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ENVIRONMENT, CARBON FOOTPRINT, RESOURCE DEPLETION —
UNITED STATES

GOAL AND SCOPE

The environmental impacts of Volkswagen Passat gasoline-,
flexifuel BB5- and NEXBTL biodiesel-fueled cars and Tesla Model S
85 electric car in the United Sates are assessed in thisreport.
Volkswagen Passat is about the same size as TeslaModel S

TESLA MODEL
S85

The TeslaModel Sisa

full-sized plug-in
electric five-door,
luxury liftback,
produced by Tesla
Motors. (Wikipedia)

The environmental impacts assessed in thisreport are: Ve &/ Xe=N
Global warming potential (GWP) PASGAT
Depletion potential of the stratospheric ozone layer
The Volkswagen Passat
(ODP)

x Adidification potential (AP) isalarge family car
Formation potential of tropospheric  ozone produced by the
photochemical oxidants (POCP) EErrE e e

X El.Jtrop.h|.cat|on potential (BP) Volkswagen since 1973

X Air toxicity (AT)

x Water toxicity (WT) (Wikipedia)

X Hazardous waste production (HWP)

x Particulate emissons

x SO, emissions

X NO«emissions

X

Methane emissions
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N>O emissions

Non-methane hydrocarbon emissions

QO emissions

High-level nuclear waste (HLW)

Medium- and low-level nuclear waste (MLW+LLW)
Petroleum consumption

Energy depletion

X X X X X X X

Certain important environmental impacts are not quantified in thisreport. For example, the
effect on water tables depends on geographic location. The effect on the loss of biodiversity
isalso difficult to appraise. For example, increased energy use of biomass decreases fossil
fuel combustion, which in the long term mitigates climate change and also loss of
biodiversity. However, increased energy use of biomass may lead to deforestation,
monocultures and other land-use changes, directly or indirectly, thus promoting the loss of
biodiversity.

In allocating combined heat and power production impactsto electricity, the benefit sharing
method was used.!

The purpose of thisinventory report isto characterize resource inputs and environmental
impacts and releases associated with different vehicle technologies.

The average distance travelled during the life time of the car in the United Satesis assumed
to be about 305 000 km.

For car manufacturing, the life cycle assessment considers the environmental impacts
throughout the entire life cycle, from raw material extraction and acquisition, through
energy and material production and manufacturing, to maintenance and end-of-life
treatment and final disposal. For fuels and electricity, the whole life cycle from cradle to
gate is considered.

PROCESS DESCRIPTION AND SYSTEM BOUNDARIES

The average curb weight of new light-duty vehiclesin the United Satesincluding over 8500
Ib"SUVs' was a couple of years ago 1780 kg and the combined city/ highway fuel
consumption was 11.3 liters per 100 km (Heavenrich 2005).
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For TeslaModel S the higher greenhouse gas emissions from car materials and
manufacturing stage are due to a higher curb weight and more exotic materials. Teslaisan
electric vehicle and all its operation stage emissions (fuel/ electricity production and tail pipe

N
—

1 Viiinikainen S, lkonen E, Soimakallio S, Lind 1., Energy use: Visions and technology opportunitiesin Fnland, VTT-Edita,
Helsinki, 2007.




emissions) come from electricity generation. For electric vehiclesthere are no tail pipe
emissions.

The car materials stage or the premanufacturing stage includes the inputs and emissions
related to manufacturing the materials (metals, plastics, fluids and other materials) for the
cars. Various databases and life cycle analyses were used to create a materialslife cycle
inventory. Some references are given in the reference list.

The manufacturing stage refersto car assembly. The maintenance stage includes service,
infrastructure such asroads, parking lots and insurance company buildings. The end-of-life
stage includes car scrapping and recycling.

Biofuels are regarded as being carbon neutral asthe carbon dioxide released in combustion
istheoretically sequestered back in plantations. Therefore biofuels have no carbon dioxide
tailpipe emissions contributing global warming. However, combustion processes generate
nitrous oxide and carbon monoxide, which are greenhouse gases, and thus there are some
QOye tailpipe emissons also for biodiesel and bioethanol cars.

The BB5 flexifuel vehicle was developed to run on any mixture of unleaded petrol and
ethanol, anywhere from 0%to 85%ethanol by volume. In this analysis, corn bioethanol
share is 85 vol-% (E85). Bhanol's energy content (lower heating value LHV is21.16 MJL) by
volume islessthan two thirds of gasoline's energy content (LHVis 32.92 MJ L). Based on
energy content, the volumetric ethanol (ELOO) consumption compared to gasoline (ED)
would be 55.6%higher. However, the EL00 consumption isjust 42.2%higher than ED
consumption because of somewhat better efficiency of ethanol in Otto engines.

The data from USEnvironmental Protection Agency's fuel economy guide (Model year 2007
fuel economy guide, 2007) for flexifuel vehicles and similar gasoline vehicles (51 car models
were compared) give the B85-fueled vehicles 37.3%higher fuel consumption by volume
than for ED-fueled vehicles.

For gasoline and diesel production, for example Wang's (1999) report and IPCCdata were
used. In thisreport, Volkswagen Passat running on petroleum diesel was not studied.

The specifications of a generic ICEV and EV are presented in Table 1. Table 2 givesthe
specifications of the TeslaModel S85 and a similar size ICEV. The vehicle components of the
studied carsare given in Tables 3 to 5. The simplified material compositions of the generic
ICEV and EV and Tesla Model S85 are given in Table 6. Table 7 givesthe material
components of the selected car models. The data are used in the life-cycle analysis. The
technical data of the selected car models are given in Table 8. The electricity generation mix
(%) of the United Satesin 2014 isgiven in Table 9 (HA 2015). In allocating combined heat
and power production impactsto electricity, the benefit sharing method was used.
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Smilarly asin Table 9, the electricity generation mixeswith CHP shares (combined heat and
power) of all U.S statesin 2014 were calculated from BA data (HA 2015) and the data were
used in assessing the life-cycle impacts of driving TeslaModel Sin each state. In thisreport,
Tedla’s carbon footprint, petroleum use and the high-level nuclear waste “footprint” in each
state are presented.

For the analysis of car materials and manufacturing stages, the specific data from the car
manufacturers have not been used.

o]

Table 1. Vehicle components of a generic vehicle (ICEV =internal combustion engine
vehicle, BV =electric vehicle) (Hawkins et al. 2013).

'é Gomponent group All vehicles | ICEV only EV only ICEV EV
2 (kg) (kg) (kg) (kg) (kg)
o Body and doors 526.51
E Brakes 12.24
Q .
< Chassis 15.53
% Huids ICEV and EV 5.00
é Vehicle interior and 237.67
Z exterior
% Tyresand wheels 79.36
g Total 876.31
0 Engine (ICEV) 170.20
s Huids (ICEV only) 5.00
g Other ICBV powertrain 92.26

ICEV transmission 51.86
é ICEV battery 16.47
6 Total 335.78
8 EV motor and transmission 378.28
b E\/diffqeptial 25.01
% transmission
I EV Li-NQM battery 214.00
LCL)I Total 617.28
S Car weight 1212.10 1493.59
|




Table 2. Vehicle components of Tesla Model S85 and a similar size ICEV (ICEV =

internal combustion engine vehicle, BV = electric vehicle) (Hawkins et al.

2013). Volkswagen Passat is very close to thisICEV size.

Gomponent group All vehicles | ICEV only EV only ICEV EV
(kg) (kg) (kg) (kg) (kg)
Body and doors 645.18
Brakes 15.00
Chassis 19.03
Huids ICEV and EV 6.13
Vehicle interior and 291.23
exterior
Tyres and wheels 97.24 —
Total 1073.82 &
Engine (ICEV) 208.56 X
Huids (ICEV only) 6.13 I
Other ICBV powertrain 113.05 g
ICEV transmission 63.55 %
ICEV battery 20.18 é
Total 411.47 Z
BV mot or .and 463.54 é
transmission To)
EV differential 30.64 7
transmission |
EV Li-NQM battery 540.00 o
Total 1034.18 =
Car weight 1485.29 2108.00 é
Table 3. Vehicle components of Tesla Model S85 (electric vehicle) based on Hawkins e
et al. (2013). 8
o
Component group All vehicles | EV only 2Y, =
(kg) (kg) (kg) '-cl-)l
Body and doors 645.18 b
Brakes 15.00 HI‘_'
Chassis 19.03 |
Huids ICEV and EV 6.13
Vehicle interior and exterior 291.23
Tyres and wheels 97.24
Total 1073.82
EV motor and transmission 463.54
EV differential transmission 30.64
EV Li-NCM battery 540.00
Total 1034.18
Car weight 2108.00 [ 7 ]
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Table 4.

Table 5.

Vehicle components of Volkswagen Passat 1.4 TS (gasoline) based on

Hawkins et al. (2013).

Gomponent group All vehicles ICEV only ICEV
(kg) (kg) (kg)

Body and doors 646.36

Brakes 15.03

Chassis 19.07

Huids ICEV and EV 6.14

Vehicle interior and 291.76

exterior

Tyresand wheels 97.42

Total 1075.78

Engine (ICEV) 208.94

Huids (ICEV only) 6.14

Other ICBV powertrain 113.25

ICEV transmission 63.66

ICEV battery 20.22

Total 412.22

Car weight 1487.99

Vehicle components of Volkswagen Passat 2.0 TDI (diesel) based on Hawkins

et al. (2013).
Gomponent group All vehicles ICEV only ICEV
(kg) (kg) (kg)
Body and doors 640.71
Brakes 14.90
Chassis 18.90
Huids ICEV and EV 6.08
Vehicle interior and 289.22
exterior
Tyresand wheels 96.57
Total 1066.38
Engine (ICEV) 207.12
Huids (ICEV only) 6.08
Other ICBV powertrain 112.27
ICEV transmission 63.11
ICEV battery 20.04
Total 408.61
Car weight 1474.99




Table 6. The simplified material composition of a generic vehicle (ICEV =internal
combustion engine vehicle, BV = electric vehicle) and Tesla Model S85. The
battery in this study; cathode: LiMn,Os4, anode: graphite. (Qullivan et al.
1998, Hawkins et al. 2013, Gaineset al. 2011)

Material ICEV EV Tesla Model S85

(%9 (%9 (%9
Plastics: 14.67 10.62 9.97
Polyethylene 1.34 0.99 0.86
Polypropylene 6.87 4.21 8.20
Polystyrene 281 2.45 0.83
Polyethylene terephthalate | 2.42 1.96 0.07
Polyvinylchloride 1.24 1.00 0.00 =
Metals (non-ferrous): 9.03 30.12 32.26 ;%(
Aluminum 6.02 17.72 18.24 o
Copper 3.02 12.41 14.01 %
Metals (ferrous): 66.42 43.19 37.51 <
Pigiron 1.98 0.28 0.24 %
Cast iron 10.85 0.31 0.27 é
Seel RR 52.25 40.99 36.46 S
Seel OK 134 161 0.54 Z
Auids: 118 3.80 6.49 &
Lubricating oil 0.58 0.07 0.06 3
Refrigerant 0.33 0.20 0.17 8
Water 0.00 0.00 0.00 =
Other materials: 0.27 3.54 6.26 é
Various plastics 8.70 12.27 13.78
Adhesives 2.78 2.26 1.96 S
Minerals (clay) 0.33 1.26 158 8
Glass 0.49 0.20 0.17 o
Wood 2.61 2.31 2.01 =
Rubber (not tyre) 0.00 154 1.34 LCL)I
Rubber (tyre) 0.83 0.58 0.51 O
Qulphuric acid 151 123 1.07 B
Lithium 0.14 0.02 0.02 =
Graphite 0.00 0.20 0.36

2]
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Table 7. The simplified material composition of the studied cars.
Material TedaModel S |Passat 1.4 TS |Passat 1.4TS |Passat 2.0 TDI |Passat 2.0 TDI
85 flexifuel gasoline NB®BTL (waste) NEBTL
(ko) (ko) (ko) (ka) (ka)
Plagtics: 210.15 218.25 218.25 216.34 216.34
Polyethylene PE 18.18 19.95 19.95 19.78 19.78
Polypropylene PF 172.89 102.19 102.19 101.30 101.30
Polystyrene PS 17.51 41.74 41.74 41.38 41.38
Polyethyleneterephthalate | 1.57 35.95 35.95 35.63 35.63
PET
Polyvinylchloride PVC 0.00 18.41 18.41 18.25 18.25
Metals (non-ferrous): 679.95 134.43 134.43 133.26 133.26
Aluminum 384.55 89.55 89.55 88.77 88.77
Copper 295.40 44.88 44.88 44.49 44.49
Metals (ferrous): 790.65 988.37 988.37 979.73 979.73
Pigiron 5.15 29.49 29.49 29.23 29.23
Cast iron 5.69 161.38 161.38 159.97 159.97
Seel RR 768.49 777.49 777.49 770.70 770.70
Seel OK 11.32 20.01 20.01 19.83 19.83
Huids: 136.83 17.56 17.56 17.41 17.41
Lubricating oil 1.23 8.59 8.59 8.52 8.52
Refrigerant 3.68 4,91 4,91 4.87 4.87
Water 131.93 4.06 4.06 4.02 4.02
Other materials: 290.41 129.39 129.39 128.26 128.26
Various plastics 41.37 41.44 41.44 41.08 41.08
Adhesives 33.28 4.93 4.93 4.89 4.89
Minerals (clay) 3.68 7.24 7.24 7.18 7.18
Glass 42.31 38.89 38.89 38.55 38.55
Wood 28.19 0.00 0.00 0.00 0.00
Rubber (not tyre) 10.65 12.31 12.31 12.21 12.21
Rubber (tyre) 22.47 2251 2251 22.31 22.31
Qulphuric acid 0.44 2.06 2.06 2.04 2.04
Lithium 7.56 0.00 0.00 0.00 0.00
Graphite 100.46 0.00 0.00 0.00 0.00
2108.00 1488.00 1488.00 1475.00 1475.00




Table 8. Technical specifications of the studied cars (model years 2015 and 2016).

TedaModel |Passat 1.4 Passat 1.4  |Passat 2.0 TDI |Passat 2.0 TDI
S85 T flexifuel | T3 gasoline |NBBTL NBEBTL
(waste)
Power, KW 278 110 110 110 110
Fuel Hectricity B35 Petrol Diesel Diesel
tallow tallow
NBEBTL NBEBTL
Fuel consumption, L/ 100 | - 7.55 5.50 4.00 4.00
km
Hectridty consumption, | 0.24
KWh/km =
Qurb weight, kg 2108 1488 1488 1475 1475 ;%E
Volume of engine, cm3 | - 1395 1395 1968 1968 o
Transmission 1-speed Automatic | Manual Manual Manual %
fixed gear %ﬁ
Table 9. The electricity generation mix (%) of the United Satesin 2014. Exportsand g
importsare not taken into account. (HA 2015) )
Hectricity source USA %
Share aHP %
) ) o
Natural gas 27.81 9.60 8
Qoal 38.64 2.04 s
Petroleum 0.74 14.30
Wood (biomass) 1.56 54.46
Waste 0.33 52.43 S
Hydro electricity 6.19 g
Wind 4.44 X
Nuclear 19.47 =
olar PV 0.43 '-c'-)l
Geothermal 0.39 O
Hectricity mix 100.00 H
3

NEXBTL BIODIESEL

NEXBTL biodiesel can be produced via hydrogenation and isomerization of vegetable oils, tall
oil fatty acids and animal fats. Hydrogenation and deoxygenation yields n-paraffins with high
cetane number but poor cold properties. Incomplete skeletal isomerisation yields a mixture
of n-paraffins and i-paraffins with high enough cetane number and good cold properties.

Qurrently the predominant raw material for NExBTL is palm oil or lower quality residue or
waste palm oil. Unknown amounts of tallow are used as araw material for the production of
NEXBTL biodiesel. In thisreport, the life-cycle analysisis made for NExBTL using mutton and

[n]
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lamb tallow raw material from Australia. The detailed process energy, raw material and
product data of Neste Gil (2013) from its Sngapore plant were used in the analysis.

The sheep tallow to Sngapore plant comes from Australiaand the NExBTL biodiesel product
isexported from Sngapore to California. A NEXBTL molecule travels about 20 000 km from
tallow production site to Californiafuel station. The electricity needed in the NEXBTL process
comesfrom the grid. The Sngapore electricity mix hasbeen reported by Energy Market
Authority (2015).

The resource use and environmental impacts of NExBTL biodiesel depend heavily on if the
raw material tallow is considered aswaste or side product. Both of these cases are reported
here. Because tallow has a market price, it seems more appropriate to consider tallow asa
side product from lamb meat or mutton production.

Sheep meat environmental impacts (Biswas et al. 2010) come mostly from nitrous oxide and
methane emissions (agriculture, excrement and belching). These emissons were allocated
to lamb and mutton tallow using the relative market prices of lamb meat, mutton and tallow
in 2012—2014. During this period, tallow price wasin average 77%lower than the average
price of lamb meat and mutton (Sheep Central 2015, MLA 2014). Thus, 22.9%of sheep meat
energy demand and emissions were allocated to tallow.

To carry out life cycle calculations for palm oil raw material is very analogousto tallow raw
material. Palm oil production has numerous negative impacts on environment from
deforestation to the loss of natural habitat, from huge carbon emissions resulting from
burning tropical peatlandsto methane emissions of waste ponds. Some of these impacts are
direct, some are indirect caused by increased palm oil demand. Palm oil to NExBTL case is
not reported here.

Table 10. NEXBTL process material and energy balances at Sngapore plant. The raw
material in thisanalysisislamb and mutton tallow. (Neste Gil 2013)
Material Energy Energy
(kg) (MJ (MJper MJ
NB®BTL)
INPUT
Tallow 1.210 46.585 1.086
Tallow after pretreatment | 1.180 45.430 1.059
Hydrogen (from steam 0.038 4.558 0.106
reforming of natural gas
and recycled
hydrocarbons)
Hectricity (Sngapore grid) 0.382 0.009
OUTPUT
NEBTL biodiesel 1.000 42.910 1.000
Bionaphtha 0.005 0.231 0.005
Biopropane 0.060 2.782 0.065




Table 11. NEXBTL process net energy balance at Sngapore plant. The raw material in
thisanalysisislamb and mutton tallow. This energy balance isvalid, if tallow
isconsidered aswaste. (Neste Oil 2013)

Net energy | Net energy
MJ (MJper MJ
NBBTL)
INPUT
Tallow 46.585 1.0856
Natural gas 4.145 0.0966
Qoal 0.046 0.0011
Petroleum 0.011 0.0003
OUTPUT
NBBTL biodiesel 42.910 1.0000
Table 12. NEXBTL product net energy balance at Sngapore plant taking into account

tallow production from sheep meat. This energy balance isvalid, if tallow is
considered as side product of sheep meat production. (Neste Oil 2013,
Biswaset al. 2010)

Process Tallow Tallow Tallow NEXBTL
(net production | production | cargo cargo
energy) (energy) (emissions)
MY MY © (km) (km)
Tallow 46.585
Natural gas 4.145 0.069
Qoal 0.046 0.00003
Petroleum 0.011 0.035
Methane (CHy) 1.412
Nitrous oxide (N20O) 0.019
Large cargo vessel 7318 12352
Heavy truck with trailer 1000 530

CORN ETHANOL AND GASOLINE
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Refining gasoline from petroleum is an established and relatively efficient process. However,
the easiness and efficiency rely on the quality of crude. The energy demand of refining
conventional petroleum to reformulated gasoline has been reported by Wang (1999).

In corn ethanol’s life cycle assessment, the following energy input and product allocation
datawere used: Shapouri et al. (2002), Fimentel and Patzek (2005), Graboski (2001), Lorenz
and Morris (1995), Kim and Dale (2005), Marland and Turhollow (1991) and Hammerschlag
(2006). Nitrous oxide emissions from farming have been reported by Kaliyan et al. (2013).

=
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Table 13 givesthe energy inputs of processing 1 Land 1 MJof gasoline from conventional
petroleum, ethanol from corn and NEXBTL biodiesel from tallow.
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Table 13. The energy inputs of processing 1 Land 1 MJof gasoline from conventional
petroleum, ethanol from corn and NEXBTL biodiesel from tallow, including
the energy content of the fuel (Wang 1999, Shapouri et al. 2002, Fimentel
and Patzek 2005, Graboski 2001, Lorenz and Morris 1995, Kim and Dale
2005, Marland and Turhollow 1991, Hammerschlag 2006, Neste Oil 2013,
Biswaset al. 2010). Also the global warming potential (GWP) of the fuelsis

given.

Petroleum to Gorn ethanol NB®BTL (talowis | NEBTL (tallow is

gasoline waste) side product)

MJper | MJper | MJper | MJper | MJper | MJper | MJper | MJper

L MJ L MJ L MJ L MJ
Petroleum 39.580 | 1.210 2162 | 0.102 2.174 | 0.060 2259 | 0.063
Natural gas 0.428 | 0.013 13.965 | 0.656 | 4.091 | 0.114 | 4.158 | 0.116
Coal 0.018 | 0.001 1968 | 0.093 | 0.085 | 0.002 | 0.113 | 0.003
Lignite 0.007 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Hydro power 0.008 | 0.000 | 0.123 | 0.006 | 0.001 | 0.000 | 0.001 | 0.000
Nudlear power 0.010 | 0.000 | 0.320 | 0.015 | 0.009 | 0.000 | 0.009 | 0.000
Wind power on- 0.001 | 0.000 | 0.045 | 0.002 | 0.000 | 0.000 | 0.000 | 0.000
shore
Solar PV 0.001 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Biomass 0.000 | 0.000 21.275 | 1.000 35.940 | 1.000 35.940 | 1.000
Total input 40.054 | 1.225 39.864 | 1.874 42.300 | 1.177 42481 | 1.182
Primary energy input | 40.052 | 1.225 18.537 | 0.871 6.360 | 0.177 6.541 | 0.182
GWP, g Q¢ 2826 86 1485 70 434 12 1724 48

ABOUT ELECTRIC CARS

Bectric vehicles store electricity in batteries, which have a limited storage capacity and must
be replenished by plugging the vehicle into arecharging unit. The electricity comesfrom the
grid or from decentralized renewable sources such as solar or wind energy. The cost of
recharging an electric vehicle isvery small, but an electric vehicle is still very expensive.
Most electric vehicles have arange of only 100-160 km before recharging is needed.?

The electric car isnot anew invention. In 1888 there were 24 small batteriesin the early
electric car of Magnus Volk and Moritz Immisch, enough to give a driving range of 80 km,
not much lessthan today's electric vehicles.® In the turn of 20" century, electric cars
dominated the emerging U.S automotive market. In 1903 there were 36 recharging sitesin
Boston alone.

2 The energy factbook: aresource for South Carolina, South Carolina Energy Office, September, 2003.
3 9mil Vaclav, Energy at the Qrossroads: Global Perspectives and Uncertainties, "MIT Press, Cambridge, MA", 2003.



Cars equipped with internal combustion engines replaced electric carsin the first decade of
the 20™" century. More than a century after the first electric cars, oil shocks, global warming
and urban pollution have prompted renewed interest in electric vehicles.

In 1995 the California Energy Commission decided that by 1998 two percent of all new
vehicles sold in CGaliforniawill have to be electric and that the share of zero-emission
vehicles (ZEVs) will rise to 10%o0f the state's car sales by the year 2003.2 However, no
commercial electric carswere sold during the late 1990s. The ZEV refersto a vehicle with no
emission of urban pollutants: GO, NOx, SO, particulates or unburned hydrocarbons. This
regulation does not cover greenhouse gases like carbon dioxide, and the objective has
always been clean air and personal health.

The first years of the 21% century have been better for electric cars. Environmental
regulations have been tightening worldwide and new innovations and materials have made
it possible to reduce the production costs.®

The internal combustion engine is not an efficient energy converter. Only a small fraction,
less than 25%of the energy in gasoline, is available for propulsion. An electric vehicle
running on batteriesis a much better energy-conversion device. Sarting with 11%lossin
battery charge, 6%lossin discharge, and another 11%lossin moving the energy from the
battery to the wheels, one ends up with 74% conversion efficiency from grid electricity to
wheels.®

On the other hand, burning coal and other fossil fuelsto generate electricity isan inherently
inefficient process. The electricity generation efficiency from underground coal to electricity
istypically less than 30% while the well-to-tank efficiency from crude oil to gasoline or
diesel isabout 85% Depending on how the electricity is generated for electric vehicles,
electric cars either decrease or increase overall emissons. Certainly they cut local emissions.

CHALLENGES AND OPPORTUNITIES OF ELECTRIC VEHICLES

For an electric vehicle, the maintenance expenses (except changing the whole battery pack)
and fuel costsare low. Also there are no tailpipe emissions. In many cities, electric vehicle
ownersare allowed to travel in bus or carpool lanes, they have free accessto the congestion
charge zones, they are exempt from public parking fees and they may be eligible for tax
credits.

4 Britton Ron, The coming of the hydrogen age, The Chemical Engineer, November, 2004.
5 Sato Yutaka, Drive to cooperate, IdSChemical Business October 18-24, 2010.

6 Abu-Rub H., Malinowski M., Al-Haddad K., Power Hectronicsfor Renewable Energy Systems, Transportation and Industrial
Applications, John Wiley & Sons, 2014.
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Hectric vehicles have two key limitations:’

X Vehicle range.
X Long Battery recharging times.

The electric vehicles are also pricey and the battery packs endure only a limited number of
recharging cycles (about a thousand cycles). The battery pack may not last the life of the car.

In hybrid electric vehicles, batteries store energy generated during braking, supply energy
during startup and assist the engine during acceleration.® Plug-in hybrid electric vehicles
allow the battery to be recharged by connection to the electrical grid when the car is
parked. They avoid the two main problems of pure electric vehicles: they are not limited in
range by the total amount of battery charge and they can be used also in long-distance trips
without excessive recharging times.®

One big challenge for electric vehiclesisthat the conventional cars are every year more fuel-
efficient releasing less greenhouse gases and air pollutants.

BATTERIES

The batteries of electric vehicles have limited capacity, with arange of about 100 km per
charge. Extending the range can be achieved by improving the performance of batteriesand
by reducing the weight of vehicles.®

Lithium-ion batteries pack more energy per unit weight and volume than most other
batteries, which iswhy they are preferred for laptops and mobile devices, even though they
are more expensive than other batteries. In electric vehicles, battery packs are scaled up in
capacity and used in modes that draw high power. They heat up, and since lithium batteries
employ flammable solvents, there isthe hazard of fire.1°

With lithium-ion batteriesthere are more safety issuesthan for other electric vehicle
battery options. Another major issue with lithium-ion batteriesis the battery cost. Cost
reduction can be achieved by making the batteries more efficient, increasing the battery life,
using less lithium and getting rid of the cobalt.!! In R&D departments, chemiststry to solve
these problems.

7 Forsberg Charles A., The hydrogen economy is coming —the question iswhere?, Chemical Engineering Progress, December,
2005.

8 Kung Harold H., Taylor Kathleen C", Expanding role of chemical engineersin transportation-motivated R&D, AIChE Journal,
"Vol. 48, No. 11, pp. 2422-2425", 2002.

9 Competing visions of a hydrogen economy, Chemical & Engineering News, August 22, 2005.
10 Marikar Farug, Assault with battery, ICSChemical Business Americas, February 16-22, 2009.
11 O'Driscoll Cath, BASFto grow bigger on batteries, Chemistry & Industry, March 21, 2011.



ELECTRICITY GENERATION

Bectricity generation has alow efficiency compared to conventional petroleum fuels
production. If the electricity is produced from coal or other carbon intensive sources, there
ispotential for increased GO, emissions.

If the electricity is generated by renewable technologies with very low life-cycle emissions,
such aswind, solar or geothermal power, then electric vehicles curb greenhouse gas
emissions.

LIFE-CYCLE IMPACTS

Environmental impacts of electric vehicles should be compared with those of conventional
vehicles on the basis of emissions over the entire fuel-cycle (well-to-wheels). For
conventional vehicles, the fuel-cycle emissionsinclude emissionsthat result from extracting
and processing crude oil as well astailpipe emissions. For electric vehicles, emissions
produced by power plants providing the electricity for charging the batteries are taken into
consideration. Athorough life-cycle analysis takes also into account the car manufacturing,
maintenance and end-of-life stages.

Former U.S senator Richard Lugar and GA chief James Woolsey'? stated in 1999: “For
electric vehiclesit isboth good and bad that electricity iscommonly produced by burning
fossil fuels at another location. The local air quality isimproved, but total carbon dioxide
emissonsare not curtailed.”

Urban air pollution isa seriousissue in the world. Massive amounts of carbon dioxide,
carbon monoxide, sulphur dioxide, nitrogen dioxide, aromatic hydrocarbons and
particulates are released from internal combustion engine vehicles every day, threatening
people's health and the environment.

Bectric vehicles have the advantage that they produce no air pollution at the point of use. If
the electricity isgenerated in adistant place, electric cars are ameans of switching the
location of emissions. Hectric vehicles can move emissionsto less crowded and less polluted
locations. Centralized electric generation plants may also cause fewer emissions per
kilometer than the internal combustion engine vehicles do.?
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GLOBAL WARMING POTENTIAL (GWP)

Energy use, manufacturing processes, agriculture and other activities release greenhouse
gasesto atmosphere, thus strengthening the greenhouse effect and warming up the planet.
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12 1ugar Rchard G., Woolsey R James, The new petroleum, Foreign Affairs, January—February, 1999.

13| ave Lester B., Hendrickson Chris T., McMichael Francis ay, Environmental implications of electric cars, Science, Vol. 268,
May 19, 1995.




Although the energy generation processes may be zero emission — such as nuclear
electricity, photovoltaic and wind electricity — construction, maintenance and fuel
processing cause greenhouse gas emissions.

In this analysis, the following greenhouse gases are taken into account: carbon dioxide,
methane, nitrous oxide (N.O), carbon monoxide and Freons. The global warming effect of
aerosolsand carbon black islocation and time dependent and difficult to quantify, thusthey
are not included in calculations.

For example, uranium industry has used Freon CFG-114 in the enrichment process and this
processisa significant source of Freon emissions. CFG-114 has a global warming impact
10,000 times higher than carbon dioxide. In the analysis, all the emissions are converted to
carbon dioxide equivalents and summed together.

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

The uncertainties of global warming potential are related to other gasesthan carbon dioxide
(the typical variability is £35%relative to the QO; reference) and aerosols.

Global warming potential is considered highly reliable.

Life-cycle greenhouse gas emissionsin different electricity generation stages (well-to-fuel
and fuel-to-electricity) and the contributions of various gasesto global warming are
presented in figures below. The gases are:

Carbon dioxide (O0,)
Methane (CHs)
Nitrous oxide (N2O)
Others
o Carbon monoxide (QO)
o CFCcompounds
o0 HCRCcompounds
o Dichloromethane

X X X X
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The other life-cycle environmental impacts are divided in very much a similar way in
different electricity generation stages.
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Unit: t QOe

Note: If NExBTLis not considered as waste, the agricultural emissions are not counted such
as methane emissions caused by belching of the sheep. The USA electricity mix is carbon
intensive and thusthe electric vehicle life-cycle carbon dioxide emissions are high. Hectric
vehicles are heavier and they contain more exotic materials. Consequently emissionsfrom
the premanufacturing and manufacturing stages are higher.
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Unit: t QOze
Unit: g QOe/ km

LVSSVd NEDVNVSHTIONA ANV S8S HAO W VAL O SIOVAINITTOAD-HI

—
o
N

—




LVSSVd NEDVNVSHTIONA ANV S8S BHAO W VAL O SIOVAINITTOAD-HI

Unit: QOe-%

—
i
N

—



LVSSVd NEDVNVSHTIONA ANV S8S HAO W VAL O SIOVAINITTOAD-HI

—
N
N

—




Unit: g Q0e/ km, Tesla SModel Sin different U.S states

Note: in 39 of the 50 states, the carbon footprint of TeslaModel Sis higher than for equal-
size diesel car.

OZONE DEPLETION POTENTIAL (ODP)

The ozone layer in the stratosphere is an essential component of the Earth’s atmosphere. It
protects humans, animals and plants from damaging shortwave ultraviolet (UV) radiation.
Ozone is produced in the upper stratosphere by the interaction of shortwave solar UV
radiation with oxygen. It isdestroyed by reactions with certain ozone-depleting substances
in the presence of somewhat longer wavelength UV radiation.**

The dynamic balance between production and destruction determinesthe concentration
and total amount of ozone in the stratosphere. Anthropogenic emissions of ozone depleting
substancesthat contain chlorine and bromine disturb this balance.

Ozone layer depletion is caused by anthropogenic emissions of:

Chlorofluorocarbons (CFCs)

Carbon tetrachloride

Methyl chloroform

Halons

Hydrochlorofluorocarbons (HCFCs)
Hydrobromofluorocarbons (HBFCs)
Methyl bromide (GHsBr)

Nitrous oxide (N2O)

X X X X X X X X

These substances are used as solvents, refrigerants, foamblowing agents, degreasing agents,
aerosol propellants, fire extinguishers (halons) and agricultural pesticides (CHsBr). According
to new research, nitrous oxide istoday top ozone-layer damaging emission and thisis
projected to remain the case for the rest of this century.*>1°

These substances are used as solvents, refrigerants, foamblowing agents, degreasing agents,
aerosol propellants, fire extinguishers (halons) and agricultural pesticides (CHsBr).

ODPis expressed as CFG-11-equivalent, g CFG-11-eq.

14 \elders Guus, Sratospheric ozone depletion, Europe’s environment: the third assessment, Environmental assessment report
No 10, European Environment Agency, 2002.

15 Ravishankara A.R.,, Daniel JS, Portmann RW., Nitrous oxide (N20): the dominant ozone-depleting substance emitted in the
21st century, Stience, Vol. 326, No. 5949, pp. 123-125, 2009.

16 Nitrous oxide is now top ozone-layer damaging emission, ELiropean Commission DG BNV, News Alert Issue 178, December
2009.
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Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

Uncertainties exist in the observations and the models of the depletion of stratospheric
ozone layer.

Unit: g CFG11-eq

Note: ODPwas not calculated for corn ethanol. The high ODP of NEXBTL is caused by
agricultural nitrous oxide emissions.

ACIDIFICATION POTENTIAL (AP)

Incineration processesin energy generation and fuel combustion in transportation release
sulphur oxide (SO;) and nitric oxides (NO,) into the atmosphere. Acid rain is produced when
sulphur dioxide and nitrogen oxides are present in moisture in the atmosphere. Sulphur
oxides and nitrous oxides are removed from the atmosphere through wet and dry
deposition, causing acidification of water and soil. Ammonia, hydrogen sulphide and
hydrogen chloride are also causing acidification of the environment.

Industrial processes, energy generation, transportation and agriculture are the most
significant sources of acidification. Acidification affects human health, wildlife and
vegetation and causes damage to anthropogenic structures and materials.

APisexpressed as SO, equivalent, g SOe.



Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

Acidification potential is considered reliable.

Unit: g SOe

Note: APwas not calculated for corn ethanol. The high AP of NExBTL is caused by
agricultural nitrous oxide emissions.
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PHOTOCHEMICAL OZONE CREATION POTENTIAL (POCP)

Photochemical smog isformed when primary pollutants react with ultraviolet light to create
avariety of toxic and reactive compounds. The two major primary pollutants, nitrogen
oxides and VVOCs (volatile organic compounds), combine to change in sunlight in a series of
chemical reactionsto create secondary pollutants. The secondary pollutant that causesthe
most concern isthe ozone that formsat ground level.

Photochemical smog is harmful to human health, ecosystems, materials, vegetation and
crops. Emissionsthat lead to photochemical smog are measured in g ethylene equivalents
(GHse).

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.
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Photochemical ozone creation potential isa very coarse approximation of the actual
phenomena. It has very low reliability.

Unit: g ethylene-eq
Note: POCPwas not calculated for corn ethanol.

AIR TOXICITY (AT)

The air toxicity indicator (AT) isrepresenting the air toxicity in a human environment, taking
into account the usually accepted concentrationstolerated for several gases and the
guantity released. The given indication correspondsto the air volume necessary to dilute
"contaminated air".’

Agram of QO; requires 125 m3to dilute to an acceptable level while a gram of mercury
requires 1.4 million m3.

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

Thismethod has limitations. Acceptable levels vary from country to country and are subject
to public opinions and political decisions.

17 HME, Environmental Improvement Made Easy, Life cycle analysis and ecodesign software, Indicators manual, Bureau Veritas
QODDE, July 2009.



Unit: m? air
Note: AT was not calculated for corn ethanol.

WATER TOXICITY (WT)

.
8
5
:
(@)
.
g
3
5
6
.
s
:
L

The water toxicity indicator (WT) isrepresenting the water toxicity. Thisindicator takesinto
account the usually accepted concentrations tolerated for several substances and the
quantity released. The given indication correspondsto the water volume necessary to dilute
"contaminated water".

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

Water toxicity indicator isreliable/ very reliable.
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Unit: Lwater

Note: WT was not calculated for corn ethanol.

HAZARDOUS WASTE PRODUCTION (HWP)

Hazardous waste production (HWP) calculates the quantity of hazardous waste produced for
agiven product during itslife cycle. It is expressed as kg hazardous waste.

In figure, the “Fnland electricity” isthe only one, in which there is considerable amount of
waste incineration. Thisiswhy HWPis so high for “Finland electricity”.

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.

Hazardous waste production indicator has low reliability.



Unit: g
Note: HWPwas not calculated for corn ethanol.

EUTROPHICATION POTENTIAL (EP)
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Human activities—industry, energy generation, transportation, silviculture, agriculture and
land use changes— have accelerated the rate and extent of eutrophication.

BEmissions of ammonia, nitrates, nitrogen oxides and phosphorousto air or water all have an
impact on eutrophication. The eutrophication potential is expressed using the reference
unit, g PO4 equivalents.

Generally, there are two kinds of uncertainty: the calculation modelling (used to describe a
physical phenomenon) and the reliability and accuracy of the inventory dataset.
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Unit: g PO4-eq
Note: BPwas not calculated for corn ethanol.

Butrophication potential has very low reliability.

EFFECT ON PARTICULATE EMISSIONS

Air pollution is caused by the presence of polluting substances such asfine particulates,
sulphur compounds, nitrous oxides, volatile hydrocarbons and ground-level ozone. At high
concentrations, these substances have effects on health and environment.

Burning fossil fuels and biomass has increased the concentrations of particulate matter in
the air. Particulate matter isamixture of solid particles and liquid dropletsthat are
suspended in the air. Particulate matter iscomposed of a mixture of particles directly
emitted into the air and particles formed in the air from the chemical transformation of
gaseous pollutants (secondary particles). Particle size can range from 0.001to 500 .m. Sze
of fine particulate islessthan 2.5 .m.
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Unit: g

Note: High particulate emissions of an electric vehicle are caused by coal-fired electricity
generation. These emissions are in operation stage. Local emissions of an electric vehicle are
very low.

EFFECT ON SO, EMISSIONS

Fuels contain varying amounts of sulphur. In combustion processes sulphur is converted into
sulphur dioxide (S0;). In the atmosphere, sulphur dioxide reacts with moisture in the air to
form sulphurous acid (HS0s) or sulphuric acid (H,S0s) causing acid rain.

Qulphur dioxide emissions have adverse effects on human health, environment and
anthropogenic constructions and materials. Sulphur dioxide emissions can be reduced by
reducing energy consumption, switching to cleaner and more efficient energy production
technologies and fuels and cleaning fuel gases.
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Unit: g

Note: High SO, emissions of an electric vehicle are caused by coal-fired electricity
generation. These emissions are in operation stage. Local emissions of an electric vehicle are
very low.

EFFECT ON NOx EMISSIONS

In combustion processes, nitrogen of the fuel and also of the combustion air reactsto a
certain amount with oxygen of the combustion air and forms nitric oxides (NOy). The
amount of nitric oxides formed can be affected by controlling the combustion process.

Nitric oxides form nitric acid when dissolved in atmospheric moisture, forming a component
of acid rain and causing acidification and eutrophication of soils and waters.
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Unit: g

Note: High NOx emissions of an electric vehicle are caused fossil fuel--fired electricity
generation. These emissions are in operation stage. Local emissions of an electric vehicle are
very low.

EFFECT ON METHANE EMISSIONS

Methane (CHs) is emitted by natural sources such aswetlands. Globally, over 60%of total
methane emissions come from human activities. Methane is emitted from natural gas
systems and other industries, agriculture (such asthe raising of livestock) and waste
management activities.!

Gram for gram, the comparative impact of methane on climate change is 21 times greater
than carbon dioxide over a 100-year period.'® Methane emissions also affect ground-level
ozone formation.

18 Methane emissions, U.S Environmental Protection Agency, Washington, DC, USA,
[http://epa.gov/ climatechange/ ghgemissions/ gases/ ch4.html], 11.06.2014.

19 Slomon S, Qin D., Manning M., Chen Z, Marquis M., Averyt KB., Tignor M., Miller H.L. (eds.), Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on imate Change, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2007.
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http://epa.gov/climatechange/ghgemissions/gases/ch4.html
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Unit: g

Note: High methane emissions of NExBTL are caused by sheep meat production emissions
(excrement, belching).

EFFECT ON N2O EMISSIONS

Nitrous oxide (N-O) isamajor greenhouse gas and air pollutant. Over a 100-year period, it
has 298 times more impact per unit massthan carbon dioxide®.

Human activities have more than doubled the global nitrogen inputsto ecosystems and
accelerated the nitrogen cycle. Also N>O emissions have increased substantially over the last
century because of human actions. Human-related sources are responsible for 38%of total
N.O emissions.

Energy generation, transportation, agriculture and industry are major sources of N,O. Nitric
acid and adipic acid production are the main industrial sources of N,O emissions.



Unit: g

Note: Agricultural emissions cause the high nitrous oxide emissions of tallow biodiesel
(NEXBTL) and corn ethanol.

EFFECT ON NON-METHANE HYDROCARBON EMISSIONS

Hydrocarbon emissions affect both air and water quality. Many volatile reactive
hydrocarbonsfacilitate the photochemical creation of ground-level ozone.
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Unit: g

Note: High non-methane hydrocarbon emissions of NExBTL are related to the emissions of
diesel combustion.

EFFECT ON CO EMISSIONS

Carbon monoxide (CO) isformed by incomplete combustion. It affectsair quality and
contributesto global warming. Carbon monoxide is 1.9 times more potent greenhouse gas
than carbon dioxide (gram for gram).
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Unit: g

Note: High carbon monoxide emissions of NExBTL are related to the emissions of diesel
combustion.

EFFECT ON CREATION OF HIGH-LEVEL RADIOACTIVE WASTE (HLW)

Radioactive waste is created at every step of the nuclear fuel cycle from uranium mining to
nuclear fission in reactors. The high-level radioactive waste (HLW) is mostly spent nuclear
fuel from commercial power plants.

High-level radioactive wastes are hazardous to humans and other life forms because of their
high radiation levelsthat are capable of producing fatal doses during short periods of direct
exposure.® The amount of time high-level waste remains dangerousis thousandsto
hundreds of thousands of years. Deep geological repositories are being considered for the
long-term management of the high-level radioactive wastes.
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20 Radioactive Waste, The U.S Nuclear Regulatory Commission, http://www.nrc.gov/ reading-rm/ doc-collections/ fact-
sheets/radwaste.html, 11.06.2014.



http://www.nrc.gov/reading-rm/doc-collections/fact-

Unit: m3

Note: Also nuclear power powers electric vehicles. In ethanol production, grid electricity is
used and thus also nuclear power.
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Unit: m* high-level radioactive waste Tesla SModel Sin different U.S states
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EFFECT ON CREATION OF M EDIUM- AND LOW-LEVEL RADIOACTIVE WASTE
(MLW+LLW)

Medium-level radioactive waste (MLW) (containing higher concentrations of beta/ gamma
contamination and sometimes alpha emitters) originates from routine power station
maintenance operations, for example used ion exchange resins and filter cartridges.

Low-level radioactive waste (LLW) consists of trash and debris from routine nuclear facility
operations and decommissioning.

Unit: m3

Note: Also nuclear power powers electric vehicles. In ethanol production, grid electricity is
used and thus also nuclear power.

EFFECT ON PETROLEUM CONSUMPTION

Petroleum isa nonrenewable resource that isused in practically every human activity. For
about 150 years, the consumption of petroleum hasincreased year after year. Thiswill not
be possible forever, and we must decrease our petroleum intensity in all sectors of our
society. The petroleum intensities of the energy systems vary significantly.



Unit: L (whole life cycle)

Note: In flexifuel vehicles, at least 15 vol-%of the fuel is petroleum gasoline.
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Unit: L/ 100 km, Tesla SModel Sin different U.S states

Note: in Hawaii, driving Tesla electric car consumes more petroleum than driving equal-size
Volkswagen Passat diesel car.

ENERGY DEPLETION

Energy depletion gives all the energy inputs needed during the whole life cycle. Energy
inputs may be either renewable or nonrenewable.

Typically the energy inputs have a direct effect on the quantities of many environmental
impacts, such as global warming or acidification.

Primary energy (MJ)
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Total energy (MJ)

Petroleum (MJ)
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Note: In flexifuel vehicles, at least 15 vol-%of the fuel is petroleum gasoline.
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Natural gas (MJ)

Note: Natural gas has a 23%share in U.S electricity mix (Tesla). Corn isa nitrogen-intensive
crop. It requiresalot of fertilizer, which requiresalot of natural gasto produce.
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Goal/lignite (MJ)

Note: Coal has almost 50%share in the U.S electricity mix (Tesla).

Nuclear (MJ)
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Note: Also nuclear power powers electric vehicles. In ethanol production, grid electricity is
used and thus also nuclear power.

The following reference data have been used in the analysis. The data have been updated in
many cases.

Hectricity generation in USA
IEA, Bectricity information 2012, IEA Satistics, International Energy Administration, 2012.

U.S Energy Information Administration (HA), Sate historical tables for 2014, released:
October 2015 (revised: November 2015).

Hexifuel vehicles fuel consumption

Model year 2007 fuel economy guide, U.S Environmental Protection Agency,
www.fueleconomy.gov, 2007.

HSC Chemistry software, Outotec.
UScars

Heavenrich Robert M., Light-duty automotive technology and fuel economy trends: 1975
through 2005, Advanced Technology Division, Office of Transportation and Air Quality, U.S
Environmental Protection Agency, July, 2005.

Gasoline and diesel production

Wang M.Q., GREET 1.5—Transportation fuel-cycle model, vol. 1: methodology,
development, use, and results, Center for Transportation Research, Energy Systems Division,
Argonne National Laboratory, August, 1999.

Gonstruction and production
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Hong Taehoon, J ChangYoon, Jang MinHo, Park HyoSeon, Assessment Model for Energy
Consumption and Greenhouse Gas Emissions during Building Construction, Journal of
Management in Engineering 30, No. 2, 226-235, 2013.

Samarin A., Wastes in concrete: converting liabilities into assets, In Oreating with Concrete:
Opening and Leader Papers of the Proceedings of the International Congress Held at the
University of Dundee, Sotland, UKon 6-10 September 1999, p. 131, Thomas Telford, 1999.

Edwards JH., |.E Galbally, CP. Meyer, I.A. Weeks, Lifecycle emissions and energy analysis of
LNG, oil and coal, Final Report to Woodside Petroleum Pty Ltd., C3RO Division of
Atmospheric Research Private Bag, No. 1, Aspendale, Victoria, 3195, December, 1996.
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Corporate responsibility at Ruukki, Rautaruukki 2013 corporate responsibility report,
Rautaruukki Oyj. 2013.

Sustainability Report 2012, Outokumpu Oyj, 2012.

Dresszen Dave, CFIndustries $1.7B Port Neal expansion underway, Soux Gty Journal, March
30, 2014.

Erlandsson M., Life-cycle assessment of building components. A comparative life-cycle
assessment of roof coverings, Lund University of Technology, Lund, Sveden, 1993.

Gassworks, Chalmers, 1991.

unér Maria, Life cycle assessment of aluminium, copper and steel, report 1996:6, Technical
environmental planning, Chalmers University of Technology, Goteborg, Sveden.

Tillman A.-M., Baumann H., Eriksson E, Rydberg T., Packaging and the environment,
Chalmers Industriteknik, Gothenburg, Sveden, 1992.

Environmental profile report for the European aluminium industry, European Aluminium
Association, April 2000.

Dreeszen Dave, CFIndustries $1.7B Port Neal expansion underway, Soux Gty Journal,
March 30, 2014.

Premanufacturing (mining, material production etc.), manufacturing, maintenance
(insurance, service, infrastructure such asroads, parking lotsetc.) and end-of-life

(scrapping and recycling)

Qullivan JL, WilliamsRL, Yester S, Cobas-Hores E, Chubbs ST., Hentges SG., Pomper SD.,
Life cycle inventory of a generic USfamily sedan overview of results USCARAMP project,
Society of Automotive Engineers, report 982160, 1998.

GainesL., Qullivan J, Burnham A., Belharouak I., Life-cycle analysis for lithium-ion battery
production and recycling, In Transportation Research Board 90th Annual Meeting,
Washington, DC, pp. 23-27, 2011.

Hawkins T., Sngh B., Mgjeau-Bettez G., Srgmman A.H., Comparative environmental life
cycle assessment of conventional and electric vehicles, Journal of Industrial Ecology, 17, no.
1: 53-64, 2013.

Maclean Heather L, Lester B. Lave, Alife-cycle model of an automobile, Environmental
Policy Analysis, Vol. 3, No. 4, 1998.

Klemola Kimmo, Energy consumption and carbon dioxide emissions data for various car
models (mostly 2006) — alphabetical order: BJ-15, Lappeenranta University of Technology,



http://wwwa3.lut.fi/ webhotel/ teke/ kkiemola/ carsof2006-lifecycle/ cars2006-BJ15-
alphabetic.pdf, 2006.

Average car (weight, scrapping age, fuel consumption, fuel type, distance travelled during
lifetime etc.)

Christidis Panayotis, Hidalgo Ignacio, Soria Antonio, Dynamics of the introduction of new
passenger car technologies, The IPTSTransport technologies model, Report BUR20762 BN,
June, 2003.

Burostat
ACEA Satistics

New registrationsin Europe by country 2004, European Automobile Manufacturers
Association, www.acea.be, Satistics, 2005.

Cargo

Cargo vessels, large, Chalmers.

Diesel driven freight train, Chalmers.

Heavy truck with trailer, max 60 tonnes, manufactured after 1996 [Euro 2], Chalmers.

General

Heat and power production and energy sources 2011 [Finland], Satistics Finland,
http:// pxweb?2.stat.fi/ sahkoiset_julkaisut/ energia2012/ html/ suom0002.htm.

Combined heat and power — evaluating the benefits of greater global investment,
International Energy Agency, 2008.

Key world energy statistics 2008, International Energy Agency, 2008.

Sihkon alkuperé ja hankinta 2012, Lappeenrannan Energia Oy,
http://www.lappeenrannanenergia.fi/ ymparisto/ energianalkupera/ sahkonalkupera/ Svut/ B
usivu.aspx.

Tuulipuistot, Suomen Hy6tytuuli Oy, http://www.hyotytuuli.fi.

Hyodynjakomenetelmd, Motiva, http://www.motivafi/files/ 6820/ Kuvaus_hyodynjako-
menetelmasta.pdf.

Honorio Livio, Bartaire Jean-Guy, Bauerschmidt Rolf, Ohman Tapio, Tihanyi Zoltan, Zeinhofer
Hans, Scowcroft John F., de Janeiro Vasco, Krliger Hartmut, Meier Hans-Joachim, Offermann
Daniel, Langnickel Ulrich, Eficiency in Hectricity Generation, The Union of the Hectricity
Industry - BJRALECTRIC, duly, 2003.
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http://www3.lut.fi/webhotel/teke/kklemola/carsof2006-lifecycle/cars2006-EU15-
http://www.acea.be,
http://pxweb2.stat.fi/sahkoiset_julkaisut/energia2012/html/suom0002.htm.
http://www.lappeenrannanenergia.fi/ymparisto/energianalkupera/sahkonalkupera/Sivut/Et
http://www.hyotytuuli.fi.
http://www.motiva.fi/files/6820/Kuvaus_hyodynjako-
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How much electricity islost in transmission and distribution in the United Sates?, The U.S
Energy Information Administration (BA), www.eia.gov.

Keto Matias, Energiamuotojen kerroin, Yleiset perusteet jatoteutuneen sdhkon- ja
lammontuotannon kertoimet, Raportti ymparistoministeritlle, Aalto-yliopiston teknillinen
korkeakoulu, Energiatekniikan laitos, 2010.

Fuel-processing and fuel fugitive emissions: IPCC
Draft 2006 IPCC Guidelinesfor national greenhouse gasinventories, Volume 2: Energy.

Ozone-depleting substances (ODS) — Alist of Aass | and Aass Il ODSincluding their ozone
depletion potential (ODP) and global warming potential (GWP), U.S Environmental
Protection Agency, http://www.epa.gov.

Petroleum

Extraction of crude oil and gas, Chalmers.

Qil electricity energy system, [no desulfurization or particulate removal], Chalmers.
Keiseras Bakkane Kristin, Life cycle data for Norwegian oil and gas, Tapir Publishers, 1994.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.

Natural gas
Natural gas, cradle-to-gate, Chalmers.
Fuel gas electricity energy system, Chalmers.

Hallberg et al, Setup of f3 data network for Well-to-wheel (method and) LA data for fossil
and renewable fuelsin the Svedish market, 3 — Svedish Knowledge Centre for Renewable
Transportation Fuels, 3 project report, Available at www.f3centre.se, 2013.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.


http://www.eia.gov.
http://www.epa.gov.
http://www.f3centre.se,

Goal, anthracite, bituminous coal sub-bituminous coal, coaking coal

Spath Pamela L, Mann Margaret K, Kerr Dawn R, Life cycle assessment of coal-fired power
production, National Renewable Energy Laboratory, June, 1999. [including mining
transportation and FGD]

Life cycle assessment of coal-fired power production, Chalmers.

Sone coal electricity energy system, [adjusted to Hanasaari B., i.e. desulphurization and
electrostatic precipitators are used, particulates and SO, substantially lower], Chalmers.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.

Lignite

Sath Pamela L, Mann Margaret K, Kerr Dawn R, Life cycle assessment of coal-fired power
production, National Renewable Energy Laboratory, June 1999. [including mining
transportation and FGD]

Life cycle assessment of coal-fired power production, Chalmers.
Lignite electricity energy system, Chalmers.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.

Petroleum coke, residual fuel oil (high and low sulphur content), diesel
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Extraction of crude oil and gas, Chalmers.
Qil electricity energy system, [no desulfurization or particulate removal], Chalmers.

Keiseras Bakkane Kristin, Life cycle data for Norwegian oil and gas, Tapir Publishers, 1994.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.
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Palou-Rivera Ignas, Wang Michael, Updated estimation of energy efficiencies of U.S
petroleum refineries, Center for Transportation Research, Argonne National Laboratory,
July, 2010.

Oil shale

Gavrilova Olga, Randla Tiina, Vallner Leo, Srandberg Marek, Vilu Raivo, Life cycle analysis of
the Estonian oil shale industry, Institute of Chemistry/ Institute of Geology, Tallinn University
of Technology, Estonian Fund for Nature, Tallinn, 2005.

Peat
Peat fired plant for heat and power production, Chalmers.

Kirkinen Johanna, Soimakallio Sampo, Mé&kinen Tuula, McKeough Paterson, Savolainen llkka,
Turvepohjaisen F-T-dieselin tuotannon ja kdyton kasvihuonevaikutukset, VTT tiedotteita
2418, VTT, 2007.

Wood chips, wood pellets

Wood chipsfired plant (with stoker) for heat and power production, Chalmers.
Wood pelletsfired plant for heat and power production, Chalmers.
Incineration of wood, Chalmers.

Klemola Kimmao, Energy from Fnnish softwood — ethanoal, electricity or heat?, Lappeenranta
University of Technology, 2013.

Johansson LS, Leckner B., Gustavsson L., Cooper D., Tullin C, Potter A. Emission
characteristics of modern and old-type residential boilersfired with wood logs and wood
pellets, Atmospheric Environment 38(2004):4183-4195, 2004.

Korhonen K.T., Heikkinen J, Henttonen H., lhalainen A., Pitkanen J, Tuomainen T., Suomen
metsdvarat 2004—2005, Metsétieteen Aikakauskirja 1B, 2006.

Nuutinen T., Hirvela H., Hakkuumahdollisuudet Suomessa valtakunnan metsien 10.
inventoinnin perusteella, Metsétieteen aikakauskirja 1B, 2006.

Alakangas E, Properties of fuels used in Finland, VTT Research Notes 2045, VTT Technical
Research Centre of Fnland, 2000.

Méki-Imola E, Torvelainen J., Removals and transportation of roundwood, Finnish
Satistical Yearbook of Forestry 2012, Finnish Forest Research Institute, 2012.

Peltola A., Foreign trade by forest industries, Fnnish Satistical Yearbook of Forestry 2012.
Hnnish Forest Research Institute, 2012.



Yitalo E, Wood consumption, Finnish Satistical Yearbook of Forestry 2012, Finnish Forest
Research Institute, 2012.

Rieppo K., Vakeva J, Orn J, Metsikoneiden polttoaineen kulutuksen mittaaminen,
esitutkimus, Forest machinery fuel consumption measurement, preliminary study,
Metséteho, 2003.

Wang M.Q., GREET 1.5—Transportation fuel-cycle model, vol. 1: methodology,
development, use, and results, Center for Transportation Research, Energy Systems Division,
Argonne National Laboratory, August, 1999.

Torvelainen J, Harvesting and transportation of roundwood, Finnish Satistical Yearbook of
Forestry 2011, Finnish Forest Research Institute, 2011.

Juntunen M-L, Herrala-Ylinen H., Slviculture, Annish Satistical Yearbook of Forestry 2011,
Finnish Forest Research Institute, 2011.

Vakeva J, Pennanen O., Orn J, Timber truck fuel consumption, Puutavara-autojen
polttoaineen kulutus, Metsateho Report 166, 2004.

Peltomaa R, Drainage of forestsin Finland, Irrigation and Drainage, 56(SL): 151-59, 2007.
Waste burning
Combustion of waste to generate heat and electricity, Chalmers.

Jtevoimalan toiminta lukuina,
http://www.vantaanenergia.fi/ fi/ Tietoakonsernista/ jatevoimalahanke/ Svut/ jatevoimalan_t
oiminta_lukuina.aspx, 18.09.2014.

Hydro electricity
Hydro electricity energy system, Chalmers.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenossische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wurenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.
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Wind power

Wind electricity energy system, Chalmers.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenossische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
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(EV), Paul Sherrer Institut, Villigen/ Warenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.

Sath P.L, Mann M.K, Life cycle assessment of renewable hydrogen production via
wind/ electrolysis. Colorado: National Renewable Energy Laboratory, 2004.

Nuclear power
Nuclear electricity energy system, Chalmers.

Okoinventare von Energiesystemen, Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Enbezug von Energiesystemen in Okobilanzen fiir die Schweiz
ETH, Edgenéssische Technische Hochschule, Ziirich, Gruppe Energie — Soffe — Umwelt
(EJ), Paul Sherrer Institut, Villigen/ Wirenlingen, Sektion Ganzheitliche Systemanalysen,
3rd edition, 1996.

Montreal protocol on substancesthat deplete the ozone layer, Ozone Secretariat, United
Nations Environment Programme, ninth edition, 2012. (Regarding the use of CFG-114 in
uranium enrichment)

Photovoltaic power

Hsu David D., O’ Donoughue Patrick, Rhenakis Vasilis, Heath Garvin A., Kim Hyung Chul,
Sawyer Pamala, Choi Jun-Ki, Turney Damon E, Life Cycle Greenhouse Gas Emissions of
Qvystalline Slicon Photovoltaic Hectricity Generation Systematic Review and Harmonization,
volume 16, Number Sl, Journal of Industrial Ecology, 2012.

Perpifian O., Lorenzo E, Castro M.A., Byras, R Energy payback time of grid connected PV
systems: comparison between tracking and fixed systems. Progressin photovoltaics: re-
search and applications, 17(2), 137-147, 2009.

Wafer production, for photovoltaic cells, Chalmers.

Suomalainen K., Environmental life cycle assessment of a large-scale grid-connected PV
power plant. Environmental Systems Analysis report 2006:14, Chalmers University of Tech-
nology, Gothenburg, Sveden, 2006.

Cetinkaya E, Dincer ., Naterer G.F,, Life cycle assessment of various hydrogen production
methods, International Journal of Hydrogen Energy, 37(3): 2071-2080, 2012.

Corn ethanol

Shapouri H., Duffield JA., Wang M.Q., The energy balance of corn ethanol: an update. No.
34075, United Sates Department of Agricuture, Economic Research Service, 2002.



Fimentel D., Patzek T.W., BEhanol production using corn, switchgrass, and wood biodiesel
production using soybean and sunflower, Natural Resources Research, Vol. 14, No. 1, March
2005.

Graboski Michael S, Comparison of USDA and Pimentel net energy balances, National Corn
Growers Association, www.ncga.com, August 22, 2001.

Lorenz D., Morris D., How much energy does it take to make a gallon of ethanol? Revised
and updated, Institute for Local Slf-Reliance, Washington, DC, August, 1995.

Kim S, Dale B.E, Environmental aspects of ethanol derived from no-tilled corn grain:
nonrenewable energy consumption and greenhouse gas emissions, Biomass and Bioenergy,
Vol. 28, 475-489, 2005.

Marland G., Turhollow A.F., G0, emissions from the production and combustion of fuel
ethanol from corn, Energy 16.11: 1307-1316, 1991.

Hammerschlag Roel, BEhanol's energy return on investment: a survey of the literature 1990-
present, Environmental Science & Technology, Vol. 40, 1744-1750, 2006.

Kaliyan Nalladurai, Morey R Vance, Tiffany Douglas G., Reducing life cycle greenhouse gas
emissions of corn ethanol by integrating biomassto produce heat and power at ethanol
plants, Biomass and Bioenergy, 35.3, 1103-1113, 2013.

Other biofuels: NExBTL

NExBTL®renewable diesel Sngapore plant tallow pathway description, Neste Gil, March,
2013. available at: California Environmental Protection Agency, Air Resources Board,
http://www.arb.ca.gov/fueld/ Icfs/ 2a2b/ apps/ neste-aus-rpt-031513.pdf.

Sngapore energy statistics 2015, Energy Market Authority, Sngapore, 2015. Available at
https://www.ema.gov.sy/ cmsmedia/ Publications_and_Satistics/ Publications/ SE2015_Fina
|_website_2mb.pdf

Tallow production (taking tallow production into account by market value; years 2012—2014
tallow price per kg in Australia was 23%o0f the average price of mutton and lamb meat):

Biswas W.K, Graham J, Kelly K, John M.B., Gobal warming contributions from wheat,
sheep meat and wool production in Victoria, Australia—a life cycle assessment, Journal of
Qeaner Production, 18(14), 1386-1392, 2010.

Record lamb and mutton price conditions repeating in 2015, Sheep Central, April 10, 2015.
Available at: http://www.sheepcentral.com/ record-lamb-and-mutton-price-conditions-
repeating-in-2015.
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http://www.sheepcentral.com/record-lamb-and-mutton-price-conditions-

.
8
5
:
.
g
3
5
Es
.
=
:
L

[
(o)
(o))

—

MLA co-product market report, MLA Meat & Livestock Australia, August 2014. Available at:
http://www.mla.com.au/ files/ 320040f2-ec8f-485b-b701-a3a20099e85e/ MLA-Co-product-
Market-Report-August.pdf

Williams A., Audsley E, Sandars D., Determining the environmental burdens and resource
use in the production of agricultural and horticultural commodities: Defra project report
10205, 2006.

UNCERTAINTIES IN LIFE-CYCLE ANALYSIS

Generally the reliability of the results from alife-cycle analysis depends on the accuracy and
reliability of the calculation models and data banks.

In practice, every case isa special case. The feed data and consequently the resultsare
dependent on time, location, raw material, company, political decisions, legidation etc.
These factors can be taken into account by changing models and inventory parameters.
However, in practice for example country-dependent average models and parametersare
used.

For example, crude oil is produced in thousands of locations globally, and the quality of oil
differswidely. Good-quality light oil from an easy well can be pumped, transported and
refined easily, while bituminous oil requires much more severe processing. Consequently
the well-to-fuel emissions are higher in the latter case.

In the future, oil and other raw materials must be extracted from more difficult reserves and
the emissionswill grow. On the other hand, more efficient production methods may lower
the environmental impacts. Political decisions, such as lower sulphur content limitsin fuels
and exhaust gases and the ban of CFCcompounds, have also an effect on emissions.

Some actionsthat are intended to decrease certain emissions may have contradictory
effects on other emissions. For example, flue-gas desulphurization and electrostatic
precipitators decrease the emissions of sulphur dioxide and particulates, but at the same
time more energy is used and carbon dioxide emissionsincrease.
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