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Abstract 

China’s reliance on coal for power generation, making that country the world’s largest carbon 

dioxide emitter, has led China to pursue greener pathways for power generation. Importing shale 

gas in the form of LNG from Canada is one pathway. This pathway starts from the recovery of 

shale gas in Canada and exporting it to China via LNG carriers. This paper quantifies well-to-

wire (WTW) greenhouse gas (GHG) emissions per kilowatt hour (kWh) of Canadian shale gas-

fuelled electricity in China. WTW emissions include emissions from shale gas recovery, 

processing, pipeline transmission, liquefaction, marine shipping, re-gasification, power plant 

operations, and electricity transmission and distribution. Four Canadian shale gas reserves, the 

Montney, Horn River, Liard, and Cordova, are considered. The study results show that the WTW 

GHG emissions of Canadian shale gas-fired combined cycle technology range from 567-610 

gCO2/kWh, or about 57-62% of the GHG emissions from China’s present coal-fired electricity, 

and total well-to-port (WTP) GHG emissions (emissions from shale gas recovery, processing, 

and transmission to a liquefaction facility) range from 7.68 to 13.4 gCO2e/MJ. Sensitivity analysis 

results show that venting emissions during raw gas processing, flaring rates during well 

completion, and lifetime productivity of the gas significantly influence the WTP emissions.  

Keywords: Shale gas; life cycle assessment; electric power generation; liquefaction; natural gas.  

 

 

 

Nomenclature  
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DEA Diethanoamine 

Ed,low Minimum diesel energy consumption per unit distance drilled, MJ/m  

Ed,high Maximum diesel energy consumption per unit distance drilled, MJ/m 

d Measured well depth (horizontal and vertical), meters 

H Heat duty of the reboiler in gas sweetening unit, MJ/h 

Q Circulation rate of DEA, m
3
/min 

p Suction pressure of pumps, kPa 

PBP Power requirement of booster pump, kW 

PCP Power requirement of circulation pump, kW 

PAC  Power requirement of aerial cooler, kW 

PRP  Power requirement of reflux pump, kW 

H Heat duty of the regenerator in gas dehydration unit, MJ/h 

q Glycol to water ratio, m
3
/kg 

  

  

 

 

 

 

 

1.Introduction  
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In 2011, the Government of British Columbia released its vision and plan of building a new 

industry in liquefied natural gas (LNG) with the main intention of exporting natural gas in the 

form of LNG to overseas markets, particularly Asia[1]. This vision was mainly influenced by 

Asia’srapid growth in energy demand and the expectation that by 2030 energy consumption (per 

capita) will grow to approximately 80 million British thermal units (BTU) per year [2, 3]. 

According to theUnited States Energy Information Administration (US EIA), future natural gas 

markets in Asia would be highly bullish and much of this natural gas would be used as a 

substitute for coal-fired power generation[4]. This suppositionhas provided the Government of 

British Columbia the opportunity to exploit its vast reserves of unconventional natural gas. The 

strategy developed by the government outlines a plan to extract British Columbia’s (BC) huge 

reserves of natural gas (shale gas) in unconventional fields in the province’s northeast. This gas, 

after processing,would be transported via pipelines to coastal BC, where the gas would be 

liquefied by proposed liquefaction plants for export to Asia. It must be noted that this paper 

focuses only on gas export to China.  

China is the world’s largest producer of power and has a 22% share in global electricity 

generation[5, 6]. Itis also the world’s largest emitter of carbon dioxide [7]. These emissions are 

primarily due to China’s extreme reliance on coal-based power. Coal accounted for around 75% 

of the country’s electricity power generation in 2010 [6], whereas natural gas accounted for less 

than 2% in the same year[7]. Emissions due to coal can be significantly mitigatedin China by 

substituting natural gas for coal-fired power generation. Due to the stress from environmental 

protection agencies and the urgent demand for energy infrastructure optimization, China has 

proposed policies that encourage the diversification of gas supplies and increase import from 
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overseas markets[8]. These policies have led to the building and operation of LNG re-gasification 

terminals in Shenzhen, Fujian, and Shanghai [8].  

Despite the advantages of huge shale gas reserves in Canada and growing gas demand in China, 

exporting LNG to China from Canada is still challenging. One of the factors is the growing social 

and environmental concerns associated with shale gas extraction (hydraulic fracturing), which 

includes land use emissions, induced seismicity, huge water consumption, and contamination 

from flow-back water [9]. Moreover, the cumulative GHG emissions resulting from midstream 

operations (processing and liquefaction) and downstream operations (LNG shipping, re-

gasification, combustion) still contribute more to climate change. Therefore, in order for Canada 

and China to formulate a policy on exporting LNG, both countries require a comprehensive well-

to-wire life cycle assessment to understand the environmental impacts of this LNG chain.  

Although there are some studies in academic literature that study the life cycle carbon footprint of 

shale gas, most are based on data from United States-based shale reserves [10-14]. Literature on 

life cycle analyses of shale gas from a Canadian perspective is scarce. Furthermore, existing 

studies of energy and environmental footprints of natural gas in Canada mainly employ process-

based life cycle inventory models [15]. There are many limitations to using life cycle inventory 

methods, the most important of which is that it limits the boundaries of the system under analysis 

[6]. Truncation errors as well as study boundary differences prohibit convincing comparisons 

with other life cycle analysis results. The goal of this chapter is to address these limitations and 

present novel contributions to the literature by conducting a comprehensive well-to-wire (WTW) 

life cycle analysis through process modeling. Unlike the inventory approach, a modeling 

approach allows us to conduct an uncertainty analysis for individual parameters in each life cycle 

process. Such an analysis leads to sound policy decisions. This chapter assesses the GHG 
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emissions impact of BC’s LNG export chain from the shale gas wellhead to electricity 

distribution in China. The results presented can help decision-makers and researchers in Canada 

and China to better understand the GHG footprints of this LNG supply chain and imported shale 

gas-fired electricity in China.  

2. Methodology  

 

In this chapter, a life cycle assessment (LCA) approach has been used to estimate GHG 

footprints, following the LCA methodology described in ISO 14040/44 [16, 17]. GHG emissions 

from carbon dioxide, methane, and nitrous oxide are included. The emissions are converted to 

carbon dioxide equivalents based on the 100-year global warming potential factors reported by 

the IPCC’s Fourth Assessment Report, 2007 [18].  

2.1 Goal and scope of the study 

 

The goal of the study is to estimate the life cycle environmental impacts of producing electricity 

in China from imported Canadian shale gas and to compare them with the life cycle 

environmental effects of other forms of electricity generation in China. It is assumed that both 

simple and combined cycle natural gas plants in China would be used to generate electricity. 

Since it is not clear at this stage what the imported shale gas would replace, the shale gas is 

compared to the following current electricity options in China:  

 Domestic shale gas-fired power plants 

 Coal-fired power plants  

o Subcritical 
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o Supercritical  

o Ultra super critical pulverized coal  

o Integrated gasification coal combined cycle 

The scope of this study for electricity from shale gas is from “well to wire” (see Figure 1). Shale 

gas would be extracted from Canada, particularly from the Western Canadian Sedimentary Basin 

(WCSB), transported by pipeline to an LNG facility in the Port of Kitimat, British Columbia 

(BC), where it would be compressed and loaded onto an LNG tanker, transported to an LNG port 

in China, re-gasified, and then transported to a natural gas power plant. The scope is described in 

more detail in the following sections.  

 

Figure 1: System boundary and unit operations involved in well-to-wire GHG emissions 

assessment. 
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2.2. System description, data and assumptions 

 

2.2.1. Shale gas life cycle  

 

The first unit operation in the life cycle of shale gas is its recovery from the gas well. This 

operation encompasses various unit operations such as drilling pad construction, vertical and 

horizontal drilling, hydraulic fracturing, well completion, and gas production. Energy is 

consumed during the drilling process by diesel-powered or electric equipment. In this paper , it is 

assumed that this power requirement would be met by engines powered by diesel. Unlike 

conventional sources of natural gas, shale gas, an unconventional source, requires horizontal 

drilling as well. This is because most shale gas resources (Horn River, Montney, Liard, and 

Cordova) in the WCSB are located 1800-3200 meters or more below ground level and are 

relatively thin (for example, the Montney shale gas formation is between 30 and 300 meters 

thick) (see Table 1 for properties of shale gas reserves). Therefore a horizontal well, by allowing 

the borehole to be in contact with the relatively thin shale interval over significantly long 

distances and surface areas compared to a vertical borehole, enhances the recovery of shale gas.  

Following vertical and horizontal drilling, hydraulic fracturing is done to increase the 

permeability of the shale reservoirs and in turn facilitate the gas flow toward the well. This is 

achieved by perforating the steel casing of the well and injecting pressurized fracturing fluid with 

the help of diesel engines. The Horn River Basin shales are primarily fracked with slickwater (a 

mixture of water, sand, friction reducers, and chemical additives), whereas Montney’s liquid-rich 

shales are fracked with foam (a mixture of water and gas) [9]. Information on BC fracking 

regulations is available in public domain [19]. After hydraulic fracturing, well completion begins. 
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Emissions in the well completion stage are caused by venting/flaring of the shale gas that comes 

out during well development. The emissions during the well completion stageare considered 

episodic emissionsin that they are not part of the daily, steady state of well operations. Gas 

production begins after the well is completed. From this point, the life cycle stages for shale gas 

are the same as conventional gas. The gas from the wellhead is sent for surface processing, where 

it is sweetened, dehydrated, and compressed for pipeline transmission. Then the gas is liquefied 

at the LNG facility at the Port of Kitimat and sent to LNG re-gasification ports in China by LNG 

carriers. After re-gasification, the gas is sent to natural gas power plants to generate power. These 

stages are described in further detail below. The analysis is based on Canada- and China-specific 

data wherever possible, we have drawn on data from literature and in discussion with experts.  

2.2.2. Shale gas recovery  

 

The first unit operation in shale gas recovery is gas well pad construction. Well pads are the area 

from which drilling operations are conducted. Influenced hugely by economic factors, oil and gas 

operators have transitioned from constructing single wells on single pads to multiple wells on 

single pads [20]. Multi-well pads significantly reduce the costs of demobilizing and moving a 

drill rig from one pad to another [20, 21]. The number of wells per pad varies depending on the 

properties of the shale reservoir, geographical location, and economic considerations. For 

example the number of well pads constructed for Canadian shale gas extraction range from 1 

(Liard) to 20 (Montney) [22]. GHG emissions from well pad development are those associated 

with road and well pad construction as well as the loss of carbon due to clearing a vegetative area 

[11].  
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After well pads are built, gas wells are drilled. As discussed before, the diesel-powered drill rigs 

meet the drilling energy requirement. To estimate the energy consumption by drill rigs during the 

drilling process, empirical relationships established earlier were used [23]. These relationships, 

based on Canadian well drilling data, show an exponential relationship between energy 

consumption and gas well depth by Equations 1 and 2 (see Appendix). Both the vertical and 

horizontal lengths of the wells are taken into account to estimate the energy consumption. Well 

depth for each shale reservoir can be found in Table 1. The energy required to drill a well is 

amortized over the lifetime productivity of the well. Emissions are calculated from the ratio of 

energy required to drill a well to the lifetime productivity of the well in terms of energy and 

emission factors for diesel combustion [24]. The lifetime gas production of different Canadian 

shale reserves and the related well drilling data are reported in Table 1. The unbracketed numbers 

in Table 1 are the base case values, whereas bracketed numbers give the range for a particular 

parameter.  

Table 1: Various parameters of Canadian shale gas reservoirs [22] 

Parameters
1 

Montney Horn River Liard Cordova Units 

Depth range 2300 (1400-

3200) 

2500 (1900-

3100) 

4350 (3900-

4800) 

1900 (1500-

2300) 

m 

Gross 

thickness 

165 (30-300) 210 (140-

280) 

150 (100-

200) 

95 (70-120) m 

Average H2S  0.08(0-0.15) 0.035 (0-

0.07) 

0.002 0.00004 % 
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Parameters
1 

Montney Horn River Liard Cordova Units 

Average CO2 2.5 (0-5) 11 (10-12) 7 8 % 

Water 

saturation  

25 25 18 (15-20) 25 % 

Drilling data      

Wells per pad 11 (Up to 20) 8 (Up to 16) 1 5 (1-9)  

Average 

horizontal 

length 

1652 (1545-

1760) 

2350.00 1200.00 1765.00  

Fracking fluid slickwater, 

gel/foam 

(<2000) 

slickwater slickwater slickwater  

Average water 9000  64000 23000 43000 m
3
/well 

Average sand  1300 3700 1500 4100 t/well 

Completion data 

Average fluid 

amount 

pumped per 

stage 

870 (550-

1190) 

3456 2043.00 3050 m
3
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Parameters
1 

Montney Horn River Liard Cordova Units 

Average 

number of 

stages 

13 (10-16) 23 (15-31) 10 (7-13) 15 (8-12)  

Pump rate 8.5 (2-15) 12 (8-16) 13 (10-16) 13 (10-16) m
3
/min 

Production data 

Initial 

production rate 

of gas well  

106 184 533 71 10
3
m

3
/day 

Number of 

well drilled 

1897 374 6 36  

Total 

cumulative 

production 

6.51E+10 1.70E+10 2.55E+08 

 

5.66E+08 

 

m
3
 

Lifetime 

productivity 

1.36E+08 1.81E+08 2.27E+08 1.13E+08 m
3
/well 

 

The next unit operation after well drilling is hydraulic fracturing. The major energy consumption 

in this process is from pumping the fracking liquid into the gas well. All Canadian shales are 

fracked mostly by slickwater or gel/foam. Emissions from this process are estimated using the 
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pumping energy capacity, pumping time, and emission factor for the pump’s diesel engine [24]. 

The pumping energy capacity (25 MW) was adapted from [11] and pumping time for fracking 

each shale reserve was calculated using the amount of fracking fluid pumped per stage, number 

of stages, and the pump rate (see completion data in Table 1). Extensive water consumption 

occurs during the slickwater hydraulic fracturing process. Water quantities required for hydraulic 

fracturing depend mainly on the geology of the shale gas reserves [9]. Water consumption for all 

four shale gas reserves considered in this paper  is presented in Table 1. Due to the lack of 

Canada-specific data on GHG emissions associated with water use, this value has been adapted 

from Jiang et al. [11]. Emissions from flaring the shale gas produced during well completion are 

a function of the initial gas production rate of gas wells, flaring time, and the flaring rate of the 

gas[14]. Since these variables are prone to uncertainties, a sensitivity analysis is conducted to 

cover a wide range of flaring rate times to capture the uncertainty. According to the Canadian 

Association of Petroleum Producers (CAPP), the sources of emissions for natural gas production 

are wells, gathering systems, and batteries. Gas wells are sources of fugitive emissions due to gas 

leaks in valves and fittings on the wellhead. The emissions from these sources are taken from 

CAPP inventory [25] and are summarized in Table 2. These emissions values are based on the 

reported natural gas production of 155 million tons of natural gas.  

Table 2: Emissions from natural gas production (kilo tons CO2 equivalent) [25] 

Source Combustion Flaring Venting 

Wells 65 0 487 

Gathering systems 7225 153 3171 
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Batteries 2401 102 6670 

 

2.2.3. Shale gas surface processing 

 

When shale gas comes to the surface from the gas well, it contains impurities such as water, 

hydrogen sulfide, and carbon dioxide that must be treated to produce pipeline quality gas (95-

98% methane). This unit operation, surface processing, is the stripping out of those impurities 

and other hydrocarbon fluids. Of the four shale gas reservoirs considered in this paper , the Horn 

River Basin has high CO2 content (around 10-12%) (see Table 1). The Montney reserve has 

negligible CO2. The raw gas from the wellhead is first sent to an inlet gravity separator to 

separate gas and water. This separator uses chemical additives with small environmental concerns 

but since no fuel is consumed in this process, it is not a significant source of GHG emissions. 

After the inlet separator, the gas is treated in a gas sweetening unit and a glycol dehydrator. In 

this paper , di-ethanolamine (DEA) is used as a gas sweetening chemical solvent, as this leads to 

fewer losses in the hydrocarbon content of the natural gas [21]. The DEA circulation rate is 

calculated using the amount of acid gases in the shale gas reservoirs (see Table 1). The types of 

equipment that consume energy in this process are amine reboiler, booster pump, circulation 

pump, aerial cooler, and reflux pump. The heat duty calculations for the reboiler and power 

calculations for various pumps are given in Equations (3)-(8) [26] (see Appendix). In this paper , 

it is assumed that this equipment is powered by natural gas.  

The next step in gas processing is to remove the water from the gas. This is done in the 

dehydration unit. Reboiler heaters and pumps are the major energy-consuming units in this 
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process. The reboiler heat duty can be calculated from the amount of water removed and the 

regenerator duty, which is illustrated by Equation (3). In this paper , it has been assumed that 

0.72 grams of water are removed per cubic meter natural gas in the gas dehydrating unit [13]. 

Apart from combustion emissions, the gas processing plants, where gas is sweetened and water 

removed, are also significant sources of fugitive emissions. These emissions mostly depend on 

the acid gas content of the feed gas that is being processed. The fugitive emissions from a 

Canadian natural gas plant processing gas with 3% CO2 content are 1159.21 g CO2eq/GJ [15].  

2.2.4. Domestic pipeline transport 

 

After the shale gas is processed, it is sent to a liquefaction facility via gas pipeline. The three 

major and proposed gas transmission pipelines from the WCSB to BC’s coast are listed in Table 

3.  

Table 3: Proposed gas transmission pipelines from WCSB to BC's coast 

 

  Pacific Trail 

Pipeline [27] 

Coastal 

GasLink 

Pipeline [28] 

Prince Rupert 

Gas Transmission 

Project [29] 

  

From Summit Lake, 

B.C  

Dawson Creek, 

B.C  

Hudson’s Hope, 

BC  

 

To (LNG facility) Kitimat LNG  LNG Canada  Pacific Northwest   



 16 

Pipeline 

specifications 

    

Pipeline length (land) 463 650 780 km 

Pipeline length 

(marine) 

  120 km 

Diameter (land) 36 48 48 inch 

Diameter (marine) - - 36 inch  

Initial design capacity 1 1 to 5  2 bcf 

Material of 

construction 

High quality steel  

Pipeline wall 

thickness 

18 to 30 mm 

 

In this paper , a pipeline transmission distance of 650 km is considered for the base case. This 

pipeline is assumed to have an expected service life of 25 years (2018-43) and a capacity of 5 

billion cubic feet per day [28]. The major combustion emission sources in this transmission 

process are the compressor stations. These stations include combustion emissions from gas 

turbine compressors. These emissions are calculated using the compressor’s exhaust flow rates, 

its acid gas concentration, and fuel combustion rates. Parameters associated with a typical gas 

turbine compressor are given in Table 4. Meter stations, which are used to monitor the amount of 
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gas in a pipeline, do not contain any combustion sources. Fugitive emissions mainly arise from 

components such as compressor seals, valves, and piping connectors, whereas venting and flaring 

emissions are associated with standard practices and maintenance activities. We estimated 

fugitive and venting emissions by adapting, emission factors, based on pipeline length and 

compressor and meter station, from the Ref. [30].  

Table 4: Parameters for a typical gas turbine compressor
1
 

 Compressor Unit 

Net power output 32.2 MW 

Load factor 90 % 

Heat input 74.60 MW 

Efficiency 38.6 % 

Fuel consumption rate  171000 1000 m
3
/d 

Exhaust mass flow rate 89.9 kg/s 

CO2 concentration in exhaust gas 1-5 % volume  

CO2e emission rate 4.28 kg/sec 

1
Parameters are based on a GE LM2500+G4 compressor that is widely used in offshore oil and 

gas operations [31].  
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2.2.5. Liquefaction facility  

 

In this paper , a two-train LNG plant, each train with an annual liquefaction capacity of 5 million 

tons, was considered in the base case to estimate GHG emissions. The liquefaction plant will 

process approximately 1.43 billion cubic feet of natural gas per day (estimated from the annual 

liquefaction capacity of the plant) and is assumed to operate for at least 25 years. The CO2 mole 

percent of the feed gas is assumed to be around 0.8%, as this is the CO2 gas content in the 

Canadian pipelines that transfers the natural gas to a liquefaction plant [15]. The major power-

consuming equipment in a liquefaction train are the natural gas-fuelled turbines and acid gas 

incinerators. It was assumed that each liquefaction train consists of two natural gas-fuelled 

turbines and one acid gas incinerator. The purpose of the incinerators is to burn acid gases that 

are removed from the feed gas. Each natural gas turbine would be operated at a maximum load of 

99.3 MW. The specific parameters for the gas turbines are summarized in Table 5. Cryogenic 

heat exchangers, which provide large surface areas to transfer heat from the feed gas, do not 

consume significant amounts of energy. 

Table 5: Parameters for gas turbines
1
 

Parameter Value Unit 

Power output 99.3 MW 

Heat rate 7875 kJ/kWh 

Efficiency 45.7 % 
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Pressure ratio 40  

Exhaust flow 205.6 kg/sec 

Turbine speed 3000-3600 rpm 

Exhaust temperature 417 C 

CO2e emission rate:  10.28 kg/sec 

Exhaust temperature 417 C 

1
 Parameters are based on GE LMS100 gas turbine [32].  

 

GHG emissions from the gas turbines are estimated based on each equipment’s specific fuel 

consumption rates, emission factors, and operation duration. Fuel consumption rates are 

calculated from the heat rate of the gas turbine, and Canada-specific CO2 emissions factors are 

estimated using earlier estimates [33]. The emissions from acid gas incinerators, flaring, and 

venting emissions are adapted from the literature [34].  

2.2.6. LNG shipping via LNG carriers 

 

Natural gas would be shipped as LNG to Chinese re-gasification ports via LNG carriers. Energy 

consumption and hence GHG emissions from LNG shipping would primarily depend on the 

propulsion system and fuel used. In this paper, marine engines powered by natural gas and heavy 

fuel oil (HFO) were considered. The data for GHG emissions in this process are presented in 
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Table 6. It has been assumed in this paper that the boil-off gas during the voyage is consumed 

(gas-based propulsion) or re-liquefied (HFO based). 

Table 6: Parameters for estimating GHG emissions from LNG shipping operations 

Parameters Gas-based HFO-based Unit 

Installed power (main engine and auxiliary engine)
1 

42.7 42.7 MW 

CO2 emission factor
2 

446 577 g/kWh 

Re-liquefaction plant specific power requirement
1
 - 2719 kW/kg/sec 

Main engine specific fuel consumption
1
 171 169 g/kWh 

Auxiliary engine specific fuel consumption
1 

181 181 g/kWh 

Sailing time
3
 (China) 264 264 hours 

Number of vessel visits per year
4 

150 150  

1
Power rating, emission factors, and specific fuel consumption data are based marine engine 

manufacturer MAN 6S70ME-C (HFO burning) and 6S70ME-GI (gas burning) engines. Project 

guides are available at [35] and [36].  

2
Liquefaction plant specific power requirement data from [37]. 

 

3
Sailing time estimated using a sailing distance of 5116 nautical miles [38] and average LNG 

carrier speed of 20 knots [39].  

4
 Average number of LNG shipments expected to arrive at Kitimat LNG facility at Port of 
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Kitimat.[40] 

 

2.2.7. Power plant operations and electricity transmission  

 

Burning shale gas as a fuel in the power plant for electricity generation is the last unit operation 

in the life cycle analysis conducted in this paper . Emissions from both simple and combined 

cycle natural gas plants were considered in this model. The difference between the two cycles is 

that in the combined cycle natural gas plant, the excess heat during the combustion of natural gas 

is directed to produce steam and turn a steam turbine. This leads to greater plant efficiency. The 

details of both types of plants are presented in Table 7 below. Carbon capture and sequestration 

(CCS) technology were not considered because there is no large-scale CCS use in China [6].  

Table 7: Energy use and GHG emissions from shale-gas fired power plants 

 Simple cycle (SC) Combined cycle (CC)  Unit Reference 

Energy use 10.9 7.05 MJ/kWh [6, 41] 

GHG emissions 606 392 gCO2e /kWh [6, 41] 

Efficiency 33 51 % [42] 

 

3. Results 
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3.1. Well-to-port GHG emissions 

 

As shown in Figure 1, the well-to-port (WTP) system boundary includes the emissions from 

shale gas recovery, surface processing, and pipeline transport to the liquefaction facility. Figure 2 

shows the WTP emissions associated with the four types of shale gas reservoirs considered in this 

paper . Emissions range from 7.68gCO2e/MJ to 13.4gCO2e/MJ depending on the shale gas 

reserve. Horn River has the highest WTP emissions followed by Liard, Cordova, and Montney. 

As evident from Figure 2, venting emissions during shale gas processing (acid gas removal) are 

the largest contributor (at more than 30%) to GHG emissions for every shale reservoir except 

Montney. At Montney, which is a sweet gas reserve, venting emissions form only 18% of WTP 

emissions. The average CO2 gas content in the Horn River Basin is around 12% (see Table 1 ), 

which makes the emissions from this shale reserve the highest of the reserves considered. These 

emissions can be greatly reduced by building a carbon capturing and sequestration (CCS) plant 

near the gas processing plant. One such pilot plant, the Fort Nelson Carbon Capture and Storage 

Feasibility Project (FNCCS), has been proposed by Spectra Energy [43]. The proposed project is 

an initiative that aims to significantly reduce CO2 emissions at Spectra Energy’s Fort Nelson Gas 

Plant (FNGP) in northeast British Columbia. The FNGP processes unconventional natural gas 

from Horn River, Liard, and Cordova shale gas reserves. According to Spectra Energy, the 

proposed plant is expected to remove up to 2.2 megatons/y of GHG emissions from the 

atmosphere [43]. If implemented and successful, this CCS project can significantly reduce the 

recovery GHG emissions from the Horn River, Liard, and Cordova shale gas reserves. 

Combustion emissions from the re-boilers in gas sweetening and dehydrating units are negligible 

compared to the venting emissions. Well completion emissions, which are episodic emissions, 

are highest for the Liard Basin, as Liard has the highest initial gas production rate. Since the 
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GHG emissions of each unit operation in this stage are divided by the eventual overall or lifetime 

gas production of shale gas wells to obtain an estimate of GHG emissions per unit of gas 

produced, higher lifetime productivity of the wells will make recovery emissions less significant. 

Therefore a sensitivity analysis is conducted to cover a wide range of potential lifetime gas 

productivity amounts. The emissions from pipeline and compressor operations also significantly 

contribute to WTP emissions.  

 

Figure 2: Well-to-port GHG emissions for different Canadian shale gas reserves 

Table 8: Percentage share of each operation with respect to total WTP GHG emissions 
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 Montney Horn River Liard Cordova 

Drilling pad construction 5.2 2.4 0.2 1.7 

Well drilling 1.2 0.9 1.2 0.8 

Hydraulic fracturing 2.8 5.6 2.0 5.5 

Gas production 31.6 18.1 19.2 22.6 

Well completion 17.0 12.7 31.1 9.7 

Re-boiler (gas sweetening) 0.5 0.3 0.3 0.3 

Venting (acid gases) 17.9 45.3 30.5 41.0 

Re-boiler (gas dehydration) 0.1 0.1 0.1 0.1 

Venting (methane) 0.0 0.0 0.0 0.0 

Pipeline and compressor 23.7 14.6 15.5 18.2 

 

3.2. Port-to-wire and well-to-wire GHG emissions 

 

In this section, port-to-wire emissions are discussed. These include emissions resulting from 

natural gas liquefaction, LNG shipping by marine carriers, re-gasification at Chinese ports, power 

plant operations, and electricity transmission. The emission results for liquefaction facilities show 

that 0.35 tons of CO2e are released into the atmosphere to produce one ton of an LNG product. 

The total emissions in this stage are estimated on a reference flow of per ton of LNG output. 
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Natural gas turbines are the largest source of emissions (around 70% of a liquefaction plant’s 

GHG emissions), followed by acid gas incinerators. Venting and flaring emissions contribute to 

approximately 7% and 2% of the total emissions, respectively. It should be noted that after the 

processing phase, the life cycle of shale gas is similar to that of conventional natural gas. Both 

gas-fuelled and HFO-fuelled marine engines are considered. LNG carriers burning natural gas as 

fuel emit around 28% fewer emissions than HFO-burning LNG carriers. Re-gasification and 

electricity transmission emissions data were adapted from Skone and James [13]. Results show 

that the natural gas-fired power plant is the biggest GHG emitter in the entire LNG supply chain. 

These emissions can be reduced significantly by implementing CCS projects at the plant site. 

Emissions from all the previous stages are normalized to the functional unit of kWh of energy 

produced in the natural gas power plant and are presented in Table 9. 

Table 9: Port-to-wire (PTW) GHG emissions 

Unit operation  GHG emissions (gCO2/kWh) Source/Comments 

Liquefaction plant   63 Calculated 

LNG shipping Gas-based 29.38 Calculated 

HFO-based 38.02 Calculated 

Re-gasification   20 [44] 

Natural gas power plant   392 (CC), 606 (SC) Table 7 

Electricity transmission  3.4 [44] 
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The well-to-wire (WTW) GHG emissions from burning Canadian shale gas in China for power 

generation are presented in Figure 3 below. Life cycle GHG emissions from Canadian shale 

range from 538 gCO2/kWh (Montney) to 640 gCO2/kWh (Horn River). Natural gas combustion 

at the power plant for electricity generation in China and natural gas liquefaction in BC constitute 

about 70% and 10% of the total emissions, respectively. The remaining 20% are from the 

recovery, processing, and transportation processes of natural gas or LNG. Implementing CCS 

technologies near the power plant can significantly reduce emissions at the power plant. Life 

cycle GHG emissions from the Horn River Basin are the highest among the shale reserves 

studied mostly because of the fugitive emissions during processing. The Liard Basin has GHG 

emissions similar to Horn River but has the highest recovery emissions of the shale reserves 

studied. Due to Horn River’s high initial gas production rate, its well completion emissions are 

considerably high. The Montney shale reserve has the lowest emissions due to its low acidic 

content compared to the others. Port-to-wire emissions, which include LNG shipping, re-

gasification, power plant operations, and electricity transmission and distribution are same for all 

the shale reserves.  
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Figure 3: Well-to-wire GHG emissions for different Canadian shale gas reserves 

 

Since it is not yet clear which power generation option the imported LNG from Canada would 

replace in China, the calculated life cycle emissions of Canadian shale gas for electricity 

generation have been compared to life cycle emissions of other power generation sources in 

China. The comparison is presented in Figure 4 below. The life cycle emissions for different coal 

technologies and shale gas-powered generation have been adapted from Chang et al. [6]. 

Canadian shale gas is more competitive than coal for power generation in China in terms of GHG 

emissions mitigation potential. When we evaluate solely on GHG emissions from electricity 

generation, Canadian shale gas is at a little disadvantage over Chinese shale gas. This is mainly 

due to the added emissions from liquefaction (and re-gasification) and marine shipping in the 
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Canadian shale LNG supply chain. Nonetheless, Canadian shale gas may give tough competition 

to Chinese shale gas for two reasons. First, the shale gas industry in China is in its nascent phase 

due to high production costs [27]. Moreover, for gas-fired power plants to operate regularly, they 

must have a continuous supply of gas. Although some may argue that China has huge reserves of 

shale [6, 45], large-scale shale gas production requires advanced drilling and hydraulic fracturing 

techniques as well as development and investment in re-gasification and pipeline infrastructure. 

These developments are still in their nascent phase in China and require both investment and 

strategic policy formulation from the Chinese government [6, 45].  

 

Figure 4: Comparison of well-to-wire emissions of different electricity generation sources in 

Canada and China 

3.3. GHG Abatement cost calculation 
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GHG abatement costs assessments help to evaluate GHG mitigation and the economics of an 

energy system, and are in making sound policy decisions. In this section, GHG abatement cost of 

electricity generation from two possible sources of fuel in China- imported shale gas from 

Canada and Chinese coal are estimated. The abatement costs are estimated using Equation 9 (See 

Appendix). The abatement cost is a function of cost of fuel (imported shale gas and coal) used in 

the power plant and the life cycle emissions of both the fuels.  The data required to estimate the 

abatement cost is provided in Table 10. Results show that the GHG abatement cost is around 

$117/ton CO2e.  The sensitivity of this result is illustrated in Figure 5. As it is clear from the 

Figure 5, GHG abatement costs are most sensitive to life cycle GHG emissions of coal and shale 

gas.  

Table 10: Parameters for calculating GHG abatement cost 

 Chinese Coal  Imported Shale gas 

Price  $ 48.1/ton [6]
 

$ 9.28 /GJ [46] 

Primary energy use in power 

plant  (MJ/kWh) 

9.63 [6] 7.05  [6] 

Life cycle GHG emissions 

(gCO2e/kWh) 

980 [6] 588.5 
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Figure 5: Sensitivity analysis for GHG abatement cost 

3.4. Sensitivity analysis 

 

In the sensitivity analysis, various key variables pertaining to shale gas recovery and processing 

operations were altered using a parameterized model. This modeling allowed us to identify 

variables that have the greatest effect on GHG emissions. The sensitivity analysis was conducted 
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not available were varied by ±50%. The results of the sensitivity analysis are presented in Figure 

6. 

 

Figure 6: Impact of parameters on GHG emissions from recovery and processing of shale 

gas (Horn River) 

It is clear from the analysis that the carbon dioxide content in the shale gas has the greatest 

impact on recovery and processing emissions. This is due to the venting of carbon dioxide 

directly into the atmosphere. Significant GHG mitigation can be achieved by implementing CCS 

technologies at the processing plant. The second most impactful parameter is the flaring rate of 

shale gas during well completion. The flaring rate in the sensitivity analysis was varied from 0-

98% based on values reported in published literature (discussed in section 2.2.2). Since the total 
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emissions from each unit operation are divided by the energy produced by the shale gas wells in 

their lifetime to obtain the emissions per unit of energy, the lifetime productivity of gas wells is 

also a very sensitive parameter. Increasing the lifetime productivity of a gas well would reduce 

the impact of GHG emissions and decreasing it would amplify this impact. Based on estimates by 

Stephenson et al., the lifetime productivity of shale gas is 1200-1500 times the initial gas 

production rate per day [14]. The methane content of the Horn River Basin varies from 80-98% 

(see Table 14). The methane content of the gas, along with reservoir depth, re-boiler duty and 

efficiency, and hydraulic fracturing pumping time have little impact on recovery and processing 

emissions.  

4. Conclusion 

 

There are abundant supplies of shale gas in Canada and they have doubled Canada’s natural gas 

reserve base; with exploration, the amount available could increase. However, shale gas 

development is still in early stages. The results reported in this paper have demonstrated that 

altering various key parameters gives a wide range of life cycle environment impacts of power 

generation in China with Canadian shale gas. The findings of the well-to-wire emissions from 

Canadian shale gas show that the combustion stage is the major contributor to emissions and the 

emissions may be considerably worse depending on the amount of acid gas concentration in the 

raw gas and the estimated lifetime productivity of the well, among other factors. Moreover, the 

choice of flaring or venting the gas during well completion also has a tremendous effect on life 

cycle emissions. The development of technologies to ensure the reasonable capturing of gas that 

would otherwise be flared or vented would significantly reduce one of the largest sources of 

emissions from shale gas recovery and processing.  
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The well-to-port emissions for Canadian shale gas range from 7.68 to 13.4 gCO2e/MJ. This range 

is primarily driven by the amount of gas vented during the processing phase and the lifetime 

productivity of the reserves. It must be noted that since Canada-specific data, like drilling and 

completion emissions, gas composition, flow back water treatment, are still sparse owing to the 

early stage of development of shale gas extraction in Canada, many parameters have uncertainty. 

Therefore a sensitivity analysis was conducted to assess the impact of these variables on total life 

cycle emissions.  

To estimate power plant operation emissions, we used Chinese natural gas power plant data in 

this paper. It was found that for a power plant in China with 51% efficiency on a low heating 

value (LHV) basis fuelled by a Canadian shale gas, the WTW emissions range from 538 to 640 

gCO2/kWh, depending on the assumptions. Implementing CCS technologies can significantly 

reduce power plant emissions.   
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Appendix  

List of equations  

Sl. No. Equation  Source  

1 Ed,low = 128.6 * e
(0.0005d)

  [23] 

2 Ed,high = 336.3 * e
(0.0004d)

 [23] 

3 H = 20,068 * Q [26] 

4 PBP = 11.826 * Q [26] 

5 PCP = 0.018Q * p [26] 

6 PAC = 70.95 * Q [26] 

7 PRP = 11.826 * Q [26] 

8 H = 2.1 + 269.5 * q [26] 

9 GHG abatement cost = [(shale gas price per kWh) – (coal price per kWh)] 

/ [(life cycle emissions for coal) – (life cycle emissions of shale gas)] 

 

   

   

   

   

   

   

   

 

  



 36 

References 

1. BC Jobs Plan: Canada Starts Here. 2015; Available from: 

http://engage.gov.bc.ca/bcjobsplan/. 

2. Aguilera, R.F., J. Inchauspe, and R.D. Ripple, The Asia Pacific natural gas market: Large 

enough for all? Energy Policy, 2014. 65(0): p. 1-6. 

3. Aguilera, R.F. and R.D. Ripple, Modeling primary energy substitution in the Asia Pacific. 

Applied Energy, 2013. 111(0): p. 219-224. 

4. Energy Information Administration(EIA). Annual Energy Outlook 2015. 2015  [cited 2015 

April 22]; Available from: http://www.eia.gov/forecasts/AEO/. 

5. Vivoda, V., LNG import diversification in Asia. Energy Strategy Reviews, 2014. 2(3–4): 

p. 289-297. 

6. Chang, Y., et al., Life-cycle comparison of greenhouse gas emissions and water 

consumption for coal and shale gas fired power generation in China. Energy, 2015. 

86(0): p. 335-343. 

7. Kahrl, F., et al., Strategies for expanding natural gas-fired electricity generation in 

China: Economics and policy. Energy Strategy Reviews, 2013. 2(2): p. 182-189. 

8. Dong, J., X. Zhang, and X. Xu, Techno-economic assessment and policy of gas power 

generation considering the role of multiple stakeholders in China. Energy Policy, 2012. 

48(0): p. 209-221. 

9. Rivard, C., et al., An overview of Canadian shale gas production and environmental 

concerns. International Journal of Coal Geology, 2014. 126(0): p. 64-76. 

10. Howarth, R., R. Santoro, and A. Ingraffea, Methane and the greenhouse-gas footprint of 

natural gas from shale formations. Climatic Change, 2011. 106(4): p. 679-690. 

http://engage.gov.bc.ca/bcjobsplan/
http://www.eia.gov/forecasts/AEO/


 37 

11. Jiang, M., et al., Life cycle greenhouse gas emissions of Marcellus shale gas. 

Environmental Research Letters, 2011. 6: p. 034014. 

12. Nathan, H., et al., The greenhouse impact of unconventional gas for electricity 

generation. Environmental Research Letters, 2011. 6(4): p. 049504. 

13. Skone, T.J. and R. James. Life cycle analysis: Natural gas combined cycle (NGCC) power 

plant, National Energy Technology Laboratory. 2014  [cited 2015 July 31]; Available 

from: http://www.netl.doe.gov/research/energy-analysis/life-cycle-analysis/lca-

listing?prog=natgas. 

14. Stephenson, T., J.E. Valle, and X. Riera-Palou, Modeling the relative GHG emissions of 

conventional and shale gas production. Environmental Science & Technology, 2011. 

45(24): p. 10757-10764. 

15. (S&T). GHGenius, Model Version 4.03; (S&T)2 Consultants Inc. for Natural Resources 

Canada: Delta, British Columbia. 2014. 

16. ISO 14040:2006: Environmental management – life cycle assessment – principles and 

framework. Geneva, Switzerland: International Organisation for Standardisation; 2006. 

17.  ISO 14044:2006: Environmental management – life cycle assessment – requirements and 

guidelines. Geneva, Switzerland: International Organisation for Standardisation; 2006. 

18. Intergovernmental panel on climate change (IPCC) fourth assessment report: Climate 

change. 2007  [cited 2015 June  8]; Available from: 

https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html. 

19. Frac Focus, Chemical Disclosure Registry [cited 2015 August 31]; Available from: 

http://fracfocus.ca. 

http://www.netl.doe.gov/research/energy-analysis/life-cycle-analysis/lca-listing?prog=natgas
http://www.netl.doe.gov/research/energy-analysis/life-cycle-analysis/lca-listing?prog=natgas
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html
http://fracfocus.ca/


 38 

20. USEIA: Pad drilling and rig mobility lead to more efficient drilling. 2012  [cited 2015 

June 7]; Available from: http://www.eia.gov/todayinenergy/detail.cfm?id=7910. 

21. Manda, A.K., et al., Evolution of multi-well pad development and influence of well pads 

on environmental violations and wastewater volumes in the Marcellus shale (USA). 

Journal of Environmental Management, 2014. 142(0): p. 36-45. 

22. Hydrocarbon and by-product reserves in British Columbia, BC Oil and Gas Comission. 

2013  [cited 2015 June 7]; Available from: https://www.bcogc.ca/node/12346/download. 

23. Brandt, A.R., Oil Depletion and the Energy Efficiency of Oil Production: The Case of 

California. Sustainability, 2011. 3(10): p. 1833. 

24. Chang, D., et al., A study on availability and safety of new propulsion systems for LNG 

carriers. Reliability Engineering & System Safety, 2008. 93(12): p. 1877-1885. 

25. Canadian Association of Petroleum Producers, A national inventory of greenhouse gas 

(GHG), criteria air contaminant (CAC) and hydrogen sulphide (H2S) emissions by the 

upstream oil and gas industry, Volume 1, overview of the GHG emissions inventory. 2005  

[cited 2015 June 7]; Available from: http://www.capp.ca/publications-and-

statistics/publications/86220. 

26. Manning, F.S. and R.E.P.D. Thompson, Oilfield processing of petroleum. 1991: Tulsa, 

Okla. : PennWell Books, c1991-. 

27. Chevron Canada, Pacific Trail Pipeline.  [cited 2015 June 7]; Available from: 

http://www.chevron.ca/our-businesses/kitimat-lng/pacific-trail-pipeline. 

28. Coastal GasLink – Pipeline Project Overview.  [cited 2015 June 7]; Available from: 

http://www.coastalgaslink.com/wp-content/uploads/2015/03/cgl-project-overview.pdf. 

http://www.eia.gov/todayinenergy/detail.cfm?id=7910
https://www.bcogc.ca/node/12346/download
http://www.capp.ca/publications-and-statistics/publications/86220
http://www.capp.ca/publications-and-statistics/publications/86220
http://www.chevron.ca/our-businesses/kitimat-lng/pacific-trail-pipeline
http://www.coastalgaslink.com/wp-content/uploads/2015/03/cgl-project-overview.pdf


 39 

29. Prince Rupert Gas Transmission Project Overview.  [cited 2015 June 7]; Available from: 

http://www.princerupertgas.com/wp-content/uploads/2015/04/prgt-project-overview.pdf. 

30. Interstate Natural Gas Association of America (INGAA 2005), Greenhouse gas emission 

estimation guidelines for natural gas transmission and storage, Volume 1. 2005. 

31. Nord, L.O. and O. Bolland, Design and off-design simulations of combined cycles for 

offshore oil and gas installations. Applied Thermal Engineering, 2013. 54(1): p. 85-91. 

32. General Electric, Liquefied natural gas enhanced solutions for LNG plants.  [cited 2015 

June 8]; Available from: http://site.ge-

energy.com/businesses/ge_oilandgas/en/literature/en/downloads/liquefied_natural_gas.pd

f. 

33. Canadian Association of Petroleum Producers, Life cycle greenhouse gas emissions of 

natural gas: A literature review of key studies comparing emissions from natural gas and 

coal. 2012  [cited 2015 June 7]; Available from: http://www.capp.ca/responsible-

development/air-and-climate/greenhouse-gas-emissions. 

34. LNG Canada export terminal: Greenhouse gas management technical data report. 2014  

[cited 2015 June 8]; Available from: 

http://a100.gov.bc.ca/appsdata/epic/documents/p398/d38157/1415050258003_KGyFJXm

P1x2sG8wCmyvdfS27j60hvHtwhPJZxGRMqpgdrdszwXMw!-

1038573416!1415046831474.pdf. 

35. MAN Diesel & Turbo, 6S70ME-C8 Project guide – marine two-stroke engines. 2015  

[cited 2015 April 8]; Available from: 

http://www.mandieselturbo.com/download/project_guides_tier2/printed/s70mec8.pdf. 

http://www.princerupertgas.com/wp-content/uploads/2015/04/prgt-project-overview.pdf
http://site.ge-energy.com/businesses/ge_oilandgas/en/literature/en/downloads/liquefied_natural_gas.pdf
http://site.ge-energy.com/businesses/ge_oilandgas/en/literature/en/downloads/liquefied_natural_gas.pdf
http://site.ge-energy.com/businesses/ge_oilandgas/en/literature/en/downloads/liquefied_natural_gas.pdf
http://www.capp.ca/responsible-development/air-and-climate/greenhouse-gas-emissions
http://www.capp.ca/responsible-development/air-and-climate/greenhouse-gas-emissions
http://a100.gov.bc.ca/appsdata/epic/documents/p398/d38157/1415050258003_KGyFJXmP1x2sG8wCmyvdfS27j60hvHtwhPJZxGRMqpgdrdszwXMw!-1038573416!1415046831474.pdf
http://a100.gov.bc.ca/appsdata/epic/documents/p398/d38157/1415050258003_KGyFJXmP1x2sG8wCmyvdfS27j60hvHtwhPJZxGRMqpgdrdszwXMw!-1038573416!1415046831474.pdf
http://a100.gov.bc.ca/appsdata/epic/documents/p398/d38157/1415050258003_KGyFJXmP1x2sG8wCmyvdfS27j60hvHtwhPJZxGRMqpgdrdszwXMw!-1038573416!1415046831474.pdf
http://www.mandieselturbo.com/download/project_guides_tier2/printed/s70mec8.pdf


 40 

36. MAN Diesel & Turbo, 6S70ME-GI Project guide – marine two-stroke engines. 2015  

[cited 2015 June 7]; Available from: 

http://www.mandieselturbo.com/download/project_guides_tier2/printed/S70ME-C8_2-

GI.pdf. 

37. Romero Gómez, J., et al., Analysis and efficiency enhancement of a boil-off gas 

reliquefaction system with cascade cycle on board LNG carriers. Energy Conversion and 

Management, 2015. 94(0): p. 261-274. 

38. Portworld distance calculator. 2015  [cited 2015 July 31]; Available from: 

http://www.portworld.com/map. 

39. Yao, Z., S.H. Ng, and L.H. Lee, A study on bunker fuel management for the shipping liner 

services. Computers & Operations Research, 2012. 39(5): p. 1160-1172. 

40. Chevron Canada, Kitimat LNG Project Overview.  [cited 2015 June 7]; Available from: 

http://www.chevron.ca/our-businesses/kitimat-lng. 

41. Song, R., et al. Getting every ton of emissions right: An analysis of emission factors for 

purchased electricity in China: World Resources Institute 2013  [cited 2015 June 10]; 

Available from: http://www.wri.org/publication/getting-every-ton-emissions-right. 

42. Meldrum, J., et al., Life cycle water use for electricity generation: a review and 

harmonization of literature estimates. Environmental Research Letters, 2013. 8(1): p. 

015031. 

43. Fort Nelson carbon capture and storage feasibility project.  [cited 2015 June 8]; 

Available from: 

http://www.spectraenergy.com/content/documents/Projects/FNCCS_SEPT_3_2014.pdf. 

http://www.mandieselturbo.com/download/project_guides_tier2/printed/S70ME-C8_2-GI.pdf
http://www.mandieselturbo.com/download/project_guides_tier2/printed/S70ME-C8_2-GI.pdf
http://www.portworld.com/map
http://www.chevron.ca/our-businesses/kitimat-lng
http://www.wri.org/publication/getting-every-ton-emissions-right
http://www.spectraenergy.com/content/documents/Projects/FNCCS_SEPT_3_2014.pdf


 41 

44. Skone, T.J., et al. Life cycle greenhouse gas perspective on exporting liquefied natural 

gas from the United States, National Energy Technology Laboratory. 2014  [cited 2015 

July 31]; Available from: http://www.netl.doe.gov/research/energy-analysis/life-cycle-

analysis/lca-listing?prog=natgas. 

45. Chengzao, J., Z. Yongfeng, and Z. Xia, Prospects of and challenges to natural gas 

industry development in China. Natural Gas Industry B, 2014. 1(1): p. 1-13. 

46. Raj, R., et al., A Techno-Economic Assessment of the Newly Proposed Liquefied Natural 

Gas (LNG) Facilities in British Columbia, Canada (in preparation). 2015. 

 

http://www.netl.doe.gov/research/energy-analysis/life-cycle-analysis/lca-listing?prog=natgas
http://www.netl.doe.gov/research/energy-analysis/life-cycle-analysis/lca-listing?prog=natgas

