsite, a 15 m wide pipeline right-of-way, 

and a 15 m wide access road. Pipeline right-of-way is narrower than the gathering system based 

on assumption of only one pipeline in the ditch. We make the conservative assumption that the 

length of new road required is the same as the pipeline (i.e., no re-use of existing roads) but note 

that, in practice, this is unlikely given the extensive network of roads that already exist in the 

Montney area in BC31 combined with the roads associated with the gathering system in this study. 

For 50 km of pipeline and 5 disposal wells, the total disturbed area is 152.5 ha. 

1.7.3 Abandonment

We assumed the abandonment inventory for the CO2 disposal wells is the same as production 

wells except surface piping/structural/equipment was neglected as insignificant.

1.8 Life cycle impact assessment (LCIA) methodology

LCIAs were completed in SimaPro54 using the midpoint indicators available in the ReCiPe 2016 

impact assessment method81. Global warming characterisation factors were updated to reflect 

values published in the IPCC sixth assessment report1. We used global average characterisation 

factors for airborne emissions of nitrogen oxides, non-methane hydrocarbons, sulphur oxides, 

and ammonia to avoid skewing results based on geographical factors and make the results more 

comparable.
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LCIA results per MWh of electricity produced were compared with photovoltaic and wind turbine 

electricity generation life cycle impacts for BC and western US based on Ecoinvent library 

processes to provide context for the results: 

• “Electricity, high voltage (CA-BC)| electricity production, wind, 1-3MW turbine, onshore 

| Cut-off, S”; 

• “Electricity, high voltage (WECC, US only)| electricity production, wind, 1-3MW turbine, 

onshore | Cut-off, S; 

• “Electricity, low voltage (CA-BC)| electricity production, photovoltaic, 570kWp open 

ground installation, multi-Si | Cut-off, S”; and

• “Electricity, low voltage (WECC, US only)| electricity production, photovoltaic, 570kWp 

open ground installation, multi-Si | Cut-off, S”

1.8.1 Data quality analysis 

Sensitivity analyses were completed to assess how changes to key input data and methodological 

assumptions affect the LCIA results (Supplementary Table 32). 90% confidence intervals for 

mean values calculated in the Montney well inventory were used for sensitivity of those 

parameters. For most other parameters ±30% was used to assess sensitivity. CCGT fuel and amine 

consumption were assessed for lower/higher variance based on judgement of potential variance 

in those parameters.
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Supplementary Table 32. Summary of sensitivity analyses conducted in this study.

Sensitivity 
Sensitivity 

range
Comments

CCGT fuel consumption ±10%
Base CCGT is mature technology. Some uncertainty in 

efficiency loss due to CO2 capture (e.g., different solvents).

CCGT amine consumption ±60%
Significant variability in reported data from pilot testing. Lack 

of data on proprietary solvents.

Fugitive emissions ±30%
Historical variances between reported emissions and 

independent measurements

CCGT N2O emissions ±30% Low confidence documented in published emission factors

Production flaring ±30% Government reported data

CCGT construction ±30% Generic inventories from Ecoinvent and engineering studies

Process electrical demand ±30%
Approximately equivalent to ±500 kPa on assumed inlet NG 

pressure (1000 kPag)

EUR ±15% 90% confidence interval

Process heat demand ±30% Data from process model based on assumed efficiencies

Completions materials ±40% 90% confidence interval (typical)

Completions fuel ±19% 90% confidence interval

Drilling mud materials ±53% 90% confidence interval (typical)

CCGT CH4 emissions ±30% Low confidence documented in published emission factors

Completions flaring ±55% 90% confidence interval

Drilling fuel ±22% 90% confidence interval

Wellbore materials ±6% 90% confidence interval

CCGT other trace pollutants ±30% Low confidence documented in published emission factors
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2 SUPPLEMENTARY NOTE 2 – NG PROCESSING MODEL DETAILS

2.1 Process description

The NG processing facility was modelled in Aspen Hysys (Version 11)82 with a sequence of 

connected sub-flowsheets (Supplementary Figure 6). NG, condensate, and water from the 

gathering pipeline flows to a three-phase inlet separator (V-100) (Supplementary Figure 7). NG 

from the inlet separator (V-100) flows to a two-stage compressor (K-210/240) with 

intercooling/aftercooling (Supplementary Figure 8) and then to a regenerative amine absorption 

plant (Supplementary Figure 9).  In the amine plant, NG flows up through a trayed absorption 

column (V-300) countercurrent to monoethanolamine (MEA) solvent which absorbs most of the 

CO2 and H2S from the NG. NG leaving the top of the amine contactor flows through a water wash 

section (V-305) to remove MEA from the NG stream. MEA leaving the bottom of the contactor 

flows to a flash vessel (V-310) where a portion of the absorbed gases is released from the MEA. 

MEA is then heated in heat exchanger E-320 before flowing to the top of the regenerator column 

(V-330). The regenerator is a distillation column with a bottom reboiler and top condenser.  MEA 

flows down through the trayed regenerator while hot vapour from the reboiler rises. Heat input 

from the reboiler releases additional CO2 and H2S (and water) from the MEA. The condenser cools 

the vapour leaving the column and recycles condensed water to the top of the column. MEA 

leaving the regenerator flows through the hot side of exchanger E-320, filtration to remove 

impurities, MEA/water make-up to replenish process losses, charge pump (P-340), cooler (E-350), 

and booster pump (E-360) to return to the top of the absorption column (V-300).

NG flows from the amine plant to the dehydration plant (Supplementary Figure 10) where the 

NG is cooled (E-400) to condense water which is removed in a two-phase separator (V-410). The 

NG then flows up through a trayed glycol absorption column (V-420) countercurrent to 

triethylene glycol (TEG) solvent which absorbs most of the water from the NG. TEG leaving the 

bottom of the absorption column is heated up in a heat exchanger (E-425) then flows to a two-

phase separator (V-430) where trace hydrocarbons absorbed by the TEG are released as vapour. 

The TEG continues to the top of the glycol regenerator column (V-440). The regenerator is a 

distillation column with a bottom reboiler.  TEG flows down through the trayed regenerator while 
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hot vapour from the reboiler rises. Heat input from the reboiler vapourises water from the TEG. 

Hot vapour leaving the top of the column flows to a condenser (E-475) and two-phase separator 

(V-480). TEG leaving the regenerator flows down through a stripping column (V-450) 

countercurrent to dry NG rising to remove additional water from the TEG. NG leaving the top of 

the stripping column enters the bottom of the regenerator column. TEG leaving the bottom of 

the stripping column flows through the hot side of exchanger E-425, filtration to remove 

impurities, TEG/water make-up to replenish process losses, pump (P-460) and cooler (E-470) to 

return to the top of the absorption column (V-420).

Dehydrated NG from absorption column V-420 flows to the refrigeration plant (Supplementary 

Figure 11) where the NG is cooled below the hydrocarbon dewpoint in the gas-gas heat 

exchanger (E-500) followed by the gas chiller (E-510). Heat is removed from the cold side of the 

gas chiller by a propane refrigeration cycle. NG from the gas chiller flows to the low temperature 

separator (V-520) where hydrocarbon liquids are removed. NG from the low temperature 

separator returns to the cold side of the gas-gas heat exchanger. Liquid hydrocarbons from the 

low temperature separator flow through the cold side of heat exchanger E-530 to the top of the 

stabiliser column (V-540). The stabiliser column is a distillation column with a bottom reboiler.  

Condensate flows down through the trayed stabiliser while hot vapour from the reboiler rises. 

Heat input from the reboiler releases low molecular weight hydrocarbons from the condensate 

to reduce the vapour pressure of the resulting liquid product. Vapour leaving the top of the 

column flows through the overhead compressor (K-550) to return to the main NG flow 

downstream of the gas-gas heat exchanger. The NG product stream leaving the refrigeration 

plant (NG-553) meets typical transmission pipeline quality specifications and a portion of this 

stream is used to provide fuel gas for the NG processing facility (NG-555). Stabilised liquid leaving 

the reboiler flows through the hot side of heat exchanger E-530 to the liquid hydrocarbon 

product outlet. Sales gas from the refrigeration plant (NG-554) is compressed to transmission 

pipeline pressure in a single stage sales compressor (K-1310) followed by an aftercooler (E-1320) 

(Supplementary Figure 12).

Condensate from the inlet separator (V-100) is processed along with unstabilised condensate 

streams from other unit operations to reduce the vapour pressure to meet condensate sales 
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specifications (Supplementary Figure 13). Produced water from the dehydration plant is also 

processed to remove liquid hydrocarbons. The condensate flows to a three-phase separator (V-

600) and heat exchanger E-610 to the top of the stabiliser column (V-620). Stabiliser column V-

620 is a distillation column with a bottom reboiler.  Condensate flows down through the trayed 

stabiliser while hot vapour from the reboiler rises. Heat input from the reboiler releases low 

molecular weight hydrocarbons from the condensate. Vapour leaving the top of the column and 

vapour that flashed off the condensate in V-600 flow to the single-stage recycle compressor 

(Supplementary Figure 14) to return to the suction of the main NG compressor. Stabilised 

condensate leaving the reboiler flows through the hot side of heat exchanger E-610 to the liquid 

hydrocarbon product outlet along with the condensate from the refrigeration plant.

The acid gas (CO2 and H2S) from the amine plant flows through four stages of compression 

(Supplementary Figure 15) to reach a suitable pressure for the acid gas dehydration plant 

(Supplementary Figure 16). The acid gas dehydration process is similar to the NG dehydration 

process except that water removed in the inlet scrubber (V-1110) and vapour from the flash 

separator (V-1140) are recycled to the suction of the acid gas compressor. Water condensing out 

in the 2nd through 4th stages of the acid gas compressor is also recycled to the suction drum (V-

1000) to recover CO2 and H2S. Dehydrated acid gas flows through two final stages of compression 

(Supplementary Figure 17) to reach the design pressure for sequestration with the CO2 from the 

CCGT.

Produced water from the inlet separator (V-100) and other unit operations flows to a two-phase 

separator (Supplementary Figure 18) to remove vapour which is recycled along with vapour from 

the NG dehydration plant and acid gas regenerator column to the suction of the recycle 

compressor through the vapour recovery unit (Supplementary Figure 19).
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Supplementary Figure 6. Overall process model schematic.



S-57

Supplementary Figure 7. Inlet separator model schematic.

Supplementary Figure 8. NG compressor model schematic.
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Supplementary Figure 9. Amine plant process model schematic.
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Supplementary Figure 10. Dehydration plant process model schematic.
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Supplementary Figure 11. Refrigeration plant process model schematic.
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Supplementary Figure 12. Sales compressor process model schematic.



S-62

Supplementary Figure 13. Condensate stabilisation plant model schematic.
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Supplementary Figure 14. Recycle compressor model schematic.

Supplementary Figure 15. Acid gas compressor model schematic (first four stages).
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Supplementary Figure 16. Acid gas dehydration plant schematic.
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Supplementary Figure 17.  Acid gas compressor model schematic (final two stages).

Supplementary Figure 18. Water processing model schematic.
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Supplementary Figure 19. Vapour recovery unit model schematic.
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2.2 Process model assumptions

The NG processing plant design was based on supplying a net NG flow rate with LHV energy 

content of 1626 MW based on the CCGT fuel consumption.

All compressors were assumed to be reciprocating with an isentropic efficiency of 82%49. The 

small recycle compressors (K-550, K-800, K-900), propane compressor (K-570), and acid gas 

compressors were assumed to be electric. For the scenario assuming NG engine drive for the NG 

inlet and sales compressors (K-210, K-240, K-1310), engine fuel consumption was calculated 

based on brake specific fuel consumption of 9.50 MJLHV/bkW-hr which is representative of the 

type and scale of compressors typically employed in upstream NG industry in BC13. For electric 

drive compressors, a motor efficiency of 95% was assumed. 

Electricity consumption for pumps was based on isentropic efficiency of 86% for centrifugal and 

90% for reciprocating49. Compressor cooling fan electricity consumption was estimated as 3% of 

compressor drive power and other plant electrical loads (e.g., control system, instrument air 

compressor) were estimated as 2% of compressor drive power. 

NG consumption for glycol/amine reboiler duty was based on a thermal efficiency of 85/90%. 

Produced water inlet flow was calculated using an average water-to-NG ratio of 0.141 m3/E3m3 

based on the estimated lifetime water (20 600 m3) and NG production of the wells sampled in 

this study13. The plant inlet was assumed to be 1000 kPa and 20°C. The discharge pressure of the 

NG compressor (K-240) and sales compressors (K-1310) were 4115 kPa and 9030 kPa respectively 

with intercooling/aftercooling to 50°C. We combine NG, condensate, and water based on typical 

Montney analyses and the ratio of EUR for each commodity at the inlet separator conditions to 

determine the composition of the respective streams. Typical extended gas analysis (i.e., 

including trace concentrations of heavier hydrocarbons) was not publicly available. While this is 

not expected to materially impact the overall mass-energy balance for the process or results of 

this study, it will impact specific details of the process design (e.g., recovery of aromatic 

hydrocarbons from glycol regeneration overhead vapours).
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Design parameters for the regenerative amine sweetening (Supplementary Table 33), NG 

dehydration (Supplementary Table 34), refrigeration plant (Supplementary Table 35), and 

condensate stabiliser (Supplementary Table 36) processes were assumed based on typical 

parameters used in the NG processing industry49 and adjusted as needed to achieve outlet NG 

and condensate compositions consistent with typical sales specifications83,84. Tray efficiencies for 

the amine absorber (14-23% for CO2 and 48-51% for H2S) and regenerator (31-43% for CO2 and 

58-61% for H2S) were calculated by Aspen Hysys based on assumed tower characteristics.

Supplementary Table 33. Amine sweetening design parameters used in this study.

Value

Absorbent MEA 30%wt

Rich amine loading (mol CO2/mol amine) 0.47

Absorber – number of stages 20

Absorber gas inlet temperature (°C) 50

Absorber amine inlet temperature (°C) 50

Water wash gas outlet pressure (kPa) 4050

Lean-rich exchanger pinch (°C) 16

Regenerator – number of stages 20

Reflux condenser temperature (°C) 50

Reboiler temperature (°C) 121

Regenerator reflux condenser outlet pressure 

(kPa)
160

Amine charge pump isentropic efficiency 86%49

Amine booster pump isentropic efficiency 90%49
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Supplementary Table 34. Dehydration plant design parameters used in this study.

Value

Absorbent TEG

Circulation rate (lTEG/kgH2O) 30

Absorber – number of theoretical stages 5

Absorber gas inlet temperature (°C) 40

Absorber glycol inlet temperature (°C) 45

Absorber gas outlet pressure (kPa) 3990

Regenerator – number of theoretical stages 10

Reboiler temperature (°C) 198

Lean glycol concentration (%wt.) 99.7

Glycol inlet temperature (°C) 60

Regenerator outlet pressure (kPa) 120

Glycol pump isentropic efficiency 90%49

Supplementary Table 35. Refrigeration plant design parameters used in this study.

Value

Low temperature separator temperature (°C) -15

NG outlet pressure (kPa) 3900

Stabiliser – number of theoretical stages 10

Reboiler temperature (°C) 122

Stabiliser condensate inlet temperature (°C) 10

Stabiliser vapour outlet pressure (kPa) 900

Supplementary Table 36. Condensate stabiliser design parameters used in this study.

Value

Stabiliser – number of theoretical stages 10

Reboiler temperature (°C) 113

Stabiliser condensate inlet temperature (°C) 50

Stabiliser vapour outlet pressure (kPa) 350
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Parameters for the acid gas dehydration plant (Supplementary Table 37) were selected to 

achieve less than 64 mgH2O/m3 acid gas. The final discharge pressure from the last acid gas 

compressor stage was assumed to be 15.3 MPa.

Supplementary Table 37. Acid gas dehydration plant design parameters used in this study.

Value

Absorbent TEG

Circulation rate (lTEG/kgH2O) 30

Absorber – number of theoretical stages 5

Absorber gas inlet temperature (°C) 40

Absorber glycol inlet temperature (°C) 50

Absorber gas outlet pressure (kPa) 3700

Regenerator – number of theoretical stages 10

Reboiler temperature (°C) 197

Lean glycol concentration (%wt) 99.5

Glycol inlet temperature (°C) 60

Regenerator reflux condenser outlet pressure 

(kPa)
120

Glycol pump isentropic efficiency 90%49

2.3 Process model results

The shaft power requirements for compressors and pumps (Supplementary Table 38) and 

process heat requirements (Supplementary Table 39) from the NG processing plant model were 

used to determine the fuel and electricity consumption required for each of the design cases 

(Supplementary Table 40) and the overall plant flows (Supplementary Table 41). The processing 

plant model results were used to determine the amount of well effluent and electricity input that 

is required per unit of energy consumed by the CCGT (Supplementary Table 42).
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Supplementary Table 38. Shaft power calculated in the NG processing plant model. All values 

are kW for the design cases with NG engine driven inlet compressors and electric motor driven 

inlet compressors.

Equipment
NG-drive inlet 

compressor

Electric-drive inlet 

compressor

Compressors:

Inlet (K-210/240) 8144 8037

Sales (K-1310) 4476 4476

Propane (K-570) 1440 1422

Refrigeration overhead (K-550) 282 279

Recycle (K-900) 31 31

VRU (K-800) 16 16

Acid gas (K-1010/1020/1030/1040 & 

1210/1220
103 102

Pumps (total) 29 29

Supplementary Table 39. Process heat requirements calculated in the NG processing plant 

model. All values are MJ/h for the design cases with NG engine driven inlet compressors and 

electric motor driven inlet compressors.

 Equipment
NG-drive inlet 

compressor

Electric-drive inlet 

compressor

Amine regenerator (V-330) 4162 4163

Glycol regenerator (V-440) 3369 3369

Refrigeration stabiliser (V-540) 3721 3673

Condensate stabiliser (V-620) 1293 1275

Acid gas glycol regenerator (V-1150) 18 18

Supplementary Table 40. Electricity and NG consumption estimates from the NG processing 

plant model. Values are provided for the design cases with NG engine driven inlet compressors 

and electric motor driven inlet compressors.

NG-drive inlet 

compressor

Electric-drive inlet 

compressor

Electricity consumption (kW):

Compressors 1972 15 119

Cooling fans 435 431

Pumps 29 29

Other 290 287

Total electricity 2726 15 866

NG consumption (GJ/h):

Compressors (K-210/240/1310) 119.9 0

Process heat 14.18 14.11

Dehydrator stripping gas 9.38 9.38

Total process NG 143.5 23.5
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Supplementary Table 41. Overall flows from the NG processing plant model. Values are provided 

in energy content (GJ/h, LHV basis) for the design cases with NG engine driven inlet compressors 

and electric motor driven inlet compressors.

NG-drive inlet 

compressor

Electric-drive inlet 

compressor

Process inlet:

NG 6449 6364

Condensate 145.2 143.3

Total well effluent 6594 6507

Products:

NG 5811 5853

Condensate 642 634

Total products 6454 6487

Supplementary Table 42. Required well effluent, fuel, and electricity inputs to NG processing 

plant. Values expressed per unit of energy produced by the NG gas processing plant LHV basis 

(GJout) for the design cases with NG engine driven inlet compressors and electric motor driven 

inlet compressors. Total energy production includes liquid condensate co-product allocation. 

NG-drive inlet 

compressor

Electric-drive inlet 

compressor

Well effluent input (GJIn/ GJout) 1.0217 1.00308

Electricity input (kWh/ GJout) 0.422 2.446

Reciprocating engine NG consumption (GJ/ 

GJout)
1.86E-2 0

Boiler NG consumption (GJ/ GJout) 2.20E-3 2.17E-3

2.4 NG processing plant cost model

Capital and operating/maintenance costs for the NG processing facility were estimated using 

Aspen Process Economic Analyzer70. Costs were estimated separately for each of the design cases 

(NG drive inlet compressor and electric drive inlet compressor) based on the process design 

described above (Supplementary Table 43). In addition to the process unit operations modelled 

in the process simulations, the following additional equipment were included to obtain a more 

representative cost estimate: high pressure emergency flare stack (610 mm x 40 m), low pressure 

emergency flare stack (150 mm x 40 m), high pressure flare knockout drum (1.7 m x 8 m), low 

pressure flare knockout drum (1 m x 4 m), fuel gas scrubber (1 m x 3 m), sales NG scrubber (2 m 

x 4 m), water storage tanks (4 x 160 m3), recycle tank (160 m3), condensate storage tanks (4 x 160 

m3), water pumps (centrifugal charge and reciprocating main), condensate pumps (centrifugal 
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charge and reciprocating main), recycle pumps, water filters, condensate filters, and instrument 

air system. Installed backup spares (100%) were assumed for all main process pumps and the 

propane compressor. The inlet separator was assumed to be oversized (4 m x 25 m) to 

accommodate inlet slugs from the gathering pipeline during pigging operations. The Q1 2018 

base cost estimates obtained from Aspen Process Economic Analyzer for North America 

construction were adjusted to 2017 base year using the Chemical Engineering Plant Cost Index55.

Supplementary Table 43. Capital and maintenance cost estimates for NG processing plant 

assumed in this study for each design case. Amounts in US$ for North America with base year of 

2018.

NG-drive inlet compressor
Electric-drive inlet 

compressor

Capital $106 110 000 $102 230 000

Maintenance $983 000/year $747 000/year
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3 SUPPLEMENTARY NOTE 3 – ADDITIONAL RESULTS

3.1 NG supply chain impacts

Supplementary Figure 20. Life cycle environmental impacts of NG production practices. 

Comparison of life cycle environmental impact intensities for global average NG supply (GA), UK 

average NG supply (UK), BC average upstream production (BC), and the three low-emission cases 

developed in this study for BC Montney production with NG drive compressors (M1), electric drive 

compressors (M2), and electric drive compressors with reduced fugitive emissions (M3). 

Environmental impact categories: stratospheric ozone depletion (SOD), ionizing radiation (IR), 

ozone formation – human health (OF-HH), fine particulate matter (FPM), ozone formation – 

terrestrial ecosystems (OF-TE), terrestrial acidification (TA), freshwater eutrophication (FW-EU), 

marine eutrophication (M-EU), terrestrial ecotoxicity (T-ECO), freshwater ecotoxicity (FW-ECO), 

marine ecotoxicity (M-ECO), human carcinogenic toxicity (HCT), human non-carcinogenic toxicity 

(HNCT), land use (LU), mineral resource scarcity (MRS), fossil resource scarcity (FRS), and water 

consumption (WC). Values shown as a percentage of impact intensity for global average NG 

supply per unit energy on LHV basis.

3.2 Baseload CCGT scenarios

Environmental impact results for CCGT with CCS for each NG supply scenario are presented and 

compared with wind and photovoltaic generation in Supplementary Figure 21 and 

Supplementary Figure 22. This study focused on assessing results for CCGT with CO2 capture 

rates greater than 95% based on the findings of several prior studies that high capture rates for 

CCGT are feasible and can be achieved at low marginal cost (e.g., refs.63,64,85,86). However, we also 
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calculated global warming (GW) intensity results for the commonly assumed historical CO2 

capture rate of 90% based on the lowest capture rate in the NETL baseline study63 to facilitate 

comparisons of the results of this study with prior work. The effect of duty cycles on lifecycle 

environmental impact intensities based on the five existing CCGT facilities considered in this 

study is shown in Supplementary Figure 23.
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Supplementary Figure 21. Midpoint environmental impact indicators per MWh electricity 

produced for CCGT with CCS and six NG supply chain scenarios compared to wind and 

photovoltaic generation. NG supply scenarios: global average supply (Ecoinvent), UK average 

supply (Ecoinvent), BC average production (2020), BC Montney production with NG drive 

compressors, BC Montney production with electric drive compressors, and BC Montney 

production with electric drive compressors and 2030 fugitive methane emission reduction target 

achieved. Results for wind and photovoltaic shown for BC (diagonal hatch) and western USA 

(solid). (a) Global warming potential. (b) Stratospheric ozone depletion. (c) Ionizing radiation. (d) 

Ozone formation – human health. (e) Fine particulate matter. (f) Ozone formation – terrestrial 

ecosystems. (g) Terrestrial acidification. (h) Freshwater eutrophication. (i) Marine eutrophication. 

(j) Terrestrial ecotoxicity. (k) Freshwater ecotoxicity.
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Supplementary Figure 22. Midpoint environmental impact indicators per MWh electricity 

produced for CCGT with CCS and six NG supply chain scenarios compared to wind and 

photovoltaic generation. NG supply scenarios: global average supply (Ecoinvent), UK average 

supply (Ecoinvent), BC average production (2020), BC Montney production with NG drive 

compressors, BC Montney production with electric drive compressors, and BC Montney 

production with electric drive compressors and 2030 fugitive methane emission reduction target 

achieved. Results for wind and photovoltaic shown for BC (diagonal hatch) and western USA 

(solid). (a) Marine ecotoxicity. (b) Human carcinogenic toxicity. (c) Human non-carcinogenic 

toxicity. (d) Land use. (e) Mineral resource scarcity. (f) Fossil resource scarcity. (g) Water 

consumption.
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Supplementary Figure 23. Effect of CCGT duty cycle on life cycle environmental impact 

intensities. Comparison of midpoint life cycle environmental impact intensities for electricity 

generated from CCGT with CCS operating based on average duty cycles for five existing CCGT 

facilities in North America. Values shown as a percentage of the impact intensities (per MWh of 

net electricity generated) for the NETL baseload scenario (capacity factor 0.85) for CCGT with 97% 

CO2 capture. BC Montney NG supply with electric drive compression and reduced fugitive 

methane emissions. Environmental impact categories: stratospheric ozone depletion (SOD), 

ionizing radiation (IR), ozone formation – human health (OF-HH), fine particulate matter (FPM), 

ozone formation – terrestrial ecosystems (OF-TE), terrestrial acidification (TA), freshwater 

eutrophication (FW-EU), marine eutrophication (M-EU), terrestrial ecotoxicity (T-ECO), freshwater 

ecotoxicity (FW-ECO), marine ecotoxicity (M-ECO), human carcinogenic toxicity (HCT), human 

non-carcinogenic toxicity (HNCT), land use (LU), mineral resource scarcity (MRS), fossil resource 

scarcity (FRS), and water consumption (WC). 

Environmental impact intensities for electricity generated by CCGT with CCS are negatively 

correlated with nominal operating hours per year (Supplementary Figure 24 and Supplementary 

Figure 25). The strength of the negative correlation varies depending on the relative 

contributions of fixed infrastructure and startup emissions to the environmental impact category. 

Environmental impact intensities are more strongly corelated with nominal operating hours than 

startup type within the range of hot/warm/cold startup distributions (40/40/20%, 60/30/10%, 

and 80/15/5%) that were considered in this analysis. Rich solvent storage significantly reduces 

GW intensity for scenarios with low nominal operating hours (more frequent start/stop cycles) 

but does not materially affect any other environmental impact category.
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Supplementary Figure 24. Effect of operating hours on life cycle environmental impact 

intensities. Environmental impacts per MWh electricity produced from CCGT with CCS versus 

nominal operating hours per year for three different distributions of hot/warm/cold starts. 

Baseline case (dashed) compared to case with rich solvent storage to mitigate startup CO2 

emissions (solid). CCGT operating at 95% rated output during normal operation. (a) Global 

warming potential. (b) Stratospheric ozone depletion. (c) Ionizing radiation. (d) Ozone formation – 

human health. (e) Fine particulate matter. (f) Ozone formation – terrestrial ecosystems. (g) 

Terrestrial acidification. (h) Freshwater eutrophication. (i) Marine eutrophication. (j) Terrestrial 

ecotoxicity. (k) Freshwater ecotoxicity. (l) Marine ecotoxicity.
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Supplementary Figure 25. Effect of operating hours on life cycle environmental impact 

intensities. Environmental impacts per MWh electricity produced from CCGT with CCS versus 

nominal operating hours per year for three different distributions of hot/warm/cold starts. 

Baseline case (dashed) compared to case with rich solvent storage to mitigate startup CO2 

emissions (solid). CCGT operating at 95% rated output during normal operation. (a) Human 

carcinogenic toxicity. (b) Human non-carcinogenic toxicity. (c) Land use. (d) Mineral resource 

scarcity. (e) Fossil resource scarcity. (f) Water consumption.

The effect of startup/shutdown cycles on life cycle GHG emissions and average GHG emission 

intensity with average UK NG supply are shown in Supplementary Figure 26 and Supplementary 

Figure 27. These can be compared against Figures 6 and 7 in the main text for the low-emission 

NG supply scenario with electric compressors and low fugitive emissions.
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Supplementary Figure 26. Impact of start/stop cycles on life cycle GHG emissions (UK NG 

supply). Effect of start/stop frequency on the contribution of normal operation, fixed 

infrastructure, and start/stop cycles to life cycle GHG emissions for CCGT with CCS (LHS) and 

overall GHG emission intensity (RHS) of electricity produced. Baseline case (dashed) compared to 

case with rich solvent storage to mitigate startup CO2 emissions (solid). CCGT operating at 95% 

rated output during normal operation with 97% CO2 capture rate. UK average NG supply based on 

Ecoinvent background inventory. (a) cold starts, (b) warm starts, and (c) hot starts. Duration of 

cooldown preceding each hot/warm/cold start is assumed to be 8/36/64 hours.
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Supplementary Figure 27. Effect of annual operating hours on life cycle GHG emission intensity 

(UK NG supply). Life cycle GHG emission intensity per MWh electricity produced from CCGT with 

CCS versus nominal operating hours per year for three different distributions of hot/warm/cold 

starts: 40/40/20% (blue), 60/30/10% (purple), and 80/15/5% (green). Baseline case (dashed) 

compared to case with rich solvent storage to mitigate startup CO2 emissions (solid). CCGT 

operating at 95% rated output during normal operation with 97% CO2 capture rate. UK average 

NG supply based on Ecoinvent background inventory.

3.3 Sensitivity analysis

All individual parameters affect life cycle GW intensity less than 7% over the ranges considered 

for the lowest emission scenario in this study (Supplementary Figure 28). Life cycle GW intensity 

for CCGT with CCS is most sensitive to amine consumption in the CO2 capture plant (±6.5% for 

±60% change) due to relatively high sensitivity and low confidence in the estimate due to limited 

and highly variable public data66,67. This uncertainty is notable because this study used 

monoethanolamine as a proxy for the proprietary solvent assumed in the US NETL study due to 

lack of public data on consumption rates for the proprietary solvent.  CCGT fuel consumption, 

which impacts both direct and indirect emissions, is also a key uncertainty in the GW intensity 

results (±5.8% for ±10% change). Despite assessing sensitivity using the low-fugitive NG supply 

scenario, fugitive emission factor is the third most sensitive parameter for life cycle GW intensity 

(±4.7% for ±30% change). The relatively high sensitivity of GW intensity to the CCGT nitrous oxide 

emission factor is notable because of the low confidence expressed in published nitrous oxide 

emission factors for gas turbines30,54. The total share of baseload life cycle GHG emissions 

associated with EEIO characterisation factors from all sources included in this study is 3.9% in the 

scenario with 98.5% fossil-CO2 capture and the lowest emission NG supply chain. 
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This study assumes that the CO2-rich solvent stored during startup is regenerated using spare 

capacity at a relatively low gas turbine output power (50%) to minimise the time required to 

regenerate the solvent. Many other assumptions are possible depending on operating 

needs/preferences (e.g., other part-load gas turbine output or the regeneration equipment could 

be oversized to regenerate stored solvent with 100% gas turbine output). In practice, plant 

operators would have flexibility regenerating stored solvent to maximise profitability for each 

start/shutdown sequence depending on electricity/NG prices and operational considerations 

such as reserve requirements. This choice has little effect on the overall LCA results. For example, 

the difference in total electricity generated and NG consumed is less than 1% between a cold 

start where CO2-rich amine is regenerated at 80% gas turbine output and a cold start where 

amine is regenerated at 50% and then the CCGT is operated at rated output for the difference in 

start durations (6.5 h total cold start duration at 80% v. 3.5 h at 50%). 

Variation in CCGT amine consumption (±60%) significantly affects life cycle impact intensity for 

ionizing radiation (±20%), freshwater eutrophication (±11%), and marine eutrophication (±52%); 

while variation in CCGT nitrous oxide emissions (±30%) significantly affects stratospheric ozone 

depletion (±22%). The only other sensitivity analysis parameters which affect any life cycle impact 

intensity by more than 10% are process electrical demand (±10% on ionizing radiation) and CCGT 

construction (±11-12% on terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, and 

mineral resource scarcity).
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Supplementary Figure 28. Sensitivity analysis of life cycle GW intensity. Percent change in life 

cycle GHG emission intensity per MWh electricity produced from CCGT with CCS for the baseload 

scenario (98.5% CO2 capture) based on changes to indicated parameters. NG supply scenario is BC 

Montney production with electric drive compressors and fugitive emissions reduced 75% from 

2014. Rationale for sensitivity ranges for each parameter provided in Supplementary Note 1.8.1.

There is significant uncertainty in unburned methane emission rates during CCGT startup due to 

very limited public data (Supplementary Note 1.6.3); however, direct emissions of unburned 

methane contribute relatively little to life cycle GHG emissions in this study (e.g., 2.4% for the 

Wildcat duty cycle with 97% CO2 capture, interim solvent storage, and the lowest emission NG 

supply scenario in this study).
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