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Executive Summary

The International Maritime OrganizatiofMO) has been actively estimating the £€nissiors
from shipping for over the past decadeheresultshave beemublished in the First, Second, and
Third Greenhouse Gas Studigs!O 2015) Amendments to MARPOL Annex VI entering into
forceon 1 March 2018vill require ships to submit annual fuel oil consumptibatato the IMQ

The three most widely used methdds collecting data omnnual fuel oil consumption are the
bunker delivery note (BDN), monitoring tank level indicators (TLI), and using flow metefimg.
IMO convened this studip examine the uncertaintgr each of these methods.

The studyestimated the uncertainty foaeh of these methods usiB§0,000 tonnes of measured
fuel oil consumption fronapproximatelyt6 shipsowned or operated lifiree companies

Key Findings

1. Annual fuel oil consumption determined from BDN and TLI dagégein close agreement;
whereas, the vaes determined from flowmeter dateere systematically lowewith the
differenceslarger than what cabe easonablyassociated witluel oil processingThe
relatively large variance of the flowmeter data when compared to the BDN and TLI data
suggest thathe flowmeter data contain considerable amounts of random error.

2. An uncertainty analysis at a 95% confidence interval estimated that for all of shipping, the
annual HFO fuel consumption determined from TLI and flowmeter data would have the
following differences when compared to BDN data.

1 TLI:0.33% + 1.8%

1 Flowmeter:-12% + 6.5%
It is unknown if the relatively poor agreement of the flowmeter data in comparison to BDN
and TLI sourcesirea coincidental artifact unique to these companies or if thesmdsd
are emblematic of accuracy problems observed in other types of shipboard data.

3. Combining the results with the literature survey for this study, the overall uncefftainty
each of the fuel oil measurement methods was estimated as follows:
1 BDN: 3% for HFO and MGO/MDO
1 TLI: 5% for HFO and MGO/MDO
1 Flowmeter 8% for HFO and 10% for MGO/MDO

i // SHIPWRIGHT LLC



TABLE OF CONTENTS

EXECULIVE SUMIMIANY.....ci it oot eena bbb e ettt e e e e s emmn s e e e e e e e e e eaeeens I
o (0 )70 5 PSURRRS iii
I O 1 0T U Tox 1 o o T U PPPPPPPPPRPRRR 1
P2 O B == o3 (o | (o 18 o [ PO P PP PPUPPPP PP PP 1
P2 R V=T I T I (I 8 o] [ 2

2.2 ShiP BUNKEING.....ceiiiiiiiii i eeee et eeeea bbb e e e et e e e e e e e e s smmreeeeeeeeas 3

2.3 TanK LeVel INQICALON. ........cuiiiiieieiie e eneees 3

P [ 1V 41 (T USSP 3

2.5 Uncertainties in Fuel Oil MEaSUIEMENLS...........uuuiriiiiiiiieeeiiiiiiieeeeeieeeeae e e e eemeees 3
2.5.1 Bunker DeliVery NOLES........ccccoeeiiiiiiiiiiieeee e 4

2.5.2 Tank Level INAICALDS............uuuuiiiiiiiieiecceeiineee e eevineene e e e e e e eeeene B

2.5.3 FIOWMEBTEIS. ...ttt e et e et e e e e e e e e e e e e e e e s s s ammneeeeas 4

2.5.4 FUEI Ol PrOCESSING......uuuuuuiiiiiiiiiiiiiiieeetiiie ettt e e e e e e e e et e e e e e e e e e e 5

2.6 Practical Advantages and Disadvantages............ooooiiiiiicmee e eeeesessiiineeeae 5

IO I |V =3 i T (o] [ o | TP 6
G 00 = 1 = B O o)1= o 1 o P 6
.11 COMPANY Aot anee s 6

3.1.2 COoMPANY Bi.ooiiiiiice e 7

3.1.3 CoMPANY C..ooeeeeeeee e e anen s 8

3.2 DAt@ AN@IYSIS ...ttt ettt e e e e e e et e e e e e e e e e nnne e 8

4.0 RESUIS ANA DISCUSSION......cuuiiiitiieeiiie ettt e e ettt e e et e e s et eeaeaesesaeesesaeesesaneessrnnnsans 12
4.1 COMPANY Aottt emer e e e e e e e e e ar e e e e e e eeeees 12
4.1.1 Company A HFO... ..o 12

4.1.2 Company A MGQL........iiiiiiiiiiiiiin e 13

4.1.3 Company A Collective ANAIYSIS...........uuuuiiiiiiiiiiiieeeiiiiieiieeeeee e 15

4.2 COMPANY B e e 15
4.2.1 Company B HFO.......coo oo 17

4.2.2 Company B MGQL........ooiiiiiiiiiiiii et ane e 18

4.2.3 Company B Collective ANAIYSIS............uuuuiiriiiiiiiieeeiiiiiieieeeeeee e 19

4.3 COMPANY Coooooeeeeeeiieeeee oottt e e e arnn e eaaea e 20
4.3.1 Company C HFQ ...t s 20

4.3.2 Company C MGO and MDOQ.........cccooiiiiiiieieiiiieeeieee e eeeeeeeeeene e 22

4.3.3 Company C Collective ANAlYSIS..........ccouvuiiuuuiiiireeeeeeiiiiinnn e e e eeeaees 23

2 A @0 o1 o 1] = S 24
4.4.1 Combined HFO ANAIYSIS........cooiiiiiiiiiiiieeee e 24

4.4.2 Combined MGO and MD ANalYSIS........cooeiiiiiiiiiieieceieeee e 26

4.4.3 Combined ColleCtive ANAIYSIS.........uuiiiiiiiiiiiiiiieeeeeeeeeeee e 28

4.5 Estimated UNCEIraINTES........cceeeeeiiiiiieeeiieeee e e e eeeeeeeeeeeettemmmr e eee e es 29

4.6 DISCUSSION....cciiiiiiiiiiitttiiia s seeetee e s s e e e e e e e e eaaas e e e e e e e eeeeaeeeeeeeeanaaeeeaaeeaaaeeeees 30
4.6.1 Accuracy of Annual Fuel Oil measad by BDN and TLL.............coovvvvnnnn.n. 30

il // SHIPWRIGHT LLC



4.6.2 Influence of SAMPIE SIZE........uuuueiiiiiiii e 32

4.7 Estimated Overall UNCEraiNty.........cccoiiiiiiiiiiiieeee et e 32

5.0 CONCIUSIONS ...ciiiiiieeeeee et e e ettt b e ettt e e e eens s s s b et e e e e e e e aeaeas 33
6.0  ACKNOWIEAGMENTS......eiiiiiiiiiiiiiiei e e e 34
7.0 Bibliography .....oooooiei e ————— e aaeaaaaa————— 34
8.0 Appendix I: Worked Example with Estimated Uncertainties.............ccceeeevvvvevvvieennn. 36
9.0 Appendix IIl: Measured FO Consumption for all ShipsS...........cccceeeiiiiiniieiicceeccieeeeen. 37
Acronyms

BDN Bunker Delivery Note

HFO Heavy Fuel OIl

LSHFO Low-Sulfur Heavy Fuel Oil

LSMGO Low-Sulfur Marine Gas Oil

MDO Marine Diesel Oil

MGO Marine Gas Oill

ROB Remaining Onboard

TLI Tank Level Indicator
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1.0 Introduction

The ThirdIMO Greerhouse Gas Study 201MM O 2015) found thafrom 2007 to 2012n average,
shipping contributed to approximately 3.1% of globak@@issions. These emissions are largely
estimated from different values for fossil fuel consumption. To improve the accurdbg of
estimationRegulation 22A was added ¢thapter 4 of MARPOL Annex VI. The regulation, which
will enter into force orl March 2018, requires ahipsof 5,000 gross tonnage and aboveubmit
annualffuel oil consumption data.

While several methodare availabléor collecting data on a ship's fuel oil consumptidine three
most widely used and as reflected in the 2016 Guideforethe development of a Ship Energy
Efficiency Management Plan (SEEMP) (resolution MEPC.282@@Xhe bunker delivgmote,
tank monitoring, and flow meteringAt present, there are limited quantitative data available to
describe the uncertainty of each of the methods. The broad goal of this study is to ékamine
uncertainty forthesethree fuel oil consumption meagment methods adopted by the MEPC 70
for Regulation 22A

1. Bunker delivery notes (BDN)
2. Bunker fuel oil tank monitoring, through tank level indicators (TLI)
3. Flowmeters

Specifically, the study was designedctampletethe following:

1. Review the three methott¥entified in the 2016 SEEMP Guidelines for measuring fuel oil
consumption on ships, including the practical and economic advantages and disadvantages
of utilizing each method.

2. Undertake studies and analyses to determine the degree of uncertaintyaffteadhree
methods used to measure fuel oil consumption on ships.

3. Examine, in general terms, the degree of uncertainty in relation to the context of the
potential data set.

4. I|dentification of how the ascertained uncertaintyefach of the three fuel atbnsumption
measurement methods could be utilized when preparinGe¢bestaryGeneral's annual
report for the MEPC.

To achieve these goalsatdfrom approximately46 shipsowned or operated kjaree companies,
spanningseveral industry sectqgrsonsistig of 550,000 tonnes of measured fuel oil consumption
wereexaminedover a tyear interval.

2.0 Background

Several guitative studies have examined the accuracy associated with the diffeeérdil
consumption measurement methoéaler et al2013). Theyestimated the BDN data aréolto

5% accurateTLI data are2% to 5% accurate and flowmeter data have an accuracy of 3% or
better.
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For the purposes of this study and the upcoming Regulation 22A, the estimations of uncertainty
and quality of the measuremsrdre in reference to the annfal oil consumption determined

from the sourceslt should be noted, however, thatchmeasurement method recottisfuel oil
consumptiorat different points in th&uel oil life cycle and as such, the measurementactelly
differentvalues According to theestimates for oil residue (sludge) tank capacity inlthdied
Interpretation tdRegulation 12.3.1 of MARPOL Annex &pproximatelyl.5%of HFO and (6%

of MDO are expected to be produced as sludge

2.1 Fuel OilLife Cycle

A simplified generc life cycle of fuel oil aboard a shipadapted from Winkler (1992¢an be
described as follows: 1y a processeferred to as bunkeringyel oil is loaded through deck fill
connectiondo large storage tankaboardthe shp, 2) Fueloil is then taken from the storage tanks
to smaller settling tanks wherelgls and watersettleout, 3) After the settling tanksuel oil is

sent through purifiers and filters designedréonove waterand/or particulates, 4) After the
additional filtering, fueloil is discharged into the service tanks, 5) Fuel oil pumps draw from the
service tanks and deliver the fudll to viscosity control heatsmand final filtration before entering

the main engine, 6) Fuell that is not burned in the nmaengine is recirculated back to the fuel
oil inlet. Throughout this process, the fuel oil consumption is measured at several logagares

1).

Thefuel oil quantitymeasured during bunkering operasasmreported irthe BDN as determined
by the company that sold the fu@l and the Chief Engineer onboard the ship. Once theofuel
is onboard the ship, the tank levels m@asuredrequentlyby a vessel management systenyand
t h e s hiBydeterniningthe chargn tank levelnd volumethe total fuebil consumption
can becalculated Lastly, as the fuebil is pumpedinto the engings), flowmeters can precisel
determine the amount of fuell entering and exiting the engirend thus the fuail consumption
can becalculated

Barge Fuel Fuel Service Main &
Delivery Storage Settling Fuel Tanks Flow Aux
«BDN Tanks Tanks Purifiers + Sounding Meter Engines Return
Report * Sounding * Sounding Report Report Boiler
Report Report

Figurel: Generic description of fuel oil life cycknd consumption measureme@olors
indicate the method used to measure thediualonsumption, BDN (orange), TLI (blue), and
flowmeters (green).

While this general descriptioffFigure 1) will vary from ship to ship, the main point is that the
mass of the original fudil loadedfrom bunkering is fundamentally changed by pinecesses of
the shipboarduel oil system. The fuel oil quantity measured during bunkering, by tank level
indicators, and flowmeters are differeptantities

Whilstthe following sections are nttended to ball-encompassing descriptigrihey do provide
a generalized estimate as to the anticipatddréifices between the mass of the hiemeasured
during bunkering, in the tanks, and by the flowmeters.
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2.2 Ship Bunkering

In typicalbunkering operations, a bunker barge will moor alongside the vesseingduel. Fuel
oil tanks aresoundedand vessetlraught, heel, and trim are recorded before @ilels pumped
from the barge to the receiving vess8lamples aréaken duringhe transfer to monitor thieel
oil properties The company selling the fuell typically measures the fueil by volume ad
converts to mass usirlge density of théuel oil. Several samples of tleel oil are taken during
the transfer process and tested by a thady to verify the properties. After the fuel is onboard
the ship, the crew determines the onboardetldii volume by measuring the changeduel oil
tank levels.

The ship receiles a BDN which includes information such as the port of bunkering, date of
delivery, fuel supplier contact information, oil product name, quantity delivered, density at 15°C,
and sulfur content. The BDN must be signed byGhief Engineer of the receiving vessel.

2.3 Tank Level Indicator

There are many types of tank gauges used in the marine industry, including pressure gauges,
ultrasonic gaugesindfloat level sensorsin addtion to the automatic level indicators, tanks levels

are frequently determined using manual soundiRggardlessf the method used to measure the

tank leve) the volume is determined from the tank tabl&bese tables usethreedimensional

model of tke tank to providéuel oil volume with given ullages or soundings. Thass of fuel in

a tank can be found using the voluméu#l oil in the tank and the density of the fuel, corrected

for the fuel temperature.

2.4 Flowmeters

The flowmeters used in the nir@e industy measure the bulk flow rategther in terms of a mass

flow rate (kg/hr) or a volume flow rate @hr). While there are several types of volumetric
flowmeters one commonly used isthe podiive displacement typevhichworks by measuring the
mechanic displacement of a component isalan a fixed volume with agiven fluid (Tavoularis
2005). The mass flow rate is determined using a Corimliagssflowmeter. The basic principle
behind the Coriolisnasdlowmeter is that fluigpasseshrough a vibrating bent tube, as the angular
velocity increases so does the acceleration from the Coriolis effect (Tavoll@ss 2T his exerts

a torsion in the bent tube with a time delay occurring between the two ends that is directly
proportional to the mass flow rat@he Coriolis mass flowmeter generally understootb give

more precise measurements of the flow rates; however, these instruments are typically more
expensive.

2.5 Uncertainties irfFuel Oil Measurements

All fuel oil measurements contain some level of uncertainty, meaning that the weeo¥dhe
measured quanti fy ieslifferencebetweerxtlze true land eakured walne. is Th
referred to as the error. Since the true value is needed to determine the error, an uncertainty
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estimate accompanies measured values. This eststadts that at a given confidence level, the
true value of the measured quantity is within a specified range.

The uncertainty estimates aegerred to a3 ype A or Type B by IS@1993). Type A uncertainties

are those that can be determined usingssizal analysis and Type B uncertainties are those that
evaluated by means other than statistical analyi$is.fuel oil measurement methods contain both
Type A and Type B uncertainties with the following sections outlining some of the possible
sources oérror.

2.5.1 Bunker Delivery Notes

There are several ways that the amount of fuel delivered to a vessel can be incorrectly reported
during bunkering operation# person in charge of delivering bunker fuel could record the transfer
from one tank to anotheripr to delivering the fuel to theessel, dunker barge repong higher

fuel amounts by recirculating some of the fuel from the flow meter back to the supply pump
suction, inaccurate flowmeters on the bunkering bargeecated fuel delivered to the ge$

causing what is known as theappuccino effed in which the flow meter measures total volume,
including entrained air (Ford, 2012)dditionally, the BDN measurement® not account for
onboard fuel oil processing.

2.5.2 Tank Level Indicators

There are several sources of possible error in determininigieheil consumption fronT L I: 6 s
instrumentation providing the wrong tank ullage; incorrect geometries fahitbedimensional
tank models; not accurately accounting for internal structures inside theatatdgnversion of
volume to mass using standardized density.

2.5.3 Flowmeters

Thereare several sources of uncertainty in the flow rates measured by the flowmeters: error in the
instrumentation; thermal expansionfoél oil; and volume to mass conversion with standardized
densities.

All flowmeters contain some bias error that affelttmeasurements. These valugso referred

to as systematic error, are determined by the manufacturer or during a calibration for a given
instrument. Volumetric flowmetergenerally havea larger bias error in comparison witte
Coriolis mass flowmetersTypical systematic errors for volumetric flowmeters range from 0.5%

to 1.0+% of the readingwherea®rrorvalues for the mass flanetersare typically between 0.1%

and 0.2% and can be less.

Flowmeters that use volumetric flow rates to determine rhassoil consumption can contain
error due to thermal expansion of the fuEliel oil consumptiormeasured using inl@end outlet
volume flow meters rely oaccurate density readings baseduel temperature. Aingle standard
density values sometimes sed, leading to an error in the reported mass consumBiased on
data from ships in this study, a 10°C temperature difference caused an error 0bWi§oto
density fluctuations.
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2.5.4 Fuel Al Processing

The total mass of bunkerddel contains impuritie, such as water and higlensity sludge that
cannot be burned in the matonsumers This mass is filtered out in settling tanks and fuel
purifiers before the fuel is consumedypically, water content in bunker fuel is about%.1o
0.2%(Chinoy, 2013, with a maximum allowable water content set by ISO 8217 at 0\&&¥ier

in fuel oil can lead to the production of additional sludgaboard settling tanks and fuel purifiers
help to removevater and sludgeFuel oilsettlingtanks are designed so tisitdge and entrained
wateris drained, and purifiers separate impestbased on specific gravity.

Oil from leaks, spills, and overflows catsoaccumulate in the bilge formingly bilge water,

sludge, and slopghatare all collected iwily bilge tarks. The oily bilge is then processed through
anoily waterseparator that separates and discharges water from waste oil. The waste oil is then
burned i n t Masteshatiisgod dense t bel bermed is cleaned out of the sludge tanks
periodicdly and offloaded for proper disposaln addition tofuel oil processes to remove mass,
additives are oftedissolved inthe fuel oil stream to improve performance and longevity of the
equipment.

2.6 Practical Advantages and Disadvantages

The previous sections outlined, in a generalized manner, the basic concepts of each fuel oil
consumptiormeasurement methpuhcluding some of the advantages and disadvantages of each.
A concise comparison of the three methisdgresented to highlight the practical advantages and
disadvantages of eachablel).

Tablel: Practical advantages and disadvantages of determining the annual fuel oil consumption
using three different measurement methods.

Measurement Advantages Disadvantages

1 Practices exist for strict custody transff  Trade in volume but sell in
BDN 1 Financial incentive for accurate mass

measurements 1 ROBrequiredto determine

1 Low frequency measurements annual consumption

1 Multiple independent measuremest 1 Incorrect reporting due to

f  No extra equipmenteeded malpractice and/ogrror

§ Can be verified using manualethods | 1 Fuel oil processing alters the

fuel oil consumed

1 Used for stability calculations 1 Instrumentation error
L 1 Equipment already onboamdost 1 Calibration can be inaccurate
vessels 1 Measured volume might ng
1 Can be verified using manual methodj reflect actual mass
1 Potential for lngh precision 1 High frequency
Flowmeter measurement 1 Instrumentation error
1 Monitoredonboard 1 Measure volume might not
9 Can measure mass reflectmass

1 Can be very expensive
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3.0 Methodology

The main focus of this study was to analyze data collected framrince ships. To accomplish
this, a large numbeof shipping companies and organizations were contacted and invited to
participate.In total, approximately 30 different shipping companies were contacted, either through
personal connections, introduction from th&O Secretariat, or through a vessel
owna/management group. Of the companies contatitedexpressed interest in participating in

the study. Of thoséve, onecompany could not provide data as they were in the middle of a
acquisition merger andne company could not provide data becauserghwhere technical
disruptions in the database.

There werethreecompanies that provided data for this stildyith 16 shipsfor Company A, 15
for Company B, and 27 for Company @he number of useable ships veasuallylower due to
issues with data quality and availability as discussed in the followinigsect

3.1 Data Collection

Three shipping companies agreed to share data for the purposes of this project. These companies
represat passenger ships, LNG vessels, aaderal classes tdnkes. The ships ranged in length

from 125 mto 330 m anda gross tonnageanging from8,500to 165000 (Figure2). Potential
limitations of the data will be addressed in Biscussiorsection of this reportThe modeof data
collectionfrom each companyariedandis described in the following section.
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Figure2: Distribution of length overall and gross tonnage fodélships included in this study.

3.1.1 Company A

There were 16 different ships vito of data collected from Company A. These data covered the
calendar year of 201f6r both HFO and MGAQwith the individual data sources shown below.
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Bunker Delivery Note- BDN receipts

Fuel oil tank monitoring Annual summation from log books witRemainng Onboard
(ROB) quantitiedfor first and last day

1 Flowmeter daily totals fromnoon day eports

)l
)l

3.1.1a Bunker Delivery Note

BDN receipts were supplied for both the HFO and MGO. These receipts contained the fuel olil
guantity per the receipt artlde value per the Chief Engineer

3.1.1b Fuel Oil Tank Monitoring

The fuel consumption determined from the fuel oil tank monitoring was given as a singular value
taken from the logbooks.

3.1.1c Flowmeter

The flowmeter used by Company A was a Coriolis mass flowmeter with a manufastimeated
uncertainty of 0.20% of the reading. Company representatives stated that the volumetvasflow
recorded then converted to a massmgshe density from the BDNFlowmeter readings were
given daily in values of tonneét is currently uncleaas to why Company A measdré¢he
flowmeter data in units of volumend not mass.

3.1.2 Company B

Approximately 15 different shipsom Company B were originally identifietd be used in this
study Initial analysis and discussion with company representatieasifiéd that a large number

of ships used fuel oil emulsification. This is whesaeris injected into the fuel stream to improve
engine performancé&.he inclusion ofwvatercan introduce errors in the measurement of the mass
flow rate.

After the exclsion of ships using fuel oil emulsiptihhe number of shigsom Company B for this
studywasreduced tdhree Data were supplied for both the HFO and MGfsumptiorduring
the calendar year of 201fth theindividual sourcedisted below.

1 Bunker Delivey Notes List of BDN dataincluding port location, date, fuel grade, and
guantity

Fuel oil tank monitoringDaily valuesof both HFO and MGO consumption

Flowmeter Average mass/hour consumption atrBlhute intervals recorded from vessel
performance matoring program

il
il

3.1.2a Bunker Delivery Note
A table of BDN data were supplied with the date, port, grade, and fuel oil quantity.
3.1.2b Fuel Oil Tank Monitoring

Fuel consumption data were given for HFO and MGO. The data were suppleatiiteg of a
voyage. The das taken were at the completion of the leg and there were no ROB data available.

7/l SHIPWRIGHT LLC



3.1.2c Flowmeter

Company B usia Coriolis mass flowmeter. While the exact model is currently unspecified, these
types of flowmeter typicall yaintyastineatioa asm@lfou f act L
The average kilogram per hour readings given every 30 minutes were integrated using the
trapezoidal rule in Matlab (MTLAB 20173). No data tags were present with theviloeter data

to distinguishfuel oil type. The data wemaeasured in mass flowmJsh that the total comparison

would still bevalid. There were, however, significant periods of time where no flowmeter data

were recorded Whilst the source of the data outage is not known, potentatributorswill be

addresse in theDiscussiorsection.

3.1.3 Company C

There were data fror@7 different ships from Company C. No fuel oil tank monitoring data were
available. These data covered multiple date ranges spanning frono22d47for HFO, MGO,
and MDO with the individual data sources shown below.

1 Bunker Delivery NotesList of BDN data showing port location, date, fuel grade, densities,
receipt quantity, and quéty per Chief Engineer

1 Fuel oil tank monitoringNo data were available

1 Flowmeter daly totals fromnoonday reports

Only the data from 2016 were included in this analysis.
3.1.3a Bunker Deliver Note

A table of BDN data were supplied with the date, port, grade,oil quantity, and other tested
parameters.

3.1.3b Flowmeter

Company C used a positiviisplacement flowmeter. While the specific model is currently
unknown, these types of flowmeters are typically less accurate than the mass flowmeters and have
an estimated manufactur ethddemdingncertainty of ar

The positive displacementofivmeter measures the volumetric flow rate. These vakezs
converted to mass using density from the BDNO:
that the lack of temperature correction forenginefuel oil supply and returfeads to inaccuraes

in the measured data. Furthermore, the representative indicated that these numbers vary more as
the vessels transit into warmer or cooler water.

The flowmeter datancludedHFO, LSHFO, MGO, LSMGO, and MD@ata The LSHFOdata
were combined with the FD dataandthe LSMGOdatawere combined with the MG@ata

3.2 Data Analysis

One of the main challenges with the analyzing the datiaensure that thieiel oil consumption
dataweremeasured over the same time intervdie TLI and the flowmeter datgpically reported
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the fuel oil consumption dailywhilst the bunkering occued on a weekly or monthly basis.
Additionally, the BDNb measure théuel oil brought onboard the shg a specific point in time

To account for thsediscrepanes total caonsumption determined from the BDN dateas
calculated by summing all the B[N and adding the ROB from the first of the year and
substracting the ROB at the end of the year (Eq 1).

“$#IBO "$. @D * A 2/ %Adp (1)

Thefuel oil consumption meased from the BDNs, TLIGs, and flowmeters & plotted against
timeusing a cumulative summation to look for any gross efmalyses of these figures, indicated
there were some vessealgth fuel oil consumption measurements indicative of gross error
(Figure3). Cumulative fuel consumption data are preseérior all vessels iAppendix Il.
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Figure3: Cumulative measurddel oil consumption for Ship £3 showing a rapid increase i
reportedlowmetervalue indicative of measurement error.

In addition to ensuring the fuel oil consumption measurements occurred over the same interval,
the other main challenge arose due to establishing reference values for comparison of the fuel oll
consumption measurement methods.

Since the 0ex afudldlconsumpéon gaanotbedeterminaddmimen baseline

value is needed tstablisha reference pointWhile it is generally believed that the raw data from

the flowmetersaremer pr eci se t han t hos gJones2009nFabehetal.l BDNO s
2013, initial analysis of the data in this study indicated a large variance of the annual fuel oil
consumption measured from flowmeter data when
andTLI 6s.
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The BDN data were chosen as the baseline for this dbedpuse the measurements are
independently determined from two different sources as indicated on thetB®®hief Engineer
and the BDN receipt. Analysis of the difference between the fuel oihpeChief Engineer and
the BDN receipt showed that there were no significant diffeseiegure4, Figure5, andFigure

6). These redundant and independent measurements are sitatedsdue tothe significant
financial transactionand typicallyprecluce frequent gross error (>5%) in tB®N data set.

The data presented in the following figures are given as the mass measured per the Chief Engineer
minus the mass determined from the NBDeceipt Positive percentages indicate the Chief
Engineer had a larger mass measurement than what was reported from the BDN receipt. Another
important distinction is that copies tife actual BDN receipts were provided for Ship116,
whereaghe values for Ships 20 46 were included in a spreadsheet. Only one value was given

for Ships 170 19 with no distinction between the BDN receipt and Chief Engineer.
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Avg = +0.8%

°[ std=3.0%

14%

iy
[22]
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2% I

BDN % Difference per Chief and Receipt

0%

72% L L i L L | | L
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Figure4: Difference between bunkered HFO determined from (Emngineer and the BDN receipt
for one calendar year.

For the HFO, liere are only three different ships with differences greater than 2%.2Bhaul

one BDN receipt value that appeared to be ent
value was 796 tons whereas the BDN receipt was marked 180.005 tons. This discrepancy
strongly suggests that human error in cataloging the data accounted for the diffefémece.
difference from Ship 32 is dominated by one entry where the difference between the Chie
Engineer and the BDN receipt is approximateB0D tons. Ship 38 had a percent difference of

2.2% which was approximately 40 tons between two diftdoenkerings. Removing the value

for Ship 27, the average differenceeduced to 0.4% and the standard deviatis 1.2%.

The differences were smaller for the MDO and MGO data. Only Ship 29 had a difference greater
than + 2% for the MDO value@-igure5). This was due to @ ton difference in one of the
bunkerings.The MGO values hadightly large differences, with three ships having differences
greater than = 2%gure6). Ship 25 had a difference of 2.4% due to a 10 ton differeBuailar

to the HFO, Ship 27 had an error that appears to be associdteshteting the value incorrectly

into the spreadsheet. The value from the BDN receipt appears to have been copied from the
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previous bunkering as it is the same value to thetloesandth decimal. Th8.5% difference
for Ship 45 is due to a 19 ton diféace from one bunkering.
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Figure 5. Difference between bunkered MDO determined from Chief Engineer and the BDN
receipt for one calendar year.
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Figure 6: Difference between bunkerddGO determined from Rlef Engineer and the BDN
receipt for one calendar year.

The small differences observed between the fuel oil mass reported by the Chief Engineer and the
BDN receiptfurtherreinforce the use of the BDN data as the baseline in the following sédtibn.

all bunkering dates had both values, preference was given to the value measured by the Chief
Engineer.
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4.0 Results and Discussion

The annual fuebil consumption measured from three different soyroasker delivery notes,

tank level monitoring, and flowmetelis presented in the following sections. The data are first
shown for the companies independently and then as an aggregate combination. The data are
presented in raw consumption form and then in a normalized percevithgbe dah broken up

into HFO aad MGQMDO.

4.1 Company A

There were 16 different ships worth of data collected from Company A. These data covered the
calendar year of 2015 for both HFO and MGO with the individual data sources shown below.
1 Bunker Delivery NotesBDN receipts corrected usirROB at beginning and end of year
1 Fuel oil tank monitoringAnnual summation from log books with ROB for first and last
day
1 Flowmeter daily totals from noon day reports measuusthg a Coriolis flowmeter in
volume and converted to mass using a standard density from the BDN

4.1.1 CompanyA HFO

Measureduel oil consumption from thbowmeter data should be less than the BDN and TLI data
because of the fueil procesig that removes mass from theel oil stream The flowmeter data
are systematically lower the BDN and TLI, whereas thé¢ 8nd the BDN data are in good
agreementKigure7).
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Figure7: Measured HFO consumption for Company A.
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The data are normalized to the quantity measured from the BDN [giarg8). Data are
normalizedto BDN because the BDN are less likely to contain gross errors greater than
approximatelys%.

Company A
L L|

| 120% T T T
100% |-
80% |
60% |-
40% |

20% |

Measured HFO Cons.— BDN Cons

0%
0 2 4 6 8 10 12 14 16 18
Ship #

I 50N [ TLI I Flowmeter

Figure8: Measured HFO consumpticnormalized by BDN data for Company A.

On average, thieiel oil consumption measured from the Mas0.4%greatethan the BDN, with
astandard deviation of 4.6%. Theel oil measurements from the flowmeters were considerably
lower than the BDN and TMalues, with the average being 24% less than the BDN with a standard
deviation of 15%. This large value is greater than what can be explaineduebmil mass
removalattributable tastandard processirgd thefuel oil system Additionally, the largeariance

of the flowmeter data in comparison to the relatively close agreement of the BDN and TLI is
suggestive of inaccuracies in thenual consumption valuderived from the flowmetetata

4.1.2 Company A MGO

These vessels also consumed Marine Gas Oil (M@Bgit in a muctsmallerquantity. Similar

trends were observed in the measured MGO consumption with the flowmeter data systematically
lower the BDN and TLI, whereas the TLI and the BDN data are in good agredsigenme@ and
Figurel0).
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Figure9: Measured MGO consumption for Company A.
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Figurel0: Measured MGO consumption normalized by BDN data for Company A.

On average, the Tldonsumptiorwas1.5%less tharthe values determined from tH&DN data,
with a standard deviation of 7.5%. Flowmetensumptiormeasuremestwere on averagé0%
less than th&DN values with a standard deviation o7 Po.
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4.1.3 Company A Cbective Analysis

Both the HFO and MGO easureduel oil consumption showed very similar trends, with BDN
and TLI datain relatively good agreement and the flowmeatensumptiondatasystematically

less Additionally, the variance in the TLI data with respect to the values from the BDN data is
considerably lower than the variance in the flowmeter dedhlé€?2).

Table2: Average and standard deviationfoél oil measurements compared to BDN data for
CompanyA.

Average % difference compared to Standard deviation of % difference
BDN compared to BDN
TLI Flowmeter TLI Flowmeter
HFO 0.37% -24% 4.6% 15%
MGO -1.5% -60% 7.5% 17%

4.2 Company B

Data from three different ships were supplied during the calendar year of 2016 with the individual
sources showbelow.

1 Bunker Delivery NotesList of BDN data showing port location, date, fuel grade, and
guantity

Fuel oil tank monitoringDaily values showing both HFO and MGO consumption
Flowmeter Average mass/hour consumption atrBhute intervals recordeddm vessel
performance monitoring progradeterminée from a Coriolis mass flowmeter

il
1

There was no differentiation in the flowmeter data with respect tiugheil type. Additionally,
examining the trends in thieiel oil consumption for all three vesselddicated periodic data
outagesand gross errdn the flowmeter datéFigurell, Figurel2, andFigurel3).
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Figurel2 Measureddel oil consumption during 2016 for Shi2B
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4.2.1 Company B HFO

While the flowmeter data appeardontainrelatively large gross emrg the data are shown in the
following figures for completeness. Additionally, there were no tags associated viitdwimeter
data to indicate if th&uel oil being consumed was HFO or MGO

Similar to Company A, th annualfuel oil measurements determined from the BDN and TLI
sources are in relatively close agreemé&igyre14 andFigurel5).
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Figurel4: MeasuredHFO consumption for Compg B.
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Figurel5: MeasuredHFO consumption normalized by BDN data for Comp8ny

On average, thieiel oil consumption measured from the MAs0.12% larger than the BDN, with

a standard deviation of 3.6%. Thel oil measuremds from the flowmeters were not considered

for a comparative analysis f@ompanyB because of what appears to be large errors ifute

oil consumption derived from the flowmeter data. The relatively close agreement between the
BDN and the TLI data isimilar to what is observed for Company A.

4.2.2 Company B MGO

These vessels also consumed MGO with similar tremderved in the measured consumption
with the BDN and TLWMaluesin relativelygood agreemerf{Figure16 andFigurel?).
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Figurel6: Measured MGQonsumption for Compars.
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Figurel7:. Measured MGO consumption normalized by BDN data for ComBany

On average, the TLI data werk 3% with a standdrdeviation of 5.1%. The flowmeter data did
not indicate the type dtiel oil consumed.

4.2.3 Company B ©llective Analysis

Similar to the results from Company A and as indicated in the background section, the HFO and
MGO measureduel oil consumption showethe BDN and TLI datato be inrelatively good
agreementTable3). The flowmeter data are not shown in the combined andbgsiause the
cumulative summation of the consumption data shows what appears to be gross errfuein the

oil measurements.

Table3: Average and standard deviationfeél oil measurements compared to BDN data for
Company B.

Average % difference compared to Standard deviation of % difference
BDN compared to BDN
TLI Flowmeter TLI Flowmeter
HFO 0.12% N/A 3.6% N/A
MGO -1.3% N/A 5.1% N/A
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4.3 Company C

Fuel oil consumption data were supplied & different ships from Company C. While the raw
data covered a muljiear period, only the calendar year of 2016 wemmined. Additionallyno

fuel oil tank monitoring data wersupplied

1 Bunker Delivery NotesList of BDN data showing port location, date, fuel grade, densities,
receipt quantity, and quantity per Chief Engineer

1 Fuel oil tank monitoringNo data were available

1 Flowmeter daily totds fromnoonday reportsdetermined from a volumetric flowmeter

The vessels from Company C reported consumptions for HFO, MGO, and MDO. There were
several vessels where there could have been some misreporting of MGO an@ dtl#d). To
avoid any confusigrand to keep a similar grouping as Companies A and B, the MGO data were
combined with the MDO data.

Table4: Comparison oannualMDO and MGOconsumption (tonne$pr Company C vessels.

MGO MDO

Ship # Flowmeter BDN Flowmeter BDN
C1 702 358 0 352
C2 915 656 0 301
C3 682 642 181 121
C8 376 1,845 852 0
C9 5,624 4,790 0 1,055
C10 1,292 1,219 0 666
Ci11 1,426 838 0 805
C12 0 2,842 5179 3,151
C13 607 530 0 100
Cil4 694 475 0 300
C15 401 935 242 0
C17 6,095 1,592 0 5,986
C20 4,352 805 25 4,374
Cc22 7,046 0 2,539 11,394

4.3.1 Company C HFO

Several of the ships from Company(@ not have HFO datar 2016. Ships C7 and C21 did not
have any HFO BDN data for 2016, threeasured HFO consumptiolerived from the flowmeter
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data was 2990 tonnes foship C7 and 0 tonnfor ship C21. Additionallyship C20 did not have
anyHFO flowmeter data whereas the BDN values indicated a consumption of 867 tonnes. Both
the BDN and flowmeter data are not included for these vessels inlkbwihg figures showing

the HFO consumption for Company Biqure18 andFigurel19).
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Figurel8: MeasuredHFO consumption for Comparg.
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Figurel9: MeasuredHFO consumption normalized by BDN data for Compény

The di fferences between

the measured 4$HpsO cons

C6, C9, and Clwere greater than 100%Discarding thesthree vessels, the average difference
between te BDN and flowmeter wa2% with a standard deviation of 17%.
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4.3.2 Company C MGO and MDO

The MGO and MDQuel oil consumption were combined for Company C to mitigate any potential
error due to misreporting of the data and to keeputbleoil consumption constient with the other
two shipping companies.

Similar to the HFO consumption for Company C, several of the vessels did not have any MGO
and/or MDO consumption for 2016. There were no BDN datafims C5 and C19 for 2016,
flowmeter data from those shipseasured an annual fual consumption o873 tonnes and 793
tonnes respectively. Of note is that the vessels bunkered some MGO in 2015 and 2017. The
comparison of the MGO/MDO consumption does not include the data from these~sipsZ0
andFigure2l).
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Figure20: Measured MGGand MDOconsumption for Compang.
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Figure21l: Measured MGGand MDOconsumption normalized by BDN data for Comp&nhy

The comparison of the MGO and MDO consumption determined from flowmeter and BDN data
show alarge disagreement for Ship C7. Disregarding this veiselflowmeter data weren
averagel6% less than the BDN values with a standard deviation of 15%.

4.3.3 Company Collective Analysis

Similar to Company A, the annutalel oil consumption measured by flowmeters were less than
the values determined using the B8Krable5). Moreover, the relatively large variance suggests

the errors for oner both of these measurement methods are not systematic in nature, but rather
from independent sources.

Table5: Average and standard deviationfoél oil measurements compared to BDN data for
CompanyC.

Average % difference compaed to  Standard deviation of % difference

BDN compared to BDN
TLI Flowmeter TLI Flowmeter
HFO N/A -2.0% N/A 17%
MGO and
MDO N/A -16% N/A 15%
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4.4 Combined

The results forhe fuel oil consumption measurements are presented fei6adhips fronthree
differentshipping companiesNot all the data from every ship were included in the analysis, as
some vessels did not include one offtlned oil measurement methods and several vessels had data
that appeared to contain some level of error.

The flowmeter dat from ships B1, B2and B3 werenot included due to the presence of what
appears to be gross errdhe TLI valuesfor all the vessels from Company C were not included
because the data were not supptiadng the original data acquisition

Note that eacindividual ship used in the combined analysis, regardless of compastreated

as an independent sample. This approach was ad@stdtie error in the measured fuel oll
consumption for each shipas taken as independent and not a function of thafgpeempany.

The relative similarities in the differences between the TLI and flowmeter data compared with the
BDN valuesobservedor all three companiesupporedthis approach.

4.4.1 Combined HFO Analysis

TheHFO data for ships CandC21werenot included because there werebumkeringrecords
for 2016 The measured HFO consumption for ships C6, C9, andv&fighot included because
there werdalifferences between BDN and flowmeter values greater than 100%.

After the spurious dataeve removed, the following data remain&fl:ships for the HFQLI and

37 ships for the HFO flowmeter. The TLI and flowmeter data were plotted against the values
determined from the BDNHgure22). A linear polynomial line asfitted to boththe TLI and
flowmeter data.

4
3.5 ped0 r r r T v :
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Figure22: HFO consumption measured with TLI and flowmeters compared with BIb.
solid lines show a linear polynomial line fitted to the respective data.
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The slope of the two linesre nearly identical, with the TLI having a slope of 0.99 and the
flowmeter best fit line a value of 1.01. The relatively good agreement and the slope of both lines
approaching unity, shows that the aggregate accumulation of all three data sourcesaraliy ge
good agreement for the measured HFO consumption.

Examining the differences between each of the data points and normalizing the quantities to the
BDN data show the average and variance of the differences between the three dataFsgurees (
23 andFigure24).

10% L | L] L] L] | L L] 1
Avg = +0%
Std = 4%

5%

0%

-5% | -

% Difference of HFO BDN & TLI

-10% .

_15% ] '] ] L L L L ] L
2 < 6 8 10 12 14 16 18 20

Ship #
Figure23: Percent difference of the HFO consumption measured from BDN and TLI data.
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Figure24: Percent difference of the HFO consumptineasured from BDN and flowmeter data.
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The TLI data are in much better agreement than the flowmeter data with the TLI data being 0.33%
larger than the BDN data with a standard deviation of 4.4%. The flowmeter data were not as
agreeableas the data haah average differencef 12% lower than the BDN data and a standard
deviation of 19%.

4.4.2 Combined MGO and MDO Analysis

The MGO data from ships C5 and C19 were not included because there were no BDN records for
2016 and the data from ship C7 were omitted beeahe difference between the total fuel
consumption from the flowmeter and BDN was greater than 100%.

After the spurious data were removed, the following data remained: 19 ships for the MGO/MDO
TLI and 40 ships for the MGO/MDO flowmeter. The TLI andiftoeter data were plotted against

the values determined from the BDNdure25). A linear polynomial linevasfitted to boththe

TLI and flowmeter data.
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Figure25: MGO and MDOconsumption measured with.l and flowmeters compared with BDN.
The olid lines show a linear polynomial line fitted to the respective data.

Similar to the HFO data, the slope of the linear {i¢dine indicatesarelatively good agreement
between the aggregate BDN and TLI d&ta the measured MGO/MDO consumption. The
aggregate flowmeter data, however, are not in good agreement with the with the BDN data.

The difference between each of the data points normalized to the values for the BDN data show
the average and variance beéneall the three data sources for the MGO/MDO consumption

(Figure26 andFigure27).
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Figure 27: Percent difference of thBIGO and MDOconsumption measured from BDN and
flowmeterdata.

Similar to the HFO data, thtdGO/MDO TLI data are in much better agreement with the BDN
data, with the TLI data beirflg5% lessthan the BDN data with a standard deviatiofi.@%. The
flowmeter data were not as agreeable, with the data average diffé#8adewer than the BDN
data and a standard deviatior2@%o.
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4.4.3 Combined Collective Analysis

Thepercent differences of all thd_.Tand flowmeter data in comparison to the BDN data are very
similar for the bree companies and the analysis of all vessels combliadxie®).

The average differensdetween the TLI and BDN dateere small, with the HFO valuesnging
from 0.12% to 0.37% and the MGO/MDO ranging frehr3% to-1.5%. The standard deviation
of the differences ranged from 3.6% to 4.6% for the HFO and 5.1% to 7.5% for the MGO/MDO.

The average differences for the flowmeter and the BDN data were thegethe TLI data, with
theflowmeter data being oaverage 2% to 24%s$s than the BDN valuéar the HFO data and
16% to 60%less thanthe MGO/MDO data. Therwasalso more variance in the difference
between the flowmeter and BDN data, with the steshdaviations ranging frorh5% to 19% for
the HFO data and 15% to 27% for the MGO/MDO data.

Table6: Average and standard deviationfoél oil measurements compared to BDN data for
Compaires A, B and C and all vessels combined

Average % difference Standard deviation of %
O compared to BDN difference compared to BDN
TLI Flowmeter TLI Flowmeter
HFO 0.37% -24% 4.6% 15%
Company A
MGO -1.5% -60% 7.5% 17%
HFO 0.12% N/A 3.6% N/A
Company B
MGO -1.3% N/A 5.1% N/A
HFO N/A -2.0% N/A 17%
Company C MGO and
- 0 0
MDO N/A 16% N/A 15%
HFO 0.33% -12% 4.4% 19%
Combined e
VDO -1.5% -34% 7.1% 27%
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45 Estimated Uncertainties

Thebunker delivery notebave been reported have an accuracy ranging fro¥b 1o 5%, tank

level monitoring araccuracy of 2 to5%, and flowmeter data an accuracy of 3% or befabér

et al.2013). Whilst these values are qualitative in nature, they are generally accepted in standard
industry practiceJones2009, personal communication).

To determine the abtute quantitative error for each of the annudliel oil consumption
measurements methodsdrued consumption value is needefue to a myriad of factors, this
valuecannot be practically det er mismpogeraiom a o6f i el

Since the O6exactodo true value for the fuel oil
is needed to establish a reference point. The BDN data were chosen as the reference value in this
study because theultiple independent measurements for the BDN datatypically preclude

frequent gross error (>5%) in the data s&tditionally, by selecting the values from the BDN

data as a reference, the uncertafior the flowmeter and TLI datean be estimated with respect

to thevalues fom the BDNs.

Whilstthis approach will not determine tkegact errorcomparison of data from the three different
measurement method®esprovide insight to the overall quality of the daétat can be used to
estimate the overall uncertaintjoreover since the errors from each of the ships are taken as

i ndependent (-distributton ¢ he dsedtd ésttmate the variaoncalf of shipping

using a relatively small sample population (46 ships in this study). Limitations of this approach
will be addressed in tHaiscussiorsection4.6.

Thestandard deviation and degrees of freedom from the sample population (vessels in this study),
were used to estimate tlgerall uncertainty in the TLI and flowmeter data in comparistgh

the BDN datdor the parent populatiorall of shipping). This estimation was undertakesing

t he Sttdistributionat s 95% confidence levebm Coleman and Steele (2009).

The uncertainty estimatidiound thathe difference between aradiconsumption determined from
TLI and BDN data is estimated to have a difference of 0.33% + 1.8% for HFE1.&8d + 3.4%
for MGO/MDO. The estimated uncertainty in the difference between the flowaretehe BDN
dataare-12%+ 6.5% for theHFO and-34%x+ 8.6%.

Table7: Estimated mean and uncertainty values when compared to BDN data at a 95%
confidence level.

TLI Flowmeter
HFO 0.33%=* 1.8% -12%+ 6.5%
MGO/MDO -1.5%=+ 3.4% -34%+ 8.6%

The relativelysimilarity between the TLEnd BDN data are in reasonable agreement with the
estimate that approximately 1.5% and 0.5% of HFO and NM&xpectively catbecomesludge.
Additionally, some error associated with theasurement of BDN valuesuld also account for
the differences in the TLI and BDN data ifable 7. The flowmeter data, however, have
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differences that are significaptarger than what can be reasonably attributed to fuel oil processing
and inaccuracy in the BDN datalt should becautioned, however, that these uncertainty
estimations are based a relatively small sampl@ comparison tahetotal number of vessels in

shipping.

Additionally, the relatively close agreement of the BDN and TLI data in comparison to the values
detemined from the flowmeters does not necessarily indicate that the BDN and TLI data are more
accurate because 1) the relatively close comparison of the BDN and TLI data can be partially
attributed to the tank level monitoring being used to determine RQEvaicorporated into the
annual BDN consumption measurements and 2) the fuel oil processing can alter the mass of the
measured fuel oil consumption downstream of the BDN and TLI measurement locations before
thepoint where thdlowmeter data are collected

The relatively large variance of the flowmeter dataen after all obvious outliers were removed,
is, however indicative of random error negatively affecting the quality of the annual fuel olil
consumptionmeasurementetermined from the flowmeter. dveover, all three shipping
companies having largeariance of the flowmeter data in comparison to the BDN and TLI values
further indicates thannualconsumption determined frofltowmeter data are of poor quality. This

is not to say that the raw data detened from flowmeters are inaccurate, rather, the annual fuel
oil consumption determined from the flowmeter values appears to contain error.

4.6 Discussion

While the TLI and BDN data appear to be in relative agreement, the differences between the annual
fuel oil consumption measured by flowmetevgh respect to th&DN data(-12% + 6.5% for

HFO and-34% * 8.6% for MGO/MDQ are significantlylargerthan what has been previously
estimated (Faber et al. 2018hd accepted as standardtlre shippingindustry (Jones 2009,
personal communication).

While the sources of theskfferencesare not definitely knowythere are several possibilitieben
interpreting these resuits

1 Annual fuel oil consumption measured from TLI and BDN are more accuratedhses
measured fromflowmeter data

1 Relatively poor agreement of the flowmeter data in comparison to BDN and TLI sources
is a coincidental artifact of this study due to a relatively small sample size and does not
reflect all of shipping

4.6.1 Accuracy of Annual Fuel Oineasured by BDN and TLI

The main finding from this study is that the annual fuel oil consumption meassingdBDN and
TLI data are in significantly better agreemémanthe annual fuel oil consumptiatetermined
usingflowmeter data. This suggests tiitlae annual fuel oil consumption determined frdrhl
and BDN data are more accurate. Possible reasons for thiseussed in the following sections.
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4.6.1a Measurement Redundancy in TLI and BData

During the bunkering process, the crew measures the tagls leefore and after the bunkering
operations to independently check the volume of the fuel oil bunkered. This means that two
parties, both with substantial financial incentives, are independently measuring the BDN values.

Both the BDN and TLI datare ypically verified using manual tank soundings; whereas, the crew
cannot independently verify tliata from dlowmeterusing a manual method

The tank level gauges are frequently monitored and reported as part of the stability reports. An
inaccurate taklevel sensoshould be observed during these calculations and a manual sounding
could be used in place of a malfunctioning tank level sensor to determine the volume in a fuel oil
tank.

The engineers monitor the flowmeter data onboard the ship, bilbieter malfunctions, the
instrumentcan bebypassed with no practical means of taking a manual redundant measurement.

4.6.1b Flowmeter Data Outagesnd Sampling Frequency

The frequency of flowmeter measurements (several measurements per seconalsobedd to

errors inthe determination of annual fuel consumpti@eausée¢he large number of measurements.
Taking a approximatesampling frequency of 1 Hz, the annual fuel oil consumption calculated
from flowmeter datavould be based on millions of measuents. Whereas the annual fuel oll
consumption calculated from TLI and BDN data would be determined usir@ 100 or 100 s
measurements respectively. Teéveral ordersf magnitude increase in measurement paiats
causethe annual fuel oil consumptiacdetermined from flowmeter data bemore susceptible to

error. The error could beaused by data outages from instrumentati@aifunction manual
bypassing andor recording errors from softwamnd hardware Additionally, the large number

of measurementcan leado anaccumulatiorof errorover time

4.6.1c Error in FlowmeterMeasurements

The individual flowmeter measurements can have errors attributabdcidating mass from a
standard densitynixed fuel oil, improper flowmeter installation, and systematror associated
with aspecific instrument.

Flowmeters that use volumetric flow rates to determine mass fuel oil consumption can contain
error due to thermal expansion of the fuel. A single standard density value is sometimes used with
inlet and outle volumetric flowmeters, leading to an error in the reported mass consumption.
Based on data from ships in this study, a 10°C temperature difference caused an error of
approximately0.7%, owing to density fluctuations.

As shipstransitthrough Emission Qarol Areas (ECA), the type of fuel oil consumed changes.
This change is continuous gnfinot catalogued properly, can lead to inaccuracy in the fuel oll
consumption determination.

Systematic error and improper installation are thought to be miniomadilcutors to the overall
error in the flowmeter measuremeniBypical flowmeter manufacturers estimate that the overall
systematic error is less than 1%.
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While different types of flowmetsi@are susceptible to various installation errors, mostunsnts
require careful consideration of placem&ntinimizeaccelerations in the flow field anodensure
proper alignment. The requirements to mitigate any installation effects ardogathented

4.6.2 Influence of Sample Size

This study analyzedpproximately550,000 tonnes of fuel oil consumption from 46 ships over a
oneyear period.There are approximately 26,000 shgqf$,000 gross torageand abovehat are
anticipated to provide data for Regulation 22MO Secretarigtpersonal communicatio2013).
Therefore, thelata in this study accoigfor approximately @% of theships anticipated to report
total annualfuel oil consumption.

While this is a relatively small percentagigese results providasight into the expected quality
of the data that will be receivediuringthe adoption of Regulation 22A.

The relative similarities observed across all simghis studyare incorporated into the estimated
uncertainties of the differences between dhaualfuel oil consumptiormeasurement methods.

For HFO, it is estimated at a 95% confidence level that the annual fuel oil consumption measured
using TLI data will have a difference of 0.33% * 1.8¥%en compared with BDN data. The annual

fuel oil consumption measured using flowmeter data is estihtatbave a difference e12% =+

6.5% when compared with BDN data.

4.7 Estimated Overall Uncertainty

The results were combined with insight gained fromumerousdiscussios with shipping
representativesluring this study data found in thditerature Jones 2009Faber et al. 2013,
MARPOL Annex 1, and consideration to the data collection procesg. cbimbined analysisas
usedto estimate the overall uncertainty in determining the annual fuel oil consurfgateerch of
the three methodgstussed in this reporTéble8). It should be noted that whithesevalues are
largely based ora quantitative study, they are qualitative in nature. Moreower,estimated
uncertainties are given as tailed valuesthat rave equal chances of beiegher positiveor
negative This approach was adopted because it involved the fewest assuniptivaser,it is
envisioned that on average, tinecertainty in the annual fuel oil consumption would be positive
for data derivedrom BDNSs negative for data from flowmeterand equal chance of positive or
negative for TLI data

Table8: Estimated overallincertainty for the annual fuel oil consumption measured using three
different methods.

BDN TLI Flowmeter
HFO 3% 5% 8%
MGO/MDO 3% 5% 10%
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The overall uncertainty for the annual fuel oil consumption determined BDIN data was
estimated to be 3%r HFO and MGO/MDO.This value was determined basedtba estimate
that 26 to 2% of the bunkered fuel oil will be removed water andor sludge content and a
systematicerror of 1% to 2% from the bunkering operations. This latter of these values is
supported by the close comparison of BDN data determined from the Chief Enginealusanh

the BDN receip{Figure4, Figure5, andFigure6).

Annual fuel oil consumption determined usiigl datawas estimated tohave an overall
uncertainty ob6%for HFO and M5O/MDO. This value is slightly larger than the BDN uncertainty
estimate because of the higher frequency of measurel@aekf controls and independent two
party measurements, and the possible influence of instrumentation ¥rtole theuncertainty
rangeof +1.8% reported inTable 7is not a direct corollary, it doesipport theverall uncertainty
estimate of TLI datheingapproximatel\2% less accurate than the values determined from BDN
data.

The estimated uncertainty of 8% for HFO and 10% for MGO/MDO are larger than what has been
previously reportedor annual fuel oil consumption determined frélowmeters (Jones 209,

Faber et al. 2013). These values are based offinthi@gs in this study that showedhen
comparing the data of all three methods, the flowmetkreswere consistentiyot in agreement

with the other two and th#tte variance of that agreemevdasmuch greater thawhen comparing

TLI and BDNdata.The consistent variance of these comparisons for all three comaaies

6) supports that the annual fuel odnsumption determined from flowmeter data is less accurate
than values determined from BDN and TLI data&urthermore, e annual MDO/MGO
consumption determined using flowmeter data is estimated to be less accurate than HFO due to
inclusion of error assaated with transferring to MDO/MGO while transiting ECA zones.

Application of these uncertainty estimates toabgregate annual fuel oil consumption for all of
shipping are shown in a worked example in Appendix .

5.0 Conclusions

Fuel oil measurement vasis from three difference measurement methods have been compared
acrossa oneyear intervalfor 46 ships. The analysis found that #mualfuel oil consumption

from BDN and TLI data are in considerably better agreement than the flowmeter data, with the
latter being systematically lower. Differences between the BDN and TLI data conpained
flowmeterdataare larger than whaaareasonablye explainedby thevalues beingneasured at
different locations in the fuel oil systenMoreover, the relativg large variance of the flowmeter

data when compared to the BDN and TLI data suggest that the flowmeter data contain considerable
amounts of random error

An uncertainty analysis at a 95% confidence interval estimated that for all of shipping, the annual
HFO fuel consumption determined from Thhd flowmeterdata would havehe following
differences when compared to BDN dath) TLI: 0.33% * 1.8%and 2) fowmeter:-12% * 6.5%
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Combining the results with the literature survey for this study, the over@rtamty of each of
the fuel oil measurement methods was estimated as follows:

1 BDN: 3% for HFO and MGO/MDO
1 TLI: 5% for HFO and MGO/MDO
i Flowmeter 8% for HFO and 10% for MGO/MDO

It should be cautionedhoweverthat these uncertainty estimations based a a relatively small
sample with comparison to total number of vessels in shipdtudure work should utilize data
collected from at least two sources during the verification process to expand the number of
additional data from multiple differeshipping companies. Additionally, it is not known if the
relatively poor agreement of the flowmeter data in comparison to BDN and TLI sources is a
coincidental artifact unique to these companies or if these findings are emblematic of accuracy
problems oberved in other types of shipboard data.
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8.0 Appendix t Worked Example with Estimated Uertainties

A worked example is provided in the following section to show how the overall uncertainty
estimates imable8 can be used to estimate the uncertaintyafigregate data sets

Suppose that 10 ships have supplied dathag/nin Table9, the total estimated uncertainty can
be determined by applying the uncertainty estimate to each indiwahigal

Table9: Fictitious fuel oil consumption values and associated uncertstityates used for
worked example.

HFO MDO/MGO Estimated Uncertainties
(tonnes (tonnes Source
HFO MDO/MGO
Ship A 9,353 1,341 BDN 280.59 40.23
Ship B 5,602 1,043 BDN 168.06 31.29
ShipC 7,017 1,861 BDN 210.51 55.83
ShipD 5,055 550 BDN 151.65 16.5
Ship E 9,327 621 BDN 279.81 18.63
Ship F 8,712 1,430 BDN 261.36 42.9
ShipG 6,795 911 TLI 339.75 45.55
ShipH 9,680 369 TLI 484 18.45
Ship | 6,510 2,237 Flowmeter 520.8 223.7
Ship J 5,256 224 Flowmeter 420.48 22.4
Total 73,307 10,587 3,117.01 515.48

Alternatively, the estimated uncertainties can be applied to the proportional distribution of the fuel
oil measurement methods as determined by distribution of mass and noirtber ofships. For
example, the BDN measurement method is used by 60% of thershgisi€9, 20%useTLI, and

20% use flowmeter. The mass distributionfor HFO is slightly different:
(9,353+5,602+7,017+5,055+9,327+8,712) 73,307=61.5%for BDN, 22.5%for TLI, and 16.0%

for flowmeter. The mass distribution is the value used to determine the percentage overall
uncertainty. The totalpercentageuncertainty for tis fictitious example can be determined as

o@®P2aob ¢ PZobP p@bPzZyYb T&§UDP

This approach can also be use@stimatethe total uncertainty of the aggregate data that will be
received during the data collection in Regulation 22A. Envisio8%g of the measured fuel oll
consumption will be dermined using BDN data, 15% using TLI data, and 5% from flowmeters
(IMO Secretariat, personal communication, 2018), the overall uncertainty can be esamated
approximately 3.6%.
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9.0 Appendix I: Measured FO Consumption for all Ships
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Measured HFO Fuel Cons. (tonnes)

Measured MGO Fuel Cons. (tonnes)
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Measured HFO Fuel Cons. (tonnes)
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