ORNL/SPR-2021/2088

Primer on the Cost of Marine Fuels
Compliant with IMO 2020 Rule

Rocio Uria-Martinez’
Paul N. Leiby’
James Corbett?
Zhaojun Wang?

10ak Ridge National Laboratory
2University of Delaware

August 2021

Q)
%OAK RIDGE C.S%epartment of Transportation

National Laboratory Maritime Administration

ORNL IS MANAGED BY UT-BATTELLE LLC FOR THE US DEPARTMENT OF ENERGY




DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via US Department of Energy
(DOE) SciTech Connect.

Website www.osti.gov

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)
TDD 703-487-4639

Fax 703-605-6900

E-mail info@ntis.gov

Website http://classic.ntis.gov/

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
representatives, and International Nuclear Information System representatives from the following
source:

Office of Scientific and Technical Information
PO Box 62

Oak Ridge, TN 37831

Telephone 865-576-8401

Fax 865-576-5728

E-mail reports@osti.gov

Website https://www.osti.gov/

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



http://www.osti.gov/
http://classic.ntis.gov/
https://www.osti.gov/

ORNL/SPR-2021/2088

Environmental Sciences Division

PRIMER ON THE COST OF MARINE FUEL COMPLIANT WITH IMO 2020 RULE

Rocio Uria-Martinez'
Paul N. Leiby!
James Corbett?
Zhaojun Wang?

!0ak Ridge National Laboratory
?University of Delaware

August 2021

Prepared by
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, TN 37831-6283
managed by
UT-BATTELLE LLC
for the
US DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725






CONTENTS

CONTENT S ettt ettt ettt et et e et e ent et e e st enseaseeas e s e em e et e eseensanseeatenseeseensesseeneensesseensenseennenes il
EXCCULIVE SUIMIMATY ....eeiviiiiiieeiieeiieeeteeeteeesiteeetteestteesbeeetseessseesssaeessseesssaeessseesssesesssesssseeessseessseessseesssennns 1
ES-1. BaCKGIOUNd......cciiiiiiiieiieiiecece ettt st ettt ettt st st e st e e e e e e steessaesssesnseensaesseensnennsas 1
ES-2. Compliance PathWays...........cccviiiiiiiiiiiiieiie ettt ettt ve et et esteesaneerveesveeabeesbaesesenenas 1
ES-3. Description 0f the U.S. fleet.......ccuiiiiiiiiiiiiie ettt st e ve e be e aa e 3
ES-4. SCENArio ANALYSIS......ccieitieriierierieeieeieeieeseestestesteeteesseesseesesesssessseesseesseessaesssesnsesnseeseesseensees 4
ES-5. Input Parameters and Data..........c.occueeeiiiriinieiieeie ettt steeteesteesreesaesereeseenseenseennees 5

1.1.1  Vessel, Fuel, Engine and Cost Parameters............c.ccovvevvievienienieniecieeieesiee e 5

1.1.2  Average Projected Prices for Marine FUels ..........ccecvevieriiniiniiiicececeeeee e 5

ES-6. Calculation of Fuel and Ship Capital Costs for IMO 2020 Compliance...........ccccevereeriereennene 6
ES-7. SENSItIVILY ANALYSIS ..uviieviiiiieiiieiiiiieereeteesieestesteeveeveeveessaesesessseesseesseesseesssesssesssesssesssessssessees 7
11,1 SensitiVIty t0 VESSEL AZE ...couiiiiiiiiiiieiiesiiesiie st ere e ereeveestaeseresbeesbeebeesseestaesaneseneenns 7

1.1.2 Sensitivity t0 FUCI PIiCe.....ccccovviiiiiiiieiieiiece et 9

1.1.3 Compliance Approach Costs vs Strategy for Sensitivity Case Set Results.................. 10

1.1.4 Implications of a Carbon-Constrained World...........c.cccceeoviiviinieniieniicieceereeieeiens 11

ES-8. CONCIUSIONS.....ccctiiiitiiiiieeciee ettt ettt ettt e et e et e e e bt e et e e sbeeeeaseesataeesaeesaresesseesssesensaeesssesenses 12
ACKNOWICAGIMENIES. ...ttt b ettt et s b et b e e bt et bt et e bt ebt et e s bt eat e besbeenee e 1
AL CTOMIYINIS ...eeutieeiiee ettt e teeeteeeeteessteeesseessseeasesaessseeassseensseeassseesseesnsaeasssesansesassseenssaeansseesssessnsasenssesansseenssennns 1
LIST OF FIGURES ..ottt ettt sttt sttt s e st sseess e s e estessesseessenseessensenseessensenseensenses 3
LIST OF TABLES ...ttt ettt sttt sttt et e e s seess e s e eseessesseensensesssenseseessansenseensenss 4
F N S X TSRO 5
1. INTRODUCGTION ...ttt ettt ettt e e st est e teeseenseeseensesseentansesseensanseensensesneensenees 6
LT PURPOSE ...ttt ettt ettt st h e e st et bt et e bt et et e ebeeaeenees 6

1.2 BaCKGIOUNA.....ccuiiiiiiieiiciiciiectee ettt ettt etv e e v e e teesteestaesabeesbeesbeesbeesssesssessseesseesseeseens 6

1.3 Organization Of thiS TEPOIT .......cccviiiieiiiiiecieee ettt stveetbeeebeebeebeesasesrveeaseesbeesseens 9

2. Marine Fuels Compliant with IMO 2020 RUI@........c.cccvrviiiriierieiieeieeie et 9
B B B 1) 0 0 o 4 USSP 9
2.1.1  Petroleum-based residual fUelS ...........ccceeieiirieiiieeeee e 10

2.1.2  Petroleum-based distillate fUELS ..........ccceroieiirieiii e 11

20130 LING ettt ettt b e et b et 11

B B 5 5 U0 Y TP 12

2.1.5  Other AIternative FUCLS.........oooiiiiiieeieee et 14

2.2 Price and UHIZALION ......cocuiiuiiiiriiiiieierieeteee ettt ettt sttt 16
2.2.1  Petroleum-based fUCIS........ccceoieriiririiniiiieeeee e 16

B ) [ G PSRRI 20

2,23 BIOTUCIS c..eiieeieceece et et et et ete e e eeenees 21

2.2.4  Other alternative fUCLS.......c..cooviiiiiieciiece e e 22

3. U.S. Fleet of Oceangoing VESSEIS ......cccuiiuiiviiiiiiiiiieriieiiesre e ereereeteesteesiaessnesssessseesseessessssessnesssennns 24
3.1 ULS. 1EEE ATIDULES ...eueeeiieiieeieieeieeie ettt ettt sttt et e e st et e e et et e eeenee s e sseeneesseeneeneens 24

3.2 Fuel consumption and fuel cost estimate for the U.S. fleet ..........coceviniiiiinininnininiinenees 25

4.  Fuel Choice Decision by Marine SHIPPEIS .......cccveeveirieiierieriiesieseesreereesseesseesseesssesssesssesssesssesssnes 29
5. Key Factors Driving Marine FUEl PriCeS .........ccceviirieiiiiieiiicie ettt sene e e 30
5.1  Marine transport energy demand ............coocuieiuieiiieriienierie ettt 30
5.1.1  Trends in GDP and population (driving the demand for seaborne trade).................... 30

5.1.2  Expanding trade agreements and free-trade zone agreements............cocceeeeverveerveenenns 31

5.1.3  Changes in fleet size and COMPOSILION .......cccuerriiiriiirierieeie ettt 31

il



5.1.4 Mandated and market-driven increases in energy efficiency, or reductions in

CIMISSTIOIS ettt ettt et ettt et ettt et e st e e s e e s bt et e bt eat et e ebeeabe bt e st e tesbeemte bt saeenee bt sneeneenne 32

5.2 ORL PIICE .ttt ettt ettt sttt b e ettt be et she et e b 32

5.3 Refinery economics and the demand for other petroleum products............ccceeevvevreeeriervennnennen. 34

5.4 Environmental regulation and iNCENTIVES..........ccvevrierrieriiiiieieeieeireeseesteeereeereeveeveesseessnesenas 39

6. Scenarios: Fuel Price, Policy, and Technology .........cccccevvieeiiieciieiieieierie et 40
6.1  General description of the SCENArio ANALYSIS.........ccvvevveriiiieiiieieerreesee s ere e ereereesveeeeesenas 40

6.2 Model input parameters and data...........c.cccveeerieviieiieiieiieeie e ebe e b e aeeaeas 41
6.2.1 Vessel, fuel, engine, and COSt PATAMELETS .........cccceerierieeieeieeiierieneeenereereereeseeseens 41

6.2.2  Average projected marine fuel PriCes ........ccccvrrierieriieriieeiieeieeeereeree e eeens 42

6.3  Estimated costs for base cases of each compliance approach...........ccccceevveviieciieciecienienienen. 43

6.4 Estimated costs and CO; emissions fOr SENSIIVILY CASES......cecvverreereerieerieerireaireesreesieerseesenennnes 44
6.4.1  SensitivVIty 10 VESSEL @8 ....icvierieriiriieiieieeieereeseesteete et te e ee s sre s e enseensaensaens 44

6.4.2  Sensitivity t0 fUCL PIICE ...c.viiieiiiieiiieciie e e e e breeseneas 46

6.4.3 Compliance approach costs vs strategy for sensitivity case set results........................ 47

6.4.4 Implications of a carbon-constrained World............c.cceevuvrviierienienierieeeeieeeeeeene 50

T COMCIUSIONS. ¢ttt sttt ettt b ettt e bt et esh e eb et s bt et e bt eht et e eb e e b e bt eb e et e sae e st e bt sbeeneenbesneeneenne 51
RETETEIICES ... ettt ettt ettt et e et e e et e e e s et en e e seeseemse st estenseeseensesseeneansesneeneansean 53
APPENDIX A. FUEL PTOPEITIES. ....cvieitieiiesiiieeieeieeiteieesitesieeseesteeteeteesteesseessaesnsesnseenseeseensaessnessnesnsesnsennns 1
APPENDIX B. Cost MOAEl details ........cceriiiiriiriiiiiieieieeteeie ettt 5

v



EXECUTIVE SUMMARY

Primer on the cost of marine fuels compliant with the IMO 2020 rule

ES-1.BACKGROUND

e  Compliance with the IMO 2020 sulfur cap requiring ocean-going vessels to transition to fuels with a
maximum sulfur content of 0.5% starting on January 1, 2020 has been near universal and marine
fuel expenditures increased by less than had been projected. However, it is difficult to separate the
effect of IMO 2020 from the effect of COVID19 in marine fuel prices during this period.

e  Figure ES- 1 shows the price differential between VLSFO with 0.5% sulfur and HSFO with 3.5%
sulfur from January 2019 to December 2020. The differential peaked in the first days of 2020 at
240-3208%/ton and dropped precipitously (along with price levels) in the spring of 2020 stabilizing at
50-60%/ton in the second half of the year. In percentage terms, the premium of VLSFO over HSFO
stayed in the 25%—-30% range in 2019-2020.
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Figure ES- 1. Price of heavy fuel oil and very low sulfur fuel oil in selected hubs (2019-2020)

Source: Argus

ES-2. COMPLIANCE PATHWAYS

e  The main pathway to compliance has been petroleum fuels, mostly VLSFO but also HSFO with
scrubbers. Figure ES- 2 shows the mix of petroleum-based marine fuels sold in two major bunkering
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thousand tonnes

ports (Singapore and Rotterdam) since the last quarter of 2019. VLSFO has been the most sold fuel
since the beginning of 2020 in both, with HSFO in second place.
- The projection from many analysts that IMO 2020 would result in significant increases in
consumption of higher quality, more expensive marine distillates (MGO/MDO) has not

materialized.
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Figure ES- 2. Quarterly sales of petroleum-based bunker fuels at the ports of Singapore and Rotterdam (2019 OQ4—
202101)

Source: Maritime and Port Authority of Singapore, Port of Rotterdam

There are a range of alternative fuel options with sulfur content below the 0.5% cap, including
liquefied natural gas (LNG), biofuels, methanol, and ammonia, but they are more expensive (except
for LNG) than petroleum-based fuels and/or require vessel retrofits.

- LNG is the most available and cheapest of the alternative fuel options, particularly in the
United States. However, it requires a retrofit investment for existing vessels with
conventional marine diesel engines. Methane leakage in the well-to-tank lifecycle stage
and methane slip in the tank—to-propeller stage limit the greenhouse gas (GHG) emission
reductions offered by LNG.

=  Twenty of the 30 U.S.-flagged vessels constructed in 2015-2019 are either
compatible with LNG or “LNG-ready” (i.e., they could use LNG upon some
modifications).

* Globally, there were approximately 200 LNG-fueled vessels in operation and as
many newbuild orders at the end of 2019.

- Within the biofuel category, there are many combinations of feedstocks and conversion
pathways to produce marine fuels, at various stages of research and development. They
are typically more expensive than petroleum-based fuels, but they offer substantial
reductions in GHG emissions relative to those conventional fuels. Many of them (e.g.,
biodiesel) do not require any retrofit investment for existing vessels; others like ethanol
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do. Biodiesel and renewable diesel are commercially available and are direct substitutes
to marine distillate fuels; competition from other transportation sectors could limit
availability to the marine sector. A few companies have also started offering bio-fuel oil
that can be blended with petroleum-based residual fuel.
= Use of biofuel blends is growing from trial voyages into a reportable category of
fuel sales in some ports (most notably, Rotterdam).

- Methanol produced from natural gas is already available in many ports, but bunkering
infrastructure remains to be developed. As a liquid fuel, it is easier to store than LNG.
Methanol has about half the energy content of HSFO and has been more expensive than
HSFO in an energy-equivalent basis. To achieve substantial reductions in GHG lifecycle
emissions relative to residual fuel oil, methanol must be produced from renewable
feedstocks.

» By the end of 2019, there were 12 methanol vessels in the global fleet—most of
them were chemical tankers for which methanol is both cargo and fuel; another
11 orders for new methanol-fueled vessels had been placed.

- Ammonia is the less technically mature option (for its use as marine fuel) of the ones
considered in this report; yet some prominent forecasts view it as capturing a large
fraction of marine fuel sales by 2050. Its advantages are its potential to be a zero-carbon
fuel, as long as CO, emissions are eliminated from production of the necessary hydrogen,
and its ease of transport and storage compared to hydrogen. However, its low energy
density relative to petroleum-based fuels contributes to it being more expensive than the
incumbent fuels (even for the “grey” versions available today). Addressing its toxicity
and emissions of NOx upon combustion requires additional capital cost to incorporate
extra safety measures and exhaust after-treatment systems in the vessels.

» There are no marine engines compatible with ammonia today. However, marine
engine manufacturers are developing both two-stroke and four-stroke engines for
ammonia use and it is expected that the first installations could happen by 2024.

ES-3.DESCRIPTION OF THE U.S. FLEET

e  The U.S. fleet of ocean-going vessels comprises 184 ships with combined gross tonnage of 7.3
million tons and a median age of 15 years. Figure ES- 3 shows that the age distribution and vessel
type mix vary significantly between the Jones Act segment of the fleet (i.e., the U.S.-built, owned,
registered, and crewed vessels eligible for domestic waterborne freight transport) and the rest.
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Figure ES- 3. U.S.-flagged merchant fleet by year of build and ship type

Source: U.S. Department of Transportation Maritime Administration

ES-4.SCENARIO ANALYSIS

e  We built a model to compare the average annual cost of eight alternative IMO compliance
approaches, for the average (size and age) containership (44,000 gross tons and 19 years old) and
tanker (39,000 gross tons and 14 years old) in the U.S. fleet.

e  The cost model does not describe the full shipping cost; it focuses on the two components—capital
cost (retrofit cost or new ship cost) and fuel cost—that vary the most across the different compliance
approaches. Other ship operating costs (crew cost, maintenance, insurance etc.) are not expected to
vary substantially with compliance approach.

Cost = annual capital charge + annual fuel consumption * fuel price

The fuel consumption reflects any fuel-efficiency effects of the engine/ship choice and the fuel
efficiency penalty of a scrubber, if chosen.

o  The eight compliance approaches are combinations of engines and fuels described in terms of their
average costs, emissions, and fuel efficiency:
—  The three approaches compared for existing ships are VLSFO, HSFO plus scrubber, or LNG
retrofit.
—  The five approaches involving new ships use VLSFO or one of four alternative fuels: (LNG,
biofuel (ethanol), methanol, ammonia).
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" The choice to replace with a new vessel depends strongly on the vessel age and the
“reinvestment window”, assumed to be remaining vessel operational lifetime.
e  To consider GHG/decarbonization implications as part of the scenario analysis, we explore the
implied cost of carbon reduction across compliance alternatives.
—  We do not make explicit assumptions about GHG markets, prices, or the choice between
buying credits vs investing in lower GHG technology.

ES-5.INPUT PARAMETERS AND DATA

1.1.1  Vessel, Fuel, Engine and Cost Parameters

Data needed for scenarios include data specific to each vessel type, engine and fuel, as well as the shared
cost/economic parameters shown in Table ES- 1.

Table ES- 1. Cost Parameters Shared by All Cases

Parameter Low Base High
Interest rate 0.03 0.04 0.1
Base vessel lifespan 15.0 20.0 35.0
LNG newship cost premium 0.2 0.2 0.2
Altfuel newship cost premium 0.5 0.5 0.5
Newship cost multiple USvsforeign 3.0 3.0 3.0

1.1.2  Average Projected Prices for Marine Fuels

e  Fuel prices are constructed from EIA’s Annual Energy Outlook (AEO) 2021.

—  The AEO contains projections for HSFO and ethanol; for the rest, the price projections are
based on linear equations describing the historical relationship between the fuel of interest
and a related one for which AEO offers projections.

e All prices are converted to dollars per ton of fuel oil equivalent energy to account for the different
energy content of the various fuels considered.

The projected prices of conventional and alternative marine fuels, based on EIA’s AEO 2021 projections,
are summarized in Figure ES- 4.
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Mean Price (HSFO-equiv) for Marine Fuels Across 3 AEO Oil-Price Scenarios
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Figure ES- 4. Mean price (HSFO-equivalent) for marine fuels across three AEO oil price scenarios

e  For each price scenario, cost calculations are based on the AEO mean price projection over the
2020-2050 period. The prices for ammonia and methanol in the AEO scenarios are for “grey”
versions that use natural gas as the feedstock. Figure ES- 4 shows that some alternative fuels, like
ammonia, ethanol and methanol, are less sensitive to variations in crude oil price, and so are
comparatively more (or less) competitive in high (or low) oil price scenarios.

o A fourth price scenario (IMO_GHG_Study) is considered, based on the fuel price projections from
the IMO 4th GHG study for ammonia, ethanol, LNG, and methanol (and historical prices from
Argus for the petroleum-based fuels).

ES-6. CALCULATION OF FUEL AND SHIP CAPITAL COSTS FOR IMO 2020 COMPLIANCE

Given the framework for fuel and capital cost accounting described above, we compute the costs of
alternative compliance approaches (in US dollars per year) and CO, emissions.

o  The results for the Base Case set of scenarios, with Reference AEO fuel prices in Figure ES- 5 show
that the compliance approaches using new ships are, not surprisingly, far more expensive than
approaches that utilize existing ships and either low-sulfur fuel oil or retrofits for scrubbers or LNG.

- An increase in fuel efficiency of 45% is assumed for all new ship alternatives.
- The results in Figure ES- 5 are for ships of average age in the U.S. fleet: 19 years for
containerships and 14 years for tankers.

e  The pattern of relative costs of compliant approaches is similar for containerships and tankers. One
exception is that the estimated incremental cost of an LNG retrofit is lower than the use of VLSFO
for tankers but not for containerships. This is due to differences in vessel configuration and the more

ES-6



limited space on container vessels for LNG storage and fuel management equipment. Furthermore,
incremental annual capital charge for LNG retrofit is also lower on a typical tanker because tankers
are, on average, younger than containerships in the U.S. fleet and have more years of service

remaining over which to amortize the retrofit cost.

Base Case Costs by Compliance Approach

25,000,000 -~
20,000,000 -~
s Vessel Type
o
_ 15,000,000 - . Containership
(0]
S Tanker
10,000,000 -
5,000,000 -
e}
&
AN/

Compliance Approach

Figure ES- 5. Base Case Costs by Compliance Approach

ES-7.SENSITIVITY ANALYSIS

We consider sensitivity cases for variations of the following parameters:
e Fuel price case,
e Vessel age,
e Interest rate,
e Scrubber efficiency penalty.

1.1.1  Sensitivity to Vessel Age

Figure ES- 6 displays the total capital plus fuel cost of eight compliance approaches for the two ship types,
for vessel ages from zero years (new) to 20 years.
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Cost by Fuel/Tech Compliance Approach, Sensitivity to Age
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Figure ES- 6. Cost by compliance approach, sensitivity to age

Figure ES- 6 shows there are 3 clearly distinct regimes or groupings of compliance approaches in
terms of costs (particularly for tankers): 1) low-sulfur petroleum fuels or LNG retrofit are all part of
the lowest cost regime 2) VLSFO new ship/LNG new ship are intermediate in cost, and 3) new ships
with alternative fuels are the costliest.
The principal age sensitivity arises for older vessels, here ages ~14—19, when the annualized capital
cost of the retrofit options (scrubber, LNG-retrofit) rises quickly because of the limited remaining
vessel life over which to amortize it.

—  More than half (54%) of vessels in the U.S. fleet are 14 years old or older.
Our approach to costing out the capital investment of any option with a “newship” build makes the
annual cost result invariant with the age of the existing ship.
A critical assumption is that the scrappage cost, and the used-vessel value, is taken as approximately
zero in the U.S. market of older Jones Act vessels. A second important assumption is that new
vessel construction costs for a U.S. Jones Act-eligible vehicle are substantially higher than
constructions costs in the global market.!
As aresult, for a vessel of any age from 0 to 19 years, it is more cost-effective to continue to operate
used vessels as long as practical than to buy a new vessel of any kind. This is despite the assumed
higher efficiency of new ships (with new engines and hull designs).

! Subsides for U.S. shipbuilding are no longer provided. Such subsidies “were passed as part of the Merchant Marine
Act of 1936 and later expanded by the Merchant Marine Act of 1970 before being scrapped by the Reagan
administration in 1981.” (Grabow, 2021).
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1.1.2  Sensitivity to Fuel Price

Cost, $/yr

The evolution of petroleum and substitute fuel prices is a key uncertainty in this cost analysis. The
range of average future fuel prices in the 4 price cases developed with EIA and IMO 4" GHG
Study/Argus assumptions translates into substantial dispersion of total costs of IMO compliant
approaches. Figure ES- 7 summarizes the cost of the 8 compliance approaches for containerships and
tankers, with dots showing the annual costs in each of the 4 price cases. Colored lines connect the
outcomes for the same price scenario across compliance approaches.

Compliance Approach Costs, various price cases
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Figure ES- 7. Compliance approach costs for Base Case set with price sensitivities

The previous message of 3 distinct cost regimes for compliance approaches is robust to the price
sensitivity cases considered, particularly for tankers. For containerships it is not as clear cut, but
there are still 2 distinct groupings: one for petroleum-based fuels and LNG, another for new
alternative fuel ships with potentially lower CO» emissions. The prices of alternative fuels (ethanol,
methanol and ammonia, even if produced with fossil feedstock) move differently under different oil
prices than the petroleum and LNG fuels. Thus, the costs of new alternative fuel options are in a
narrower range, far less dependent on the prices of oil. New ship options are also less sensitive to
fuel prices due to their assumed greater efficiency than existing ships.

VLSFO use by existing ships is a highly competitive alternative for IMO compliance in all price
scenarios except the High Oil Price one. The prospect of sustained lower petroleum prices as many
regions move to electrify road transport could also create strong competition for non-petroleum
marine fuels that might be used to both reduce marine sulfur and CO- emissions. However, a return
to a High Oil Price world would make the more efficient new ship options relatively less costly.
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1.1.3 Compliance Approach Costs vs Strategy for Sensitivity Case Set Results
Containership Cost and CO2 Emissions, with Sensitivity Cases
Costs CO2 Emissions
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Figure ES- 8. Containership cost and CO; emissions, various sensitivity cases

o In Figure ES- 8, the left panel shows annual costs for the 8 compliance approaches as before, but
now with sensitivity cases as combinations of prices, interest rates and scrubber efficiency, each
combination shown as a separate dot. Colored lines connect the mean outcomes for each price

scenario across compliance approaches.?

The right panel shows estimated tank-to-wake emissions of CO; for each fuel, using a single value
for the carbon intensity of each fuel (see Table B- 3). Uncertainty about the scrubber efficiency and
fuel penalty results in a small range of CO» emissions in the HSFO-with-scrubber compliance
approach. While these are tank-to-wake emissions, they could also be lifecycle emissions, if cost-
competitive net-zero GHG versions of ethanol and ammonia can be produced.

In broad terms, the costs generally rise across the options shown in

Figure ES- 8 from left to right, while the estimated CO; emissions generally fall.

Again, the prices of non-fossil fuels behave differently under different oil prices, and new ship
alternative fuel options are far less dependent on the prices of oil. Furthermore, the cost of new
alternative fuel and other new ship options, both alternative and conventionally fueled, are less
dependent on ship age, since the old ship is assumed scrapped. But new ships are a more capital-
intensive approach and do show sensitivity to the cost of capital (the interest rate).

2 For tankers, the equivalent figure is presented in Chapter 6.
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1.1.4 Implications of a Carbon-Constrained World

CO2 Switchover Cost, Various Sensitivity Cases
(Fuel Price, Age, Interest Rate, Scrubber Efficiency)
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Figure ES- 9. CO; switchover cost, various sensitivity cases

e  TFigure ES- 9 reports the CO; switchover cost for the 8 compliance approaches using a new ship
fueled by VLSFO as the reference point. Some basis of comparison is necessary, and VLSFO new
ship was chosen as the reference because it was an intermediate approach both in terms of cost and
CO; emissions. As the reference option, the switchover cost for VLSFO new ship is reported as zero
across all sensitivity cases.

e  Note that we only look at CO; emissions (rather than CO;-equivalent) and only for the tank-to-wake
stage of the fuel lifecycle; methane slip is not accounted for.

e  Given a non-zero carbon cost, approaches to the right of VLSFO new ship, which have higher cost
but lower CO; emissions, become relatively more advantageous due to the carbon price. In contrast,
points to the left (lower cost, higher emissions) would get penalized by a carbon price.

e  Note that carbon price tilts the costs around the new VLSFO ship option raising cost of existing
petroleum ships and lowering relative cost of new-non-petroleum ships. Absent a CO; cost, a new
VLSFO ship is in the middle in terms of cost and CO; emissions given its more efficient use of
petroleum relative to that of existing ships.

e  The figure shows that a positive CO; cost could make cost-effective the switch from an existing ship
using petroleum or LNG to a new, more efficient ship using VLSFO. A (typically large) positive

ES-11



CO; cost could also incentivize the switch from a new VLSFO ship to a new alternative fuel
(ethanol, methanol or ammonia) ship, provided those fuels achieve lower CO; emissions.

In many cases, particularly those involving a new alternative fuel ship, the CO» cost would have to
be rather high before such an investment would be justified based on net economics alone. However,
this switchover cost is lower for scenarios with higher oil prices, and lower if capital costs or
alternative fuel costs can be reduced.

ES-8. CONCLUSIONS

Contrary to some initial concerns, IMO 2020 compliance with low-sulfur petroleum-based fuels
neither has turned out to be nor is expected to be (based on AEO 2021 price forecasts) very
expensive.

LNG retrofit is cheaper than use of VLSFO or HSFO plus scrubbers in some of the price scenarios;
although choosing LNG can make sense from a commercial/cost optimization standpoint as well as
to reduce local air pollutants, it offers limited improvement in CO, emissions and has additional
challenges related with methane slip, which makes it a risky fuel in the context of potentially more
ambitious GHG reduction targets by IMO.

Capital cost for retrofits of existing ships is less economic for those ships which are older, i.e., much
of the U.S. fleet.

Relative to the existing fleet, fueled almost entirely with petroleum-based fuels, a more diversified
fuel mix likely results in lower overall price risk.

—  This result is driven by the fact that the correlation between petroleum fuels and alternative
fuels is lower than the correlation across petroleum fuels (e.g., residual fuels and distillate
fuels). Reductions in price risk due to diversification of the fuel portfolio are possible at the
fleet level and at the vessel level (with dual-fuel engines).

While CO,/GHG emissions are not directly a consideration for IMO 2020 compliance, there is a
prospect of a more carbon-constrained global energy market. The fuel and vessel options for IMO
2020 compliance vary significantly in their carbon intensity, particularly on a tank-to-wake basis.
The potential need for ships to reduce their carbon intensity can be a supplementary consideration
for U.S. shippers evaluating the longer-term implications of their IMO compliance approaches and
investments.

However, the comparatively high cost of new ship investment, based on U.S. construction costs,
implies that a high effective cost for CO, would be needed to motivate the switchover from existing
ships to new, more efficient ships, or new alternative fuel ships.

—  There remains substantial uncertainty about this switchover cost of CO; in part because the
costs of producing low- or zero-lifecycle CO; fuels for marine use in significant volumes
(such as green ammonia or biofuel) are not yet established.

A prospect of sustained lower petroleum prices as many regions move to electrify road transport
could also create strong competition for non-petroleum marine fuels that might be used to both
reduce marine sulfur and CO, emissions.
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ABSTRACT

This report aims to provide information for owners and operators of U.S. ocean-going marine cargo
vessels on the cost of different approaches to compliance with the IMO mandate to reduce the sulfur
content of marine fuels (outside emission control areas) to no more than 0.5%. The IMO 2020 rule came
into effect on January 1, 2020. The report discusses a suite of options for compliance including low-sulfur
petroleum-based fuels and alternative fuels. Since fuel prices are a primary factor in determining the cost
of the various alternatives, the document also includes a discussion of the main drivers of marine fuel
prices. The cost analysis compares the average annual costs (capital and fuel) out to 2050 of each
compliance approach under alternative scenarios regarding fuel prices, policy, and technology innovation.
The cost calculations apply to representative U.S. fleet vessels for containership and tanker types. Even
though the analysis focuses on average cost of approaches to comply with IMO 2020, the comparison of
approaches also acknowledges other benefits or risks including fuel price risk and the contribution of the
approach to addressing other potential environmental performance objectives or regulations.



1. INTRODUCTION

1.1 PURPOSE

The purpose of this report is to provide information for owners and operators of U.S. ocean-going marine
cargo vessels on the cost and non-cost considerations of various IMO 2020-compliant fuel options for
different vessel types and ages under multiple scenarios regarding key drivers of marine fuel prices and
other economic parameters.

Fuel price is a salient consideration for shipowners because fuel cost typically represents about 30% of
annual total shipping costs and ~75% of voyage costs (Stoft, 2009; Wang et al., 2021).* Technical,
environmental, and social considerations are also important. Given the timeframe discussed in this report
(2020-2050), long-lived capital investments in the shipping fleet and for bunkering infrastructure will
also be influenced by IMO’s GHG emission reduction strategy. The initial IMO strategy targets a
reduction of carbon dioxide emissions per unit of transport work (carbon intensity), as an average across
international shipping, of at least 40% by 2030 and 70% by 2050 as well as a reduction in total annual
GHG emissions by at least 50%, compared with 2008 levels (Resolution MEPC.304(72)).

1.2 BACKGROUND

The global sulfur limit of marine fuel oil became 0.5% on January 1%, 2020 (MARPOL Annex VI
regulation 14). Also, several states have set more stringent domestic regulation. For example, IMO
ratified emission control areas (ECAs) in the Baltic Sea, the North Sea, and North America; China has
also established a domestic ECA. Compliance options include using low-sulfur petroleum-based fuels,
installing an exhaust gas cleaning system (typically known as a scrubber), or switching to alternative
fuels.

Many studies were conducted regarding the potential impact of the IMO 2020 sulfur regulation after the
IMO confirmed its implementation in 2016. One aspect covered by these studies was the anticipated
change in marine fuel mix post-IMO 2020. For instance, the International Transport Forum estimated a
global marine fuel consumption of 3.9 million barrels (MMbbl) per day in 2020 of which 30% would be
residual fuel oil and 70% would be marine gasoil, representing a demand shift of 2 MMbbl/day from
residual fuel oil into gasoil (International Transport Forum, 2016). Argus, a data and market intelligence
provider, projected that the switch would be largely from high-sulfur fuel oil (HSFO) to marine gasoil
(MGO) at least in the first few months of 2020 due to concerns about the stability and compatibility of the
other main option, very low sulfur fuel oil (VLSFO) blends.* Argus posited that it could take up to five
years to reach a stable new level of HSFO consumption in the marine shipping sector with the level of the
price spread between high and low-sulfur fuels determining the additional scrubber installations and
refinery investments in residue destruction and desulphurization.® For the United States, the U.S. Energy
Information Administration (EIA) projected in its Annual Energy Outlook 2019 (AEO 2019) that the
share of HSFO in the ocean-going bunker fuel markets would drop from 58% in 2019 to 3% in 2020, and

3 The fuel cost shares in Stopford (2009) are for a 10-year-old Capesize bulk carrier under Liberian flag at 2005
prices. Total shipping costs include capital costs. Voyage costs are the variable costs incurred in a particular voyage.
More recent estimates of the fuel cost share in total shipping costs developed for containerships in Wang et al.
(2021) were in the same range. Nonetheless, fuel share of costs can vary significantly from ship to ship and over
time depending on fuel price levels, vessel age, and vessel operations.

4 https://www.argusmedia.com/en/blog/2019/august/14/imo-2020-navigating-the-transition-period

3 https://www.argusmedia.com/en/blog/2019/october/9/imo-2020-series-after-the-storm
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then rebound to 24% in 2022 as more vessels installed scrubbers. The share of low-sulfur residual fuel oil
consumed in the U.S. bunker fuel market would increase from 38% in 2020 to 43% in 2025 and the
marine distillate fuels would increase from 36% in 2019 to 57% in 2020, and then decline to 29% by
2025 (EIA, 2019a).

Two major studies focused on the question of low-sulfur fuel availability and reached opposite
conclusions. To decide on the implementation date of the 0.5% sulfur limit, the IMO hired consultants led
by CE Delft for a fuel availability study. The study estimated the demand for marine fuels in 2020 and
assessed whether the global refinery sector would be able to produce sufficient low-sulfur fuels by 2020
while meeting all other refined product demands. They concluded that demand could be met (CE Delft et
al., 2016). However, the EnSys/Navigistics study, submitted to the IMO Marine Environment Protection
Committee (MEPC) 70 by the International Petroleum Industry Environmental Conservation Association
(IPIECA), the Baltic and International Maritime Council (BIMCO), Petroleum Association of Japan
(PAJ), Fuels Europe/Concawe, and Canadian Fuels, claimed that refining capacity would not be sufficient
(MEPC 70/5/5). One important difference between the two studies is their assumptions about the mix of
low-sulfur fuels to be demanded. The EnSys/Navigistics study projected a higher share of distillate
marine fuels than the CE Delft study which assumed a larger role for blended fuels (i.e., VSLFO).

Several estimates of the cost burden to ship operators due to compliance measures with IMO 2020 were
also offered by analysts and shippers in the run up to 2020. The Coalition for Responsible Transportation
reported an estimated $50 to $60 billion annual cost of IMO 2020 compliance across the entire shipping
industry. Container lines projected that their annual fuel costs could increase by $12 billion. Hapag Lloyd
announced it expected its annual fuel bill to increase by $1 billion per year based on an assumption of a
$250/ton spread between low-sulfur fuel and HSFO. Maersk stated that their annual fuel bill may increase
by $2 billion which would be approximately a 60% increase.

IMO 2020 was expected to have price impacts beyond bunker fuel markets. The International Energy
Agency (IEA) estimated a 20%—-30% increase in diesel prices as the demand for low sulfur marine fuels
increased in early 2020. The Fuels Institute conducted a literature review of the impacts of IMO 2020 and
found the estimates of price impacts to gasoline and diesel ranged from 25 to 75 cents per gallon, while
most reports agreed that the impact would be short-lived lasting 2—3 years (Fuels Institute, 2019).

Many of these anticipated dislocations in marine fuel and other markets did not materialize as IMO 2020
came into force because shippers were able to obtain substantial quantities of VLSFO at lower cost than
marine gasoil or other alternatives. This was due to a combination of effective planning by shippers,
improved flexibility by refiners in producing low-sulfur blends, and the overlaying petroleum demand
reductions and dislocations due to the COVID pandemic. On average, the VLSFO price was 25%-40%
higher (equivalent to a $70/ton—$90/ton price differential) than the price of HSFO in major bunkering
ports in 2020 (see Figure ES- 1). However, the low-sulfur fuels that have been adopted in 2020 to comply
with the new sulfur limit increasingly appear as not sustainable options for the medium and long term.
Low-carbon fuels for the shipping industry will be needed to achieve the IMO GHG reduction objectives.
CE Delft (2021) examined the carbon dioxide (CO;) emissions of the two major approaches being used
for compliance with the IMO 2020 rule: scrubber and low-sulfur petroleum fuels. The study concluded
that well-to-wake CO, emissions increase by 1.5%—3% with the scrubber strategy and by at least 1% with
the use of low-sulfur fuels. In the case of scrubbers, the additional emissions are related to the increased
fuel use to operate them, emissions during the scrubber manufacturing process, and emissions from the
ocean caused by the discharge of acidic water. With low-sulfur petroleum fuels, the increased emissions
stem from the additional refinery operations required for their production.

The marine shipping industry is in the process of testing multiple alternative low-carbon fuels and there
are competing views about the marine fuel mix by 2050. For instance, DNV (2019) puts forth a projected



2050 marine fuel mix where the largest share (39%) corresponds to carbon-neutral fuels, followed by
34% petroleum-based fuels, 23% liquefied natural gas (LNG), and 5% electricity. This mix would meet
the IMO GHG reduction target of 50% lower CO» emissions (relative to 2008) in 2050. (IEA, 2021)
foresees the shipping industry will not achieve the more ambitious objective of net zero emissions by
2050 due to the lack of available low-carbon fuel options in the market today and the long operational life
of vessels. Under “the most technically feasible, cost-effective, and socially acceptable” pathway to net
zero emissions identified in IEA’s modeling, 80% of marine fuels are still petroleum-based by 2030 and
the mix is completed with bioenergy, ammonia, and small market shares of gas and hydrogen. By 2050,
ammonia would become the most consumed marine fuel (about 45%), followed by bioenergy (20%), with
the rest equally divided between oil and hydrogen.

The 2050 marine fuel mixes in the DNV and IEA reports differ greatly from the actual fuel mix of the
global fleet in 2018, described in detail in the Fourth IMO GHG Study (IMO GHG4). Table 1 summarizes
the global marine fuel volumes consumed across international shipping, domestic shipping, and fishing
fleets for 20122018, based on the bottom-up voyage-based estimation method. The IMO studies group
all residual fuels into the general label of HFO and all distillates into the general label of MDO. HFO use
decreased by 3.5% from 2012 to 2018 whilst MDO and LNG use increased (41% and 23.4% respectively)
over the same period. Methanol is a new entrant fuel in the inventory with no use recorded until 2015 and
growing to 160,000 tons by 2018.6

The international shipping segment accounts for 95% of LNG consumed for marine transportation, 84%
of HFO consumption, 81% of methanol consumption and 37% of MDO consumption.’ In 2018, less than
2% of global fuel oil sales had sulfur content below 0.5% (IMO, 2019d), which clarifies that the use of
ULSFO for ECA compliance is small.®

Table 1. Energy consumption (international shipping, domestic shipping, and fishing) by fuel type (million tons)

Fuel type 2012 2013 2014 2015 2016 2017 2018
HFO 230.99 224.7 222.57 208.48 218.73 226.74 223.05
LNG 8.94 9.17 9.01 8.23 8.54 9.96 11.44
MDO 67.91 72.28 76.78 99.51 100.34 102.93 102.99
Methanol 0 0 0 0.02 0.13 0.16 0.16
Total bottom-up 308.80 307.21 309.57 318.20 329.63 341.58 339.27
estimate

Table 2 displays fuel mix shares. It shows that the percentages of energy consumption of different fuel
types were stable from 2015 to 2018. HFO accounted for 66% and MDO accounted for 30% of marine
fuel use during that period.

Table 2. Energy consumption (international shipping, domestic shipping, and fishing) by fuel type (percentage)

Fuel type 2012 2013 2014 2015 2016 2017 2018
HFO 75% 73% 72% 66% 66% 66% 66%
LNG 3% 3% 3% 3% 3% 3% 3%
MDO 22% 24% 25% 31% 30% 30% 30%
Methanol 0.000% 0.000% 0.000% 0.006% 0.039% 0.047% 0.047%
Total bottom-up 100% 100% 100% 100% 100% 100% 100%
estimate

¢ See Table 9 fuel type allocation in the IMO GHG4 study.
7 See Table 34 of IMO GHG4 study.
8 See Page 87 of the IMO GHG#4 study.



The IMO GHGH4 study compares the bottom-up energy consumption estimates shown in Table 1 with top-
down estimates reported by IEA.° Marine fuel use estimates from the bottom-up approach are greater than
those from the top-down method, but top-down values are within the range of the error bars of the
bottom-up approach results.

If no new policies are adopted, GHG emissions are projected to increase from about 90% of 2008
emissions in 2018 to 90%—130% of 2008 emissions by 2050 for a range of plausible long-term economic
and energy scenarios. Though the IMO GHG reduction initial strategy will be adjusted, the short- and
medium-term reduction measures include fuel efficiency improvements through speed reduction and
energy-saving technologies. Medium- and long-term strategy measures will rely on fuel substitution with
lower-carbon alternative fuels. These potential GHG reduction measures may impact fuel selections of the
world and U.S. fleets, and could interact with fuel and technology responses to the IMO 2020 rule.

1.3 ORGANIZATION OF THIS REPORT

Chapter 2 describes marine fuels that can be used to comply with the IMO 2020 rule. Section 2.1
summarizes relevant properties of each of the fuels. Section 2.2 presents available pricing information for
the set of fuels currently used and price projections from published technoeconomic analyses for
alternative, low-carbon selected fuels. Chapter 3 presents U.S. fleet characteristics and a baseline estimate
of fleet fuel consumption based on vessel characteristics and aligned with fuel mix estimates from the
IMO GHG4 study. These sections provide the basis for analyzing a shift to IMO 2020 compliant and
possibly lower-carbon fuels. Chapter 4 discusses the factors (price and non-price) entering shippers’ fuel
decisions. Chapter 5 examines key factors that may drive future marine fuel prices. Chapter 6 presents
marine fuel cost scenarios built around alternative futures for oil price and environmental policy.
Conclusions are presented in Chapter 7.

2. MARINE FUELS COMPLIANT WITH IMO 2020 RULE

This section summarizes the fuel properties of a range of fuels that can be used to comply with the IMO
2020 rule. Apart from the petroleum-based fuels used by most of the world fleet today (HSFO plus
scrubbers, VLSFO, MGO and MDO), the analysis includes LNG, multiple biofuels, methanol, and
ammonia.

2.1 FUEL PROPERTIES
Marine Fuel Categories and the ISO 8217 Standard

For hydrocarbons from petroleum, synthetic, or renewable resources and their blends, the ISO 8217
standard (2017 edition) specifies the requirements for fuels used in marine diesel engines and boilers
(prior to onboard treatment). Key fuel properties include cold flow performance, stability, viscosity, acid
number, flashpoint, ignition quality, and catalyst fines. The fuel is classified as a distillate or a residual
fuel depending on whether it was produced through distillation or accrued as a residue in the oil refinery.
Residual fuels are divided into six fuel types depending on their kinematic viscosity—RMA, RMB,
RMD, RME, RMG, and RMK. Large kinematic viscosity values such as 700 mm?/s describe very viscous
residue fuels. The lower the kinematic viscosity value, the thinner the fuel. As a rule of thumb, the lower

° The bottom-up method derives estimates of energy consumption from data sources describing shipping activity.
The primary source of vessel activity data used is the Automatic Identification System (AIS). The top-down
approach is based on statistical data derived from fuel delivery reports.



the viscosity, the higher the quality of the marine fuel. Residual fuels are used in large, medium to slow-
speed marine engines. Vessels usually use intermediate fuel oil (IFO) 380 with the ISO 8217 designation
RMG 380 or RMK 380 if not in an ECA. Marine distillate fuels are divided into seven types: DMX,
DMA, DFA, DMZ, DFZ, DMB, and DFB.!° Marine diesel oil (MDO) is categorized as a distillate
(DMB), allowed to have traces of residual fuel, and marine gasoil (MGO) is categorized as DMA. Table
A-1 in Appendix A matches fuel categories in this report to ISO 8217-2017 fuel standards.

2.1.1 Petroleum-based residual fuels

2.1.1.1 High Sulfur Fuel Oil (HSFO) plus Scrubbers

Table A- 2 in Appendix A summarizes the properties of HSFO. HSFO plus sulfur scrubbers may be an
economically attractive option to comply with the IMO 2020 sulfur rule if the discount in HSFO price
relative to VLSFO is sufficiently large to compensate for the costs of installation and operation of the
scrubber. The challenges include the high cost of scrubber installation, disposal of the sulfur-rich wash
water, and a shortage of onshore facilities to handle it. Additionally, scrubbers may not represent a viable
long-term option to comply with other environmental regulations. The Swedish Environmental Research
Institute conducted a comprehensive study which shows that discharge water from scrubbers will have
serious consequences for the marine ecosystem (MEPC 75/INF.10). For these reasons, in our IMO 2020
compliance scenarios in Section 6 we do not consider HSFO with scrubber as a candidate option for
future new vessels but consider HSFO with scrubber retrofit as a compliance option for existing vessels.

2.1.1.2  Very Low Sulfur Fuel Oil (VLSFO)

VLSFO must meet the ISO 8217:2017 specifications to be commercialized. More specifically, the default
assumption is that VLSFO is a residual fuel that meets RMG 380 specifications.!! However, within fuels
compliant with the ISO 8217 specifications and having no more than 0.5% sulfur, some of the fuel
properties can span wide ranges (e.g., viscosity). Price reporting agencies are addressing the variations in
viscosity in different ways in their price assessment methodologies. S&P Global Platts added a
requirement of a minimum viscosity of 30 cst at 50 degrees Celsius to the specifications of Marine Fuel
0.5% bunker considered for its daily price index. Price assessments of VLSFO by Argus are for a
viscosity of 380 cst in most ports, with the rest either being 180 cst or of unspecified viscosity in the few
ports where this attribute varies most widely.

The IMO 2020 sulfur cap has driven the transition to VLSFO. Refineries can use a variety of recipes to
produce this blended fuel. As a result, there have been significant variances in the composition of
VLSFOs in its first year of widespread utilization. The differences in composition make proper fuel
handling practices essential to avoid mixing batches that could be incompatible anywhere along the fuel
lines and storage tanks. In the first quarter of 2020, some ports (Antwerp, Busan) had more than 10% of
VLSFO samples off-spec ISO 8217 with respect to a variety of parameters (catalytic fines, pour point,
acid number), but the percentage of off-spec samples declined rapidly after the first few months.!> The
most common problems are marginal exceedance of sulfur and high total sediment potential which have
resulted in increased sludge formation in purifiers and filters but have not led to major breakdowns or

10 Dieselnet: https://dieselnet.com/standards/us/fuel.php
1 https://ibia.net/2021/03/18/vlsfo-fact-vs-fiction/
12 Data from samples analyzed through Bureau Veritas VeriFuel program.
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engine damage in most cases.'* On the other hand, one positive attribute of VLSFO is that it has slightly
higher energy content than HSFO.

The supply of VLSFO at ports proved larger than expected beforehand. The 70 reports on non-availability
in the IMO GISIS system from January to July of 2020 are much less than what was expected. Most of
these 70 non-availability reports are about HFO and MGO supply failure: 50 report HFO non-availability,
16 report MGO non-availability, and 1 is about MDO non-availability (MEPC 75/5/Add.1).

Though VLSFOs meet the IMO 2020 mandated 0.5% global sulfur limit, there are some issues regarding
VLSFO fuel quality and environmental effects. Several proposals, claiming it to result in very significant
increases in black carbon emissions from ships due to high content of aromatics, called on IMO to stop
the use of blended VLSFO, especially in or near the Arctic (PPR 7/8, MEPC 75/5/5, MEPC 75/5/4). The
International Chamber of Shipping argued that the aromatic content and estimated cetane number of
VLSFOs were issues that needed to be considered (MEPC 75/5/6). IPIECA and the International Bunker
Industry Association (IBIA) contended that the study of PPR 7/8 was based on flawed assumptions about
VLSFO blends and argued that initial data contrarily suggested that VLSFOs are more paraffinic than
HSFO (MEPC 75/5/7).

2.1.2 Petroleum-based distillate fuels

Marine gasoil (MGO) and marine diesel oil (MDO) have very similar ISO 8217 specifications (see details
in Table A- 3 and Table A- 4 of Appendix A). The only differences are that 1) MDO specification allows a
wider range of viscosities, slightly higher density, slightly higher pour point, and higher sulfur content
than MGO, and 2) there is a constraint on carbon residue for MGO but not for MDO. In both cases, the
IMO 2020 sulfur rule is a more stringent constraint on sulfur content than what is allowed in the ISO
8217 specification.

2.1.3 LNG

LNG is natural gas—a complex mixture of hydrocarbons and non-hydrocarbons with methane as its
primary (70%-99% by volume) constituent—that has been cooled to a liquid state. The liquefied gas has
a volume 600 times lower than in its gaseous state enabling long-distance transportation routes that are
not viable by pipeline. LNG has a boiling point of -161°C, liquid density of 426kg/m?, gas density at
25°C of 0.656 kg/m?, and specific gravity at 15°C of 0.554. Its flammability limits (in air by volume)
range from 5% to 15% and its auto ignition temperature is 595°C (Girdhar, 2018). The heating value of
LNG is about 49 MJ/kg (Lundgren and Wachsmann, 2014), 20% higher than HSFO.

An increasing number of newly built ships are powered either by natural gas exclusively or by a
combination of conventional diesel and natural gas. Advantages of LNG include lower operating cost, a
reduction of sulfur and particulate matter emissions to levels that meet current standards in ECAs, and an
increase in power system efficiency (Livanos et al., 2014). Challenges include high investment costs,
need for additional handling safety measures, methane slip, and storage issues (boil-off releases of
methane, degradation or change in gaseous mix over time). Due to heat entering the LNG tank, a fraction
of the stored LNG evaporates in the form of boil-off gas. Since the more volatile fractions of LNG boil
off first, the composition and quality of stored LNG changes over time (“LNG ageing”). Boil-off gas must
be proactively managed to maintain tank pressure within a safe range (Dobrota et al., 2013). In volume

13 http://www.gard.no/web/updates/content/303508 74/imo-2020-a-review-of-the-transition-to-vlsfos
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terms, LNG tanks need to be 80% bigger than those for HSFO. This space requirement imposes an
opportunity cost, particularly for containerships.

Lack of bunkering infrastructure is one of the major barriers to LNG adoption, though natural gas
infrastructure is growing. As of December 2020, 124 ports provide LNG re-fueling infrastructure,
increasing from 114 from the beginning of the year, and the number may be 170 at the end of 2022.'* As
for bunkering operations, DNV (2014) identifies and evaluates four potential alternatives: truck to ship,
shore to ship, ship to ship, and portable tank transfer.

The lifecycle GHG emissions of LNG as bunker fuel can vary significantly depending on engine type and
fuel lifecycle (natural gas transportation mode and traveled distance, liquefaction technology). While
using LNG as marine fuel results in lower CO; emissions than using marine distillates, emissions of
methane—a greenhouse gas with higher global warming potential than CO; over a 100-year period—are
higher for LNG. Achieving a reduction in well-to-wake net GHG emissions with LNG versus marine
distillates requires minimizing methane leakage in the upstream stages (well to tank) and minimizing
methane slip in the downstream stages (tank to wake) (Thomson et al., 2015). The methane slip problem
practically disappears for modern two-stroke engines (about 0.01% leakage in low-speed two-stroke high-
pressure engines vs. 6.9% in medium-speed 4-stroke low pressure engines), but the complex fuel gas
supply system they require may increase engine costs by about 40% compared to medium-speed four-
stroke engines (Sharafian et al., 2019).

2.1.4 Biofuels

Biofuels have very low sulfur content and many of them can be used in marine diesel engines without
requiring modification, which makes them an attractive option for compliance with the IMO 2020 sulfur
cap. Additionally, they offer potential synergistic benefits when blended with petroleum fuels by
improving overall lubricity, and potentially lowering ash and emission profiles (Tan and Tao, 2019).
Biofuels have higher energy density than other alternative fuels and offer the potential for large
reductions in greenhouse gas emissions. However, the extent of the reduction varies widely across
combinations of feedstocks and conversion pathways. Feedstocks that do not compete with land for
agricultural purposes are preferable from a sustainability perspective. These include agricultural and
forestry residues, municipal solid waste, and energy crops that can be grown on marginal land such as
switchgrass.

Next, we discuss in more detail six liquid biofuels of interest: biodiesel, renewable diesel, BTL, bio-oil,
bio-crude, and lignin ethanol oil.

Biodiesel is a fuel comprised of mono-alkyl esters of long chain fatty acids derived from vegetable oils or
animal fats via transesterification, designated B100 as in the biodiesel standard ASTM D 6751, and the
EN 14214 standard in Europe referring to FAME (Fatty Acid Methyl Esters) (Knothe, 2010). Biodiesel
can be applied in diesel engines as B100 or in blend fuels without engine modification. With the latest
revision of the ISO 8217 standard in 2017, blends of up to 7% FAME by volume are allowed in specific
marine distillate grades as DF (Distillate FAME) grades (Tyrovola et al., 2017).

Biodiesel has proven to increase lubrication, reduce engine wear and extend engine life cycle (Mohd Noor
et al., 2018). Its flashpoint is higher than that of petroleum diesel, making biodiesel less flammable, safer
to handle, and easier to store. However, biodiesel also presents several challenges for its use as marine
fuel. Biodiesel price is higher than that of petroleum diesel and, depending on the biomass feedstock used

14 https:/safety4sea.com/wp-content/uploads/2021/02/LNG 2021 A _view_from the bridge FINAL.pdf
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to produce it, can fall into the food-versus-fuel debate. Biodiesel has 12% less energy content than
petroleum diesel and emits more nitrogen oxide (NOy) during combustion (Atabani et al., 2012). High
viscosity and density sometimes create problems to the fuel injection system (Tesfa et al., 2010). Higher
cloud and pour point may cause solidification in cold weather and cause clogged filter and fuel lines that
lead to engine system damage. Oxidation and degradation may happen over time and form deposits in
piping and engines. Bacteria and mold may grow if condensed water accumulates in the biodiesel fuel.
Biodiesel can deteriorate natural rubber materials such as hoses and seals. Some of these challenges can
be addressed through current and future research.

Renewable diesel is produced by applying a hydrotreating process known as fatty acids-to-hydrocarbon
hydrotreatment to vegetable 0il.!> The production process is usually more expensive than FAME
biodiesel. Because it is hydrogenated, renewable diesel does not contain oxygen, and therefore users will
not encounter the challenges biodiesel presents relating to storage and performance in freezing
temperatures. It also burns cleaner than biodiesel. Renewable diesel meets conventional diesel fuel
requirements, such as ASTM D975 specification for petroleum in the United States and EN 590 in Europe
except for some low limits of density (Lindfors, 2010). Because it has the same chemical structure as
petroleum diesel, renewable diesel can leverage existing infrastructure for delivery and storage and be
used in conventional diesel engines with no blending required. Renewable diesel is in production at
commercial scale. The U.S. renewable diesel production capacity surpassed 1 million gallons a day in
2020, with most of it (along with some imports), being used to meet the requirements of the California
Low Carbon Fuel Standard. Beyond the hydrotreated fats, oils, and greases that make most of the
renewable diesel used today, it can also be produced through catalytic upgrading from other feedstocks
like algae and wood extractives (Hsieh & Felby, 2017).

Biodiesel and renewable diesel result from applying additional processing steps—transesterification or
hydrotreating, respectively—to the vegetable oil extracted from the crops. Straight vegetable oils (SVOs)
without any further processing steps can also be used as marine fuel. They can replace MDO or HSFO in
low speed engines due to similar properties, but they are not recommended for long-term use as they may
cause carbon deposits and engine damage (Hsieh and Felby, 2017).

BTL (biomass to liquid fuels) is a multi-step process to convert biomass into synthetic hydrocarbon
fuels via gasification. BTL processes involve the high temperature gasification of biomass for the
production of syngas and the subsequent chemical synthesis of liquid green diesel through the Fischer-
Tropsch process (Douvartzides et al., 2019). BTL should meet the specifications contained in EN 15940
for paraffinic diesel fuels and EN 16709 (Engman et al., 2016). BTL-diesel’s cetane number can reach up
to 75, much higher than conventional diesel. Creating a clean and stable enough bio-syngas through
gasification at commercial scales remains a bottleneck. The required investment for commercial scale
biomass gasification Fischer-Tropsch plants is high in relation to that for other biofuel technologies. Tan
& Tao (2019) present a technoeconomic analysis of a gasification and Fischer-Tropsch process using
biomass or co-feeding biomass with coal or natural gas. The minimum fuel selling price per gallon of
gasoline equivalent (gge), using n plant financing and operation assumptions, is $3.79/gge for the coal-
biomass co-feed, $2.99/gge using only biomass, and $2.37/gge for the case in which biomass is co-fed
with natural gas.

Fast pyrolysis bio-oil, also known as fast pyrolysis oil, is produced through thermal decomposition of
biomass (Douvartzides et al., 2019). It consists of an emulsion with 20%-30% water. The high oxygen
content leads to low pH values, which makes the fuel acidic and corrosive, with low heating values and
high viscosities (Chong and Bridgwater, 2017), making it difficult to use it as drop-in transportation fuel.
For the marine sector, testing is being conducted for blends of bio-oil and other biofuels or petroleum

15 1t is also known as hydrotreated vegetable oil (HVO) in some of the literature.
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fuels. Galindo et al. (2020) test blends of bio-oil, ethanol, and MGO. They find that a 10:60:30 blend of
those three components is closest in its properties to MGO out of all the blends considered, but the large
fraction of ethanol results in a lower flashpoint than needed for a marine fuel. Kass et al. (2021) present
promising results from tests of blends of bio-oil and VLSFO, with bio-oil lowering the viscosity of
VLSFO, offering excellent combustion properties, and displaying good compatibility with infrastructure
metals. Pyrolysis oil production is still in the early stages of development and being used for small-scale
power and heat generation.

Biocrude is produced through hydrothermal liquefaction of biomass at moderate temperature and high
pressure. Unlike the pyrolysis process, hydrothermal liquefaction can use wet feedstocks (e.g., algae, wet
waste). Another advantage of bio-crude over bio-oil is its higher energy content (Hsich & Felby, 2017).
Blending VLSFO with bio-crude lowers its viscosity and maintains good combustion properties, but
additives will likely be required to improve the stability of the blend (Kass et al., 2021).

Lignin ethanol oil has been identified as another promising biofuel for marine applications. It results
from a solvolysis process that uses sulfur-free lignin as feedstock and ethanol as organic solvent (Nielsen
etal., 2017).'® The resulting bio-oil could be blended with other marine fuels or used as drop-in (Hsieh &
Felby, 2017). A group of shippers and their customers is working on development of this fuel which has
been validated at laboratory scale but requires tests on vessel engines as the next step toward
commercialization.!”

Ethanol is commercially available and widely used in light-duty vehicle road transport. Future multi-fuel
marine engines could potentially use ethanol, but it is not compatible with existing marine diesel engines.
For that reason, ethanol has greater promise as a marine fuel in blends, such as lignin ethanol oil.

In summary, there are many bio-based options under active evaluation for marine fuels. Most of them
require additional research and development investment to drive down their costs toward competitiveness
with petroleum-based fuels. Apart from the ones discussed in this section, biogas and bio-based methanol
can also be used to replace fossil-based LNG and methanol for additional reductions in GHG emissions.
Some of the considerations to narrow down the list of candidate biofuels for specific shippers today
include whether or not they are already commercially available and whether they are drop-in fuels or
suitable for blending with either residual marine fuels or distillates. Zhou et al (2020) explain that today
there are more biofuel alternatives for MGO/MDO (e.g., biodiesel, renewable diesel) than for marine
residual fuels because bio-based diesel substitutes are already being used for road transportation. These
bio-based distillate fuels could also replace marine residual fuels, but they are higher quality than needed
for vessels that have been previously operated on HSFO and, therefore, also more expensive.

2.1.5 Other Alternative Fuels

Other alternative fuels for marine use include hydrogen, methanol, ammonia, and electricity (battery-
powered). Hydrogen as a marine fuel has zero emissions during combustion and has gravimetric energy
density (energy per unit mass) three times that of HSFO (Kim et al., 2020). Though hydrogen can be used
in gas turbines and internal combustion engines, the efficiency is low. It is more suitable for use in a fuel
cell due to its electrochemical kinetics (Perci¢ et al., 2020). A key barrier to the use of hydrogen as marine

16 Lignin is the main byproduct from second-generation ethanol production and has typically been combusted for
heat and power at the refinery which is a very low-value use. Lignin valorization is an area of great interest to
improve the economics of advanced biorefineries.

17 https://www.maersk.com/news/articles/2019/10/29/maersk-join-forces-with-industry-peers-and-customers-to-

develop-leo
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fuel is its very low volumetric energy density (energy per unit volume) and resulting special, typically
high-pressure, storage requirements. Other challenges include its high flammability, very high production
costs, and lack of bunkering infrastructure (Van Biert et al., 2016, Kim et al., 2020). Still, it is a pathway
supporting deep decarbonization, and there are three newbuild orders using hydrogen according to
Clarksons Research (Offshore Energy).

Methanol is an ideal fuel for use in spark ignition engines, on its own or blended with gasoline,
particularly due to its high octane numbers (Dierickx et al., 2018). Its high auto-ignition temperature (470
°C) and low cetane number (~3), make it ill-suited for compression ignition (Yao et al., 2017). However,
there are multiple strategies to retrofit marine diesel engines for methanol use: changing compression
ignition to spark ignition, using combustion improvers, or installing a pilot fuel injection system (Ming
and Chen, 2021).

Drawbacks of methanol include a lower heating value of 19.9 MJ/Kg, about half of petroleum-based
fuels. Thus, for an equivalent energy content, the space needed for storing methanol in a tank will be
approximately twice that of traditional diesel fuels (Lundgren and Wachsmann, 2014). Safety concerns
also exist to use methanol in a marine environment since it is flammable with a low flashpoint and it is
considered toxic (Lundgren and Wachsmann, 2014).

Methanol as a marine fuel offers large reductions in well-to-propeller emissions of NOx, SOx, and
particulate matter relative to residual fuel oil. However, well-to-propeller CO, methanol emissions are
only significantly lower than those of residual fuel oil and LNG if the methanol is produced with
renewable feedstocks such as forest residue or landfill gas (Corbett and Winebrake, 2018).

Ammonia as a marine fuel is a less technically mature option than either LNG or methanol, but it is
viewed as a promising candidate for zero-carbon fuel in the marine sector. An ammonia-powered ship
would emit no CO; and lifecycle emissions can be close to zero if ammonia is produced using renewable
hydrogen (or if the emissions from conventional hydrogen production processes are captured and stored).
Even though hydrogen could be itself a marine fuel, the additional step in a Haber-Bosch process to turn
it into ammonia is advantageous enough to make it a more appealing alternative. Ammonia has higher
energy density than hydrogen, it is easier to transport, and can be stored at lower pressure and higher
temperature than liquefied hydrogen (Kim et al., 2020).

Ammonia marine engines are not available today. However, MAN is developing a two-stroke engine and
Wartsila a four-stroke engine to use this fuel. The first installations of these new engine models could take
place by 2024.'8 As in the case of methanol, global infrastructure for distribution of ammonia is already
available and many ports have ammonia terminals. Nonetheless, bunkering infrastructure availability
would require additional capital investment.

Even with green ammonia and suitable engines, drawbacks to the use of ammonia as marine fuel include
its toxicity (can be lethal for exposures at high concentrations), its low volumetric energy density which
results in requirements for larger storage tanks, corrosion issues for some materials, and the need for a
pilot fuel to help ignition. Additionally, ammonia vessels with combustion engines would have emissions
of NOyx upon combustion which are harmful for human health and the environment. These emissions can
be mitigated with after-treatment systems or using fuel cells instead of combustion engines; both
solutions entail higher capital costs.

The advantages of electricity from batteries include zero tank-to-wake emissions, higher efficiency than a
diesel generator, lower noise and vibration, and low operating cost (if electricity prices are low).

18 https://cen.acs.org/business/petrochemicals/ammonia-fuel-future/99/i8
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However, the gravimetric energy density (energy per unit of mass) is 150 times lower than diesel and the
volumetric density is 100 times lower than diesel (Kim et al., 2020). There are 141 vessels in the global
fleet with battery hybrid and 109 new orders (Offshore Energy).

2.2 PRICE AND UTILIZATION
Table 3 shows the estimated future fuel costs in 2030 and 2050 reported in the IMO GHG4 study for a
range of existing and potential marine fuels. We summarize these projected prices in Table 3 for

comparison with actual pricing data presented in the rest of this section.

Table 3. Future Fuel Costs in 2030 and 2050 from IMO GHG4 Study (unit: $/ton)

Fuels 2030 2050
HFO 375 375
LNG 590 590
Hydrogen 3,300 3,300
Ammonia 660 660
Methanol 400 400
Ethanol 670 670
Synthetic LNG 4,500
Biomass LNG 2,250
Synthetic methanol 1,500
Biomass methanol 800
Synthetic ethanol 2,600
Biomass ethanol 1,300

Source: IMO 4th GHG Study
2.2.1 Petroleum-based fuels
Figure 1 shows the observed prices for HSFO with 3.5% sulfur content and VLSFO with 0.5% sulfur

content from April 2019 to November 2020 in three ports/regions: Hong Kong, Northwest Europe
(NWE), and U.S. Gulf Coast (USGC).
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Figure 1. Price of heavy sulfur fuel oil and very low sulfur fuel oil in selected regions (2019-2020)

Source: Argus
Notes: All fuels have the same viscosity (380 cst). USGC prices are fob (VLSFO 0.5%) or fob ex-wharf (HSFO 3.5%), NWE
prices are barge prices, Hong Kong prices are delivered on board.

The average HSFO price in 2019 was $330/ton in NWE, $375/ton in the USGC, and $418/ton in Hong
Kong. Prices for the low sulfur fuel started being reported at different points of 2019 in these ports.
During the first three quarters of 2019, the VLSFO to HSFO differential averaged $76/ton in the USGC
and $164/ton in NWE. In the last quarter of 2019, as the transition from HSFO to VLSFO gradually
unfolded and amid concerns about unavailability of VLSFO, the average differential increased to
$168/ton in the USGC and $255/ton in NWE. In November-December, the average differential stood at
$200/ton in Hong Kong.

In both USGC and NWE, the VLSFO to HSFO differential peaked on January 3 of 2020 at $241/ton and
$323/ton, respectively; for Hong Kong the peak differential was $300/ton on December 30 of 2019. In all
three regions, the differential declined over the first quarter of 2020 averaging at $104/ton in USGC,
$171/ton in NWE, and $159.68/ton in Hong Kong. From April through the end of November 2020, as
petroleum product demand and prices plummeted due to the COVID pandemic, the differential stabilized
at even lower levels: $60/ton in USGC, $61/ton in NWE, and $48/ton in Hong Kong. These values are
much lower than had been expected making the HSFO plus scrubber option for compliance with the IMO
2020 rule less attractive and resulting in some delays and cancellations of scrubber orders. By March
2020, DNV estimates the number of scrubbers installed was approximately 4,000.

19 https://www.manifoldtimes.com/news/dnv-gl-estimates-4000-vessels-to-be-equipped-with-scrubbers/
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Petroleum-based marine fuel prices generally move together across regions and fuels and are linked to
developments in the crude oil markets. For instance, the correlation between the HSFO prices in Figure 1
was 81% for the NWE-Hong Kong pair, 89% for the USGC-NWE pair, and 91% for the USGC-Hong
Kong pair. Strong spatial price co-movement is a key attribute of the crude oil market that leads to the
idea of a “one great pool” globally for crude oil. This linkage of price movements is also present in crude
oil products. Li and Yip (2019) measure volatility spillovers, that is the transmission of price fluctuations
from one region or fuel to another, in marine fuel markets. They use monthly IFO 380 price data for 12
markets (Singapore, Hong Kong, Japan, and South Korea in Asia; Rotterdam, Gibraltar, Genoa, and
Fujairah in Europe; Houston, Philadelphia, Panama and Los Angeles in America) from January 2008 to
May 2017. They find that the total volatility spillover index is approximately 70% in the three regions.
This means that ~70% of total price volatility in each region spills over from market shocks and news
originated in other ports in the region, with the degree of transmission declining as geographical distance
increases. Singapore, Rotterdam, and Houston transmit more volatility than they receive which makes
them the central hubs in their respective regions. The total volatility spillover index among these three
central hubs is 65% with Singapore being the only net transmitter of volatility among the three.

Figure 2 shows the price series of a larger set of marine fuels in Northwest Europe. Besides HSFO with
3.5% sulfur and VLSFO (< 0.5% sulfur), it includes the prices of a more viscous HSFO and the marine
gasoil with 0.1% sulfur that is needed for navigation through the ECA in that region.
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Figure 2. Price of selected petroleum-based marine fuels in Northwest Europe

Source: Argus

Figure 2 shows that the difference in viscosity (500 cst versus 380 cst) for the two HSFOs results in a
small difference in price ($276/ton for the 380 cst HSFO versus $271/ton for the 500 cst HSFO) with an
average premium of approximately $5/ton for the lower viscosity HSFO.

Despite the IMO 2020 rule and the substantial drop in global petroleum prices from, the premium of

marine gasoil over VLSFO in this region has remained stable through 2019-2020. It averaged $50/ton in
2019 and $47/ton in January-November 2020.
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Figure 3 provides information about the petroleum-based marine fuel sale mix in two major bunkering
ports (Singapore and Rotterdam) before and after implementation of the IMO 2020 sulfur rule.
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Figure 3. Quarterly sales of petroleum-based marine fuels at the Ports of Singapore and Rotterdam (201904—
202101)

Source: Maritime and Port Authority of Singapore, Port of Rotterdam

At the Port of Singapore, which ranks first in the world by bunker fuel sales, HSFO had accounted for at
least 90% of total sales in 2010-2018 but that percentage fell to 78% in 2019 as the transition toward
marine fuels with lower sulfur content got under way in the last quarter of the year. Since the first quarter
of 2020, more than two thirds of Singapore bunker fuel sales have been VLSFO, with a small uptick in
HSFO sales starting in the third quarter of 2020. To date, the IMO 2020 rule has not resulted in an
increase of sales of MGO in Singapore. MGO sales experienced a slight increase in the first quarter of
2020 but declined after that and accounted for just 1% of total sales since then. Sales of fuels with 0.1%
sulfur content stabilized at around 1 million tons per quarter after a brief increase at the beginning of
2020.

The transition to lower sulfur fuel started somewhat earlier in Rotterdam where VLSFO already captured
the major share of sales in the last quarter of 2019 (38%). VLSFO has continued to account for the higher
share of bunker fuel sales in Rotterdam since then. The share of VLSFO peaked in the second quarter of
2020 at 49%. In the second half of 2020, sales of HSFO and MDO rebounded slightly. The share of MGO
has steadily declined through 2020 but remains significantly higher in Rotterdam than in Singapore (10%
versus 1% in the first quarter of 2021).

Although VLSFO is the most sold fuel in both ports since the start of 2020, it is worth noting that HSFO
is the second, with more volume sold in both ports than MGO/MDO. Figure 3 shows that both Singapore
and Rotterdam experienced a small bump in total bunker fuel sales at the very beginning of 2020. This
might reflect shippers’ increased reliance on the major bunkering hubs right after the IMO 2020 rule came
into effect due to concerns about unavailability of low sulfur fuels at smaller ports. As of 2021, reports
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have emerged that HSFO sales are concentrating in major hubs as it becomes uneconomical for smaller
ports to offer it.?

22.2 LNG

As of November 2020, there are 202 LNG fueled vessels in operation and 227 LNG newbuild orders (15
million gross tons) (Clarksons, 2020). This is a 67% increase from 121 and 135 vessels in operation and
ordered respectively as of May 1%, 2018 (Le Fevre, 2018). According to Clarksons, the current LNG-
fueled fleet is led by tankers (34 in operation and 72 newbuild orders). The numbers are 50 and 24 for
ferries, 11 and 30 for containers, 32 and 19 for offshore, and 7 and 28 for cruise ships (Offshore Energy).
The LNG fleet represents approximately 0.05% of the 2020 world merchant fleet (vessels above 1,000
gross tons).?! LNG vessel orders account for 10%-20% of the order book.??
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Figure 4. Historical LNG prices

Source: EIA, BP Statistical Review

Figure 4 shows two LNG price series, in comparison with the price of HSFO, all on an energy-equivalent
basis. Japan’s LNG import prices have been above U.S. LNG export prices for the past two decades and
the difference has become wider for most of the 2010s as development of gas shale formations led to low-
price, abundant natural gas production in the United States.

LNG has approximately 20% higher energy content than HSFO. Japan LNG import prices (in $/ton
HSFO equivalent) were approximately equal to U.S. HSFO prices during this period. Figure 4 also shows

20 https://www.spglobal.com/platts/en/market-insights/blogs/0il/060121-shipping-high-sulfur-fuel-oil-emissions-
targets-imo-2020-decarbonization

21 http://infomaritime.eu/index.php/2021/07/15/top-15-shipowning-countries/

22 https://sea-Ing.org/why-Ing/global-fleet/
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a very strong correlation (0.98) between the U.S. HSFO price and the Japan LNG price. This near-perfect
correlation is consistent with LNG price being indexed to a crude oil price (typically Brent or Japanese
Crude Cocktail) which has been the standard method for setting the long-term contract prices of LNG
imports in Asia (Agerton, 2017).

U.S. LNG export prices, accounting for the higher energy content of LNG, were lower than U.S. HSFO
prices in 17 of the 20 years shown in the plot. For 20162020, the price of U.S. LNG has been
consistently lower and more stable than the price of HSFO. U.S. LNG export prices are less correlated
with U.S. HSFO prices than Japan LNG import prices. But the correlation is still strongly positive (0.82
for annual prices, 0.71 using monthly prices).

2.2.3 Biofuels

Clarksons Research reports 23 vessels using biofuel as well as seven newbuild orders (Offshore Energy).
In recent years, there have been multiple trials of vessels using blends or 100% bio fuel oil produced from
waste or residue feedstocks. For 2019, the Port of Rotterdam reported that 2% of sales of fuel oil and
0.5% of distillates were biofuel bunker blends with biofuel fractions being typically in the 20%—-30%
range.”

Of the biofuels described in Section 2.1, ethanol, biodiesel, and renewable diesel are the three being
produced at commercial scale and traded. All three are being used in the transportation sector, mostly for
road transport although aviation is also increasingly demand bio-based sustainable aviation fuels. Figure 5
shows the price of wholesale corn ethanol in the U.S. Gulf Coast from 2014 to January 2021 compared to
the HSFO price.

2 https://www.portofrotterdam.com/en/news-and-press-releases/2019-demand-in-rotterdam-bunker-port-more-
sustainable
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Figure 5. U.S. ethanol price

Source: Argus, EIA

A ton of ethanol has approximately 67% of the energy content of a ton of HSFO. On average, ethanol was
twice as expensive as HSFO in dollars per ton of HSFO equivalent through the period shown in Figure 5.
The coefficient of variation was higher for HSFO than ethanol (0.31 versus 0.21) meaning that the ethanol
price was overall more stable during this period despite the initial pronounced spike in 2014. The
correlation between the monthly prices of ethanol and HSFO during the past seven years was 0.65.

2.2.4 Other alternative fuels

By the end of 2019, there were 12 vessels and 11 new orders using methanol according to Clarksons
Research (Offshore Energy). Most of the 12 vessels using methanol as fuel were chemical tankers using
part of their cargo as fuel (Ming and Chen, 2021).

According to the Methanol Institute, methanol is already available at more than 100 ports worldwide
because it is widely traded for industrial applications and for use as a fuel additive in some countries. In
April 2021, the world’s first barge-to-ship methanol bunkering operation took place at the Port of
Rotterdam, an alternative to bunkering operations via cargo shore pipelines.* The IMO adopted interim
guidelines on safety standards for methanol vessels in December 2020 and the International Organization
for Standardization (ISO) is in the process of developing a methanol marine fuel grade specification.
These activities help pave the way to wider adoption of methanol in the marine shipping sector.

24 https://www.bunkerspot.com/global/53179-global-world-s-first-barge-to-ship-methanol-bunkering-at-port-of-
rotterdam
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For methanol and ammonia, the available (monthly) price data series only covered 2018-2020 for
methanol and 2019-2020 for ammonia. The annual average contract price of methanol, as reported by the
Methanol Institute, was $388/ton and the annual average price of ammonia for fertilizer applications in
the U.S. Midwest was $566/ton. The annual average price of HSFO in the United States fell in between
those two values at $421/ton. Figure 6 shows the monthly evolution of the three series accounting for
differences in their energy content.

600 -

400+

$/ton HSFO-equivalent

200~

0 =1 1 1 1 1 T T
2018-01 2018-07 2019-01 2019-07 2020-01 2020-07 2021-01

U.S. methanol _ _ U.S. methanol

(contract) (spot) U.S. ammonia — U.S. HSFO

Figure 6. Historical prices of methanol and ammonia in the United States

Source: Methanol Institute, U.S. Department of Agriculture, EIA

Both methanol and ammonia have approximately 56% of the energy content of HSFO. Once the
differences in energy content are accounted for, HSFO has been cheaper than either methanol or ammonia
during the whole period shown, often by a significant margin.

For methanol, Figure 6 includes series for contract and spot prices to highlight their sizable difference. On
average, the contract price was 30% higher than the spot price during this period. Ammonia was more
expensive than HSFO and methanol in 2019 and 2020. However, it should be noted that this ammonia
price is for its application, in powder form, as fertilizer and might differ from its price as marine fuel.

Both methanol and ammonia are mostly used in industrial applications and display relatively low
correlations with the HSFO price: 0.6 for methanol and 0.44 for ammonia. The prices shown in Figure 6
are for “grey” versions of the fuels produced from fossil fuel feedstocks and without carbon capture and
storage. Those conventional pathways (coal gasification in the Asia Pacific and natural gas steam
reforming in the rest of the world) account for most of the methanol and ammonia produced today (IEA,
2018). For methanol, Ming (2021) reports that worldwide production capacity (~110 million tons) is
distributed across 90 large fossil-based methanol plants and only nine plants with combined capacity of
less than one million tons use renewable feedstocks.
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3. U.S.FLEET OF OCEANGOING VESSELS

3.1 U.S.FLEET ATTRIBUTES

As of June 2020, the U.S.-flagged merchant fleet of oceangoing vessels registered in the U.S. Department
of Transportation Maritime Administration dataset (1,000 gross tons and above) comprised 184 ships
with combined gross tonnage of 7.3 million tons. Jones Act-eligible vessels account for 53% of the U.S.
fleet and 48% of gross tonnage.?® Figure 7 shows that the current fleet has been built between 1963 and
2019. The median year of build is 2006. On average, tankers, vehicles vessels, Ro-Ros, and
containerships are newer than general cargo vessels and dry bulk vessels.
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Figure 7. U.S.-flagged oceangoing merchant vessels by year of build and ship type

Source: U.S. Department of Transportation Maritime Administration

Figure 8 shows the type and size distribution of the U.S. fleet. Most U.S.-flagged vessels are
containerships and tankers (64 each), and next are Ro-Ro and General Cargo vessels (28 and 20
respectively). There are only five dry bulk vessels and three vehicle carriers. Tankers, containerships, and
dry bulk vessels have the largest sizes with average deadweight tonnages of 65,000, 49,000, and 45,000
DWT, respectively. The average tonnage of vehicles carriers and Ro-Ros are 27,000 and 21,000 DWT,
and the average tonnage of general cargo ships is 9,000 DWT.

25 Section 27 of the Merchant Marine Act of 1920 (Jones Act) requires domestic waterborne freight transport to be
conducted on vessels that are U.S.-built, owned, registered, and crewed.
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Figure 8. U.S.-flagged oceangoing merchant vessels by ship type and deadweight tonnage

Source: U.S. Department of Transportation Maritime Administration

Figure 7 and Figure 8 show significant differences in vessel type, age, and size for the Jones Act-eligible
segment of the fleet. All but one of the vessels that are older than 30 years are Jones Act-eligible. Tankers
are the predominant vessel type among the Jones Act fleet (58% of the total), but they represent less than
10% of the rest of the U.S. fleet. In contrast, containerships account for 48% of the U.S. vessels not
eligible for domestic waterborne freight but only 23% of the Jones Act fleet. The average deadweight
tonnage of containerships, dry bulk, general cargo, and Ro-Ro U.S. vessels is smaller for those eligible
for domestic freight.

No public information is available on the engine type of every vessel in the fleet, or which fuel they use.
Desk research revealed that, out of the 30 U.S.-flagged vessels built in 2015-2019, six have dual-fuel
engines that can use LNG and an additional 14 have engines that are LNG-ready. All 20 of these vessels
that use or could use LNG upon limited modifications are Jones Act vessels. The choice of LNG for these
vessels is mainly driven by compliance with the North American ECA standards for sulfur oxide (SOx),
NOy, and particulate matter emissions. Low U.S. natural gas prices also contribute to making the use or
the option to use LNG attractive for these shipowners.

3.2 FUEL CONSUMPTION AND FUEL COST ESTIMATE FOR THE U.S. FLEET

Table 4 shows the fuel consumption estimate for the U.S. fleet in 2020, differentiating the Jones Act-
eligible ships from the rest. The fuel consumption for each vessel was estimated using the average fuel
consumption per year assumed in the IMO GHG4 emissions inventory, for the appropriate size category
bin based on deadweight tonnage data. All vessels are assumed to use residual fuels or distillate fuels,
since the percentage of the fleet using alternative fuels is still very small. Based on the GHG4 study, the

25



assumed percentages of residual and distillate fuels are 68% and 32%, respectively. Note that the IMO
study groups all residuals into the general label HFO and all distillates into the general label MDO.

The estimated fuel consumption for the U.S. fleet in 2020 is 1.26 million tons of HFO and 0.59 million
tons of marine distillates. The Jones Act segment of the fleet accounts for 53% of U.S. vessels and 43% of
fuel consumption. This difference results from the Jones Act vessels being smaller as well as by
differences in vessel type and operation. The U.S. fleet in 2020 accounts for approximately 0.5% of the
world’s fleet fuel consumption as estimated by the GHG4 study (339.27 million tons, estimated for the
year of 2018).

Table 4. Estimated Fuel Consumption of the U.S. Oceangoing Merchant Fleet (2019 prices)

Count Average Average Average Average Average Total Total Total fuel
Main Design Main Auxiliary  Boiler Residual fuel  Distillate oil (ton)*
Engine  Speed'  Engine Engine Fuel® oil (ton)? fuel oil
Power! (kts) Fuel? Fuel? (kt/y) (68%) (ton)?
(kW) (ktly) (ktly) (32%)
Total 184 24,191 17.6 6.2 1.2 1.4 1,255,212 590,688 1,845,900
Ships
Jones 98 12,257 15.6 7.8 1.5 1.2 540,192 254,208 794,400
Act
Eligible
Non- 86 37,791 19.5 4.5 0.9 1.7 715,020 336,480 1,051,500
Jones
Act
Eligible

! The main engine power and design speed of each vessel are from Table 35 in the IMO GHG4 Report, according to the DWT
and type of each vessel.

2 The main engine fuel, auxiliary engine fuel, and boiler fuel consumption for every vessel are from Table 35 in the IMO GHG4
Report, according to the vessel’s DWT and type.

3 We assume 68% of the main engine, auxiliary engine, and boiler fuel consumptions are residual fuels, and 32% of them are
distillate fuels, according to the data from the IMO GHG4 Report. The total residuals consumption is the sum of all Jones Act-
eligible vessels or all Non-Jones Act-eligible vessels. They are not calculated with columns 3 to 7, which are summary data for
illustration.

4 The sum of Columns 8 and 9.

Table 5 shows the estimated total fuel cost segmented by Jones Act eligibility. At the average prices of
$400/ton and $560/ton for residual and distillate fuels, the total fuel cost for the U.S. fleet in 2020 is $833
million of which 43% is for Jones Act-eligible vessels. Fuel prices for residual and distillate fuel oil are
from Argus, a fuel market data provider. A national average price was constructed as volume-weighted
average of the prices for HSFO (for residual fuels) and MGO (for distillate fuels) in three U.S. locations:
U.S. Gulf Coast, New York Harbor, and Los Angeles. The volume weights are based on EIA bunker fuel
sales data for each of the regions. In 2019, VLSFO was already available in these large ports but not
utilized much yet, so we simply use the price of residual fuel oil 3.5% (HSFO) and MGO.

Table 5. Estimated Fuel Costs of the U.S. Oceangoing Merchant Fleet (2019 prices)

Fuel price Residual Fuel Oil Cost Distillate Fuel Oil Cost Total Fuel Cost
(@ $400/ton) (@ $560/ton)

Total Ships $502,084,800 $330,785,280 $832,870,080

Jones Act Eligible $216,076,800 $142,356,480 $358,433,280

Non-Jones Act Eligible $286,008,000 $188,428,800 $474,436,800
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The fuel costs in Table 5 are based on 2019 prices as 2020 might not be a representative year in terms of
price levels because of the weakness in petroleum product prices due to COVID. However, it is
informative to compare the US-flagged fleet fuel costs considering price uncertainty (Figure 9), using the
10% and 90% percentile of prices from November 2019 to September 2020 as indicative of the
substantial fuel price risk potentially faced by shippers.
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Figure 9. Estimated U.S. oceangoing merchant fleet fuel costs
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Note: Fuel costs are estimated with median fuel costs from November 2019 to September 2020 and error bars are estimated with
10% and 90% percentile of prices during the same time frame.

Table 6 and Table 7 show the estimated U.S. fleet fuel consumption and cost by vessel type. The fleet of
containerships consumes the most fuel, followed by tankers and Ro-Ro vessels. This ranking is partly
determined by the number of vessels in each category. Table 8 presents average fuel consumption and
fuel cost (see also Figure 10) per vessel for each vessel type. Differences in fuel consumption across
vessel types result from differences in size, engine technology, and operational patterns. Containerships
consume the most fuel, followed by Ro-Ro vessels, and vehicle carriers.

Table 6. Estimated Fuel Consumption of the U.S. Oceangoing Merchant Fleet by Vessel Type

Vessel type Residual Fuel Oil Distillate Fuel Oil Total Fuel

(tons) (tons) (tons)
Containership 590,920 278,080 869,000
Dry Bulk 14,620 6,880 21,500
General Cargo 29,988 14,112 44,100
Ro-Ro 245,412 115,488 360,900
Tanker 350,812 165,088 515,900
Vehicles Carrier 23,460 11,040 34,500
Grand Total 1,255,212 590,688 1,845,900
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Table 7. Estimated Fuel Cost of the U.S. Oceangoing Merchant Fleet by Vessel Type

Vessel type Residual Fuel Oil cost Distillate Fuel Oil Cost Total Fuel Cost
(@ $400/ton) (@ $560/ton)
Containership $236,368,000 $155,724,800 $392,092,800
Dry Bulk $5,848,000 $3,852,800 $9,700,800
General Cargo $11,995,200 $7,902,720 $19,897,920
Ro-Ro $98,164,800 $64,673,280 $162,838,080
Tanker $140,324,800 $92,449,280 $232,774,080
Vehicles Carrier $9,384,000 $6,182,400 $15,566,400
Grand Total $502,084,800 $330,785,280 $832,870,080
Table 8. Average fuel consumption and cost by vessel type
Vessel Type Vessel Count Average Fuel Consumption Average Fuel Cost per
per Vessel (tons) Vessel
Containership 64 13,578 $6,126,500
Dry Bulk 5 4,300 $1,940,200
General Cargo 20 2,205 $994,900
Ro-Ro 28 12,889 $5,815,600
Tanker 64 8,061 $3,637,100
Vehicles Carrier 3 11,500 $5,188,800
Grand Total 184 10,032 $4,526,500
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Vehicles Carrier,
S 14,000 5,188,800 Containership,
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Figure 10. U.S. fleet count, fuel consumption, and annual fuel costs by vessel type

Note: Bubble size shows the average annual fuel costs per vessel.
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4. FUEL CHOICE DECISION BY MARINE SHIPPERS

For existing vessels, the fuel choice set for fleet operators is limited by the capability of the vessel to
accommodate a fuel, i.e., ability to receive the fuel during bunkering, store it onboard, deliver it to the
engine/prime mover, combust or release the fuel energy in the engine/prime mover, and manage any fuel
return, waste products, and exhaust. Other fuel choice determinants include fuel price, fuel-specific
technology investment/installation costs, and operating costs including specialized labor, maintenance
costs, and payload implications if any. These fuel choice elements are summarized in Table 9.

Table 9. Summary of Fuel Choice Elements and Factors

Fuel Choice Elements Enabling factors Determining factors
Energy carrier (fuel) Bunkering (receiving fuel), Fuel price
Storage,
Handling requirements
Technology (engine/prime mover, and Engine-fuel match Installation/retrofit costs
ancillary machines) Pretreatment/posttreatment Maintenance costs
Operations (vessel service, route, crew) Specialized fuel Revenue payload
training/certification implications

Voyage match with energy range

As described in Chapter 1 and Chapter 2, most fleet operators have chosen strategies involving
petroleum-based fuels to meet the IMO 2020 sulfur limits. That is because these fuels meet all the
enabling factors and score favorably along the determining factors listed in Table 9. Natural gas and other
gaseous fuels require different handling and storage and must be matched with engine technology that
often involves liquid fuel for initiating combustion. Some biofuels are near drop-in replacement for
petroleum while others require modifications to the fuel and engine systems. Other alternative fuels, e.g.,
ammonia, hydrogen, electricity, and nuclear, will require new ship designs to effectively integrate energy
carrier, engine technology, and operating service.

The choice of approach to comply with the IMO 2020 sulfur cap (low-sulfur petroleum-based fuels,
scrubbers, and LNG) in specific countries has been the focus of several published analyses. For instance,
Cuong and Hung evaluate the options for Vietnamese shipowners to comply with the 2020 sulfur cap
considering political, legal, economic, environmental, technological, and sociological aspects. They
conclude that a compliant blended fuel (e.g., VLSFO) is the priority solution for the existing Vietnamese
commercial fleet, most of which is old, while LNG appears as an attractive solution for new ships (Cuong
and Hung, 2020).

The ranking of compliance strategies changes with vessel age and type. Li et al. examine three abatement
options to comply with the 2020 sulfur cap: switching to low-sulfur fuels, installing scrubbers, and
running on LNG (Li et al., 2020). Applying a multinomial logistic regression model to data from the
Clarkson World Fleet Register database, they find that scrubbers and LNG are more attractive for new
vessels and older vessels’ operators prefer low-sulfur petroleum fuels. The choices also differ across
vessel types. Scrubbers, LNG, and low-sulfur petroleum fuels are respectively the most preferred choices
among the following three groups: tankers, containers, and roll-on/roll-off carriers; gas ships; and
offshore ships and ferries. Li et al. 2020 find that vessel size does not have a statistically significant effect
on compliance strategy.

Solakivi et al. (2019) conduct empirical analysis of the approaches for compliance with the sulfur content

limits in the Baltic ECA, implemented in 2015, chosen by vessels calling port in Finland (Solakivi et al.,
2019). Using a logistic regression model, they find that majority of ships calling at Finnish ports switched
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to a cleaner fuel grade, while younger vessels in regular traffic on the emission control area (especially
roll on-roll off vessels) are most likely to use scrubbers. Their analysis also finds vessel size to not be a
statistically significant determinant of compliance choice.

Some studies consider other marine fuel options under the context of GHG emission reduction, including
alternative fuels that may not be widely available in the short term. Based on literature review and expert
opinion, Andersson et al. list nine categories of criteria in marine fuel choice decisions: technical,
economic, environmental, fuel distribution, safety and health, geopolitical stability, ethics, public
acceptance, and policy (Andersson et al., 2020).

Studies of fuel choice in the global fleet tend to not consider differences by vessel flag. For example, the
GHG4 work suggested two scenarios to describe world fleet responses (by penetration rates, % of ships
applying a technology)—as if all ships acted similarly.?® In practice, characteristics of the shipping
industry in each country can play a role in fuel choice decisions as is the case for the U.S.-flagged fleet.

The U.S. fleet recapitalizes at rates much lower than typical across the world fleet. What that means is
that most U.S. ships are less quick to invest to modify the enabling factors in Table 9 in the near term.
However, the U.S. fleet may be able to modernize at a higher pace when commitments to low-GHG fuels
become mandatory. This is because the relative age of vessels may bring a set of co-benefits in terms of
improved performance when the U.S. fleet begins investing in new ships.

5. KEY FACTORS DRIVING MARINE FUEL PRICES

5.1 MARINE TRANSPORT ENERGY DEMAND

Marine transport energy demand is driven by four factors that we discuss below:

. Trends in GDP and population (driving the demand for seaborne trade)
. Expanding trade agreements and free-trade zone agreements

. Changes in fleet size and composition

. Mandated and market-driven increases in energy efficiency

5.1.1 Trends in GDP and population (driving the demand for seaborne trade)

Gross domestic product (GDP), a commonly used measure of economic activity, drives seaborne trade,
and seaborne trade can enhance economic activity. Studies indicate that the effects are indeed
bidirectional. For example, Chang (2012) conducted statistical analysis of the relationship between
marine energy consumption, marine emissions, and GDP from 1990 to 2006 for a subset of the countries
that signed the Kyoto Protocol in 1997. The results indicated that GDP “Granger-caused” marine energy
consumption in the short-run in Australia, marine energy consumption “Granger-caused” GDP in Finland,
Italy, New Zealand and the United States, and Granger causality was bidirectional for Belgium, Canada,
and the United Kingdom.*’

As another indication of the close relationship between seaborne trade and global industrial economic
activity, some macroeconomists use changes in seaborne trade as a proxy for fluctuations in global GDP.

26 Table 75 of the IMO GHG#4 study.
27X “Granger-causes” Y if past values of X contain information that helps predict Y above and beyond the
information contained in past values of X.
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Kilian (2009) proposes a monthly index of dry cargo single voyage ocean freight rates (indicative of
marine freight and marine energy volumes) as a measure of demand for industrial commodities in global
markets, and thus a proxy for global economic activity.

The GHG4 study projects energy consumption and emissions based on projections of fleet activity which,
in turn, are based on projections of transport work under a suite of long-term socioeconomic futures. Two
methods are used: 1) logistic analysis, in which the relationship between transport work and its drivers is
described by an empirically estimated logistic curve, 2) gravity model analysis, which models transport
work as a function of per capita GDP and population of the trading countries and uses econometric
techniques to estimate the elasticity of transport work with respect to its drivers based on panel data of
bilateral trade flows.

5.1.2 Expanding trade agreements and free-trade zone agreements

New trade agreements increase global seaborne trade and, therefore, increase marine transport energy
demand. The number of regional trade agreements grew rapidly in the past 25 years. The number of
regional goods and/or services trade agreements in force went from 46 in 1995, the year in which the
World Trade Organization was created, to 301 in 2019.%® Global seaborne trade more than doubled during
that period, from less than 5 billion tons of goods loaded in 1995 to 11.1 billion tons in 2019 (UNCTAD
2020 Handbook of Statistics).

Empirical studies support the conclusion that free trade agreements (FTAs) expand trade and shipping.
Using data on bilateral trade flows among 96 countries for the 1960—2000 period, Baier and Bergstrand
(2005) find that an FTA increases two member countries’ trade by an average 86% after 15 years. This
study is one of the first in correcting for the endogeneity of FTAs in the gravity model equations used to
estimate the impacts of trade policy on trade flows; the authors argue that most previous estimates of the
effect of FTA on trade flows had been biased downward. In a meta-analysis of the determinants of
bilateral trade flow volume using gravity equations, Head and Mayer (2013) find an average 80% increase
in trade flow volume resulting from a trade agreement; this is similar in magnitude to the mean effects the
same meta-analysis identifies for country contiguity and common language but lower than the effects of
common currency, or the presence of a colonial link between importer and exporter. GDP and distance
also have large effects on the trade volume between two countries.

5.1.3 Changes in fleet size and composition

The deployment of progressively larger fully cellular containerships, starting in the late 1960s, has
resulted in economies of scale in cargo shipping that reduce the cost and fuel use per ton-mile shipped.
The first generation of container ships (1970s) ranged in size between 1,000 and 2,500 TEUs while new
containerships built today can have sizes greater than 20,000 TEUs. The growth of the containerized
segment of the fleet is also associated with a change in the mix of goods being traded. In 1970,
international seaborne trade was 55% crude oil, petroleum products, and gas, 17% main bulks (iron ore,
grain, and coal), and 28% other dry cargo. By 2017, the cargo mix was dramatically different: only 29%
oil and gas, 30% main bulks, and 41% other dry cargo (UNCTAD, 2018).%

Since 2014, the fleet segments experiencing the most growth are containers and gas carriers. On the other
hand, growth in oil tankers and bulk carriers has slowed down. In 2018, world fleet tonnage growth

28 http://rtais.wto.org/Ul/charts.aspx#

2 The UNCTAD database differs from the MARAD database presented in Chapter 3 in several aspects. Apart from
being global rather than referring only to U.S.-flagged vessels, the UNCTAD database includes vessels > 100 GT
rather than 1,000 GT and some of the vessel types it covers (e.g., fishing vessels) are not part of the MARAD
dataset.
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(2.61%) was the lowest of the previous ten years (UNCTAD, 2019). In 2019, the average age of the world
merchant fleet was 21 years but there were significant differences in age across vessel categories. The
youngest segments of the fleet are bulk carriers (average age of 10 years) and containerships (average age
of 12 years). The oldest are general cargo vessels with an average age of 26 years (UNCTAD, 2019).

5.1.4 Mandated and market-driven increases in energy efficiency, or reductions in emissions

Marine diesel engines are the most fuel-efficient engines across the entire transportation sector. Except
for those commodities that can be transported via pipeline, it is not possible to reduce fuel and emissions
per ton-mile of cargo by switching from marine shipping to a different mode of transportation (McCollum
et al., 2009). However, the energy efficiency of marine transport varies with ship size, design, speed,
operational patterns (particularly load factor), and engine technology. Despite improvements in the energy
efficiency of the global fleet over time, partly tied to the increase in average ship size, total fuel use and
CO, emissions from the shipping sector continue to increase because the expansion in ton-miles shipped
more than offsets the increases in energy efficiency.

To identify options for reducing fuel use and emissions in the marine sector, the GHG4 study presents a
marginal abatement cost (MAC) curve that ranks 44 measures to reduce GHG emissions, including (1)
energy-saving technology adoption (e.g., optimization of water flow hull openings, hull maintenance,
reduced auxiliary power usage, main engine improvements), (2) shifts to renewable energy (hybrid
auxiliary power, wind, or solar, or alternative carbon-neutral or low-carbon fuels), and (3) operational
changes (speed reduction is the only option considered in GHG4, but there are others). All cost-effective
measures are energy-saving technologies. The estimated MAC of alternative fuels is $416/ton CO, for
zero-carbon fuels and $258/ton CO; for fuels that still emit some CO,. The MAC of speed reduction is
$17/ton CO». A few of the measures have a negative MAC meaning that these technologies are profitable
to install, at least from a social perspective. However, the amount of CO, reduction by these negative
MAC measures is relatively small—less than 10% reductions from the baseline in 2030 and 18%
reduction by 2050. In 2050, the IMO GHG4 study concludes that about 64% of the total amount of CO,
reduction should result from the use of alternative fuels. This result confirms that it is difficult to achieve
the IMO’s mid-term target for CO, emission reductions by energy-saving technologies and speed
reduction in ships only.

The GHG4 study shows that main engine fuel consumption varies significantly within ship categories.
This variability suggests that there is potential for reductions in fuel use that do not require engine
technology changes. The Clean Cargo Working Group is an example of a benchmarking initiative that
compiles data on container ship fuel use and emissions to help vessel owners assess their performance and
shippers choose vessels with better environmental performance indicators.

5.2 OIL PRICE

As shown in Table 1, petroleum-based fuels accounted for more than 95% of global marine fuel
consumption in 2018. Marine fuel prices are strongly correlated with crude oil prices. From January 2000
to December 2020, the correlation between the benchmark West Texas Intermediate (WTI) crude oil spot
price and HSFO at the U.S. Gulf Coast was very high, 94.7%.3! Similarly, the correlation between the
WTI price and heating oil price (a good proxy for the price of marine gasoil) was 97.5%. The correlations
are even higher if Brent crude oil price is considered instead (99.3% for heating oil and 98.6% for fuel
oil).

30 hitps://www.clean-cargo.org/data-methods
31 Brent is another useful benchmark crude for global marine fuels and may avoid issues associated with the recent
divergence of WTI and Brent following the sharp expansion of U.S. inland oil production.
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Clearly, the price of oil matters for the competitiveness of alternative fuels with conventional petroleum
fuels. Figure 11 displays the range of crude oil price projections presented in EIA’s AEO 2021. Oil price
is one of the key inputs to AEO scenarios where a market equilibrium model solves for the supply,
demand, and prices for the entire U.S. energy sector. The AEO contains additional scenarios that vary the
assumptions about macroeconomic growth, domestic oil and gas recoverable resource volumes, and
technological progress in renewables. The resulting oil prices from all those other scenarios lie within the
range shown in Figure 11.
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Figure 11. Crude oil (WTI) price projections

Source: EIA Annual Energy Outlook 2021

In the Reference case, global oil supply and demand are assumed to grow steadily and at similar rates
resulting in a smooth price trajectory with average annual growth rate of 2.3%. Within the United States,
total light-duty vehicle sales start decreasing in 2020. Although the share of electric and hybrid vehicles
increases, gasoline continues to be the dominant fuel for new vehicles in the Reference case with a share
of 79% of sales by 2050. The driving assumptions for the Low Oil Price case are lower demand and
higher supply outside the United States than in the Reference case. The opposite forces (higher demand
and lower supply than in the Reference case) would drive the High Oil Price case. The average annual
growth rates for oil price in the Low Oil Price and High Oil price cases are 0.6% and 3.1%, respectively.
The marine fuel price trajectories used in Chapter 6 correspond to the Reference, High Oil Price, and Low
Oil Price cases.

One important feature of EIA’s AEO scenarios is they only model laws and regulations that are already
enacted/approved. None of these scenarios model the effect of potential decarbonization targets in the
electricity or transportation sectors. The impact of decarbonization policies has been considered in other
global energy market outlooks (e.g., BP Energy Outlook, IEA Net Zero Roadmap, OPEC World Oil
Outlook), but these typically generate projections for oil demand rather than price. Overall, these outlooks
indicate that strong commitments by governments toward decarbonization are a stronger lever than GDP
growth rate or oil prices for the evolution of oil demand. With the policies already in place as of 2020, oil
demand stays around 100 MMbbl/day or higher by mid-century. Ambitious decarbonization scenarios
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lead to large decreases of oil demand. For instance, global oil demand is 71 MMbbl/day in 2045 in the
Mitigation A scenario from the OPEC World Oil Outlook 2020, 24 MMbbl/day in the Net Zero scenario
from BP Energy Outlook 2020 by 2050 and 21 MMbbl/day in IEA’s Net Zero Roadmap by 2050. The
IEA Net Zero Roadmap also includes a crude oil price projection. Crude oil price does not recover from
2020 levels; instead, it progressively declines to $24/bbl by 2050; that is approximately half the value
projected in EIA’s Low QOil Price scenario by mid-century.

5.3 REFINERY ECONOMICS AND THE DEMAND FOR OTHER PETROLEUM PRODUCTS

Petroleum Product mix supplied and demanded in all sectors: Although the level of all petroleum-
based fuel prices will reflect trends in global crude oil demand and price, the relative prices of the various
petroleum-based fuels can shift markedly with the mix supplied and demanded. For the United States,
Figure 12 shows the evolution of the refined product mix in the past decade. Notably, the share of residual
fuel oil (the most relevant product for marine fuel during this period) declined steadily from 3.7% in 2010
to 2% in 2019. This decline in share results from a combination of lower residual fuel oil production
volumes and increase in total refinery output. The reduction in residual fuel oil production is partly due to
the change in crude slates at U.S. refineries toward lighter crude oils. In the USGC, where more than 50%
of U.S. refinery capacity is located, the share of crudes with the largest residual fuel oil yields (medium
sour and heavy sour) decreased from 40% to 20% in the last decade.*? Refinery product mix depends on
refinery economics and configuration and will be an important driver for the relative prices of the
petroleum-based fuels that vessel owners can use to comply with the IMO 2020 rule.
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Figure 12 U.S. refinery product mix

Source: EIA

32 https://rbnenergy.com/comin-to-america-part-4-gulf-coast-refineries-slashing-their-need-for-imported-crude-oil
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Figure 13 presents a longer history of residual fuel oil production and sales in the United States breaking
out the portion of sales that is consumed by marine vessels (for either domestic or international shipping).
The three series in Figure 13 trend downwards, but sales for vessel bunkering have remained much more
stable over the past 35 years than U.S. residual fuel oil production or total sales. Despite the pronounced
decline in residual fuel oil production by U.S. refineries, the domestic demand for it (mostly in uses other
than marine fuel such as electricity generation) declined faster. In 2009, the United States transitioned
from net importer to net exporter of residual fuel oil. The fraction of residual fuel used in the bunkering
sector increased steadily from 22% in 1984 to 98% in 2014. However, from 2015 to 2018, it decreased
rapidly to 55% in 2018 due to a combination of increased total sales and decreased use by marine vessels.
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Figure 13. U.S. production and sales of residual fuel oil

Source: EIA
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Figure 14. Global consumption of refinery products by region (1986-2018)

Source: EIA

Figure 14 shows the progressive substitution of distillate fuel oil for residual fuel oil in the global mix of
refined products consumed. The decline in the share of residual fuel oil is more pronounced in OECD
countries where residual fuel oil has steadily declined from 25% of the volume of refined products
consumed in 1980 to 3% in 2020. In non-OECD, residual fuel oil declined from a share of 31% in 1980 to
9% in 2018 and the consumption shares of distillate fuel oil and “other” products increased.

The relative prices of VLSFO, MGO, and HSFO will be influenced by refinery economics. The relative
demand for key products (i.e., gasoline versus diesel, which varies by world region and season), refinery
configuration (e.g., desulfurization capacity availability), and refinery process flexibility are three
important drivers of refinery production mix and prices.

Refinery operations and process flexibility: The flexibility of refinery operations is important for the
stability of product supply and price. For shippers, the level and volatility of VLSFO price (the marine
fuel with the largest market share post IMO 2020) is important for fuel risk management purposes.
VLSFO is a blend of multiple streams and can be produced in different ways.

1.  Processing very-low sulfur (i.e., sweet) crudes
—  Ifarefinery were to purchase oil to maximize VLSFO production, the ideal crude oil type
would have medium to high density (because these crude types have higher residue yields)
and low sulfur content (sweet crude).*
2. Removing sulfur from sour crude residue in an atmospheric residue desulfurization unit or vacuum
residue desulfurization unit
—  OPEC (2020) projects substantial need for additional desulfurization capacity out to 2045
driven by two trends: a) near-universal adoption of low-sulfur gasoline and diesel, b)

33 https://www.argusmedia.com/en/blog/2019/august/28/imo-2020-visfo-blends
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expected increase in the average sulfur content of the global crude oil pool. As of 2020,
North America is the world region with the highest fraction of desulfurization capacity
(~85%) relative to crude oil distillation capacity.>*

3. Diverting hydrotreated VGO to the bunker fuel pool

4.  Blending low-sulfur distillates (e.g., jet fuel, gasoil) with residual fuel oil*’

The VLSFO coming out of each refinery will depend on the type of crude it processes (sweet or sour,
light or heavy), refinery configuration, and target product slate. While the exact composition of VLSFO
may be unknown to the shipper that buys it, VLSFO fuel sample properties provide information to infer
it. For instance, VLSFO blends with VGO have higher pour points while VLSFO blends containing
distillates have lower densities.

Variability in VLSFO composition makes it difficult to identify the key price relationships to track for
fuel purchase and price risk hedging decisions. On the other hand, the flexibility of VLSFO production
pathways potentially gives this fuel greater resilience to shifting patterns of demand and supply across the
petroleum product complex. Figure 15 and Figure 16 show how price differentials between VLSFO and
various refinery products experienced pronounced shifts in 2020.
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Figure 15. Prices of gasoline, VGO, and VLSFO in Northwest Europe (2019-2020)

Source: Argus

In 2019, VGO had the lowest price among the three products in Figure 15. VGO is typically priced lower
than gasoline as it is an input to gasoline production in fluid catalytic crackers. However, from March to
May 2020, the price of gasoline dropped below that of VLSFO and VGO due to the very large reduction
in gasoline consumption brought about by COVID lockdowns in Europe. Marine fuel demand also

34 The capacity of the distillation process unit is often used interchangeably with refinery capacity.
35 https://www.argusmedia.com/en/news/2147975-distillate-blending-in-vlsfo-raises-concerns
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decreased less severely during those months making the bunker fuel pool a higher value use of VGO than
gasoline. During the summer months, gasoline started selling again at a premium relative to VGO.

VLSFO sold lower than VGO during the summer suggesting that it contained a blend of VGO and other
cheaper components. Finally, towards the end of 2020, VGO and VLSFO were selling at approximately
the same price.

The price relationship between gasoline, VGO, and VLSFO is one to keep tracking beyond 2020 to assess
its stability as COVID-related decreases in light-duty vehicle and aviation fuel use are reversed.
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Figure 16. Distillate product prices in New York Harbor (2019-2020)

Source: Argus

Price relationships among distillate fuels: Using New York Harbor as an example, Figure 16 shows
that prices move close together within the category of distillate products which includes diesel, heating
oil, and gasoil bunker (MGO). The correlations among the price levels of distillates in New York are all
above 99% in 2019-2020. MGO is close in composition to heating oil so that they compete for similar
refinery product streams.

From January 2019 to December 2020, the average price at New York Harbor was $499/ton for ultra-low
sulfur diesel (ULSD), used for road transportation, and $465/ton for heating oil and gasoil bunker with
0.5% sulfur. In 2019, gasoil bunker was the bottom price among these three series and ULSD was the
ceiling. ULSD remained the highest price in 2020 but, from March to September, the gasoil bunker price
rose above the heating oil price. This seems to indicate that there was more demand for marine distillates
than heating oil during that period. Heating oil has a markedly seasonal demand but, in 2019, there was
no sustained reversal in the spread outside of the heating season.

In 2020, shippers chose VLSFO over MGO because it was cheaper and the initial availability and quality
concerns regarding VLSFO did, in general, not materialize. Post-2020, VLSFO price could increase in the

38



short run if quick recovery of gasoline and jet fuel demand post-COVID uses up the VGO streams that
went into the bunker fuel pool in 2020. However, a scenario where MGO is chosen instead of VSLFO for
IMO 2020 compliance purposes is unlikely. Given the relative volumes of gasoline and diesel versus
residual fuel oil, small percentage decreases in petroleum-based fuel consumption for road transportation
as electrification progresses could influence the relative prices of VLSFO to marine gasoil going forward.
A long-term decreasing trend in the price of gasoline would tend to keep the price of distillates like MGO
higher than the price of VLSFO.

Price differentials between crude grades also matter for the VLSFO-HSFO spread. It was expected
that, post IMO 2020, the spread between sweet and sour crudes would widen as sour, high-sulfur crudes
become less attractive. However, in 2020, the spreads were narrow. On one hand, U.S. sanctions to Iran
and Venezuela resulted in many countries avoiding purchases of oil from these countries which mostly
produce sour crudes. This reduction in sour crude being processed made its price not fall as much as
expected. On the other hand, low-sulfur sweet crudes maximize the yield of the refined products
(gasoline, jet fuel) whose demand suffered the most due to COVID. Therefore, their price was lower than
anticipated in 2020. In 2021 and beyond, the sweet-sour spread will likely widen. If it does widen, it
would also be reflected in the spread between HSFO and VLSFO prices. This price spread was also
narrower than expected in 2020 resulting in delays and cancellations of scrubber installations.

5.4 ENVIRONMENTAL REGULATION AND INCENTIVES

The IMO is the organization in charge of regulating the GHG emissions from international shipping;
regulation of emissions from domestic shipping activities falls under the remit of national governments.
In 2011, the IMO adopted the Energy Efficiency Design Index (EEDI) and the Ship Energy Efficiency
Management Plan (SEEMP) which have the objective of reducing the carbon intensity of international
shipping for new and existing ships, respectively. The EEDI mandates new ships within specific type and
size categories to have technical carbon intensity (gCO,/ton-mile) below a maximum value. The SEEMP
is a ship-specific plan to improve operational energy efficiency through adequate maintenance,
installation of waste heat recovery methods, weather routing, optimized cargo handling, or energy
management systems on ship, among other measures. Having an approved SEEMP on board will become
mandatory for vessels over 400 gross tons in 2023.

Additionally, in 2018, the IMO adopted its initial GHG strategy with the aspirational goals of:

- Reduction in average carbon intensity of international shipping by at least 40% by 2030 and 70%
by 2050 relative to 2008 levels

- Reduction in the absolute level of GHG emissions by at least 50% with respect to 2008 levels by
2050.

It is widely agreed that achievement of these goals would require substantial levels of adoption of low-
carbon fuels.

Additional policy proposals aiming to reduce CO, emissions in the shipping sector are arising at the
regional level. In July 2021, the European Commission released a proposal to expand its carbon trading
market, the European Union (EU) Emissions Trading System (ETS), to include shipping emissions
starting in 2023. The qualifying shipping emissions would be phased-in between 2023 and 2026. The
requirement to surrender allowances in the EU ETS would apply to 100% of CO; emissions in intra-EU
voyages, 50% in voyages that start (end) at one of the EU Member states and end (start) outside the EU,
and 100% of CO- emissions at berth in any EU port. Therefore, if implemented, this policy would apply
to voyages by the U.S.-flagged fleet involving an origin or destination in the EU. The average price of EU
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ETS allowances was 25 euros/ton of CO; equivalent (~$28/ton of CO, equivalent) in 2019; this is the
highest annual average price since the EU ETS allowance trading started in 2005 (Nissen et al., 2020).

Reduction of CO; emissions is not the only type of environmental regulation in the horizon for marine
shippers. For instance, the IMO GHG4 study shows that the fastest increase in GHG emissions from
marine shipping in recent years came from methane rather than CO,. LNG use in international shipping
increased by ~30% from 2012 to 2018 and methane emissions in the marine sector increased by 150%
during that period. The difference in growth rates has to do with the change in the types of ships using
LNG. Up to 2012, most LNG was consumed by LNG carriers in steam boilers. Since then, other types of
ships including container ships and cruise ships have also started using LNG as fuel, but they use internal
combustion engines that emit more unburned methane than the steam turbines. Methane is not yet
regulated by the IMO, but it could be in the future as concerns regarding “methane slip” intensify.

6. SCENARIOS: FUEL PRICE, POLICY, AND TECHNOLOGY

6.1 GENERAL DESCRIPTION OF THE SCENARIO ANALYSIS

We built a cost model to compare different alternatives for a U.S. vessel (containership or tanker) to
comply with the IMO 2020 rule. The model does not describe the full shipping cost; it focuses on the two
components—capital cost (retrofit cost or new ship cost) and fuel cost— that vary the most across the
different compliance approaches. Other ship operating costs (crew cost, maintenance, insurance etc.) are
not expected to vary substantially with compliance approaches. The cost model equations are presented in
Appendix B.

We apply the model for a “typical” U.S. vessel in terms of size and age. We consider the two types of
vessels (containerships and tankers) that make up 70% of the U.S. fleet of ocean-going vessels as shown
in Figure 7. The average U.S. containership has a capacity of 44,425 gross tons and is 19 years old. The
average U.S. tanker has a capacity of 39,228 gross tons and is 14 years old. Capacity is kept fixed at the
average values in all the scenarios, but age is treated as a sensitivity in the analysis.

There are four general alternatives for a (U.S.) vessel to comply with the IMO 2020 rule:
o use low sulfur fuel oil (VLSFO) on existing vessel
o retrofit the vessel to install a scrubber and keep using HSFO
o retrofit the vessel/engine to use an alternative fuel (e.g., LNG)
e build a new ship to use conventional low sulfur oil (VLSFO) or an alternative fuel (LNG;
ammonia, methanol, ethanol).

Table 10 further details the eight compliance approaches explored in the cost model for each vessel type.
Each compliance approach is defined by a combination of capital equipment investment (if needed), fuel
used, and associated engine type which determines the engine efficiency parameter. Alternatives
involving the switch to alternative lower carbon or zero-carbon fuels not only comply with IMO 2020 but
are also valuable for advancing decarbonization goals.
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Table 10. Primary Fuel and Technology Compliance Path Options Evaluated

Compliance Approach Capital Equipment Fuel Engine Efficiency Type
VLSFO _existingship none VLSFO Otto

HSFO_scrubber scrubber retrofit HSFO Otto

LNG retrofitengine LNG retrofit LNG Diesel

VLSFO_newship newship VLSFO Diesel

LNG newship newship LNG Diesel

Ethanol newship newship Ethanol Diesel

Methanol newship newship Methanol Diesel

Ammonia_ newship newship Ammonia Diesel

Uncertainty is treated through sensitivity analysis. This highlights the range of outcomes and lets us
illustrate the risk associated with the choices (e.g., risk from investing in a technology/fuel alternative that
turns out to be higher cost or less aligned with emerging regulatory initiatives and environmental goals).
Some compliance strategies may be more able to do well over a range of uncertain cases.

Costs for each compliance approach are calculated under a variety of scenarios:
o fuel prices
- Three scenarios (Reference, Low Oil Price, and High Oil Price) from the U.S. EIA’s
Annual Energy Outlook (AEO) 2021 projections
- One scenario using recent average prices for conventional petroleum fuels and the future
fuel prices stated in the IMO GHG4 study for alternative fuels
e decarbonization/regulatory cases are addressed through the implied cost of CO; reductions for the
different IMO compliance approaches
- We do not make explicit assumptions about GHG prices, markets, or the choice between
buying credits versus investing in lower GHG technology.
e vessel age (remaining service years)
interest/discount rate sensitivity: low, medium, high (see Table 11)
e scrubber efficiency sensitivity: low, medium, high (see Table B- 2)

6.2 MODEL INPUT PARAMETERS AND DATA

6.2.1 Vessel, fuel, engine, and cost parameters

The data needed for the analysis include some parameters that are specific to each vessel type and
compliance approach as well as the parameters on cost and economic data listed in Table 11 which are

shared by all scenarios.

Table 11. Cost Parameters Shared by All Cases

Parameter Low Base High
interest rate 0.03 0.04 0.1
base_vessel_lifespan 15.0 20.0 35.0
current_year 2021 2021 2021
LNG_newship_cost_premium 0.2 0.2 0.2
Altfuel _newship cost_premium 0.5 0.5 0.5
newship_cost_multiple_USvsforeign 3.0 3.0 3.0
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6.2.2 Average projected marine fuel prices

Average fuel prices are constructed from the cases in EIA’s AEO 2021. The prices for HSFO and ethanol
are directly taken from the AEO. For the rest, we used historical data to estimate linear equations that
describe the relationship between the target fuel series (VLSFO, MGO, LNG, methanol, ammonia) and a
fuel that is part of the AEO projections (HSFO, diesel for industrial use, Brent crude oil, natural gas). The
estimated equations are then applied to the relevant AEO series to obtain projections of the price of the
target fuel. The estimated coefficients for these equations are presented in Table B- 5.

All fuel prices are converted to dollars per ton of fuel oil equivalent to account for the different energy
content of the various fuels considered. The prices for ammonia and methanol are for “grey” versions of
the fuel that use natural gas as the feedstock. The projected average prices for 2020-2050 of conventional
and alternative marine fuels, based on EIA’s AEO 2021 cases, are summarized in Figure 17. It shows that
some of the alternative fuels (ethanol, ammonia, methanol) are less sensitive to variations in crude oil
price than the petroleum-based marine fuels and so are comparatively more (or less) competitive in high
(or low) oil price scenarios.

Mean Price (HSFO-equiv) for Marine Fuels Across 3 AEO Oil-Price Scenarios
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Figure 17. Mean price for marine fuels across three AEO oil price scenarios.

For each price scenario, cost calculations are based on the AEO mean price projection for 2020-2050. A
fourth price scenario uses the average 2019 observed prices from Argus for petroleum-based fuels and the
future prices (2050) listed in the IMO GHG#4 study for the ammonia, ethanol, LNG, and methanol. Table
12 compares mean prices (in dollars per ton) across the four cases. Results in the rest of the chapter are
based on prices in dollar per ton of HSFO equivalent.
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Table 12. Mean prices from AEO (and IMO GHG4 study/Argus)

Fuel Low_OQil Price Reference High Oil Price IMO_GHG4/Argus
Ammonia 554 551 559 660
Ethanol 490 478 450 670
HSFO 338 543 986 400
LNG 236 389 644 590
MDO 364 627 1,195 501
Methanol 464 457 474 400
MGO 452 702 1,112 561
VLSFO 364 627 1,195 501

6.3 ESTIMATED COSTS FOR BASE CASES OF EACH COMPLIANCE APPROACH

Given the framework for fuel and capital cost accounting described above, we compute the costs of
alternative compliance approaches (in U.S. dollars per year) and CO, emissions.

Cost = annual capital charge + annual fuel consumption * fuel price

The fuel consumption reflects any fuel-efficiency effects of the engine/ship choice and the fuel efficiency
penalty of a scrubber, if chosen. The annualized capital cost is determined by total capital cost of
scrubber, engine retrofit, or new ship capital costs, vessel’s loan period (20 years) and interest rate (4% in
the base case). New ship efficiency gain of 45% is assumed.

A bar chart of the results for the Base Case Set, with Reference mean AEO fuel prices shows that the
compliance approaches using new ships are, not surprisingly, far more expensive than approaches that
utilize existing ships and either low-sulfur fuel oil or retrofits for scrubbers or LNG. These results are for
ships of average age in the U.S. fleet: 19 years for containership and 14 years for tanker.
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Base Case Costs by Compliance Approach
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Figure 18. Base case costs by compliance approach and vessel type

The pattern of relative costs of compliant approaches is similar for containerships and tankers. One
exception is that the estimated incremental cost of retrofitting for the use of LNG is lower for tankers than
containerships. This is due to differences in vessel configuration and the more limited space on container
vessels for LNG storage and fuel management equipment. The assumed incremental capital cost of LNG
retrofitting is disproportionately lower for tankers (1% of new ship cost) than for containerships (3% of
new ship cost). Furthermore, incremental annual capital charge for LNG retrofit is also lower on a typical
tanker because tankers are on average younger than containerships and have more years of service
remaining over which to amortize the retrofit cost.

6.4 ESTIMATED COSTS AND CO; EMISSIONS FOR SENSITIVITY CASES

We consider sensitivity cases for variations of the following parameters:
e Fuel prices
e Vessel age
e Interest rate
e Scrubber efficiency penalty

6.4.1 Sensitivity to vessel age

We consider a range of vessel ages for an exploration of the sensitivity of compliance approach cost to
vessel age. Figure 19 displays the total capital plus fuel cost of the eight compliance approaches for each
of the two ship types, for vessel ages from zero years (new) to 20 years.
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Cost by Fuel/Tech Compliance Approach, Sensitivity to Age
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Figure 19. Cost by fuel/technology compliance approach, sensitivity to vessel age

Figure 19 shows there are three clearly distinct regimes or groupings of compliance approaches in terms of
costs (particularly for tankers): 1) low-sulfur petroleum fuels or LNG retrofit are all part of the lowest
cost regime 2) VLSFO new ship/LNG new ship are intermediate in cost, and 3) new ships with alternative
fuels are highest cost.

The principal age-sensitivity arises for older vessels, here ages ~14—19 years, when the annualized capital
cost of the retrofit options (scrubber, LNG-retrofit) rises quickly because of the limited remaining vessel
life over which to amortize it.

Our approach to costing out the capital cost of any option involving a new ship makes the annual cost
result invariant with the age of the existing ship. A critical assumption is that the scrappage cost, and the
used-vessel value, is taken as approximately zero in the U.S. market of older Jones Act vessels. A second
important assumption is that new vessel construction costs for a U.S. Jones Act-eligible vessel are
substantially higher than constructions costs in the global market.*® As a result, for a vessel of any age
from 0 to 19 years, it is more cost-effective to continue to operate used vessels as long as practical than to
buy a new vessel of any kind. This is despite the assumed 45% higher efficiency of new ships (with new
engines and hull designs).

As shown earlier, under the current and projected Reference oil market outlook, the lowest cost
compliance approach in many instances is VLSFO. Except perhaps for LNG, VLSFO dominates all other
compliance approaches over all ages, for both ship types. With the substantially lower LNG prices
available in the U.S. market (relative to other world regions), retrofitting existing vessels with LNG can

36 Subsides for U.S. shipbuilding are no longer provided. Such subsidies “were passed as part of the Merchant
Marine Act of 1936 and later expanded by the Merchant Marine Act of 1970 before being scrapped by the Reagan
administration in 1981.” (Grabow, 2021).
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be the lowest cost IMO-compliant approach in the Reference AEO price scenario. The next best option,
purely in terms of fuel and capital cost, is HSFO-scrubber. HSFO with scrubber retrofit has about the
same cost as VLSFO for all ages up to ~12—15 years old. After that, it becomes much more expensive.

6.4.2  Sensitivity to fuel price

A key uncertainty is the cost of petroleum and alternative fuels. Considering the range of average future
fuel prices in the 4 price cases developed with EIA and IMO/Argus assumptions, shows a substantial
dispersion of total costs of IMO compliance approaches. Figure 20 shows the cost of 8 compliance
approaches for containerships and tankers, with dots showing the annual costs for the Reference price
case and for 3 alternative price cases derived from the EIA AEO 2021 Low and High Oil Price outlooks,
and from the IMO 4% GHG Study/Argus. Colored lines connect the outcomes for the same price scenario
across compliance approaches.

Compliance Approach Costs, various price cases
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Figure 20. Compliance approach costs by fuel price case and vessel type

The previous message of 3 distinct cost regimes for compliance approaches is robust to the price
sensitivity cases considered, particularly for tankers. For containerships it is not as clear cut, but there are
still 2 distinct groupings: one for petroleum-based fuels and LNG, another for new alternative fuel ships
with potentially lower CO, emissions. The prices of non-fossil fuels (ethanol, methanol and ammonia,
even if produced with fossil feedstock) move differently under different oil prices than the petroleum and
LNG fuels. Thus, we see that the costs of new alternative fuel options are in a narrower range, far less

46



dependent on the prices of oil. New ship options are also less sensitive to fuel prices due to their assumed
greater efficiency than existing ships.

VLSFO use by existing ships is a highly competitive alternative for IMO compliance both under current
prices and the projected AEO Reference and Low oil price cases (on average through 2050). The prospect
of sustained lower petroleum prices as many regions move to electrify road transport could also create
strong competition for non-petroleum marine fuels that might be used to both reduce marine sulfur and
CO; emissions. However, a return to a High Oil Price world would make the more efficient new options a
lower cost option.

6.4.3 Compliance approach costs vs strategy for sensitivity case set results

Figure 21 and Figure 22 show compliance cost and CO, emissions for each compliance approach
combining results from all the sensitivity cases (fuel price, vessel age, interest rate, and scrubber
efficiency). Each individual dot in the left panels corresponds to a combination of values for those four
sensitivities. Colored lines connect the mean outcomes for each price scenario across compliance
approaches.

The right panel shows the estimated tank-to-wake emissions of CO, for each fuel, using a single carbon
intensity for each fuel. Uncertainty about scrubber efficiency and fuel penalty results in a small range of
CO, emissions in the HSFO-with-scrubber compliance approach. While these are essentially tank-to-
wake emissions, they could also be lifecycle emissions, if cost-competitive net-zero GHG versions of
ethanol and ammonia can be produced. It is important to note that we only look at CO; emissions (rather
than CO»-equivalent); possible methane slip is not accounted for.

In broad terms, the costs generally rise across the options from left to right, while the estimated CO>
emissions generally fall. Again, the prices of non-fossil fuels behave differently under different oil prices,
and new ship alternative fuel options are less dependent on the prices of oil. Furthermore, the cost of new
alternative fuel and other new ship options, both alternative and conventionally fueled, are less dependent
on ship age, since the old ship is assumed scrapped. But new ships are a more capital-intensive approach
and do show sensitivity to the cost of capital (the interest rate).
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Containership Cost and CO2 Emissions, with Sensitivity Cases
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Figure 21. Compliance approach cost and CO; emissions for containership, with sensitivity cases
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Tanker Cost and CO2 Emissions, with Sensitivity Cases
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Figure 22. Compliance approach cost and CO; emissions for tanker, with sensitivity cases
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6.4.4 Implications of a carbon-constrained world

CO2 Switchover Cost, Various Sensitivity Cases
(Fuel Price, Age, Interest Rate, Scrubber Efficiency)

Containership Tanker
2,500 -
2,000 -
Fuel Price Case

o 1,500 - _ o
8 High_Oil_Price
2 1,000+ -o- IMO_GHG_study
[e]
3 —®— Low_Oil_Price
¥ 500+

Reference

Figure 23. CO; switchover cost by compliance approach and vessel type (across all sensitivity cases)

Figure 23 reports the CO, switchover cost for the eight compliance approaches using a new ship fueled by
VLSFO as the reference point. Some basis of comparison is necessary, and VLSFO new ship was chosen
as the reference because it was an intermediate approach both in terms of cost and CO; emissions. As the
reference option, the switchover cost for VLSFO new ship is reported as zero across all the sensitivities.

Given a non-zero carbon cost, approaches to the right of VLSFO new ship, which have higher cost but
lower CO; emissions, become relatively more advantageous due to the carbon price. In contrast, points to
the left (lower cost, higher emissions) would get penalized by a carbon price. Note that a carbon price tilts
the costs around the new VLSFO ship (raising cost of existing petroleum ships, lowering relative cost of
new-non-petroleum ships). Absent a CO; cost, VLSFO new ship is in the middle in terms of cost and CO,
emissions given its more efficient use of petroleum than an existing typical U.S. ship.

Figure 23 shows that a positive CO» cost could make cost-effective switching from an existing ship using
petroleum or LNG to a new, more efficient ship using VLSFO. A (typically large) positive CO» cost
could also make switching from VLSFO new ship to a new alternative fuel (ethanol, methanol or
ammonia) ship cost-effective, provided those fuels achieve lower CO; emissions. This figure shows that
in many cases, particularly those involving a new alternative fuel ship, the CO; cost would have to be
rather high for average U.S.-flagged containerships and tankers before such an investment would be
justified based on net economics alone. However, this switchover cost is lower for scenarios with higher
oil prices, and lower if capital costs or alternative fuel costs can be reduced.
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7. CONCLUSIONS

Marine transport energy demand is driven by four identified factors: trends in GDP and population
(driving the demand for seaborne trade); expanding trade agreements and free-trade zone
agreements that have been shown to increase trade activity; changes in fleet size and composition,
with containerization and larger ships increasing trade and fuel use; and mandated and market-
driven increases in energy efficiency or emissions reductions. These factors combine to indicate
continued strong growth in marine transport demand and fuel demand; a shifting mix of fuel and
engine technologies will be needed to avoid the growth in marine fuel demand to be accompanied
by increases in CO, emissions.

Prior to 2020, IMO 2020 analyses anticipated significant fuel mix shift toward marine gasoil, with
some challenges to fuel availability, and potentially substantial increases, at least in the short run,
for the cost of marine fuels (40% or more). Some studies also anticipated observable spillover
effects on the prices of diesel and gasoline fuel.

Contrary to some initial concerns, compliance with low-sulfur, petroleum-based fuels neither has
turned out to be, nor is expected to be (based on AEO 2021 price forecasts), very expensive.

Concerns about low sulfur fuel availability turned out to be overstated. For example, the number of
reports of VLSFO non-availability in the IMO GISIS system from January 1st, 2020 to July 1st,
2020 is much lower than what was expected.

A comparison of the cost of eight IMO 2020 compliance approaches shows that there are three
clearly distinct regimes or groupings of compliance approaches in terms of costs: 1) low-sulfur
petroleum fuels or LNG retrofit are all part of the lowest cost regime 2) VLSFO new ship/LNG new
ship are intermediate in cost, and 3) new ships with alternative fuels are the highest cost regime.

There are some differences in the relative cost ranking of compliance approaches across vessel
types; for instance, the HSFO plus scrubber option and the LNG retrofit option are relatively more
attractive for tankers than containerships.

LNG retrofit is cheaper than use of VLSFO or HSFO plus scrubbers in some of the price scenarios;
although choosing LNG can make sense from a commercial/cost optimization standpoint and for
reduction of local air pollutants, it offers limited improvement in CO, emissions which makes it a
risky fuel in the context of potential more ambitious targets by IMO.

If the existing U.S. fleet has low resale value in other markets, and if new ships must be constructed
in the U.S. at substantially higher cost than in some global markets, then there are significant
barriers to IMO compliance via new ships and new fuels. Similarly, capital cost for retrofits of
existing ships is less economic for those ships which are older, i.e. much of the U.S. fleet.

Based on past price histories and sensitivity cases constructed from AEO projections, fuel price
risk/uncertainty is higher for petroleum-based fuels than the rest, such as LNG or biofuel.

—  Petroleum-based marine fuels (HSFO, VLSFO, MGO) show price differences, but the
prices generally move together across regions and fuels, linked to developments in the
global crude oil markets.

—  To date, both ethanol and LNG prices are less correlated with petroleum prices and have
been generally more stable. Both methanol and ammonia are mostly used in industrial
applications currently and display relatively low correlations with the HSFO price.
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Relative to the existing fleet, fueled almost entirely with petroleum-based fuels, a more diversified
fuel mix likely results in lower overall price risk.

—  This result is driven by the fact that the correlation between petroleum fuels and alternative
fuels is lower than the correlation across petroleum fuels (e.g., residual fuels and distillate
fuels). Reductions in price risk due to portfolio diversification are possible at the fleet level
and at the vessel level (with dual-fuel engines).

There are concerns within the shipping industry, and more widely, about the long-term sustainability
of some of the compliance approaches undertaken so far in response to IMO 2020.

—  Medium- and long-term strategy measures will rely on fuel substitution with lower-carbon
alternative fuels. These potential GHG reduction measures may impact fuel selections.

While CO,/GHG emissions are not directly a consideration for IMO 2020 compliance, there is a
prospect of a more carbon-constrained global energy market. IMO has already begun establishing
CO; and GHG reduction guidelines. The fuel and vessel options for IMO 2020 compliance vary
significantly in their carbon intensity, particularly on a tank-to-propeller basis. The potential need
for ships to reduce their carbon intensity can be a supplementary consideration for U.S. shippers
evaluating the longer-term implications of their IMO compliance approaches and investments.

However, the comparatively high cost of new ship investment, based on U.S. construction costs,
implies that in many cases a high effective cost for CO, would be needed to motivate the switchover
from existing ships to new, more efficient ships, or new alternative fuel ships, based on net
economics alone.

—  There remains substantial uncertainty about this switchover cost of CO; in part because the
costs of producing low- or zero-lifecycle CO; fuels in volume for marine use (such as green
ammonia or biofuel) are not yet established.

—  This switchover cost is lower for scenarios with higher oil prices, and lower if capital costs
or alternative fuel costs can be reduced.

Absent a CO; cost, a new VLSFO ship is in the middle of the IMO 2020 compliance options
considered, in terms of cost and CO, emissions, given its more efficient use of petroleum than
existing ships. The continued used of low-sulfur petroleum fuels, or for ships with many years of
service remaining retrofit with HSFO scrubber or LNG, are the lower cost approaches for IMO
2020.

—  New ships using low-carbon alternative fuels are the highest cost compliance approaches
absent a CO; cost. Note that a CO» cost or carbon price tilts the cost curve around the
middle New VLSFO Ship approach for compliance, raising the cost of existing petroleum-
using ships which are less energy-efficient, and lowering the relative cost of new low-
carbon fuel ships. Given a non-zero carbon cost, approaches to the right of VLSFO new
ship, which have higher cost but lower CO, emissions, become relatively more
advantageous due to the carbon price. In contrast, points to the left (lower cost, higher
emissions) would get penalized by a carbon price.

The prospect of sustained lower petroleum prices as many regions move to electrify road transport
could also create strong competition for non-petroleum marine fuels that might be used to both
reduce marine sulfur and CO, emissions.
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APPENDIX A. FUEL PROPERTIES



Table A- 1. Correspondence between petroleum-based fuels discussed in the report and ISO 8217-2017 fuel

standards
Fuel category ISO 8217 Grade Source

MGO DMA https://www.livebunkers.com/singapore
(ISO 8217:2005 or 2010)

MDO DMB S&P Global Platts (ISO 8217:2010):
https://dieselnet.com/standards/us/fuel.php
https://www.marquard-
bahls.com/en/news-
info/glossary/detail/term/marine-fuels-
bunker-fuels.html

(3F ‘;?;)‘iﬂ /rlfg) RME S&P Global Platts
Fuel oil 380 RMG 380 https://www.livebunkers.com/singapore
(3.5% m/m S) S&P Global Platts:

RMK 380 https://www.marquard-
bahls.com/en/news-
info/glossary/detail/term/marine-fuels-
bunker-fuels.html

Fuel oil 500 RMK 500
(3.5% m/m S)
Fuel oil (0.5% RMG S&P Global Platts
m/m S)
Fuel oil (0.1% RMD 80
m/m S)
Table A- 2. Properties of HSFO
Characteristic HSFO 180cst (RME 180) HSFO 380cst (RMG 380 or HSFO 500cst (RMK
RMK 380) 500)
Kinematic viscosity at 180.0 380.0 500.0
40 °C, mm?/s * (cst)
Density at 15 °C, <991 <991 or 1010 <1010
kg/m?3
Calculated Carbon <860 <870 <870
Aromaticity Index
Flash point, °C >60 >60 >60
Hydrogen sulfide, <2.00 <2.00 <2.00
mg/kg
Acid number, mg <2.5 <2.5 <2.5
KOH/g
Total sediment-aged, <0.1 <0.1 <0.1
mass %
Carbon residue — <15 <18 or 20 <20
Micro method on the
10 % volume
distillation residue,
mass %
Pour point (upper), <30 Winter and Summer <30 Winter and Summer <30 Winter and
°C Summer
Water, volume % <0.5 <0.5 <0.5
Ash, mass % <0.07 <0.1 or <0.15 <0.15



https://www.livebunkers.com/singapore
https://www.livebunkers.com/singapore
https://dieselnet.com/standards/us/fuel.php
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.livebunkers.com/singapore
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html
https://www.marquard-bahls.com/en/news-info/glossary/detail/term/marine-fuels-bunker-fuels.html

Vanadium, mg/kg <150 <350 or 450 <450
Sodium, mg/kg <50 <100 <100
Aluminum plus <50 <60 <60

Silicon, mg/kg

Table A- 3 Properties of Marine Gasoil (MGO)

Characteristic MGO (Category ISO-F-DMA)
Kinematic viscosity at 40 °C, mm?/s * (cst) 2.000-6.000
Density at 15 °C, kg/m3 <890
Cetane index >40
Sulfur, mass % <1.00
Flash point, °C >60
Hydrogen sulfide, mg/kg <2.00
Acid number, mg KOH/g <0.5
Oxidation stability g/m?3 <25
Carbon residue — Micro method on the 10 % volume <0.3
distillation residue, mass %
Pour point (upper), °C <-6 Winter
<0 Summer
Ash, mass % <0.01
Lubricity, corrected wear scar diameter <520

(WSD) at 60 °C, pm

Table A- 4 Properties of Marine Diesel Oil (MDO)

Characteristic MDO (Category ISO-F-DMB)
Kinematic viscosity at 40 °C, mm?/s * (cst) 2.000-11.000

Density at 15 °C, kg/m? <900

Cetane index >40

Sulfur, mass % <1.5

Flash point, °C >60
Hydrogen sulfide, mg/kg <2.00

Acid number, mg KOH/g <0.5
Oxidation stability g/m?3 <25

Carbon residue — Micro method on the 10 % volume
distillation residue, mass %

No data in the ISO report

Pour point (upper), °C <0 Winter
<6 Summer
Ash, mass % <0.01
Lubricity, corrected wear scar diameter <520

(WSD) at 60 °C, pm
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Table A- 5.Properties of Selected Biofuels

Property SVO Biodiesel- BTL-diesel Renewable Fast pyrolysis
(FAME) diesel (HVO) oil (bio-oil)

Density(15°C), kg/m?3 900-930 860-900 770-785 778.7 1100-1250

Kinematic viscosity 39.6 3.5-5.0 3.2-4.5 3-4 40-100

(40°C), cst

Cetane number 36-42 51 73-81 70-90

Flash point, °C 590-600 >120 71 83

Ash content, % <0.01 <0.001

Acid number, mg <0.5

KOH/g

Calorific value, 36-40 37.5 36-43 44 14-18

MJ/kg

Pour point, °C -33t0-3 -7to 16 -12 to -33

Water content, ppm <500 20 15-30

Sources: SVO from (Kesieme et al., 2019) BTL-diesel from (Rantanen et al., 2005, Douvartzides et al., 2019) Renewable diesel
from (Hoekman et al., 2012, Dimitriadis et al., 2018); FP oil from (Kesieme et al., 2019, Chong and Bridgwater, 2017); standard

specifications of ASTM D6751 and EN 14214, ASTM D975, and EN 590 are shown at

https://dieselnet.com/tech/fuel biodiesel std.php.
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Cost model equations
The following are the basic equations of the cost model (accurate, but pseudocode):
Capital Investment = full capital cost(Capital Equipment) * (1 + fuel newship costprem(fuel))
Amortization_Years = ship_lifespan if CapitalEquipment == "newship"
= ship_remaining_life otherwise
Increased_capital cost dpy = -pmt(interest rate, Amortization Years, Capital Investment)
Relative Engine Efficiency = engine efficiency(enginetype)/engine efficiency("Otto")
Relative New Vessel Efficiency = (1.0 - newship efficiencygain) if (Capital Equipment == "newship")
= 1.0 otherwise
Relative Fuel Energy =ref fuel energy content/fuel energy content(fuel)
Fuel consumption_tpy = ave fuel cons_ktpy * 1000 * Relative Engine Efficiency *
Relative New Vessel Efficiency * Relative Fuel Energy
scrubber_efficiencypenalty value = (scrubber_efficiencypenalty) if (Capital Equipment
=="scrubber retrofit"),
0 otherwise
Fuel cost dpy = Fuel consumption_tpy * (1 + scrubber_efficiencypenalty value) * fuel price
Fuel penalty dpy = Fuel consumption_ tpy * scrubber efficiencypenalty value * fuel price
(For info only to track extra fuel costs in Fuel cost_dpy, 0 if no scrubber)
Compliance cost dpy = Increased_capital cost dpy + Fuel cost dpy

CO2_emission_tpy = fuel emissions tCO2 per tFuel * Fuel consumption tpy * (1 +
scrubber_efficiencypenalty value)

Capital cost calculation

Capital cost charge is based on standard accounting cashflow in the shipping industry (Stopford, 2009).
Annual vessel capital cost ($/year/vessel) is based on the amortization of total capital costs required for
the needed scenario. That is, the annual cost is loan (finance) payment that would be made on a loan
principal equal to the capital cost, at the assumed interest rate i (base value 4%) and for the remaining
vessel lifetime n (base value 20 years).

The annual capital charge, or annuity A with net present value equal to the principal (vessel capital cost)
P satisfies:
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n
1
P = NPV(in A =AZ—_
(n,4) LA+t

. P is ship price, or retrofit capital investment cost,

. n is investment/financing maturity (taken as vessel useful life for a new ship, or remaining useful
life for a used vessel), and

. i is yearly interest rate.

This can be calculated with an financial function, e.g. FinCal::pmt(), or by directly calculating with the
closed form expression

: oy Z": 1 \_,. _iG+D"
cap/y7 = A =P/ La+t) G+ 1]
We can define annual capital charge per dollar initial (up-front) capital cost, which depends only on the
interest rate i and amortization length #:

i
CCeap(i,n) = Cegp/yr/P = O-a+97
In the case of capital investment in a new vessel, the base vessel newbuild cost Py ey s pase 1 established
for each vessel type s, (container, tanker, etc.) and then a capital cost premium 7y ¢ adjustment is applied
depending on the fuel/engine type f.
Ccap,new,s,f/yr = Cccap (i' n)Pnew,s,base : (1 + nK,f)

In the case of retrofit investments (e.g. conversion to LNG, or HSFO scrubber) the base retrofit price/cost
Pretrospase 15 established for retrofit type retro and each vessel type s, (container, tanker, etc.) Fuel
specific premia are not applied to retrofit costs, but some retrofits are only applicable for certain fuels.

Ccap,retro,s,f /yr = CCcap (l: Tl) Pretro,s,base

Data, units, and sources

Table B- 1. Cost Parameters Shared by All Cases

Parameter Low Base High
interest rate 0.03 0.04 0.1
base vessel lifespan 15.00 20.00 35.0
current_year 2021 2021 2021
LNG_newship _cost premium 0.20 0.20 0.2
Altfuel newship cost premium 0.50 0.50 0.5
newship cost multiple USvsforeign 3.0 3.0 3.0
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Table B- 2. Engine Parameters

Case Scrubber efficiency Otto efficiency Diesel efficiency Newship

penalty efficiency gain
Low 0.01 0.32 0.45 0.45
Base 0.02 0.32 0.45 0.45
High 0.05 0.32 0.45 0.45

Table B- 3 Fuel Parameters (IMOGHG4/Argus price case)

Fuel energy content price CO: emissions tpt newship costprem
HSFO 40.0 400 3.114 0.0
VLSFO 41.7 501 3.114 0.0
MDO 43.0 501 3.206 0.0
MGO 43.0 561 3.206 0.0
LNG 48.0 590 2.750 0.2
Ammonia 22.5 660 0.000 0.5
Methanol 22.7 400 1.375 0.5
Ethanol 27.0 670 0.000 0.5
Note: CO; emissions correspond to the tank-to-propeller stage only.
Table B- 4. Vessel Parameters (Base case)
Parameter Containership Tanker
Lifespan (years) 20 20
build_year (Average) 2002 2007
Age (average) 19 14
IMO_GHGA4 size category NA NA
gross_tons 44 425 39,228
DWT tonnes 49,091 64,964
TEU 3,507 NA
ave ME power kW 29,038 10,205
ave design _speed kts 22 15
ave ME fuel ktpy 13 5
ave_AE fuel ktpy 2 1
ave boiler fuel ktpy 1 3
newship cost 135,000,000 120,000,000
LNG _retrofit_cost 4,000,000 1,300,000
scrubber_retrofit_cost 6,000,000 6,000,000
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Notes on Units

fuel energy content: kJ per gram

fuel price: USD_per_tonne

fuel CO; emissions: ton_CO,_per_ton_fuel (not COse)

fuel consumption: tonne_per_yr (if HSFO fuel and standard ship size and engine)

newship costprem: unitless; fractional increase in capital cost associated with a newship of that fuel

type

Constructed Marine Fuel Price Projections

We construct marine fuel price projections (Reference and Alternative cases) from AEO2021 data on
petroleum prices. The prices of marine fuels are computed from EIA projected energy commodity prices
in the AEO2021, using coefficients estimated from historical price data. The coefficients are reported in
Table B- 5.

Table B- 5. Marine Fuel Prices ($/MT) Based on Relationships to Other Prices

depvar_fuel indvar_series intercept slope
(Fuels of interest  (Related fuels for which AEO 2021 includes projections)
for cost model)

Ammonia Natural Gas Industrial (2020USDperMcf) 380.474 39.194
Ethanol Ethanol Transportation (2020USDpergal) 0.000 334.448
HSFO Residual Fuel Oil Transportation (2020USDperbbl) 0.000 6.700
LNG_Japan Brent Spot (2020USDperbbl) 54.281 6.107
LNG_US Brent Spot (2020USDperbbl) 71.446 4.131
Methanol Natural Gas Industrial (2020USDperMcf) 95.442 83.116
MGO Distillate Fuel Oil Industrial (2020USDpergal) -81.850 275.416
VLSFO_MDO Residual Fuel Oil Transportation (2020USDperbbl) -68.201 8.579

Other Assumptions:

. Fuel Price:

—  Price of LNG, ammonia, methanol, ethanol: Table 76 of 4th IMO GHG study (projected
future cost for year 2030)

—  Price of HSFO, VLSFO, MGO: annual_avg US prices wavg dataframe produced in
price_analysis.Rmd (volume-weighted average observed prices 2019 with weights based on
bunker sales at the various U.S. regions for which we have Argus price data)

—  Price of MDO: no Argus prices; MDO is a blend of HSFO and distillates, Using the VLSFO
price as proxy.

Scrubber fuel penalty: 0.02% of fuel use/cost (1% to 5% sensitivity range)
U.S. shipbuilding cost premium (as multiple of international shipbuilding costs): 3X

Sources

LNG retrofit premium: REMPEC/WG.45/INF.9

Scrubber cost source: California Air Resources Board (2018) “Technology Assessment: Ocean-
going Vessels”.

Energy content: Bengtsson et al 2011. Bengtsson, S., Andersson, K., and Fridell, E., (2011) A
comparative lifecycle assessment of marine fuels: Liquefied natural gas and three other fossil fuels,
In: Proceedings of the institution of mechanical engineers, Vol 224, Part M: Journal of Engineering
for the Marine environment, p. 97-110.
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