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ABSTRACT: Crude oil is currently transported primarily by
pipelines and rail from extraction sites to refineries around the
world. This research evaluates energy use and greenhouse gas
(GHG) emissions for three scenarios (synthetic crude oil and
dilbit with and without diluent return) in which 750 000 bpd of
Alberta’s bitumen is transported 3000 km to determine which
method has a lower environmental impact. Each scenario has a
pipeline and rail pathway, and the dilbit without diluent return
scenario has an additional heated bitumen pathway, which
does not require diluent. An Excel based bottom-up model is
developed using engineering first-principles to calculate mass
and energy balances for each process. Results show that
pipeline transportation produced between 61% and 77% fewer
GHG emissions than by rail. The GHG emissions decreased by
15% and 73% for rail and pipelines as the capacity increased from 100 000 to 800 000 bpd. A Monte Carlo simulation was
performed to determine the uncertainty in the emissions and found that the uncertainty was larger for pipelines (up to ±73%)
and smaller for rail (up to ±28%). The uncertainty ranges do not overlap, thus confirming that pipelines have lower GHG
emissions, which is important information for policy makers conducting pipeline reviews.

1. INTRODUCTION

Oil sands operations are a significant source of GHG emissions.
Alberta, the location of one of the world’s largest oil sands
industries in western Canada, generates approximately 123
MtCO2eq emissions per year from its oil and gas sector.1 Crude
transportation, which emitted an estimated 1.7−29.4 MtCO2eq/y
in 2014,2,3 has a significant impact on oil sands industry emis-
sions. Currently, pipelines and rail are responsible for 58% and
31%, respectively, of crude transportation for crude refined in the
U.S.4 Although pipelines have lower transportation costs, public
concern has made the permitting process, especially for new
pipeline construction, difficult, time-consuming, and expensive
for the oil industry.2,5,6 As a result, there has been significant
focus on rail transportation recently.2,5,6 In order to help reduce
emissions, it is necessary to understand the difference in the
construction and operating GHG emission intensities of pipeline
and rail crude transport and to identify potential areas for emis-
sions reduction.
Crude oil is a generic term for liquid hydrocarbons. Alberta’s

bitumen is a viscous and dense crude oil with an API of less than
12 degrees (986 kg/m3).7,8 Due to bitumen’s high viscosity,
it cannot be directly transported to a refinery by pipeline.
To reduce the viscosity, the feedstock is either upgraded to
synthetic crude oil (SCO), mixed with a diluent (dilbit), or mixed
with SCO (synbit). Naphtha or natural gas (NG) condensate can

also be used as a diluent. At the refinery, the diluent can either be
processed into gasoline or returned to the extraction site and
reused.9 An advantage of rail transport is that it can use less
diluent as the viscosity only needs to be low enough to pump the
crude in and out of the tank car and transport it short distances.
The higher viscosity dilbit transported by rail is commonly
referred to as railbit.6

There have been both academic and industry life cycle
assessments (LCAs) analyzing oil sands technologies.2,9−21

However, none of these studies performed a detailed analysis
of crude oil transportation emissions via pipeline and rail.
Existing research uses aggregated data,16 examines small-
diameter short distance pipelines,17 or analyzes nonapplicable
industries18−21 to produce point estimates. A detailed model that
accounts for product-specific density and viscosity for dilbit,
SCO, and bitumen is needed to fill the data gap in the literature.
The objective of this study has two parts. The first is to create a
bottom-up model that can analyze specific situations rather than
industry averages; the model will be flexible, allowing it to model
specific pipeline and rail systems in the future. The second is to
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perform an uncertainty analysis that will allow us to determine if
it is possible to state with reasonable certainty that one trans-
portation method, pipeline or rail, has higher emissions than
another.
There have been studies, which looks at the well-to-wheel

(WTW) emissions of SCO, dilbit, or pure bitumen with very
limited assessment of transportation emissions.9,11,22−24 These
studies also found that the SCO pathway had higherWTWGHG
emissions. While the transportation emissions represent only
2−4% of the WTW emissions, they are still relevant to policy
makers when examining crude pipeline and rail terminal projects.
This study is not calculating the WTW emissions of SCO,

dilbit, and bitumen. This study’s LCA focuses on the construc-
tion and operation emissions of the rail and pipeline systems, not
the WTW emissions of the transported product. Determining
whether SCO, dilbit, or pure bitumen has lowerWTW emissions
is outside the scope of this work. However, the product being
transported by the rail and pipeline systems will affect their
design and emission intensity, which is why product specific
scenarios are examined. This study will also determine how a
system’s daily capacity affects the emission intensity. Finally, the
emissions for transportation are analyzed and compared to
previous work in this area.2,16

The findings of this study will be significant to those in
industry and government who make decisions on pipeline and
rail terminal project proposal reviews. In the face of carbon limits
and taxes, both policy makers and industry leaders need accurate
results with quantified uncertainty to make informed decisions.
An analysis of marine crude transportation is included in

section S6 of the Supporting Information (SI). Although
Alberta’s crude is not currently transported by marine vessels,
future infrastructure development has the potential to increase
Alberta’s market access, which would result in a demand for
marine transportation.25−27

2. METHODOLOGY
The methodology used in this study follows the LCA framework,
which has four parts: goal and scope definition, life cycle inven-
tory, life cycle impact assessment, and results and discussion.28

This study creates an Excel based model for the LCA using the
equations shown in the SI; the system boundaries and a high-
level overview are shown in Figures 1 and 2. The uncertainty
analysis is performed using the ModelRisk Excel add-in by
Vose.29

2.1. Goal and Scope Definition. This study focuses on the
assessment and comparison of the life cycle GHG emissions from
transporting bitumen in the form of bitumen, dilbit, and SCO
(northern Alberta crudes) by rail and pipeline The assessment
was conducted based on a functional unit of one U.S. barrel of
crude, where “crude” is SCO for the SCO scenarios, and bitumen
for the dilbit scenarios. The aim is to compare the transportation
system emissions, rail and pipeline, and not the various crude
forms (i.e., SCO, bitumen, dilbit) with each other. Three sce-
narios were developed, and each scenario has two to three
pathways (Table 1). Although the heated bitumen pathway is not
currently in use it is included as it does not require diluent, which
is in limited supply.30 The heated bitumen pathway is included in
the dilbit with return scenario since the diluent starts and ends at
the loading terminal for all the three pathways.
Due to the aggregated nature of publically available data,

it is not possible to determine how much SCO and dilbit is
transported by rail vs pipeline. Alberta has the capacity to export
177 kbpd via rail with an additional 322 kbpd capacity proposed.31

Meanwhile a total of 723 and 862 kbpd of SCO and dilbit was
exported to the US in 2015.32 The current rail and pipeline
system capacities range from 20 to 65 kbpd and 74−796
kbpd,31,33 respectively. However, a 750 kbpd system is examined
in this study as currently purposed pipelines range from 525 to
1100 kbpd.34

The system boundaries for the two transportation methods are
shown in Figure 1. The starting point for each transportation
system is at the rail or pipeline terminal. For SCO, it is assumed
the upgrader is located near the terminal and that no additional
transportation is required. In order to focus on the transportation
stage only, we have not included gathering lines from the
extraction sites. The boundary end point for all scenarios is the
refinery terminal. For the dilbit scenarios, the diluent recovery
unit (DRU) at the refinery is not included as it is part of the
refining process; the bitumen needs to be heated anyway. In any
event, the diluent recovery energy added within the refinery
atmospheric distillation tower is recovered by a heat exchanger;
the effect on the overall emissions will be a change of less than
1.0%, according to preliminary calculations shown in section S3.8
of the SI. For the heated bitumen pathway, the DRU unit is at the
loading terminal and the heat added to the bitumen is lost as it
will cool in the tank car during transit; hence, the DRU unit is
included. Diluent upstream emissions are not considered, as
these should be examined in a well-to-wheels analysis where it is
possible to include the diluent fate as well. Fugitive, flaring,
and venting emissions are not included either due to the lack of
quality data.
This study focuses on the large sources of energy use and

emissions during the construction and operating phases (see
Figure 1). The construction phase focuses on fuel use for large
equipment and upstream emissions for the main construction
material. For the rail pathway, the track emissions have been
included as crude train traffic can fully consume the track’s
capacity. The operating phase focuses on the main equipment
only such as the locomotives, pumps, and diluent recovery unit.
For the pipeline pathways, drag-reducing agents were not
included in the main article due to the lack of industrial data on
their real world effectiveness. However, their potential effects are
included in supplementary section S7. Blending and storage
tanks are not considered because preliminary analysis showed
their construction emissions to be less than 0.1% of the total
emissions and the number of tanks needed would not vary
significantly between scenarios.
Figure 2 provides a high-level overview of the excel model

inputs, intermediate variables, and outputs; the full calculations
are provided in the SI. This study created a flexible excel based
model, which allows the analysis of multiple scenarios.
This analysis reports primarily GHG emissions intensities;

however, a high-level net energy ratio is used to determine
energy efficiency for each process. Energy use is presented as
MJ/GJ-crude, and crude is defined as either SCO or bitumen.
The net energy ratio (NER) is calculated and defined in eq 1.

=
+

NER
energy density of crude

energy density of crude operation energy (1)

2.2. Life Cycle Inventory. This section describes all of the
main processes used in the rail and pipeline base cases to create
the mass and energy inventories. The crude properties can be
found in Table S1 in section S1. Themarine base case design is in
section S6.
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2.2.1. Pipeline Base Case Design. The pipeline base case
inventory is developed by examining the major construction and
operating processes. The base case is designed to deliver 750 000
bpd of SCO or bitumen; if diluent is used, the shipped volume
increases to 1 054 884 bpd to account for the diluent volume.

The diluent ratio is calculated from the bitumen, diluent, and
dilbit densities and is found to be 29%. The 3000 km distance
represents the approximate distance between Alberta and a
refinery in the Gulf Coast. This is the farthest distance Alberta’s
crude currently travels, and approximately 20% of Alberta’s SCO

Figure 1. Boundaries for the LCA of Alberta’s crudes for pipeline (A) and rail (B).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b02889
Environ. Sci. Technol. 2017, 51, 680−691

682

http://dx.doi.org/10.1021/acs.est.6b02889
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.6b02889&iName=master.img-001.jpg&w=484&h=599


and bitumen is delivered to the Gulf Coast.32 A second pipeline is
included for the diluent return scenario, and it is designed using
the same methodology as the delivery pipeline. The diluent
return line capacity assumes that 100% of the diluent is
recycled.35 This section is organized in the order in which the
calculations are performed.
Pipeline Operating Conditions. Designing the pipeline

involves first determining pipeline dimensions and pressure
drop. To determine the dimensions, the pipeline velocity is
required. Based on currently operating Enbridge pipelines
and various sources,33,36−40 a target velocity of 1.4 m/s was
determined for the base case. (See section S5.2 for more detail.)
An approximate pipe diameter is determined from the required
capacity and velocity. The nearest API 5 L standard diameter
pipe is selected and the actual pipeline velocity for the new
diameter is calculated.41 The Reynolds number is calculated
from the crude properties and the pipe’s relative roughness of
0.000 046 m for new commercial steel.42 The friction factor
is determined using the Haaland and Colebrook correlations.

The elevation change and the friction factor are used to deter-
mine head loss for each scenario. It is assumed there are no steep
declines along the pipe path that would require throttling. Since
the pipeline does not pass through mountains, this is a valid
assumption. The elevation change of 632 m between Edmonton,
AB, and Houston, TX, is used for the base case.43,44

The pumping energy intensity is determined from the total
head loss, crude specific gravity, and pump efficiency. A pump
efficiency of 85% is used for the base case. Additional information
is available in section S5.2.38,40,45−48

Pumping Station Requirements. The pump station’s design
includes determining the number of pumps required and the
distance between stations. In order to determine station spacing,
the pump inlet pressure is assumed to be atmospheric pressure,
1 bar, and the pressure differential is assumed to be 5 MPa.
To determine the distance between booster stations, the pump
pressure differential is divided by the pressure drop per km. It is
assumed that the booster stations are equally spaced. Pumps are
selected that can handle the pipeline pressure. The number of

Figure 2. Excel model calculation overview.

Table 1. Alberta’s Crude Transportation Assessment Scenarios

scenario pathway abbr comment/assumptions

SCO pipeline P-SCO transportation of SCO via pipeline to downstream refineries

rail R-SCO transportation of SCO via rail to downstream refineries

dilbit
without
diluent
return

pipeline P-D transportation of bitumen with diluent (dilbit) via pipeline to downstream refineries; no additional pipeline for diluent return is included; it is
assumed that the diluent is used for other purposes by downstream refineries

rail R-D transportation of bitumen with diluent (railbit) via rail to downstream refineries; no diluent return via rail is included; it is assumed that the
diluent is used for other purposes by downstream refineries

dilbit with
diluent
return

pipeline P-DRet transportation of bitumen with diluent (dilbit) via pipeline to downstream refineries; a diluent pipeline is also included for the return of the
diluent after being recovered by downstream refineries

railbit R-DRet transportation of bitumen with diluent (dilbit) via rail to downstream refineries; the backhaul of diluent by rail after being recovered by
downstream refineries is also included

heated
bitumen

R-B transportation of bitumen via rail in insulated rail cars to downstream refineries; the use of diluent is negated completely in this pathway due to
the technology adopted; a diluent recovery plant is needed in this pathway, as bitumen reaches the loading rail terminals from the extraction
site in the form of dilbit; thus, the raw bitumen needs to be separated from dilbit
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pumps required in parallel is then determined from the line’s
capacity and the pump’s flow rate of 22.7 m3/min (6000 gpm).45

Preliminary results found that the pipeline pressure and booster
station pumps have a negligible effect on the overall emission
as they have no effect on the operating emissions and their
construction emissions are relatively small; hence, a more
in-depth analysis was not done.
Pipeline Construction. For pipeline construction, it is

assumed that the pipeline is made of 12.4 mm (0.5 in.) thick
virgin steel.49 The pipe geometry and steel density are used
to determine the mass of steel required for each scenario.
To determine the fuel use for pipeline construction, it is assumed
that trenching will consume most of the fuel, and consequently
the trencher is the only piece of construction equipment
analyzed. A Vermeer T1255 is considered in our study because it
can handle large diameter pipelines.50 The amount of time
required for trenching depends on the soil type.51 There are
reports for similar trenchers that can go through 3.3 m of rock
per hour or 65 m of loose soil per hour. An average of the two,
34.2 m/h, is used here.
For terminal construction, it is assumed that for each pump

station there is a building to house the equipment. Information
was not found on the construction of these buildings, so it is
assumed that they are 6.1 m × 6.1 m × 6.1 m (20 ft) with
203 mm (8 in.) thick walls and are constructed with 203 mm ×
203 mm × 406 mm concrete bricks weighing 21.0 kg each.52

Each pump is made from cast iron and stainless steel, and it is
assumed that the 4000 kg weight is split evenly between the two
materials.45 Preliminary results showed these assumptions had
a negligible effect on overall emissions as the pump construc-
tion emissions are relatively small; hence, a more in-depth
analysis was not done.
Pipeline Intermediate Results. Table 2 shows a breakdown of

the intermediate values to provide further insight into the calcu-
lation methodology and final results. For the P-DRet pathway,
the delivery line is for the main dilbit pipeline and the return line
is for the secondary diluent return pipeline.

2.2.2. Rail Base Case Design. A rail base case inventory is
developed by examining the major construction and operating
processes. The base case rail system is designed to deliver
750 000 bpd of SCO or bitumen. When railbit with 15% diluent
is used, the shipped volume increases to 882 353 bpd; this is less
than in the pipeline scenario as the railbit only needs to be
pumped short distances, which allows for higher viscosities.6

Typically, a unit train with 100 rail cars operates on a single lane
track.53

Rail signaling and track switches are not considered in this
analysis. A study by Stripple and Uppenberg using electric trains
found that the power and signaling system was responsible for
only 9% of the infrastructure material.54 Since this study assumes
diesel locomotives are used, high power lines are not required,
further reducing the impact from the power and signaling system.
Moreover, rail yard activity is not considered; since this study
assumes unit trains, there will be minimal rail yard movement.
This section is organized in the order in which the calculations
are performed.

Tank Car Requirements. The loading capacity of each tank
car is determined from the car’s weight and volume limits as well
as crude properties. The analysis is in section S3.1. SCO and
dilbit are transported in lighter, noninsulated and coiled tank cars
since they do not need to be heated for pumping; however, the
heated bitumen scenario uses heavier insulated and coiled cars.
The number of tank cars required per day is determined from the
tank car’s volume and the system’s capacity. The number of unit
trains required per day is determined from the number of rail cars
required per day divided by the number of cars in a unit train
(100 cars/unit train).

Locomotive Requirements. To determine the number
of locomotives required, a 0.5% grade is assumed; if the grade
becomes steeper, the train can slow down as required.55 The
pulling capacity is determined with the Davis equation, which can
be found in section S3.2 along with the GE ES44AC locomotive
specifications.56 All scenarios find that each locomotive can pull
36 tank cars. The number of locomotives required per unit
train is found by dividing the number of rail cars per unit train
(100 cars/unit train) by the number of cars each locomotive can
pull (36 cars/loco) and rounding up to the nearest whole loco-
motive, which gives 3 locomotives per unit train for all pathways.
The fuel efficiency of locomotives is difficult to determine

using engineering first-principles; hence, aggregated data were
used to find fuel consumption. The Statcan database is used in
section S3.3 and the 2009 average was found to be 344 gross
tonne-km/L, GTK/L, for freight trains.56 The gross tonne is the
weight of the product and the tank car. Fuel consumption, in
liters per kilometer, is calculated by dividing the unit trains gross
weight (gross tonne) by the fuel efficiency (gross tonne-km/L).
The resulting fuel consumption is 37.7 L/km for the up journey
and 12.0, 12.0, 12.1, and 14.9 L/km for the return trip for the
R-SCO, R-D, R-B, and R-DRet scenarios, respectively. The fuel
economy on the return trip varies as the unit trains gross weight
depends on the type of rail car used and the amount of diluent
being returned to the extraction site, while there is no variation
for the up trip as the unit train is fully loaded. Since locomotive
fuel efficiency is calculated using aggregated data, the numbers
inherently include the effect of elevation changes during a typical
trip. Due to the lack of disaggregated data, it is not possible to
quantify the effect of elevation on the locomotive fuel efficiency.

Transit Time Requirements. Total transit time is found by
determining the loading/unloading times, travel time, and time
wastage due to sidings. The total time is shown in equations

Table 2. Pipeline Intermediate Results

variable unit P-SCO P-D

P-DRet
delivery
line

P-DRet
return
line

diluent ratio %vol 0% 29% 29% 29%
shipped volume bpd 750000 1054884 1054884 304884
pipe inner
diameter

in. (m) 45 (1.1) 51 (1.3) 51 (1.3) 29 (0.7)

pipe velocity m/s 1.35 1.47 1.47 1.32
Colebrook
friction factor

0.017 0.034 0.034 0.013

pressure drop
(friction)

bar/km 0.115 0.263 0.263 0.106

pressure drop
(friction +
elevation)

bar/km 0.097 0.244 0.244 0.121

distance
between
stations

km 514 204 204 412

pumping
stations
required

6 15 15 8

no. of parallel
pumps at each
station

4 6 6 2

pumping energy
intensity

kWh/
bbl

1.51 3.80 3.80 0.77
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S30−36 in section S3. The loading/unloading times are deter-
mined based on the assumption that 25 cars would be unloaded
simultaneously at 2 m3/min. Preliminary results showed these
assumptions had a negligible effect on overall emissions, and a
more in-depth analysis was not done. An average velocity of
36 km/h is assumed based on the crude unit train data from the
Surface Transportation Board to determine the travel time.57

Track sidings are required when two-way traffic occurs on a
single track. Trains traveling in one direction must travel at
reduced speeds along the siding while a train traveling in the
opposite direction passes. For the heated bitumen pathway, it is
assumed that it takes an additional 45 min to heat the bitumen at
the refinery terminal.58

Track Construction. Although crude trains can use pre-
existing rail lines and share the tracks with trains transporting
other commodities, track construction is included for complete-
ness. Transporting 750 000 bpd of crude requires 11−15 trains
per day, and a single-track system can only handle 20−48 trains
per day, depending on the control system used.59 Additionally, a
track should operate below 70% of the rated capacity to reduce
the risk of delays.59 Thus, the trains transporting crude will make
up a significant portion of the track’s use. Additionally, existing
rail lines will need to be replaced as the heavy crude trains will
wear out the track. The results of this study found that track
emissions contributed less than 3% of the total (discussed in
detail in section 3.1.2), so the effect of including them is minimal.
The track construction calculations are shown in section S3.9.
Terminal Requirements. The number of terminals required

was determined from the number of trains required per day and
the loading and unloading times. It is assumed that each terminal
could unload two trains at once. The terminal length is assumed
to be 50% of the train length. This allows 25 rail cars to be loaded
or unloaded at the same time. It is also assumed that each ter-
minal has a 1.8 m (6 ft) wide and 203 mm (8 in.) thick concrete
slab. The pumps are assumed to be made of 50% stainless steel
and 50% cast iron; the desired flow rate of 2 m3/min is compared
to the pump’s designed flow rate to determine if parallel
pumps are required. The selected pumps can provide 1 MPa at
2.3 m3/min (600 usgpm) and weigh 600 kg each.45 The pumping
power is determined from the desired flow rate, pump pressure,
and pump efficiency. Pumps are assumed to have 85% effi-
ciency.38,40,45−48 These assumptions proved to be negligible
based on the results from section 3.3.1.
For the R-B pathway that is, bitumen in a heated rail car, the

bitumen arrives at the export (Alberta) terminal as dilbit. The
diluent is then removed in a separation process, and for this
analysis it is assumed that the process would be similar to the
process used in an upgrader’s diluent recovery unit. The diluent
recovery process was analyzed in detail for upgrading, which
included material and energy flows of the system.35

The diluent recovery unit (DRU) analysis is in section S3.8.
The DRU uses 53.1 MJ of NG/bbl of bitumen to produce heat
and steam for the process. To determine the DRU infrastructure
materials, only the flash drums are modeled, due to a lack of
information on the sizing of the other unit operations (heat
exchangers, pumps). The DRU analysis determined that 2,349
tonnes of stainless steel are required for the R-B base case.
In order to unload the bitumen, the cargo must be reheated,

and this is done using steam. It is assumed the bitumen will reach
atmospheric temperature during transit. Data from an Altek
heated tank car design showed the bitumen starts at 15.4 °C and
is heated to 60 °C before being pumped out. It is assumed that a

75% efficient NG boiler would be used to generate the required
steam.58,60−63

Train Construction. It was assumed that the train is
constructed of 100% steel. In order to determine the amount
of steel needed, the number of trains needed for 24 × 7 service is
required. This number is calculated by multiplying the total
transit time by the number of trains required.

Rail Intermediate Results. Table 3 shows a breakdown of the
intermediate values to provide further insight into the calculation
methodology and results.

2.2.3. Base Case Inventories. The base case inventory is
divided into construction and operating inventories. Section S6.3
has the marine base case inventory. Table 4 shows the results for
the pipeline and rail pathways. For the pipeline pathways, P-DRet
(D) refers to the main delivery pipeline and P-DRet (R) refers to
the diluent return pipeline. The mass and energy densities used
are provided in Table S2. Tables S4−S6 in the SI shows all of the
model inputs and additional intermediate values determined in
the model for reference.

2.3. Life Cycle Impact Assessment. 2.3.1. Amortizing
Construction Emissions. Amortized emissions (gCO2eq/bbl)
were found by dividing the construction emissions by the
component’s lifetime and the crude transported per year. For the
rail pathway, it is assumed that the locomotives, tank cars, and
tracks have a 20-y lifetime64 and a DRU has a 10-y lifetime.
For pipelines, the pump station’s life is assumed to be 40 y,64 and
the pipeline is expected to last 33 y.65,66 The pumps are assumed
to last 10 y, which is typical for rotating equipment.

2.3.2. Emission Factors. GHG emission factors (EF) for all
materials and fuels are summarized in Table S3. The electricity

Table 3. Rail Intermediate Results

high level units R-SCO R-D R-B R-Dret

shipped volume bpd 750000 882353 750000 882353

diluent returned bpd N/A N/A N/A 132353

shipped density kg/m3 859 967 1011 967

Rail Cars and Locomotives

rail car volume bbl/car 647.8 575.6 547.6 575.6

number of rail cars
required per day

cars/day 1157.8 1532.9 1369.6 1532.9

no. of locomotives
required per day

loc/day 34.7 46.0 41.1 46.0

number of trains
required per day

11.6 15.3 13.7 15.3

total transit time days 10.4 11.3 11.0 11.3

Rail Requirements

no. of trains for 24 ×
7 dispatch

120 174 151 174

no. of rail cars for 24
× 7 dispatch

11,991 17,317 15,071 17,317

no. of locomotives
for 24 × 7 dispatch

360 520 453 520

loading terminals
needed

2 2 2 2

unloading terminals
needed

2 2 2 2

Additional Data

total track length km 3,147 3,194 3,174 3,194

pumping electricity
consumption

kWh/m3 0.327 0.327 0.327 0.327

Fuel Consumption

diesel consumption
delivery journey

L/km 37.7 37.7 37.7 37.7

diesel consumption
return journey

L/km 12.0 12.0 12.1 14.9
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EFs were determined from eGrid67 data for the U.S. andNational
Inventory data for Canada.68 For the pipeline pathway, a
distance-weighted average was used across Alberta, Saskatch-
ewan, and the MROW, SPNO, and SPSO eGrid regions with
weights of 0.05, 0.2, 0.35, 0.2, and 0.2 respectively. The MROW,
SPNO, and SPSO electrical grid regions cover the central United
States along the pipelines path. For the rail pathway, it is assumed
that 50% of the electricity is consumed at the Alberta export
terminal and 50% at the Texas import terminal. Thus, the EF is
determined from an average of the Alberta and the SPSO eGrid
region electricity EFs.69 Section S6.2 provides themarine-specific
EF. The steel EF assumes that 40% of the steel is recycled and
60% is virgin steel as 40% of global steel production is recycled
steel.70

This study uses a 100-y time horizon and global warming
potential factors from the IPCC Fifth Assessment Report of
1, 34, and 298 for CO2, CH4, and N2O, respectively, to find
CO2eq emissions.71

2.4. Uncertainty Analysis. In order to determine whether
rail or pipeline transportation has higher emissions, it is impor-
tant to compare probable ranges rather than use deterministic
point estimates. This can be accomplished by performing an
uncertainty analysis through a Monte Carlo (MC) simulation.
To perform a MC simulation, a distribution of possible values

is required for each input. Only inputs that have a significant
effect on the model results were included. To determine which
inputs should be included in the MC simulation, a sensitivity
analysis was performed on all of the model inputs by varying
them ±25% from the base case.
Once the key inputs were identified, distributions for each were

determined. A conservative approach was taken to determine the

distributions in order to ensure that worst case scenarios were
included in the output distribution. When only low quality
data were available, triangle or uniform distributions were used.
When high quality data were available, ModelRisk data fitting
tools were used to determine the input distributions. A detailed
analysis for each distribution can be found in section S5.

3. RESULTS AND DISCUSSION

This section focuses on the breakdown of the energy used and
emissions generated from transportation. The base case was
analyzed and broken down into construction and operating
emissions. The effect of the transportation system’s capacity on
the total emissions was then examined, after which an uncertainty
analysis was conducted. The marine pathway results are in
section S6.3.

3.1. Base Case Results. 3.1.1. Transportation Energy Use.
Energy use for both rail and pipeline is shown in Table 5. For rail,
diesel is the most used energy source as diesel locomotives are
used; little grid electricity is used as the terminal pumps only
need to transport the crude a short distance. For pipeline
transport, all of the energy is from grid electricity for the pumps.
The diluent scenario electricity consumption is larger than the
SCO scenarios as the shipped volume increases when diluent is
added. Pipeline transportation has NERs over 99%, and the rail
NER is 1.8% lower. The NER shows how energy efficient each
process is at transporting crude. The results tell us that pipelines
are more energy efficient than rail.

3.1.2. Transportation Emissions. Total Emissions. Emissions
totals for the rail pathways were 7982, 10 495, 11 041, and 14 623
gCO2eq/bbl for the R-SCO, R-D, R-DRet, and R-B, respectively.
For the pipeline pathways, emissions were significantly lower at

Table 4. Pipeline Construction and Operating Inventories

Pipeline

construction inventory units P-SCO P-D P-DRet (D) P-DRet (R)

pipe steel t 1085069 1228156 1228156 703507
pump stainless steel t 48 180 180 32
pump cast iron t 48 180 180 32
station concrete t 339 849 849 453
construction diesel L 10571707 10571707 10571707 10571707
operating inventory units P-SCO P-D P-DRet (D) P-DRet (R)

pump electricity kWh/bbl 1.51 3.80 3.80 0.77
Rail

construction inventory units R-SCO R-D R-Dret R-B

locomotive steel t 70543 101895 101895 88766
tank car steel t 494951 714792 714792 628920
sleeper steel t 40003 40597 40597 40349
clip steel t 8496 8622 8622 8570
rail steel t 212318 215466 215466 214150
sleeper nylon t 651 661 661 657
sleeper concrete t 1084038 1100112 1100112 1093389
terminal concrete t 2454 2454 2454 2483
pump stainless steel t 60000 60000 60000 60000
pump cast iron t 60000 60000 60000 60000
DRU stainless steel t N/A N/A N/A 2349
construction diesel L 10342383 10495734 10495734 10431598
operating inventory units R-SCO R-D R-Dret R-B

DRU NG MJ/bbl N/A N/A N/A 53.1
tank car heating NG MJ/bbl N/A N/A N/A 15.1
locomotive diesel L/bbl 2.30 3.05 3.22 2.73
electricity kWh/bbl 0.104 0.122 0.122 0.104
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1572, 3321, and 4184 gCO2eq/bbl for the P-SCO, P-D, and
P-DRet, respectively. The heated bitumen pathway has higher
emissions than both diluent return scenarios due to the amount
of NG required to heat the bitumen in the DRU and at the
unloading terminal. Figure S22 in section S6.3 shows the
emissions broken down into the construction and operating
phases. Construction emissions are less than 9% of the total for
the rail scenarios. For the pipeline scenarios, construction emis-
sions are responsible for up to 29% of the total emissions. Although
a direct comparison between SCO and dilbit is not possible, the
main reason the dilbit scenarios have higher emissions is because
they are required to transport both the diluent (304 884/132 353
bpd for pipeline/rail) and the bitumen (750 000 bpd).
Operating Emissions. The operating emissions are shown in

Figure 3. Due to process variations outside the scope of this work,
results cannot be compared across crudes. For pipelines, the
operating emissions are from the electricity used for the pumps.
These emissions are split between the delivery and diluent return
pipeline when applicable. There are five sources of rail operating
emissions. Most of the diesel is consumed in route (from Alberta
to Texas and back). The electricity used to operate the terminal
pumps is negligible compared to the diesel consumption due
to the short pumping lengths. For the heated bitumen scenario,

it was assumed that NG is consumed at the Alberta terminal in
the DRU to remove the diluent and again at the Texas terminal
to reheat the bitumen in the tank cars (with steam) so it can
be unloaded. The NG consumption for the DRU is 3.5 times
larger than for unloading since the DRU has to heat the
bitumen to 450 °F (232 °C) to separate the diluent, while the
steam only has to heat the bitumen to 100 °C to pump it out of
the rail car. The results show that the heated bitumen scenario
generates more emissions through heating the bitumen than is
saved on locomotive fuel. For the pipeline scenarios, the dilbit
scenarios use more electricity since the transported volume was
higher.

Construction Emissions. The infrastructure emissions are
shown in Figure 3. The pipeline emissions are broken down into
delivery pipe steel, return line pipe steel, and “other.” The other
category represents the pump station buildings and pumps as
well as diesel used during construction. The other emissions
account for less than 1% of the construction emissions; as a
result, further analysis was not done. For rail, the track-specific
emissions include all material and diesel used to build the track.
The other category includes the terminal construction as well as
the DRU stainless steel. The analysis of the terminal stations
and DRU is simplistic but captures the major emissions sources;
since the other category accounts for fewer than 11% of the
construction emissions, this is an acceptable approach.
It can be argued that crude is not the only commodity trans-

ferred on the rail tracks or that it will use existing rail lines, as
mentioned in section 2.2.2. The track construction emissions
were found to be 30−36% of the construction emissions but only
1.6−3.3% of the total. Since the trains are responsible for a
portion of the track emissions, the effect from allocating all of the
track emissions to the crude will be small.
The track emissions can be broken down into rail steel

(55.3%), sleeper concrete (31.1%), sleeper steel (8.7%), clip steel
(2.2%), construction diesel (2.3%), and sleeper nylon (0.4%).
The share of track emissions is the same for all scenarios as the
track emissions are a function of the track lengths.

Table 5. Pipeline and Rail Net Energy Ratios (NER)

Rail Transport (MJ/GJ-Crude)

R-SCO R-D R-DRet R-B

diesel 17.61 21.02 22.23 18.83
natural gas 0.00 0.00 0.00 14.53
electricity 0.08 0.09 0.09 0.07
total 17.70 21.10 22.31 33.44
NER 98.26% 97.93% 97.82% 96.76%

Pipeline Transport (MJ/GJ-Crude)

P-SCO P-D P-DRet

electricity 1.17 2.65 3.18
NER 99.88% 99.74% 99.68%

Figure 3. Rail and pipeline operating emissions (left) and construction emissions (right).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b02889
Environ. Sci. Technol. 2017, 51, 680−691

687

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b02889/suppl_file/es6b02889_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b02889
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.6b02889&iName=master.img-003.jpg&w=365&h=241


3.2. Effect of System Capacity on GHG Emissions. The
models input capacity was varied from 100 to 800 kbpd to
generate Figure 4. For rail, there is a relatively small decrease in

emissions (15%) with increased capacity. This is because all of
the trains are fully loaded and as capacity increases more trains
are added which increases the infrastructure requirements with-
out a significant change in transportation efficiency. For pipeline
transportation, there is a significant decrease in emissions (73%)
as capacity increased due to the change in pipe diameter.
The great reduction in emissions has to do with the fact that the
cross-sectional area of the pipe is related to the squared diameter
of the pipe. Diameter increases with capacity, and when the target
velocity is maintained at 1.4 m/s, the Reynolds number increases,
causing the friction factor to decrease, which decreases the pump
energy intensity (kWh/bbl). The curve is not perfectly smooth
because standard pipe diameters are assumed; in industry, the
pipeline flow rate would be optimized for the chosen diameter
based on economics by varying the velocity. The results show
that pipelines have lower emissions for all SCO and dilbit
capacities above 100 kbpd. The effect of uncertainty on the
crossover point is included in Figures S16−S18 in section S5.5.
3.3. Uncertainty and Sensitivity Analysis. 3.3.1. MC

Results. The MC uncertainly simulation is performed using
the key variables determined from the sensitivity analysis. The
simulation produces a most likely estimate for the transportation
emissions based on the uncertainty in the key model inputs.
Table 6 shows the key inputs used for the MC simulation,
Table S7 in the SI shows the distributions used and their data
sources. The distribution are determined using conservative
triangle distributions when there is a lack of quality data, full
justifications for each input is in section S5.
Figure 5 shows the results of the MC analysis. The P5 and P95

values give a wide range (from ±17% to ±73%) from the mean
values. However, even with the large ranges, the pipeline
pathways clearly have lower emissions than the rail pathways for
all scenarios. The pipeline pathways are 87%, 69%, and 61%
lower than the rail pathways for SCO, dilbit without and with
return, respectively. The difference between the rail and pipeline
pathways is highest for SCO; this is primarily due to the lower
viscosity of SCO, which reduces the pipeline pumping energy

intensity. When diluent is returned, the difference between the
pathways shrinks since the pipeline pathway requires a complete
second pipeline. The effect on the rail pathway is less significant
since the trains still have to return empty for the diluent without
returned pathways. For rail with diluent return versus rail with

Figure 4. Effect of capacity on the total GHG emissions.

Table 6. MC Key Inputs

rail units

diluent ratio % vol
loco EF gCO2eq/L
loco fuel eff t km/L
train speed km/h
tank car life y
track life y
noninsulated tank car LW lbs
insulated tank car LW lbs
HEX eff %
bit HR intlet °C
bit HR outlet °C
boiler eff %
dilbit inlet °C
dilbit outlet °C

pipeline units

SCO ν m2/s
dilbit ν m2/s
diluent ν m2/s
dilbit API API
electricity EF g/kWh
pipeline steel kg/m3

target velocity m/s
elev change m
wall thickness in
pump eff
pipeline life y
both units
bitumen API API
SCO density kg/m3

diluent density kg/m3

steel EF gCO2eq/kg

Figure 5. MC rail and pipeline total emissions distributions.
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heated bitumen, the results are less clear. Due to the high
uncertainty around locomotive fuel consumption and diluent
recovery emissions, it is not possible to confidently state that one
method has lower emissions than the other.
The tornado diagrams from ModelRisk are in section S5.4.

The results show that for the pipeline pathways, the target
velocity is the dominant source of uncertainty; this is due to the
high sensitivity as well as the large range of velocities analyzed
(from 0.75 to 2.0 m/s). Ideally, pipelines should aim to minimize
fluid velocity to reduce their emissions; however, a reduced
velocity will decrease the pipeline capacity affecting the pipeline
economics. For the rail scenario, the locomotive efficiency and
diesel EF are the dominant sources of uncertainty, a result of high
sensitivity and a wide range of values.
3.4. Comparison to Published Literature. We compared

our results to those from the Greenhouse Gases, Regulated
Emissions, and Energy Use in Transportation (GREET) and
Tarnoczi models;2,16 however, due to the different distances
and capacities used, it is difficult to directly compare the results.
For pipelines, the GREET model uses an aggregated pumping
intensity of 404 BTU/(t mi) for all pipelines regardless of
product properties, it did not consider infrastructure emissions
(“t” (ton) refers to the mass of SCO/bitumen transported).16

The energy intensity is compared to simplify the comparison and
remove variation from the EF used. This study’s results, con-
verted to British thermal units per ton miles, are 25 and 49 BTU/
(t mi) for the SCO and dilbit pipelines, respectively which are
significantly lower than the GREET value. Further investigation
found that a 100 kbpd SCO pipeline with a fluid velocity of
2.63 and 3.82 m/s had an energy intensity of 375 and 923 BTU/
(t mi). Furthermore, a 100 kbpd Dilbit pipeline with a fluid
velocity of 1.77 and 3.02 m/s had an energy intensity of 263 and
919 BTU/(t mi). Hence, this study’s results are lower than
GREET’s since GREET uses aggregated data which includes
lower capacity and higher velocity pipelines. The Tarnoczi dilbit
pipeline energy intensities ranged from 220 to 650 BTU/(t mi).
The higher ranges are a result of the higher pipeline velocities
assumed. The pipelines examined carry a range of products from
light crude to heavy dilbit and their specified flow rate represents
the average flow rate. When we examined pipeline velocities,
we found that the heavier crude pipelines operated at lower
velocities, which is why the velocities are lower in this study.
For rail, GREET determines a transportation energy intensity

of 274 BTU/(t mi) compared to this study’s results of 276, 325,
and 492 BTU/(t mi) for SCO, dilbit, and bitumen, respectively
(“ton” refers to the mass of SCO/bitumen transported). The
bitumen scenario is significantly higher because of the NG
consumed in the DRU and at the unloading terminal. The results
from Tarnoczi are lower (146−196 BTU/(t mi)) because of
lower locomotive fuel use.
This studies result for P-SCO and R-B are 0.34 and 2.85

gCO2eq/MJ. Nimana et al. found that crude transportation
emissions were 1.8 and 4.3 gCO2eq/MJ for the SCO and dilbit
with diluent return scenarios, respectively, and were responsible
for less than 4% of the WTW emissions.24 While the trans-
portation emissions are a small portion of the WTW emissions
these results are still significant to regulatory bodies responsible
for the approval of pipelines and crude rail systems.
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