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[bookmark: _Ref433028968][bookmark: _Toc472341520]GHGenius model calculations
GHGenius, a model for life cycle assessment of transportation fuels, was developed by (S&T)2 Consultants Inc. commissioned by Natural Resources Canada. The carbon footprint of fuels used  for heat and electricity generation can also be calculated. Emissions are taken into account for several GHGs (CO2,  CH4, N2O) and for pollutants. Details of the model are described in (S&T)2 Consultants Inc (2013a). GHGenius[footnoteRef:1] includes about 100 types of fossil and renewable fuels to be used in several regions of Canada and the United States. COWI (2015) adapted GHGenius  for Europe and included Oil and conventional gas to be used in four European regions (North, Central, Southwest and Southeast Table S1). For Europe as a whole, a consumption weighted average is calculated. The production of fuels is modelled for all countries worldwide that export to these regions.  [1:  The model and reports can be downloaded from http://www.ghgenius.ca/.] 

For fossil fuels used for electricity generation, the upstream life cycle stages recovery, transmission and treatment of the fuel are included. The energy use and GHG emissions for production and processing of fuels are estimated on a country level using national statistics, mainly energy balances and national GHG inventory reports. Transmission emissions have been calculated from transport distances (from operators) and energy consumption rates. Data sources are given by (S&T)2 Consultants Inc (2013a,b) for the original GHGenius version and by COWI (2015) for the version including oil and gas imports to Europe. Origins of fuel consumption in regions reflects the current situation (2012 data as included in COWI, 2015). 
Table S1 Countries per region of the EU as defined in the COWI (2015) modelling study.
	EU South-West
	EU North
	EU Central
	EU South-East

	Spain 
	Denmark
	Belgium
	Bulgaria

	France
	Ireland
	Czech Republic
	Greece

	Portugal
	Finland
	Germany
	Croatia

	
	Sweden
	Estonia
	Italy

	
	United Kingdom
	Latvia
	Romania

	
	
	Lithuania
	Slovenia

	
	
	Luxembourg
	

	
	
	Hungary
	

	
	
	Netherlands
	

	
	
	Austria
	

	
	
	Poland
	

	
	
	Slovakia
	



Calculations were performed with model version GHGenius 5.0 BETA 2c. The Model structure was kept in place as much as possible by replacing some existing production regions irrelevant for Europe with European shale gas plays. As a consequence the adapted model version used here should no longer be used for modeling emissions from fuel use in North America. Upstream emissions were calculated for ‘gas to power’. To transfer methane emissions to kg CO2-equivalents (eq), a GWP of 30 was applied (IPCC, 2013). New data were added to allow for all shale plays to deliver to all European consumption regions. This means the estimation of transport distances that were not included yet. Transport distances influence gas leakage during transportation and are therefore included for emissions estimations. See below for details on estimation of additional transport distances.
Table S2. Emission factors applied to calculate emission from energy use for gas production.
	 
	diesel engine
	    NG boiler
	NG turbine for compressor
	NG engine forcompressor

	 
	 
	 
	 
	 

	G CO2/GJ 
	67,989 
	50,840 
	50,874 
	49,035 



Transport distances
Not all of the countries in Table S1 currently produce natural gas and therefore France and Sweden were originally not included in GHGenius. For these countries, average European production conditions from the European countries in GHGenius are used. Additionally, not all countries deliver gas to all four regions and transport distances lacked for these combinations of country-consumption regions. Transport distances were estimated based on existing data and expert judgement (see Table S2), applying the following lines of thought: 
For distances from a production country the countries in its own consumption region the country is located in, domestic transport distances from COWI (2015) were applied. 
For Poland, distances from Germany were applied. For Sweden the same distances as from Norway were applied. 
Transport from Denmark and the UK was assumed to go via the Netherlands (maps in COWI, 2015) and was calculated as the distances to Northern Europe (i.e. The Netherlands) plus the distances from the Netherlands to the other regions. 
To assess the uncertainty associated with these estimations, we multiplied all transport distances newly derived by a factor of 1.5 and recalculated the specific upstream footprints. This lead to increases in the upstream footprint of a factor 1.1 at most. Hence, our modelling results are not very sensitive to these assumptions. 
[bookmark: _Ref468717715]Table S32. Transport distances (km) between European production countries and consumption regions. Distances printed in normal font were already included in GHGenius. Distances in bold italics were estimated in this research. Distances with an asterisk indicate, these countries lie within the respective regions. 
	
	North EU
	Central EU
	Southeast EU
	Southwest EU

	Norway
	1,000*
	1,400
	2,000
	1,800

	United Kingdom
	600*
	230
	1,230
	1,530

	Netherlands
	230*
	150
	1,000
	1,300

	Denmark
	200*
	600
	1,600
	1,900

	Germany
	685a)
	300*
	900
	250b)

	Poland
	685
	300*
	900
	250

	Sweden
	1,000*
	1,400
	2,000
	1,800

	France
	1,715
	600
	1,000
	322*


a) Calculated as the sum of the distance to Central EU and 385 km2 (the average distance for countries in North EU to Central EU (UK and Denmark) included in GHGenius.
b) This distance assumes transport from Germany to France. 

Carbon Footprint of coal electricity
Coal produced in Europe or imported to Europe was not included in GHGenius. Therefore, life cycle greenhouse gas emissions from coal combusted in Europe were modelled separately. The coal life cycle was modelled in three stages (see e.g. Steinmann et al., 2014): mining, transport and combustion for electricity generation. The total carbon footprint for a specific country and year was calculated as the sum over all these stages: 

Where: CF = carbon footprint in kg CO2eq/kWh; Emining = emission from mining in kg CO2eq/TJ; Etransport = emission from transport in kg CO2eq/TJ; Ecombustion = emission from combustion in kg CO2eq/TJ; Icombustion = total input into combustion (TJ); Oelectricity = electricity generated from that input (kWh). To derive electricity produced in 2015, efficiencies per country were calculated for 2014 (TJout/TJin from EIA Energy balances 2016) and applied to 2015 inputs from Eurostat. Emissions estimations per life cycle stage are described below. For Europe as a whole, the average weighted by electricity generation carbon footprint was applied. 
Mining
Mining emissions were modelled as GHG emission per TJ mined. This includes methane emissions as fugitives from coalbeds and CO2 emissions from combustion of fuels to support the mining activity. Amounts of coal produced as well as fuel consumption for mining were taken from the EIA energy balances 2016 as averages over the years 2010-2014. For countries (Colombia, Indonesia, South Africa, India, Greece) with no or incomplete (i.e. only one type of fuel) reported fuel consumption, the fraction of the world fuel consumption corresponding to the country’s contribution to world coal production were applied. Methane emission factors were taken from country specific inventory reports as submitted to the UNFCCC (see Table S3 for the sources per country). If these were unavailable, default emission factors from the IPCC (2006) were applied. Emission factors from the provision and use of fuel (natural gas, oil, biodiesel, heat) were taken from ecoinvent (Wernet et al., 2016) with exception of emission factors for electricity that were taken from Brander et al. (2011) because not all countries were included in ecoinvent. Table S3 shows the sources of mining emission factors per country.
Transport
Transport emissions per transport route were calculated as the product of the amount transported, the transport distance and an emission factor per tkm. Emission factors per mode of transport (waterborn, railways, trucks)  were taken from ecoinvent (Spielmann et al., 2007). Transport distances were estimated using Coal Gap Route and the following guidelines: 
Transport distances within mining countries were neglected;
International transport distances were modelled from and to major ports;
One average distance was applied for transport within consuming countries. 
Transport emissions per route were recalculated to country-specific transport emissions per TJ by calculating the weighted sum over all transport routes divided by the total imports. Sources of imports per country are given in Table S4.
Major coal ports were derived from several online sources (Carbon Brief, 2016; OpenSea.Org 2017a,b) and distances were derived from information of the Navigation Port of Rotterdam website (https://navigate.portofrotterdam.com/search/connection?origin=ChIJMw1UiCPAfDYR3XGeyZyb5ko&destination=ChIJT608vzr5sUARKKacfOMyBqw ), since bulk routes mainly pass by it. If the distance from country A to B could not be found, it was calculated by Google maps or Coal Gap Route ( http://tsteven4.qwestoffice.net/BoulderRides/CoalGapRoute.html ). 
Carbon Brief, 2016 Mapped: The global coal trade: https://www.carbonbrief.org/mapped-the-global-coal-trade. Visited May 2017.
OpenSea.Org 2017a. European Shipping: Commodities – Markets – Trade Flows: https://opensea.pro/blog/european-shipping Visited May 2017. 
Opensea Org, 2017, Coal: The “Black Gold” of Dry Bulk Shipping: https://opensea.pro/blog/shipping-coal. Visited May 2017.
Combustion 
Combustion phase emissions were calculated from total coal use (in TJ that go into combustion) for electricity generation in each country in 2015 (from eurostat 2016) and emission factors per TJ from IPCC (2006).

Table S43. Mining Emission Factors per country. All websites have been visited in May 2017. CRF: Common reporting format. Emission factors are given for underground and surface mining separately. Assuming that lignite is mined on surface and hard coal (all other types of coal) underground these emission factors were applied to the corresponding amounts (TJ) mined for each country. If the corresponding emission factors were not available, the intermediate IPCC default emission factors were used (IPCC, 2006). 
	Primary List
	Country Specific CH4 Mining Emission Factors

	Bulgaria
	Bulgaria CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Czech Republic
	Czech Republic CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Germany
	Germany CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Greece
	Greece CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Poland
	Poland CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Romania
	Romania CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Spain
	Spain CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	United Kingdom
	UK CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Hungary
 
	Hungary CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Slovakia
 
	Slovakia CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Slovenia
	Slovenia CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Russia
	Russia CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Columbia
	IPCC Guideline for Greenhouse Gases Inventories: « Draft 2006 IPCC Guidelines for National Greenhouse Gas Inventories », Volume 2: Energy, 2006.

	USA
	USA CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/7383.php

	Australia
	Department of the Environment, 2014. http://www.environment.gov.au/system/files/resources/b24f8db4-e55a-4deb-a0b3-32cf763a5dab/files/national-greenhouse-accounts-factors-2014.pdf

	South Africa
	IPCC Guideline for Greenhouse Gases Inventories: « Draft 2006 IPCC Guidelines for National Greenhouse Gas Inventories », Volume 2: Energy, 2006.

	Indonesia
	http://www.ipcc-nggip.iges.or.jp/public/mtdocs/pdfiles/1407_Sofia/31_Indonesia_s_mitigation_potential_project-rohmadi_ridlo.pdf

	Canada
	CANADA CRF (Table 1.B.1) http://unfccc.int/national_reports/annex_i_ghg_inventories/national_inventories_submissions/items/8108.php

	India
	Singh & Kumar, 2016. Fugitive methane emissions from Indian coal mining and handling activities: estimates, mitigation and opportunities for its utilization to generate clean energy. Energy Procedia 90, 336 – 348, https://doi.org/10.1016/j.egypro.2016.11.201



Table S45. Sources of coal imports (total amounts imported [Mt]* and contributions per exporting country). All websites assessed in May 2017. 
	Country
	Reference
	Link

	Bulgaria
	
	Data sent from the Energy Organisation of Bulgaria

	Czech Republic
	International Energy Agency, 2016. Energy Policies of IEA countries. 2016 review. Czech Republic. Paris, France, 190p 
	https://www.iea.org/publications/freepublications/publication/Energy_Policies_of_IEA_Countries_Czech_Republic_2016_Review.pdf

	Germany
	VDKi (Verein der Kohlenimporteure), 2016. Annual Report 2016. Facts and Trends 2015/16., Hamburg, Germany, 120p.
	http://english.kohlenimporteure.de/annual-reports-archive.html

	Poland, Bulgaria
	Euracoal, 2016. EURACOAL Market Report 1/2016. European Association for Coal and Lignite aisbl, 2017, 16p.
	https://euracoal.eu/library/coal-market-reports/

	Spain
	International Energy Agency, 2016. Energy Policies of IEA countries. 2016 review. Spain. Paris, France, 178p
	https://www.iea.org/publications/countryreviews/

	United Kingdom
	UK Government, Department of Energy & Climate Change, 2016. Coal in 2016. 
	https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/559572/Coal_in_2015.pdf

	Romania, Hungary, Slovenia, Slovakia,, France, Netherland, Austria, Belgium, Portugal, Denmark, Finland, Italy, Ireland
	AJG Simoes, CA Hidalgo. The Economic Complexity Observatory: An Analytical Tool for Understanding the Dynamics of Economic Development. Workshops at the Twenty-Fifth AAAI Conference on Artificial Intelligence.  (2011)
	https://atlas.media.mit.edu/en/

	Croatia
	REPUBLIC OF CROATIA MINISTRY OF ENVIRONMENT AND ENERGY, 2015. ANNUAL ENERGY REPORT. ENERGY IN CROATIA, p.258
	http://www.eihp.hr/wp-content/uploads/2016/12/Energija2015.pdf


* For recalculations of mass of coal to energy of coal, net calorific values (9,9000 kJ/kg for lignite and 19,100 kJ/kg for had coal) were taken from ecoinvent (Faist-Emenegger et al. 2007).

Details on Scenario calculations
In some cases, total (fossil) electricity production numbers in the reference scenario for reported years and those calculated via rate of change didn’t exactly match: In such cases, numbers calculated via rate of change prevailed. For Malta, however, changes were too radical to be modelled correctly (e.g. 1200 GWh in 2015 from oil to 0 in 2020), therefore 2015 and 2020 numbers were taken from the reference scenario, and the following steps applied:
2010-2104 as 2010
2015-2016 as 2015
2017-2020 as 2020
Rocha et al. (2017) provide two chronologies in phase out (with the same final reduction in capacity), the market and the regulator perspective. The regulator perspective was chosen in the scenario description to derive the maximum spread in scenarios. 

Carbon footprints of shale gas from literature
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	[bookmark: _Ref434236477]Table S65 Carbon Footprints for electricity generation (CF, g CO2-eq/kWh), domestic shale gas delivery to the plant (at plant, g CO2-eq/MJ and as percentage of total carbon footprint (% total)), and domestic shale gas production (g CO2-eq/MJproduced) from literature. 

	Reference
	Play
	CF
	low
	high
	Origin range
	at plant
	 % total
	Combustion
Efficiency (%)
	Production
	Losses form well production (%)
	Main contributors to CF
	Compared to…/for…

	Laurenzi & Jersey (2013)
	Marcellus
	466
	450
	567
	80% CI
	14
	22
	50.2 (HHV)
	9
	
	EUR, gas engines, need for processing
	Coal

	Stephenson et al. (2011)
	general
	499
	
	
	
	6.8
	11
	47.6 (LHV),
43 (HHV)
	2
	
	EUR, fugitive production emissions, need for workovers
	CG, coal

	Burnham et al. (2012)
	Marcellus, Barnett, Haynesville, Fayetteville, averaged EURs
	700F
	600F
	850F
	technology differences
	
	
	33.1 
(33.0-33.5) for boiler,
47 (39-55) for combined cycle
	
	2.01 (0.71-5.23) (CH4 only)
	EUR, venting well equipment, workover, recovery and processing efficiency, CH4 content in raw gasA
	CG, coal, gasoline, diesel, km (passenger car, bus)

	Jiang et al. (2011)
	Marcellus
	490B
	454
	540
	90% CI
	20F
	26F
	
	2
(0.1-9)
	2 (production only)
	preproduction: production rate, well lifetime
	CG, coal, LNG, none

	Weber & Clavin (2012)
	based on other
	
	500F
	674F
	95%CI
	15 (11-21)F
	20-22
	37-50 (LHV)
	2
(0.2-5)
	
	preproduction: well completion
	 

	Heath et al. (2014a)
	Barnett
	440
	420
	510
	high and low EUR
	78
	18
	51 (HHV)
	1
	1.5 (0.8-2.5) + 5.6 (6.5-8.9)
	EUR (from EIA averages), composition relevant if areas in field are largely deviating from average, second part consumption in engines
	 

	Hultman et al. (2011)
	generic
	632
	480
	730
	technology differences
	
	
	33.7-50.5
	
	
	 
	CG, coal

	Dale et al. (2013)
	Marcellus
	
	420
	430
	
	
	
	49
	
	
	 
	 

	Howarth et al. (2011)D
	including tight sand, Haynesville, Uinta, others
	
	528B, F
	792F
	
	
	
	
	
	3.6-7.9
	 
	CG, coal

	Skone et al. (2011)
	 
	
	
	
	
	70
	
	
	0.1
	
	 
	 

	Heath et al. (2014b)E
	Based on other
	470F
	440F
	750F
	min-max of harmonized studies
	270
	
	
	
	0.66-6.2
	EUR, emission reduction for (re)completion, well lifetime (recompletion), emission factor for liquids unloading
	CG, coal


CI: confidence interval; CC: combined cycle; EUR: expected ultimate recovery
A: For Conventional gas liquids unloading was also found important, shale gas was assumed to be dry;
B: Results are reported per MJ burned and were calculated assuming 50% efficiency;
C:  Weber& Clavin list the most important contributors to variation in CFs over the studies: 1. number of well workovers per well lifetime (primarily shale gas), 2. fugitive emissions rate at the wellhead (conventional and shale gas), 3. estimated ultimate recovery (i.e., total produced gas) of the well (primarily shale gas), 4. completion and workover emission factor (primarily shale gas), 5. liquid unloading emission factor (conventional gas), and 6. fugitive emissions at the gas processing plant (conventional and shale gas); 
D: Howarth et al. use a GWP of methane of 33 in contrast to other studies 
E: Heath et al. use GWPs from the IPCC’s 5th Assessment Report, whereas other studies are based on AR4 numbers.
F: approximate numbers due to reading from figures.
Production loss percentages 
Table S76. Gas lost during production as percentage of production output for countries delivering gas to Europe.
	Country
	Conventional gas lost of stage output
	Country
	Shale gas lost of stage output

	Norway
	0.005%
	UK shale gas
	1.392%

	United Kingdom
	0.622%
	Poland Lublin
	1.216%

	Netherlands
	0.030%
	Poland Podlasie
	1.216%

	Denmark
	0.040%
	Denmark shale gas
	1.002%

	Germany
	0.023%
	Sweden shale gas
	1.002%

	Russia
	0.500%
	Germany shale gas
	0.793%

	Poland
	0.446%
	France shale gas
	1.002%

	Italy
	0.220%
	Poland Baltic
	1.216%

	Hungary
	0.485%
	NL shale gas
	0.800%

	Romania
	0.443%
	
	

	Algeria
	1.800%
	
	

	Libya
	0.500%
	
	





Carbon Footprints for electricity generation
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 Figure S1. Carbon Footprints for electricity generation with a) conventional gas; b) oil and c) coal in EU countries that use the fuel (>10,000 TJ input; >1,000 TJ for oil) for electricity generation in the reference scenario 2010-2015, modelled with GHGenius and energy balance data. Slovakia has a very high coal footprint because the reported efficiency (ratio from out- and input over all power plants) was low. Oil footprint in Slovakia was higher than visible on the graph (1.6 kg CO2eq/kWh) due to very low efficiencies as derived from the energy balances. 

Cumulative Carbon Footprint scenario comparison per country
Note: y-axis not the same
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Figure S2. Comparison of scenarios for EU countries separately (SG: shale gas; CG: conventional gas).
In Belgium, the carbon footprint is lower in the BAU scenario, because in 2010 a large part of electricity generation comes from nuclear – which decreases in the reference scenario, while the fossil electricity generation increases. This comes almost 100% from gas – explaining small differences between reference and coal phase out scenarios. In the independence scenario on the other hand, conventional gas in the reference scenario gets replaced by shale gas – with a slightly higher carbon footprint. 
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