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Supplementary Figure 1. Schematic of four powertrains where the magnitude of electrification increases to the right. 
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Supplementary Figure 2. A: Weight percentage of the different bus components in the Volvo 7900 Electric. Data from Nordelöf et al (1). B:  Weight percentage of the different material in the Volvo 7900 Electric. Data from Nordelöf et al (1).
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Supplementary Figure 3. A: Weight percentage of the different bus components in the Volvo 7900 Conventional. Data from Nordelöf et al (1). B:  Weight percentage of the different material in the Volvo 7900 Conventional. Data from Nordelöf et al (1). 
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Supplementary Figure 4. Life cycle and production chain for a bus. 
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Supplementary Figure 5. Battery Manufacturing Energy Consumption. The distribution of energy consumption during the production of 1 kg of LiBs. Data from (2).
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Supplementary Figure 6. Estimated component weight configuration for the Volvo 7900 Electric.     
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Supplementary Table 1. Volvo 7900 models component specifications from Nordelöf et al (1). 
	
	Conventional
	Electric
	HEV
	PHEV

	
	Mass [kg]
	[%]
	Mass [kg]
	[%]
	Mass [kg]
	[%]
	Mass [kg]
	[%]

	Chassis & Frame
	5 625
	45
	5 632
	44
	5 588
	44
	5 632
	44

	Other body parts incl. interior fitments
	3 125
	25
	3 072
	24
	3 175
	25
	3 072
	24

	Structural body and panels
	2 250
	18
	2 176
	17
	2 159
	17
	2 176
	17

	Battery
	-
	-
	1 536
	12
	254
	2
	384
	3

	Powertrain
	1 500
	12
	384
	3
	1 524
	12
	1 536
	12

	Total
	12 500
	100
	12 800
	100
	12 700
	100
	12 800
	100



Supplementary Table 2. Volvo 7900 models material specifications from Nordelöf et al (1). 
	
	Conventional
	Electric
	HEV
	PHEV

	
	Mass [kg]
	[%]
	Mass [kg]
	[%]
	Mass [kg]
	[%]
	Mass [kg]
	[%]

	Steel
	7 125
	57
	6 784
	53
	6 731
	53
	7 040
	55

	Plastic
	1 375
	11
	1 536
	12
	1 524
	12
	1 408
	11

	Aluminium
	1 000
	8
	1 152
	9
	1 143
	9
	1 152
	9

	Wood
	750
	6
	768
	6
	762
	6
	768
	6

	Copper
	375
	3
	640
	5
	635
	5
	512
	4

	Iron
	1 000
	8
	640
	5
	635
	5
	896
	7

	Glass
	625
	5
	640
	5
	635
	5
	640
	5

	Other
	250
	2
	640
	5
	635
	5
	384
	3

	Total
	12 500
	100
	12 800
	100
	12 700
	100
	12 800
	100





Supplementary Table 3. Life cycle process emissions from various bus models (unit tonnes CO2-eq).
	Study
	Powertrain
	Material Upstream
	Manufacturing
	Maintenance
	Total
	Ref

	Nordelöf et al.
	Electric
	79.9
	23.7
	25.0
	129
	(1)

	
	PHEV
	77.4
	18.7
	21.2
	117
	

	
	HEV
	77.4
	17.5
	20.0
	115
	

	
	Conv. Diesel
	69.9
	15.0
	16.2
	101
	

	Kärnä
	Electric
	56.9
	-
	-
	-
	(3)

	
	Converted Electric
	51.2
	-
	-
	-
	

	
	Diesel; Al chassis
	54.0
	-
	-
	-
	

	
	Diesel
	45.4
	-
	-
	-
	

	
	Hybrid
	48.6
	-
	-
	-
	

	Cooney et al.
	Electric
	-
	-
	-
	399
	(4)

	
	Conv. Diesel
	-
	-
	-
	199
	

	Chester 08
	Diesel
	-
	-
	-
	129
	(5)

	
	Avg. Diesel
	-
	-
	-
	160
	

	Chester 09
	Electric
	-
	-
	-
	150
	(6)

	
	Urban Diesel Avg. 
	-
	-
	-
	140
	



Supplementary Table 4. Component emissions for various bus models, with estimated component emissions in Hawkins et al (7) and Nordelöf et al (1) (unit tonnes CO2-eq/bus).
	
	Nordelöf et al.
	Hawkins et al.

	
	Conv.
	HEV
	PHEV
	Electric
	Conv.
	Electric

	Chassis & Frame
	44.9
	44.9
	44.9
	44.9
	40.0
	46.8

	Structural Body
	-
	-
	-
	-
	4.20
	4.58

	Other body
	-
	-
	-
	-
	39.9
	39.2

	Body Total
	45.3
	45.3
	45.3
	45.3
	44.1
	43.8

	Powertrain
	10.6
	15.5
	15.5
	9.80
	3.80
	0.398

	Battery
	-
	8.17
	10.21
	28.16
	-
	-

	Total
	101
	114
	116
	128
	87.9
	91.0



Supplementary Table 5. GHG emissions and energy consumption from primary and secondary steel and aluminium production from nine studies (tonnes CO2-eq per tonne metal and GJ per tonne metal).
	Study
	Year
	Primary Production
	Secondary Production
	Ref.

	
	
	GHG emissions
	Energy use
	GHG emissions
	Energy use
	

	Steel

	Renzulli et al.
	2016
	1.59
	13.2
	-
	-
	(8)

	Norgate et al.
	2006
	2.30
	23.0
	6.8
	75.0
	(9) 

	Korol
	2012
	2.46
	15.4
	0.913
	8.07
	(10) 

	Gao et al.
	2017
	2.62
	-
	4.66
	-
	(11) 

	Aluminium

	Yang et al. TP
	2019
	21.8
	263
	-
	-
	(12) 

	Yang et al. HP
	2019
	4.90
	106
	-
	-
	(12) 

	Al. Association
	2013
	9.00
	138
	1.2
	11.0
	(13) 

	Norgate et al. 
	2006
	22.4
	211
	-
	-
	(9) 

	Hydro
	-
	4.00
	-
	2.3
	-
	(14)



Supplementary Table 6. Volvo 7900 component specifications with estimated battery weight for three bus models. 
	
	Electric
	HEV
	PHEV

	
	Mass [kg]
	[%]
	Mass [kg]
	[%]
	Mass [kg]
	[%]

	Chassis & Frame
	5 632
	43.1
	5 588
	44.5
	5 632
	44.7

	Other body parts incl. interior fitments
	3 072
	23.5
	3 175
	25.3
	3 072
	24.3

	Structural body and panels
	2 176
	16.6
	2 159
	17.2
	2 176
	17.3

	Battery
	1 812
	2.9
	102
	0.8
	188
	1.5

	Powertrain
	384
	2.9
	1 524
	12.2
	1 536
	12.2

	Total
	13 076
	100
	12 548
	100
	12 604
	100



Supplementary Table 7. Component emissions for various bus models, with estimated battery (1,15) (unit tonnes CO2-eq).
	
	Conv.
	HEV
	PHEV
	Electric

	Chassis & Frame
	44.9
	44.9
	44.9
	44.9

	Body
	45.3
	45.3
	45.3
	45.3

	Powertrain
	10.6
	15.5
	15.5
	9.80

	Battery
	-
	1.06
	2.26
	47.6

	Total 
	101
	107
	108
	148



Supplementary Table 8. Estimated material emissions from steel and aluminium, based on Volvo models by Nordelöf et al (1), and extracted emissions from Kärnä (3) (unit tonne CO2-eq).
	
	Estimated
	Kärnä

	
	Conv.
	HEV
	PHEV
	Electric
	Conv. 
	Conv. Al
	HEV
	Electric

	Steel
	16.0
	15.1
	15.8
	15.2
	6.70
	2.30
	6.20
	4.90

	Aluminium
	16.5
	18.9
	19.0
	19.0
	11.2
	28.3
	12.2
	10.2

	Other
	37.4
	43.4
	42.6
	45.7
	27.5
	23.4
	30.2
	41.8

	Total
	69.9
	77.4
	77.4
	79.9
	45.4
	54.0
	48.6
	56.9



Supplementary Table 9.  Embodied emissions from the components in the three bus fleet scenarios (unit tonne CO2-eq/km).
	Component
	2018
	Aug.2019
	Electric

	Chassis and body
	0.1503
	0.1503
	0.1503

	Powertrain ICE
	0.01752
	0.01457
	0

	Powertrain electric
	0.0004252
	0.004514
	0.01633

	Battery
	0.0002231
	0.009373
	0.07933

	Total
	0.1685
	0.1788
	0.2460





Supplementary Table 10. GHG emissions for the different bus fleet scenarios (16,17).
	
	
	2018
	Aug.2019
	EU-mix
	Nordic
	NO
	NO-GO

	Per km
[kg CO2-eq/km]
	Production
	0.1683
	0.1694
	0.1667
	0.1667
	0.1667
	0.1667

	
	Batteries
	0.0002
	0.0094
	0.0793
	0.0793
	0.0793
	0.0793

	
	Operation
	0.9219
	0.5115
	0.3234
	0.0825
	0.0209
	0.5720

	
	Total
	1.1
	0.69
	0.57
	0.33
	0.27
	0.82

	Per person-km
[g CO2-eq/person-km]
	Production
	16.20
	16.31
	16.04
	16.04
	16.04
	16.04

	
	Batteries
	0.02
	0.90
	7.64
	7.64
	7.64
	7.64

	
	Operation
	88.73
	49.23
	31.13
	7.94
	2.01
	55.05

	
	Total
	105
	66
	55
	32
	26
	79



Supplementary Table 11. Sensitivity analysis results for primary steel and aluminium production for three bus models with average, low and high emissions for the various bus models (unit tonnes CO2-eq).
	Powertrain
	
	Average
	Low
	High

	CI
	Steel/Aluminium
	2.24/16.5
	1.6/4.0
	2.6/22

	Conventional
	Steel
	16.0
	11.3
	18.7

	
	Aluminium
	16.5
	4.0
	21.8

	
	Bus
	101
	83.9
	109

	HEV
	Steel
	15.1
	10.7
	17.6

	
	Aluminium
	18.9
	4.57
	24.9

	
	Bus
	115
	96.1
	123

	Electric
	Steel
	15.2
	10.8
	17.8

	
	Aluminium
	19.01
	4.610
	25.1

	
	Bus
	129
	110
	137



Supplementary Table 12. Sensitivity analysis results for secondary steel and aluminium production for three bus models (unit tonne CO2-eq).
	Bus model
	Secondary steel
	Secondary aluminium

	
	Steel
	Other
	Aluminium
	Other

	CI
	4.7
	-
	1.2
	-

	Conventional
	33.2
	85.1
	2.3
	84.6

	HEV
	31.37
	99.7
	2.56
	96.0

	Electric
	31.6
	113
	2.65
	110



Supplementary Table 13. Sensitivity analysis for GHG emissions from different battery capacities and carbon intensities.
	Battery capacity
	GHG emissions [tonne CO2-eq]

	CI
	61 kg CO2-eq/kWh
	119 kg CO2-eq/kWh
	146 kg CO2-eq/kWh

	50
	6.1
	11.9
	14.6

	100
	12.2
	23.8
	29.2

	200
	24.4
	47.6
	58.4

	300
	36.6
	71.4
	87.6

	400
	48.8
	95.2
	116.8

	500
	61
	119
	146

	750
	91.5
	178.5
	219

	1000
	122
	238
	292





Supplementary Table 14. Sensitivity on battery production carbon intensity (CI) impact on bus fleet battery emissions (Unit g CO2-eq/km).
	CI [kg CO2-eq/kWh]
	2018
	Aug. 2019
	Electric

	61
	0.134
	5.70
	42.2

	119
	0.223
	9.37
	79.3

	146
	0.320
	13.6
	101





1. [bookmark: _Toc55477303]Bus Model Simulations
A model for calculating the carbon payback time and carbon footprint for the different bus models was developed, and from this, simulations done using the numerical software program MATLAB. Average fuel and electricity consumption for the Volvo 7900 models are presented in Table S1.1. The electric and PHEV buses use fuel heaters which is assumed powered by HVO for the electric, and the same as for propulsion for PHEV. This were gathered from Nordelöf et al. (1). 
The input parameters on energy density and carbon intensity were gathered from AtB. Emission intensity used for diesel was 3.206 kg CO2/kg fuel and 0.845 tonne fuel/m3. This gives 2.71 kg CO2/L fuel. HVO emissions intensity parameters were 1.740 kg CO2/kg fuel and 0.780 tonne fuel/m3. This gives 1.357 kg CO2/L fuel. The GHG emission for a given number of driven kilometres for a bus, is calculated from

The denoted "vehicle" is the bus type, i.e. conventional, HEV, PHEV or Electric. Fuel is the fuel type used (diesel or HVO) and el-mix is the electricity mix used for charging. The GHG production does not include the battery production, as this is a separate parameter in this case. The rest of the parameters are presented in Table S1.2. Figure S1.1 – 1.4 showcase the simulated emissions from the model, for Nordic el-mix, EU-mix, NO el-mix and NO-GO el-mix respectively. Figure S1.5 shows the simulated values for the range of 600 000 km for several alternatives. 
Figure S1.2 shows the emissions from the operation of different powertrain technologies as a function of distance driven. The el-mix used for charging in the figure is the Nordic el-mix. The slope of the lines represents the emissions per driven kilometre, and the intersection with the y-axis express the embodied emissions. The kilometre value at which the electric bus intercepts the other bus models, will be the carbon payback time (CPBT). 
Table S1.1. Fuel and electricity consumption. Used for the operation in carbon payback time and production emissions from each model, excluding battery (1).
	Vehicle
	Fuel
	Electricity
	Production emissions

	Conventional
	0.45 L/km
	-
	100.82 tonne CO2-eq

	HEV
	0.3 L/km
	-
	105.71 tonne CO2-eq

	PHEV
	0.19 L/km
	0.53 kWh/km
	105.71 tonne CO2-eq

	Electric
	0.028 L/km
	1.1 kWh/km
	100 tonne CO2-eq



Table S1.2. Parameters used for calculations in the bus model simulations.
	Parameter
	Symbol
	Unit

	Fuel consumption
	FC
	L/km

	Electricity consumption
	EC
	kWh/km

	Greenhouse gas emissions
	GHG
	kg CO2-eq

	Carbon intensity
	CI
	kg CO2-eq/kWh

	Driven kilometres
	d
	km
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	Figure S1.1. GHG emissions versus driving distance for different fuel technologies. Nordic charging mix is used for the electrified options.
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	Figure S1.2. GHG emissions versus driving distance for different bus powertrain technologies, charging with European electricity mix.
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	Figure S1.3. Emissions versus driving distance for different bus powertrain technologies, charging with Norwegian production electricity mix.
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	Figure S1.4. GHG emissions versus driving distance for different bus powertrain technologies, charging with NO-GO el-mix. NO-GO represents charging with electricity in Norway without buying Guarantees of Origin (520 g CO2-eq/kWh).
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	Figure S1.5. GHG emissions versus driving distance for different bus powertrain technologies and electricity mixes. NO-GO represents charging with electricity in Norway without buying Guarantees of Origin (520 g CO2-eq/kWh).
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