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ABSTRACT
Regional and global air pollution from marine transpor-
tation is a growing concern. In discerning the sources of
such pollution, researchers have become interested in
tracking where along the total fuel life cycle these emis-
sions occur. In addition, new efforts to introduce alterna-
tive fuels in marine vessels have raised questions about
the energy use and environmental impacts of such fuels.
To address these issues, this paper presents the Total En-
ergy & Emissions Analysis for Marine Systems (TEAMS)
model. TEAMS can be used to analyze total fuel life cycle
emissions and energy use from marine vessels. TEAMS
captures “well-to-hull” emissions, that is, emissions along
the entire fuel pathway, including extraction, processing,
distribution, and use in vessels. TEAMS conducts analyses
for six fuel pathways: (1) petroleum to residual oil, (2)
petroleum to conventional diesel, (3) petroleum to low-
sulfur diesel, (4) natural gas to compressed natural gas, (5)
natural gas to Fischer-Tropsch diesel, and (6) soybeans to
biodiesel. TEAMS calculates total fuel-cycle emissions of
three greenhouse gases (carbon dioxide, nitrous oxide,
and methane) and five criteria pollutants (volatile organic
compounds, carbon monoxide, nitrogen oxides, particu-
late matter with aerodynamic diameters of 10 �m or less,
and sulfur oxides). TEAMS also calculates total energy
consumption, fossil fuel consumption, and petroleum
consumption associated with each of its six fuel cycles.
TEAMS can be used to study emissions from a variety of
user-defined vessels. This paper presents TEAMS and pro-
vides example modeling results for three case studies us-
ing alternative fuels: a passenger ferry, a tanker vessel, and
a container ship.

INTRODUCTION
Evidence has mounted that marine vessels are significant
sources of air pollution domestically and internationally.
At the same time, marine transportation services are ex-
panding rapidly in many regions. These trends combine
to present a significant environmental problem with re-
spect to greenhouse gas (GHG) emissions and local air
pollution. This problem is especially daunting for trans-
portation planners who seek to increase mobility by ex-
panding marine transportation options.1–5

The problem is complex, because marine transporta-
tion can take many forms. In terms of passenger trans-
port, ferry services are growing in the United States, par-
ticularly in urban coastal waters.6–9 These services may
offset landside transportation alternatives, but the im-
pacts on GHG emissions and air quality are unclear.10–12

In terms of freight service, maritime freight may pro-
duce significantly lower GHG emissions than other means
of freight transport. In fact, a recent European Commis-
sion White Paper on European Transport Policy for 2010
emphasized the role of short sea shipping in maintaining
an efficient transport system in Europe now and in the
future,13 and the Department of Transportation (DOT)
Maritime Administration is exploring the development of
a robust short sea shipping system to aid in the reduction
of growing freight congestion on U.S. rail and highway
systems.14

Lastly, significant uncertainty remains about the
emissions impacts of alternative fuels in our marine trans-
portation systems. Marine transportation is the only
transportation mode that routinely uses residual fuel, a
by-product of petroleum refining. The full impacts of fuel
switching to natural gas, biodiesel, or other fuels in the
marine transportation sector are different from other
modes and are not well understood.

To assess true emissions from marine transportation
(and to compare these emissions with landside alterna-
tives), a total fuel life cycle (or “total fuel-cycle”) emis-
sions analysis is needed. In such analyses, emissions are
quantified along the entire fuel pathway, from feedstock
extraction, to fuel processing, to delivery, and to end use.
This paper introduces what we believe is the first total
fuel-cycle emissions model for marine vessels, the Total
Energy & Emissions Analysis for Marine Systems (TEAMS)
model.

IMPLICATIONS
This paper describes the development and application of a
model that calculates the total fuel life cycle energy and
emissions impacts for marine vessels. With this model,
analysts will be able to make more informed comparisons
between marine- and land-based modes of transportation,
as well as make more accurate assessments of the contri-
bution of marine transportation to total emissions invento-
ries. Output from the model will be especially helpful in
energy and environmental policy contexts.
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TEAMS conducts total fuel-cycle analyses for six fuel
pathways: (1) petroleum to residual oil, (2) petroleum to
conventional diesel (CD), (3) petroleum to low-sulfur die-
sel (LSD), (4) natural gas to compressed natural gas, (5)
natural gas to Fischer-Tropsch diesel (FTD), and (6) soy-
beans to biodiesel. TEAMS calculates emissions of three
GHGs (carbon dioxide [CO2], nitrous oxide [N2O], and
methane [CH4]) and five criteria pollutants (volatile or-
ganic compounds, [VOCs], carbon monoxide [CO], nitro-
gen oxides [NOx], particulate matter with aerodynamic
diameters �10 �m [PM10], and sulfur oxides [SOx]).
TEAMS also calculates total energy consumption, fossil
fuel consumption, and petroleum consumption associated
with each of these six fuel pathways.

Using TEAMS, analysts can obtain a more complete
picture of marine transportation emissions, which is par-
ticularly important for GHG inventory development and
emissions attribution. In addition, TEAMS provides the
basis for “fair” comparisons between competing alterna-
tive marine fuels and allows for more accurate multimo-
dal and intermodal transportation network analyses. This
paper provides an overview of TEAMS and the results of
several case studies.

ANALYTICAL APPROACH
Total Fuel Cycle Analysis

Understanding the true emissions from marine transpor-
tation requires a total fuel-cycle analysis (TFCA). TFCA
involves consideration of energy use and emissions from
the extraction of raw fuel (e.g., oil from the ground) to the
use of the processed fuel in the vessel itself. Each stage in
the fuel-cycle includes activities that produce GHG and
criteria pollutant emissions, as shown in Figure 1. These
emissions are typically caused by fuel combustion during
a particular stage, although some noncombustion emis-
sions occur (e.g., natural gas emissions from pipeline leaks
and evaporative losses in refueling). The goal of a TFCA is
to account for each of the emissions events along the
entire fuel-cycle.

TFCA analysis is nontrivial. Process fuel consumed at
each “upstream” stage (e.g., in the energy-intensive activ-
ity of petroleum refining) also has its own fuel-cycle chain
that must be considered. These processes are called “up-
upstream” processes. Likewise, fuel used to produce the
process fuel has an upstream chain associated with it.
These upstream chains go on ad infinitum, in what we
call the “upn-stream process,” and must be accounted for
in a TFCA.15

The TEAMS Model
In 1996, Argonne National Laboratory developed a
spreadsheet-based fuel-cycle model for light-duty vehicles

called the Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation (GREET) model. The GREET
model uses a solver algorithm based on circular calcula-
tions within a spreadsheet platform. The GREET model
has successfully demonstrated this algorithm in numer-
ous papers, and it has become the “gold-standard” for
conducting TFCA within the automotive sector.16 More
detailed discussion on the GREET approach has been elab-
orated in previous work.17–20 In our work, we use the core
solver algorithm of GREET but apply it to marine vessels.

TEAMS calculates energy use (British thermal units
per trip) and emissions (grams per trip) for different ma-
rine vessels by taking into account energy use and emis-
sions of combustion and noncombustion events in the
upn-stream and downstream stages of the total fuel-cycle.
TEAMS calculates total energy use (all energy sources),
fossil energy use (petroleum, natural gas, and coal), and
petroleum use. TEAMS also calculates emissions of criteria
pollutants and various GHGs. A total GHG emissions
value is calculated in CO2 equivalents by applying a
100-yr global warming potential factor for each individ-
ual GHG type.

Upstream emissions of these pollutants are first cal-
culated in grams per million British thermal units (g/
MBtu) of fuel throughput from each upstream stage.
Emissions occurring during a stage include those resulting
from the combustion of process fuels and from noncom-
bustion processes, such as chemical reactions, fuel leak-
age, and evaporation. Emissions from the combustion of
process fuels for a particular upstream stage are calculated
by using the following formula:

EMcm,i � � �
j

�
k

EFi,j,k � ECj,k� (1)

where EMcm,i represents combustion emissions of pollut-
ant i in g/MBtu of fuel throughput; EFi,j,k represents the
emission factor of pollutant i for process fuel j with combus-
tion technology k in g/MBtu of fuel consumed; and ECj,k

represents the consumption of process fuel j using combus-
tion technology k in MBtu/MBtu of fuel throughput.

ECj,k for a given stage is, in turn, calculated using the
following formula:

ECj,k � EC � SFj � SKj (2)

where EC represents total energy consumption for the
given stage in MBtu/MBtu of fuel throughput (deter-
mined through process efficiencies); SFj represents the
share of process fuel j out of all process fuels consumed
during the stage; and SKj represents the share of combus-
tion technology k out of all combustion technologies for
fuel j. Combustion technology shares (SKj) for a given
process fuel are influenced by technology performance,
technology costs, and emissions for stationary sources.

We apply this approach to marine vessels to deter-
mine the upstream emissions for given amounts of
marine fuel throughput. Direct emissions from vessel
operation and refueling activities are then added to
generate total emissions per trip for various vessel

Figure 1. Upstream and downstream emissions events for total
fuel-cycle analysis.
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types. GREET results for landside emissions are in grams
per mile. TEAMS reports emissions in grams per trip and
allows the user to “build” a trip with distance and
engine operation data. This is important in the marine
sector where trip characteristics greatly affect engine
load factors and emissions from vessel operation.

There are six fuel pathways that are simulated in the
TEAMS model, as shown in Figure 2. Certain fuel pro-
cesses, such as soy oil extraction for the production of
biofuel, include coproducts (e.g., steam, electricity, or
other products). In TEAMS, these processes are granted
some level of energy and emissions “credits” because of
the fact that they offset alternative production mecha-
nisms for these same coproducts. This approach is consis-
tent with the methodology in GREET and has been dis-
cussed in many other publications.16–18,21,22

TEAMS can be used in a variety of analyses, such as
the following: (1) assessing the full energy and environ-
mental impacts of marine transportation, including pas-
senger ferry and marine freight transport; (2) evaluating
the tradeoffs among pollutants and modes; (3) comparing
emissions impacts of various alternative fuel marine tech-
nologies, for example residual fuel versus diesel versus
biodiesel versus natural gas vessels; (4) providing support-
ing information to activities related to emissions inven-
tories for GHGs; (5) allocating emissions related to marine
transportation along various parts of the total fuel-cycle,
including an identification of where, geographically,
those emissions occur; (6) enhancing broader interagency
(DOT, Department of Energy [DOE], and U.S. Environ-
mental Protection Agency [EPA]) cooperation in marine
transportation issues by using a common modeling plat-
form that is familiar and understood by these agencies;
and (7) assisting with local, regional, and national assess-
ments related to criteria pollutants, GHG emissions, and
petroleum use.

TEAMS may also be instrumental for environmental
policy-makers and analysts working to understand GHG
inventories and sources. We believe the model will facil-
itate international discussions about GHG emissions from
marine transportation fleets. Ultimately, TEAMS will help
these decision-makers understand the complete GHG
emissions picture from marine transport.

RESULTS
Overview of Cases

For this paper, we analyzed three case studies using
TEAMS. Because the data inputs and results for these case
studies are extensive, we only report on the critical inputs
and outputs in this article. However, readers are invited to

view the TEAMS case studies at the following Web site:
www.rit.edu/�teams. The Web site also allows readers to
download a version of TEAMS for their own TFCA assess-
ments.

Case Study I: Passenger Ferry
The first case study is of a passenger ferry typically used
for U.S. routes, particularly in New York/New Jersey tran-
sit. Our representative ferry has a capacity of 400 persons
and operates on an 18 nautical mi route lasting �55
min.23

This vessel has four main engines, rated at 1950
horsepower (Hp) each, with total main propulsion power
of 7800 Hp. We divide the one-way ferry trip into five
duty cycle segments with the percentage of total trip time
identified for each segment as shown in Table 1. This duty
cycle is kept constant for each ferry fuel analyzed so that
any observed emissions or energy differences can be at-
tributed solely to fuel choice. Route segments for ferry
travel have been discussed in other papers.12,23

The case vessel has two auxiliary engines, each rated
at 127 Hp, for a total installed auxiliary power of 254 Hp.
For this case the auxiliary engines use the same fuel on
which the main engines operate, although TEAMS can
allow the main engines and auxiliary engines to run on
different types of fuel. We assume the auxiliary engines
are operating for 100% of the trip time at a 75% load
factor.

With respect to fuel specifications, the following sul-
fur levels for petroleum fuels in parts per million by mass
are assumed: CD (350 ppm), LSD (15 ppm), crude oil
(16,000 ppm), and residual oil/marine bunker (24,000
ppm). Biodiesel blend is assumed to be made up of 20%
biofuel and 80% CD (B20), and FTD is made solely from
natural gas.

Important inputs in the TEAMS model include as-
sumptions about how fuel is transported and delivered.
Fuel that must be transported long distances creates emis-
sions in the upstream parts of the fuel-cycle that can be
significant. Given that this ferry is representative of a New
York/New Jersey commuter ferry, we used assumptions
regarding fuel transport and distribution to New York.
DOE data show that significant residual fuel is transported
from refineries in the Gulf Coast to the Northeast region,
including to New York. Therefore, a navigable distance for
transporting crude of 2000 mi from Houston, TX, to New
York was used for this case study. Other distances use
defaults by mode obtained from the 2002 Commodity
Flow Survey.

Case I was validated by comparing the results for total
energy usage with previous analyses.23 Results agreed well

Figure 2. Feedstock fuels and final products in TEAMS.

Table 1. Duty cycle for a one-way ferry trip.

Segment Travel Time (%) Engine Load (%)

Idle 32 13
Maneuvering 32 25
Precautionary 18 49
Slow cruise 10 85
Full cruise 8 100
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with these analyses (97% of earlier estimates for total
energy use). These differences are expected when compar-
ing analyses for a single trip in TEAMS with earlier work
that estimated weekly and annual fuel usage.23

The results of the ferry case study are shown in Table
2. This table identifies total energy use and total emissions
per trip for the ferry vessel. The table also shows the
percentage of those totals from the three stages of the
total fuel-cycle (refer to Figure 1 for components of each
stage). In addition, Table 2 includes results for each of the
fuels that TEAMS can evaluate.

There are some interesting results that arise in this
case analysis. First, for CD fuel, a little over 80% of the
total GHG emissions occur during vessel operation. The
other 20% occur in the upstream parts of the fuel cycle.
This is true for most other fuels, with residual oil and
biodiesel being notable exceptions. For these two fuels,
one can see �90% of GHG emissions during vessel oper-
ation. In the case of residual oil, less energy is used in the
fuel processing part of the fuel cycle, and, therefore, GHG
emissions tend to be less in that stage compared with CD.
In the case of biodiesel, there is actually a negative (net
sink) of GHGs in the feedstock stages of the fuel cycle
(representing the carbon capture of soybeans as they
grow). This carbon sink at the feedstock stage for biodiesel
tends to make the vessel emissions component look
larger. However, it should be noted that the overall dif-
ferences in total GHG impacts between CD and B20 are
almost negligible, primarily because of the extra energy
that is required in harvesting and processing soybeans
into biodiesel.

The net energy consumed per trip hovers around 20
MBtu, with the exception of FTD, which has net energy
consumption of �30 MBtu per trip. However, net energy
may not be as much of a concern as petroleum consump-
tion. Indeed, concerns over energy security, at least in the
United States, focus on our petroleum dependence. When
looking at petroleum consumption per trip, one finds that
natural gas and FTD (from natural gas) use negligible

Table 2. Results from ferry case study.

Item
Total

(MBtu/trip or g/trip)a % Feedstock % Fuel % Vessel

CD
Energy 19 2.91 12.82 84.27
Fossil 19 2.81 12.71 84.48
Petroleum 18 0.81 7.39 91.80
CO2 1491 3.56 12.28 84.15
CH4 1696 86.62 8.98 4.39
N2O 4 24.10 75.90 0.00
GHG 1531 5.70 12.25 82.06
VOC 1716 2.86 5.00 92.14
CO 7434 1.05 1.12 97.84
NOx 40,524 0.48 0.97 98.55
PM10 316 12.65 11.75 75.60
SOx 604 11.22 42.33 46.45

Residual oil
Energy 18 3.17 4.97 91.86
Fossil 18 3.06 4.92 92.02
Petroleum 17 0.85 2.64 96.51
CO2 1475 3.58 4.44 91.99
CH4 1584 92.01 3.32 4.67
N2O 34 2.70 2.96 94.34
GHG 1522 5.69 4.40 89.91
VOC 1568 3.11 0.68 96.21
CO 7046 1.10 0.41 98.49
NOx 40,379 0.48 0.38 99.14
PM10 1240 3.20 1.21 95.59
SOx 19,941 0.34 0.57 99.09

NG
Energy 24 6.72 5.03 88.25
Fossil 23 6.71 4.63 88.66
Petroleum 0 70.27 29.73 0.00
CO2 1405 6.94 6.51 86.55
CH4 7067 70.04 3.05 26.90
N2O 3 54.44 45.56 0.00
GHG 1569 13.50 6.17 80.33
VOC 1177 2.38 1.60 96.03
CO 4900 2.78 2.52 94.70
NOx 31,107 0.90 0.81 98.28
PM10 26 34.55 53.65 11.80
SOx 391 62.25 36.32 1.42

LSD
Energy 22 2.84 14.88 82.28
Fossil 22 2.74 14.75 82.50
Petroleum 20 0.80 8.57 90.63
CO2 1737 3.42 13.97 82.61
CH4 1925 85.24 10.44 4.32
N2O 5 21.20 78.80 0.00
GHG 1783 5.46 13.94 80.60
VOC 1921 2.85 5.23 91.92
CO 8311 1.05 1.25 97.70
NOx 45,297 0.48 1.09 98.43
PM10 360 12.40 13.53 74.08
SOx 425 17.83 78.99 3.18

Biodiesel (B20)
Energy 23 5.79 15.27 78.94
Fossil 19 6.61 17.73 75.66
Petroleum 17 3.73 7.53 88.74
CO2 1510 �10.69 16.31 94.38
CH4 1760 80.06 15.22 4.73
N2O 29 85.51 14.49 0.00
GHG 1559 �7.82 16.28 91.54
VOC 1924 3.77 4.49 91.74
CO 8426 2.37 1.27 96.37

Table 2. Cont.

Item
Total

(MBtu/trip or g/trip)a % Feedstock % Fuel % Vessel

NOx 45,528 1.06 1.01 97.93
PM10 396 22.12 10.47 67.40
SOx 683 19.77 43.00 37.23

FTD
Energy 31 3.77 37.28 58.95
Fossil 31 3.75 37.28 58.98
Petroleum 0 35.37 64.63 0.00
CO2 1824 4.89 19.18 75.93
CH4 2278 95.99 0.36 3.65
N2O 2 89.09 10.91 0.00
GHG 1876 7.45 18.65 73.90
VOC 1943 0.72 4.80 94.47
CO 9090 1.12 5.98 92.90
NOx 44,728 0.44 0.88 98.69
PM10 62 11.44 2.97 85.59
SOx 260 80.94 19.06 0.00

Notes: aCO2 is measured in kg/trip; GHGs are measured in kgC (kilograms
carbon) equivalent/trip.
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amounts of petroleum. It is also found that biodiesel (B20)
uses only slightly less petroleum than CD.

Looking more carefully at the criteria pollutants, one
sees that residual oil is problematic on a number of fronts,
with exceptionally high emissions for SOx and PM10.
However, passenger ferries typically would not use resid-
ual fuels, and so this case discussion focuses more on CD
and LSD results. Here, we find that LSD has SOx emissions
of �425 g per trip, whereas CD has �604 g per trip. These
values would seem to be too close, given the significant
decrease in sulfur content from these two fuels (350 vs. 15
ppm). However, a more careful look at the analysis in the
LSD case shows that only �3% of the SOx come from
vessel operations, the rest being emitted in upstream
phases of the fuel cycle. However, for CD, �46% of the
SOx emissions are in the vessel operation stage. So, results
at the vessel show significant advantages for LSD. Re-
searchers would need to conduct further analysis to de-
termine geographically where the upstream SOx emis-
sions sources are located.

As an example of other output that is generated in
TEAMS, we include Figures 3 and 4. Figure 3 shows a
graphical representation of energy use and emissions for
each phase of the fuel cycle for CD (TEAMS generates
similar graphs for all fuels). This stacked bar representa-
tion shows how the total emissions (100%) are attributed
across the feedstock (bottom), fuel processing (middle),
and end-use (top) components of the fuel cycle. Figure 4
demonstrates the relative differences in GHG emissions
for each fuel compared with CD. TEAMS also generates
these graphs for all output factors. (Note that this figure
assumes auxiliary engines are operating on CD for all

cases.) As shown in Figure 4, most fuels’ TFCA GHG emis-
sions are within 5% of the values for CD, with the excep-
tion of FTD and LSD. The high level of emissions for FTD
and LSD is because of the energy-intensive fuel processing
associated with these fuels. The energy intensity of feed-
stock and fuel production is also the reason why B20 does
not reduce GHG emissions compared with CD (this result
would change for different biodiesel blends).

Case Study II: Tanker Vessel
The second case analyzed was that of a crude oil tanker
vessel with specifications similar to the tanker chosen for
a case study described in the International Maritime Or-
ganization (IMO) Study of Greenhouse Gas Emissions
from Ships.24 The tanker’s voyage represents transport of
crude oil from Houston to New York. At 14 knots, the trip
requires 122 hr; the 36-hr turnaround time in the IMO
study is used for in-port operations.24

This vessel has one main engine, a slow-speed diesel
rated at 23,800 kW (�32,000 Hp), and operates at a rated
speed of 14 knots. The ship has capacity to carry an
estimated average of 220,000 t of cargo. This case assumes
that the tanker is fully loaded, although the IMO study
suggests that the average capacity factor is lower because
of return voyages that are typically empty (under ballast).
The trip is divided into five segments, with the percentage
of total trip time identified for each segment as shown in
Table 3.

The tanker has four auxiliary engines, each rated at
1250 Hp, for a total installed auxiliary power of 5000 Hp.
As with Case I, the auxiliary engines use the same fuel on
which the main engines operate. The auxiliary engines

Figure 3. Relative contribution of energy and emissions for CD for ferry case.

Figure 4. Relative contributions of GHG emissions (carbon equivalent) compared with CD for ferry case.
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are assigned to operate for 50% of the trip time at 80%
power load. This case uses the same sulfur content for
fuels as in Case I, with the exception of residual oil. DOE
reports an average fuel-sulfur content of 24,900 ppm,
representing residual fuel transferred from the Gulf region
of the United States to the Northeast.25

Significant residual fuel is also imported from Venezu-
elan refineries to the United States directly for resale to ships.
For this case study, a navigable distance of 2000 mi for this
Venezuela-to-Texas transport is used. Other distances use
default distances by mode obtained from the 2002 Com-
modity Flow Survey, updating the 1998 Commodity Flow
Survey data used in recent GREET model defaults (see
www.transportation.anl.gov/software/GREET/for the most
recent GREET model, released November 10, 2006).

Case II was validated by comparing the results for
total energy usage with previous analyses.24,26 The results
agreed well with the average energy intensities estimated
in other work, perhaps representing a bit lower energy
intensity than the above-mentioned IMO study.24 How-
ever, when adjusted for the cargo capacity factor de-
scribed in the IMO work, the value increases to be very
similar to the IMO study results (�60 Btu/t-mi).

The results of Case II are shown in Table 4, Figure 5,
and Figure 6. Table 4 includes total fuel-cycle energy and
emissions characteristics for this tanker voyage for each
fuel type. The percentage breakdown for upstream and
downstream elements of the fuel-cycle is only negligibly
different from the ferry case study, and the reader is
referred to Table 2. Table 4 shows a significant amount of
SOx emitted from tankers using residual oil (�20,000 kg/
trip). However, this value can be lowered significantly
with the use of LSD (to 440 kg/trip).

Figure 5 shows the relative contributions of each
stage of the fuel-cycle for residual oil. Here it is clear that
vessel operations dominate the emissions profile, with the
exception of CH4 emissions. Because residual oil is a rel-
atively low energy-intensive fuel to produce, �90% of the
energy and �95% of most emissions come from the vessel
operation stage of the fuel cycle. Figure 6 shows the com-
parative change in petroleum consumption with respect

Table 3. Duty cycle for a tanker trip.

Segment Travel Time (%) Engine Load (%)

Idle 4.90 2
Maneuvering 1.75 8
Precautionary 5.00 12
Slow cruise 7.00 50
Full cruise 81.35 80

Table 4. Results from tanker case study.

Variable

Total (MBtu/trip or kg/trip)a

CD RO NG LSD B20 FTD

Total energy 19,901 18,013 24,105 22,624 23,579 31,574
Fossil fuel 19,850 17,981 23,994 22,562 19,959 31,562
Petroleum 18,267 17,145 130 20,539 17,017 222
CO2 1537 1512 1441 1781 1548 1870
CH4 1749 1624 7244 1973 1804 2335
N2O 3.98 35.08 3.19 5.02 29.32 1.58
GHG 1579 1560 1608 1828 1598 1924
VOC 1769 1607 1206 1968 1973 1992
CO 7665 7223 5023 8520 8638 9319
NOx 41,786 41,396 31,891 46,439 46,676 45,856
PM10 327 1272 26 370 407 64
SOx 627 20,447 402 440 705 268

Notes: aCO2 is measured in t/trip; GHGs are measured in carbon equivalent/trip.

Figure 5. Relative contribution of energy and emissions for residual oil for tanker case.
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to CD. All of the fuels demonstrate a lower amount of
petroleum use per trip, with the exception of LSD, which
uses �12% more petroleum, primarily because of the up-
stream fuel processing stages.

Case III: Container Vessel
The third case analyzed is a container vessel calling on the
two busiest container ports in the United States: Long
Beach and Los Angeles, CA. This container vessel is rep-
resentative of a large, 6000-TEU (20-ft equivalent unit)
vessel with one main engine, rated at �75,000 Hp. The
vessel operates on a �10,600 mi (9234 nautical mi) route
from Los Angeles to Hong Kong, lasting �480 hr (17 days
at sea and 3 days in port). The trip is divided into five
segments with the percentage of total trip time identified
for each segment as shown in Table 5.

The container vessel has four auxiliary engines, each
rated at 1400 Hp, for a total installed auxiliary power of

5600 Hp. As before, the auxiliary engines use the same
fuel on which the main engines operate, and are operat-
ing 50% of the trip time at 80% power load. This case
assumes the same sulfur content for fuels as in Cases I and
II discussed earlier, with the exception of residual oil,
where a sulfur content of 22,900 ppm based on average
sulfur content of residual fuel sold in California is as-
sumed.25 As in Case II, residual fuels imported from Ven-
ezuelan refineries to the United States, using a navigable
distance of 6675 miles from Venezuela to California. As
above, other distances use default values by mode ob-
tained from the 2002 Commodity Flow Survey and recent
GREET model defaults.

Case III was validated by comparing the results for
total energy usage with previous analysis and obtained a
range between 200 Btu/t-mi and 400 Btu/t-mi.24,26 These
results agree well with the average energy intensities esti-
mated in other work, where the lower estimate is in very
close agreement with the energy intensity estimated in
the previously mentioned IMO study.24 Lighter contain-
ers would correspond with the higher energy intensities
because of fewer tons of cargo being moved by a full (i.e.,
volume limited) container ship.

The results of Case III are shown in Table 6, Figure 7,
and Figure 8. Table 6 identifies the total fuel-cycle energy
use and emissions characteristics for each of the alterna-
tive fuels studied. Residual oil is again the most energy
efficient but also the most polluting. For example, SOx

emissions are �190 t for this trip, whereas NOx emissions

Figure 6. Relative contributions of petroleum consumption compared with CD for tanker case.

Table 5. Duty cycle for a container trip.

Segment Travel Time (%) Engine Load (%)

Idle 1.25 2
Maneuvering 1.75 8
Precautionary 5 12
Slow cruise 7 50
Full cruise 85 80

Table 6. Results from container ship case study.

Variable

Total (MBtu/trip or kg/trip)a

CD RO NG LSD B20 FTD

Total energy 182,905 167,359 223,427 209,702 218,558 292,654
Fossil fuel 182,442 167,063 222,397 209,125 185,001 292,547
Petroleum 167,890 159,297 1201 190,375 157,731 2,058
CO2 14,135 14,055 13,358 16,511 14,355 17,333
CH4 16,075 15,093 67,149 18,288 16,727 21,646
N2O 37 326 30 47 272 15
GHG 14,516 14,499 14,912 16,945 14,820 17,835
VOC 16,263 14,937 11,180 18,250 18,285 18,465
CO 70,451 67,117 46,558 78,973 80,068 86,375
NOx 384,058 384,619 295,597 430,446 432,639 425,030
PM10 2982 11,799 245 3407 3748 592
SOx 5683 189,909 3708 3981 6433 2445

Notes: aCO2 is measured in t/trip; GHGs are measured in metric tons carbon equivalent (mtC eq)/trip.
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are �385 t. This trip represents emissions of �14,000 t of
GHG emissions for CD, residual oil (RO), natural gas
(NG), and B20 fuels and even higher levels for NG and
FTD fuels. The percentage breakdown for upstream and
downstream elements of the fuel-cycle is almost identical
to the other cases. Even with the longer travel distance of
residual fuel in Case III, percentage differences of energy
use and emissions per trip varied by only tenths of a
percent for CO2 and less for other constituents. Thus, we
refer the reader to Table 2 for the percentage breakdown.

Figure 7 shows the relative contributions of energy
and emissions for LSD for this container vessel. Here, it is
clear that the upstream fuel-cycle stages play a more sig-
nificant role in total emissions than for other fuels shown
earlier (see Figures 3 and 5). Figure 8 shows the relative
differences of various fuels as compared with CD for SOx

emissions. LSD demonstrates reductions of �30% com-
pared with CD, whereas RO emits �35 times more SOx

than CD for this particular trip.

DISCUSSION
This paper presents the first TFCA model for marine ves-
sels, the TEAMS model. We explain the basis for TEAMS
and provide results of several case studies to illustrate its
uses. TEAMS will become an important tool for TFCA
within the marine sector, complementing the role that
GREET plays for landside transportation.

As with GREET, TEAMS abides by the old saying
among modelers, “garbage in, garbage out.” And so it goes
without saying that users of TEAMS must be wary of the
critical role that assumptions and input data play in in-
fluencing results. Because of the parametric nature of the

TEAMS model, the most critical data inputs are easy to
identify. These include: emissions factors, fuel attributes,
trip distances, vessel engine data, and various process
efficiency assumptions for upstream fuel processing. Be-
cause there are well over a hundred different data inputs
for TEAMS, conducting a comprehensive sensitivity anal-
ysis here is beyond the scope of this paper. However, we
discuss each input element in more detail in the model
documentation, which is available on the TEAMS Web
site.

Understanding total fuel cycle energy and emissions
impacts of various transportation modes has long been
recognized as critical in transportation planning and pol-
icy-making. Indeed, some have called the understanding
of total fuel-cycle energy and emissions “crucial” in de-
veloping policies that are noncontradictory and that send
consistent policy signals.27 EPA has institutionalized
these types of analyses in their own modeling work, for
example, by including GREET as an important compo-
nent of the new Motor Vehicle Emission Simulator
model, which will replace EPA’s well-known MOBILE6
and NONROAD models.28 Although GREET had estab-
lished the analytical tool for conducting such analyses
with landside vehicles, TEAMS has now established a tool
for the marine sector.

Cost-effectiveness analysis is not the purpose of this
paper; however, with TEAMS, analysts can now conduct
such analyses with consideration of the total fuel-cycle
energy and emissions impacts of various fuels and tech-
nologies. We also recognize that the alternative fuels dis-
cussed in this paper and evaluated in TEAMS are not

Figure 7. Relative contribution of energy and emissions for LSD for container case.

Figure 8. Relative contributions of SOx emissions compared with CD for container case.
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necessarily the most cost-effective means of reducing pe-
troleum dependence or emissions. A more comprehensive
study of the economic and technical feasibility of various
fuels in the vessel types discussed here is reserved for
future work. In this regard, marine fuel choice is very
much vessel dependent, and some fuels will require sig-
nificant investments in infrastructure to make them via-
ble (e.g., natural gas and FTD).10–12, 29

Lastly, we recognize a number of other environmen-
tal impacts associated with the different fuels addressed in
our model that are not covered in TFCA models. For
example, although TEAMS accounts for the energy and
emissions associated with growing soybeans for biodiesel
fuel, TEAMS does not address land use or water quality
impacts. Such impacts will surely be important inputs to
further discussions about the use of biofuels for both
waterside and landside transportation systems; however,
we reserve studying these impacts for future work.

Like the GREET model, TEAMS is freely available for
energy and environmental analysts. Readers are invited to
explore TEAMS by visiting www.rit.edu/�teams to down-
load a copy. Also at that Web site, readers can download
the three case study files used in this paper.
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