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Introduction
Fuel 2020
From January 15t 2020 a reduction of the global limit for sulfur
in the fuel from 3.50% to 0.50% is mandatory. Options for Global Sulfur Limit
operation in global waters are:

- Operation of diesel engines with maximum 0.50%
sulfur in the fuel.
- Operation of dual fuel engines in gas mode.

- Operation of diesel engines with a fuel containing MAN Energy Solutions

more than 0.50% sulfur and install an after treatment, PrimeServ Customer Information
for example a Scrubber. PCI No. 406 / September 2019
Expected properties of VLSFO (Very Low Sulfur Fuel
0Oil) and ULSFO (Ultra Low Sulfur Fuel Oil) Concerns
- The compatibility with other fuels will be more critical Medium-speed four-stroke engines

and incompatibility among different fuel batches will produced by MAN Energy Solutions

be more frequently.

- The intrinsic stability of the newly appearing fuels is
not yet known and may lead to issues.

- Cat fines may also be found in VLSFO like in HSHFO
(High Sulfur Heavy Fuel Oil) and ULSFO.

- The pour point will probably be higher than it is at
normal fuel, especially paraffinic ULSFO and VLSFO
might have a higher pour point and hence poor cold
flow properties. Generally, the Fuel must be kept in
the system at least 10 °C above the pour point.

- Anincrease of aromatics can influence the ignition
delay and combustibility negatively. Parts of the
combustion chamber and in the direct vicinity such as
inlet valve seats and piston rings are to be inspected
accurately and regularly.
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Bunkering and storage

It is important that the most recent issue of the ISO 8217 is fully part of bunker agreements. The

written clauses, especially clause 5 protects you from bad bunkers or gives you further

opportunities.

Tanks and pipes cleaning: The HFO deposits are containing a high amount of sulfur and cat fines,

the VLFSFO and ULSFO may have a “cleaning effect” on those deposits , dissolve them and

transport them towards the engine.

Tank management: The mixing of fuel oils from different batches and different types of fuels must

be avoided as much as possible. Storage, settling and service tanks should be emptied to the

minimum to avoid fuel mixing. A good option to achieve this would be, if every different batch has

its own dedicated storage tank with separated fuel lines including corresponding settling and

service tank.

The mixing of fuels can lead to precipitation of asphaltenes, those can agglomerate as sludge that

might block the filter and harm the engine. For the case that fuel separation is not possible the

fuels intended to mix must be fully compatible. Test methods:

0 ASTM D4740 (“Spot Test”): Fuels are preheated, mixed and dripped as a droplet on testing
paper (easy and quick but not precise enough).

0 ASTM D7060: Optical detection. This method is available in the MAN PrimeServ Lab and is
considered as precise

Separator / Fuel oil treatment

Temperature should be as high as possible (for HFO usually 98°C). The fuel oil temperature at
separator has to be maintained at minimum 98° C for a sufficient cleaning. In case of fuels with
very low viscosities a reduction of inlet temperature might be required, respectively considered.

A reduction of separator flow or parallel operation of two separators increases the cleaning
efficiency remarkably. This procedure is especially recommended to face fuel oils with high level of
cat fines.

If the density of the fuel chances, the older generation of separators needs to be adapted with
another gravity disc, modern separators are self-adjusting.

The additives typically address combustion, lubricity and cold flow properties. However, there is no
general proof of principle as fuel quality is too diverse. During warranty period, the use of second
market additives is prohibited.

Combustion in Diesel Engines

Fuel with an ECN (Estimated Cetane Number / acc. to IP541) below 20 is critical in low load
operation.
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Further considerations

- Valve seat lubrication: less sulfur -> less ash building elements like Vanadium or Nickel ->
increased wear -> valve seat lubrication is necessary.

- Nozzle cooling water: In general not required if the fuel complies with the ULSFO or VLSFO grade
of the recent 1ISO 8217.

- Sealing oil, if applicable:
o0 Isrequired when the engine is running on distillate fuel
o Is not required when the kinematic viscosity of the fuel is above 10 mmz2/s (at 50°C)

- Leakage fuel lines: a heating of the leakage fuel lines may be required to prevent them from
clogging.

- Lube oil selection: It is of absolute importance that the chosen base number (BN) is suitable for
your operation pattern refer also to the PCI 398 (possible impact of the IMO 2020 sulfur cap on
four-stroke engines).

Aftertreatment

- The combustion of specific fuels can lead to deposits on the SCR, these can decompose at
elevated temperatures (350°C — 400°C).

The new introduced fuels may have distinct effects of the combustion process such as increased

ignition delays and incomplete burning that can lead to increased risk of deposition formation on the

catalyst

For more detailed information please refer to the attachment.

- Fuel 2020 Global Sulfur Limit — Overview of measures for fuel oil system
- Fuel 2020 Global Sulfur Limit — Comprehensive

- Further information’s would be available over:

o Flyer: Operating fluids checkup
o Flyer: eLearning engine fluids
o PCI 390 — Hydraulic Check-Up
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Contact

Should you have any queries, our Technical Service will be pleased to be of assistance:

MAN Energy Solutions SE

Stadtbachstralle 1

86153 Augsburg, Germany

Phone: +49 (0) 821 322-0

Fax: +49 (0) 821 322-3838

E-mail: primeserv-aug-technical@man-es.com

ATy Tl

Stefan Eefting Albrecht Freundshuber
Senior Vice President Senior Manager
PrimeServ Augsburg Technical Service Augsburg

Please forward this information to your technical operating personnel and

remember to inform us of the current operating hours of your MAN Energy Solutions engines.
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Fuel 2020 Global Sulfur Limit — Overview of measures for fuel oil system

August 2019
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Operating fluids
CheCkUp MAN PrimeServ

The blood count of your engine

This fluid checkup includes the sampling kit, the

analysis of fuel, lube oil, cooling water and fuel This fluid checkup is highly
. recommended after each maintenance
separator control samples in our own laboratory. and exchange of expendable parts.
A complete survey of the analyzed fluids including
a comprehensive report with recommendations What are the benefits?
and identification of room for improvement is also "(;‘f;f)ifzsngifea"a"ab"'ty and reliability
included. As a special service, we will also assess -Increases component lifetime
the reports (HFO + LO) which you have received ~Prevents damage, saves repair costs,
. and avoids downtime
from other laboratories over the past 6 months. -Detects substandard and

contaminated fluids
-Specific recommendations based on
our vast experience

Our fluid checkup can be ordered
together with your spare parts, or for
your planned overhaul service only for
2,700.00 EUR per engine.

l

=y

MAN Diesel & Turho SE
Dr. Holger Gehring / EQC

86224 Augsburg
Germany

; 5
R e

: - ﬁ
PrimeServLab SN
! Fluid Monitoring Package: ‘ 5

Please contact us for further
information:
P +49 821 322 3405

primeservlab@man-es.com
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Hydraulic Check-Up

Our intension

This PrimeServ Customer Information is intended to inform Common Rail Injection

ou about a new service MAN Diesel &Turbo offers: .
y Fuel Oil Supply

» The Hydraulic Check-up of your fuel oil system

The Hydraulic Check-up for common rail engines includes a _ _
service attendance to check and evaluate the common rail fuel PrimeServ Customer Information
injection system related to the fuel oil supply system of your PCI No. 390 / June 2018
engines.
Due to field experience and tests, we have identified that fuel Concerns

oil supply systems which do not correspond to the specified
range regarding pressure, temperature or flow to the engines,
may lead to problems and possible damages.

MAN Diesel & Turbo four-stroke engines
L+V32/44CR, L+V48/60CR

Your advantage

The Hydraulic Check-up of your fuel oil system intends to keep
your engine operation as reliable as possible. Our trained
MAN Diesel & Turbo personnel is able to carry out a complete
evaluation of your fuel oil supply system regarding the
specified operating values and the Hydraulic Check-up of the
common rail system with a minimum expenditure of time by
the use of specialized measuring devices.

MAN Diesel & Turbo SE

StadtbachstraBe 1 PrimeServ Augsburg Technical Service Commercial Service

86153 Augsburg StadtbachstraBe 1 StadtbachstrafBe 1 StadtbachstraBe 1

Germany 86153 Augsburg 86153 Augsburg 86153 Augsburg

Phone: +49 (0) 821 322 0 Germany Germany Germany

Fax: +49 (0) 821 322 3382 Phone: +49 (0) 821 322 3509 Phone: +49 (0)821 322 1499 (24-h-hotline) Phone: +49 (0) 821 322 1799 (24-h-hotline)
mandiesel-de@mandieselturbo.com  Fax: +49 (0) 821 322 1530 Fax: +49 (0) 821 322 3838 Fax: +49 (0) 821 322 3574

www.mandieselturbo.com primeserv-aug@mandieselturbo.com primeserv-aug-technical@mandieselturbo.com primeserv-aug-commercial@mandieselturbo.com



http://www.mandieselturbo.com/

mailto:primeserv-aug-commercial@mandieselturbo.com



PrimeServ Customer Information

Furthermore this check-up will provide you with detailed results about the operation, values of your fuel oil and
common rail injection system.

From our experience we recommend to carry out this check-up annually in the course of maintenance works, or
in case of related alarms respectively occurrences which require further investigations to identify the root cause.

Scope of work:

Measurement and evaluation of the operating values of your fuel oil supply system.

Fuel oil flow measurement to each engine and engine bank (V engines) with our corresponding ultrasonic
flow meters. Adjustment and fine tuning of differential pressure and the balancing of flow according to our
guidelines. Check and adjustment, if necessary exchange, of the pressure regulating or balancing valves.

Measurement and evaluation of the common rail fuel injection system and pressure analysis
Check of leakage detection system

Alarm and operation values analysis

v V V V

Handing over of a detailed service report including measurements before and afterwards, including an
action plan if required.

Contact

Should you have any queries, our Technical Service will be pleased to be of assistance:

MAN Diesel & Turbo SE

86224 Augsburg

Tel.: +49 (0) 821 322-6468

Fax: +49 (0) 821 322-3838

E-mail: primeserv-aug-technical@mandieselturbo.com

Stefan Eefting Albrecht Freundshuber
Senior Vice President Senior Manager
PrimeServ Augsburg Technical Service

Please forward this information to your technical operating personnel and
remember to inform us of the current operating hours of your MAN Diesel & Turbo engines.
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elLearning
engine fluids

Applying the correct specification for fluids, understanding the characteristics
of a fuel and lube oil analysis and drawing the right conclusions, selecting the
correct lubricant for a particular application and ensuring good quality cooling
water - all of this is essential for the safe and reliable operation of a diesel engine.

All you need to know about the engine fluids of medium-speed engines can
either be obtained during our full day training course at the PrimeServ
Academy in Augsburg or - and this is brand new! - from our eLearning course.

Fuels for diesel engines
(8 Modules)

- The crude oil refining
process

- Fuel specifications

- Fuel characteristics
defined by ISO 8217

- Additional fuel
characteristics

- ECA fuel

- Fuel treatment

- Bio fuels

- Gas

Lube oil for diesel engines
(7 Modules)

- Purpose of diesel engine lube
oil and lube oils formulation

- Approval of lube oils
for MAN engines

- Lube oil degradation

- Selection of lube oil

- Lube oils for specific
application: Biofuels

- Lube oils for specific
application: Dual fuel

- Lube oils for specific
application: Gas

Cooling water for diesel engines
(1 Module)

e e

Order your license for participation in this
comprehensive elLearning course.

The license, which is personal and not transferable, is valid for 3
months and allows repeated access to the eLearning (16 modules)
by the authorized person.

Licenses & costs

Number of licenses 1-3 4-10 11-50  51-100 101-200 >200

Price per license 350 € 300 € 275 € 250 € 225 € 200 €

For further information and registration please contact: PrimeServ.Academy-aug@man-es.com
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Fuel 2020 Global Sulfur Limit — Comprehensive
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2 Abbreviations

Al = Aluminum

ASA = Automated Stability Analyser

ASTM = American Society for Testing and Materials

BN = Base Number

CCAl = Calculated Carbon Aromatic Index

cl = Cetane Index

CIMAC = Conceil International des Machines a Combustion

CN = Cetane Number

DO = Diesel Oil

ECA = Emission Control Area
ECN = Estimated Cetane Number
FCA = Fuel Combustion Analysis

HFO = Heavy Fuel Oil
HSHFO = High Sulphur Heavy Fuel Oil

HT = High Temperature

IMO = International Maritime Organization

ISO = International Organization for Standardization
LT = Low Temperature

MDO = Marine Diesel Qil
MGO = Marine Gas Oil

NOx  =umbrella term for all Nitrogen Oxygen molecules
PCI = Primeserve Customer Information
RM = Residual Marine

RMB = a grade of residual marine fuels with low viscosity (30mm?/s @ 50°C)
RMG = a grade of residual marine fuels with high viscosity (380mm?/s @ 50°C)

S = Sulphur

SCR = Selective Catalytic Reduction
SECA = Sulphur Emission Control Area
ServLab= Service Laboratory

Si = Silicium
SL = Service Letter
SOx  =umbrella term for all Sulphur Oxygen molecules

ULSFO = Ultra Low Sulfur Fuel Oil, sulfur content is less than 0.1%
VLSFO = Very Low Sulfur Fuel Qil, sulfur content is less than 0.50%

August 2019

page 3/22





MAN Energy Solutions MAN
3 Introduction

From 1% of January 2020 a reduction of the global limit for sulfur in the fuel from 3.50% to 0.50% is
entered into force by IMO (see figure 1: Implementation schedule).

Sulfur Content

5.00 % i
4.50 %

350% * Global
= SECA/ECA

® Harbor (Europe)

1.50 %

1.00 % 1
0.50 %

0.10%

2005 2006/07 2010 2012 2015 2020

Figure 1: Sulfur content in fuel oil

The operators of ships have the choice between three options for operation in global waters outside
emission control areas:

1. Operation of diesel engines with maximum 0.50% sulfur in the fuel

2. Operation of dual fuel engines in gas mode

3. Operation of diesel engines with a fuel containing more than 0.50% sulfur. This requires

aftertreatment to reduce sulfur oxide (SOx) in the exhaust, e.g. exhaust gas scrubber.

MAN Energy Solution (MAN ES) can provide adequate technical solution and guidance for all these
options. It is up to the owner to decide which is the most favorable option based on costs, regulations,
availability and other motivation. Although the share of ships driven by dual fuel engines increases,
most of the powering systems are still diesel engines. Due to high efforts, the usage of exhaust gas
scrubber stays limited.
Thus, most of the operators are faced to the challenge to burn fuels with maximum 0.50% sulfur. Itis
expected that this fuel varies in broad range with regard to viscosity, density, cold flow properties and
chemical composition leading to challenges in terms of incompatibility between fuel batches,
instability of fuels, aftertreatment as well as combustion.
This paper provides information and guidance for the operation of 0.50% sulfur fuel.
Other relevant papers in this context are

- PCI 398 for MAN ES medium speed four stroke engines

- SL050%S Fuel 2020 18-01-2019

- Latest 2-stroke Fuel2020
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4 Expected fuel landscape

Beside engines operating with gas and other engines operating with HFO with more than 0.50% sulfur
in the fuel combined with exhaust gas scrubber, the main share of marine engines is operated with
fuel with less than 0.50% sulfur (=VLSFO=Very Low Sulfur Fuel Qil).

4.1 VLSFO

The max. 0.50% S VLSFO family will range between distillate and residual types of fuels. They will
originate from distillates, sweet crudes, de-sulfurised fractions, cracked fractions, heavy and lighter
hydro-treated fractions and residual fuels blended down with distillates to meet the sulfur limit, just
to mention a few. Examples of fuel characteristics that will vary within the 0.50%S VLSFO family are
viscosity, density, cold flow properties and chemical composition such as share of cat fines (Al+Si),
aromatics and polycylic aromatics. These parameters are all important to consider since they affect
the fuel storage, fuel treatment, injection system, combustion and aftertreament.

It is expected that the 0.50%S VLSFO types will be fully capable of being categorized within the existing
ISO 8217 standard. It is always important to read and act on the fuel suppliers’ and engine
manufactures’ recommendations, manuals and Project Guides to ensure safe and efficient use of the
fuels.

4.2 Expected properties of VLSFO and ULSFO
VLSFO varies in a broad range with regard to viscosity, density, cold flow properties and chemical
composition.

4.2.1 Stability

Stability of a residual fuel is defined by its resistance to breakdown and precipitate asphaltenic sludge
despite being subjected to forces, such as thermal and ageing stresses, while handled and stored under
normal operating conditions. The fuel must be stable and homogenous at delivery, during long time
storage, through the fuel system and in the engine’s high-pressure fuel injection system assuming that
the specific fuel batch is not mixed with anything else. The lubricity of the fuel is also a function of its
stability. Non-stable fuel does not exhibit sufficient lubricity in the fuel injection system. Despite the
influence of the stability, a fuel has to exhibit sufficient lubricity during its use.

4.2.2 Compatibility

Compatibility is defined as the ability of two or more fuels to be commingled (mixed) at a defined ratio
without evidence of material separation, resulting in the formation of multiple phases e.g. flocculation
or separation of asphaltenes, making sludge in the fuel system. MAN-ES foresee that problems caused
by incompatibility will be more frequent in the future, as new refinery streams will be used to produce
0.50% S VLSFO.

4.2.3 Catfines

As in high-S heavy fuel oil (HSHFO) and 0.10% S ULSFO-RM, cat fines may also be found in 0.50% S
VLSFO. Cat fines are small, very hard particles from the refining process. They cause excessive wear on
moving engine parts, and it is highly recommended to use the fuel cleaning and condition system in an
adequate manner to clean the fuel and remove the cat fines.
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4.2.4 Cold flow properties

The fuel should be able to flow freely and be homogenous. For residual-type fuels, the temperature in
RM-fuel system, e.g. tanks and pipes should be minimum 10°C higher than the pour point of the fuel,
to reduce cold flow property issues such as filter blocking. Especially paraffinic ULSFOs might have high
pour points and hence poor cold flow properties. Do not get mislead by the assumption that low sulfur
containing fuels do have good cold flow properties! The storage of such fuels in heated arrangements
may be necessary preventing wax formation and precipitation. Furthermore, leakage lines may require
a heating to prevent them from clogging.

4.2.5 Basics on ignition and combustion properties (e.g. ECN, CCAI, aromatics, boiling curve)

The cetane number (CN) reflects the ignition delay of a fuel, determined in a fuel research engine. The
higher the cetane number the lower the ignition delay. The estimated cetane number (ECN) is
determined by a fuel combustion analysis (FCA) in a standard combustion autoclave and replaces the
CN if the tests are not possible, i.e. with residual fuel grades. The method is specified in the standard
IP 541/06.

The calculated carbon aromatic index (CCAIl) is calculated based on density and kinematic viscosity.
With the expected enlarged spread of viscosity and density due to different refinery streams for the
production of VLSFO, this CCAl is not able to describe ignition delay sufficiently.

An increase of share of aromatics can influence the ignition delay and combustibility negatively.

The boiling curve shows the share of evaporated fuel versus temperature. A wide curve reflects a wide
range of different molecules in the fuel, from distillates to polycylic aromatics.

Parts in the combustion chamber and in the direct vicinity such as inlet valve seats and piston rings are
to be inspected accurately and regularly to detect first signs of wear and tear due to fuel change.
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5 Bunkering and storage

Because the variety of different fuel oil types is expected to increase, special attention has to be paid
on the bunkering and storage process of fuels to avoid operational problems. Depending on the chosen
fuel strategy and the vessel’s fuel oil system, bunkering and storage management can vary significantly.
Nevertheless, the following recommendations must be considered.

5.1 Know what is bunkered

It is of utmost importance that only fuel according to the latest ISO 8217 is bunkered. An analysis
containing all parameters contained in the 1ISO 8217 shall be provided with each bunker. Furthermore,
it is highly recommended to countercheck the bunker delivery note using an independent laboratory.
In addition to the chemical and physical properties, it is important that the 1ISO 8217 is fully part of
bunker agreements. The written clauses, especially clause 5 protects you from bad bunkers or gives
you the opportunity to file a claim against the supplier. If clauses of the ISO 8217 are omitted, your
chances of claiming a bunker containing malicious substances are close to zero. It is important to
comply with these requirements to protect your equipment from damages.

MAN PrimeServLab may analyze your fuel to countercheck for compliance with 1ISO 8217.

5.2 Tank cleaning before fuel oil change

The use of HSFOs could have subsequently led to deposition of cat fines and sludge with a high amount
of sulfur in tanks and piping. The following use of VLFSFOs and especially ULSFOs may have a “cleaning
effect” on those deposits, dissolve them and transport them towards the engine. As a result, those
deposits may on the one hand harm the engine, and on the other hand might lead to non-compliance
in regard of sulfur regulations.

Those risks can be diminished by cleaning tanks and piping system thoroughly prior to the change to
another (low sulfur) fuel oil type. After the change to another fuel oil type, in addition, special care
should be taken on fuel oil cleaning to avoid any operational issues. Table 1 shows recommended
measures.

Please note that the application of additives for tank cleaning may not be a good choice. Additives
dissolving built up deposits are only mobilizing deposits, containing for example catfines and other
debris. These mobilized residues do compromise your fuel injection system if not taken from the fuel
mixture!

Table 1: Recommended fuel oil cleaning after tank cleaning

Component Measure
Fuel tanks Extended settling period of fuel in combination with frequent draining
Fuel separators Adaption of separator (see chapter 5.1)

Additional cleaning by stand-by separator
Recirculation of separated fuel from service tanks
Fuel filters Check of functionality of filter mesh and sealings
Application of adequate filter cleaning process!
Frequent manual cleaning might become necessary

5.3 Tank management

The high variety of different fuel oil types could increase risk of incompatibility issues. To avoid the
resulting formation of sludge due to the precipitation of asphaltenes, the mixing of fuels oils from
different batches and different types of fuels must be avoided as much as possible.
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The storage tank should be emptied to the minimum level before the new fuel oil is filled in. In addition,
the subsequent settling and service tanks should be emptied equally to avoid fuel mixing.

This can be achieved, if each different batch of fuel has a dedicated storage tank with separated fuel
lines including corresponding settling and service tank (see Figure 6). Thus, the mixing of different fuel
oils from the storage to the service tank is completely prevented.

If separated fuel lines are not available, special care must be taken to fully empty the settling
respectively the service tank before it is refilled from different storage tanks.

Finally it is important, that the fuel oil temperatures in the tanks should be considered. For one thing,
the fuel oil temperature level should be at least 10° C above the pour point. Then again, very low
viscosity fuels might require a reduction of temperature in the settling tanks to avoid a viscosity of the
fuel below 2 cSt.

5.4 Testing for Instability and Incompatibility

Basic principles of incompatibility of fuels

Fuel incompatibility describes the tendency of fuels to become inhomogeneous (e.g. by formation of
sludge) when mixed. For example, the mixing of heavy fuel oil with distillate fuel can lead to the
precipitation of asphaltenes out of their colloidal dispersion. Those asphaltenes can agglomerate as
sludge that might block filters and harm the engine. This phenomenon may occur immediately after
mixing or on a later point of time (aka “kinetic delay”) depending on factors like the fuels’
characteristics, temperature, mixing ratio etc.

Therefore, it is strongly recommended to avoid any mixing of different fuels (residual grades with
distillate fuels AND residual fuels from different batches or blending facilities) onboard to avoid any
incompatibility issues. If for instance a new badge of fuel is to be bunkered, the corresponding tanks
should have been emptied before as much as possible to prevent any mixing with the previous badge
of fuel.

In case that separation of fuels is not possible due to operational procedures like a changeover process,
the fuels shall be compatible. This document specifies the recommended testing method and
corresponding evaluation for fuel compatibility. Please note the following explanation of testing
procedures is for guidance only. It is mandatory to apply the relevant standards and manufacturer
recommendations of measuring devices.

Spot test according to ASTM D4740

For an easy and quick indication of compatibility of fuel oils, a spot test according to ASTM4740 can be
applied with a kit on board a vessel. According to this procedure, the fuels are preheated, mixed and
dripped as a droplet on testing paper. An oven dries this paper with a temperature of 100° C for one
hour. The spot of the droplet may show one or more black rings, whose characteristic is rated.
According to this rating, an incompatibility may be detected. However, this testing method is
considered as imprecise, because the result can be compromised by inter alia subjective rating of the
spot or the influence of different types of testing paper. In summary, false evaluation of incompatibility
of fuels may occur. Thus, this testing should not be applied.
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Automated stability analyzer (ASA) according to ASTM D7060
Contrary to the spot test, the ASA allows more reliable testing of incompatibility. Its function is based
on titration of the so-called stability reserve using optical detection. Thus, a reagent is successively
added to a residual fuel sample until the precipitation of asphaltenes is detected by an optical device.
Cetane (n-hexadecane) is used as reagent to imitate a paraffinic distillate fuel during a changeover
procedure.
The MAN ES Prime ServLab is equipped with the ASA device. This apparatus according to ASTM D7060,
is based on a computer
and two titration stations
(see  Figure 1). The
computer controls the
testing, analyzes optical
signals and delivers the
results in a report. The
titration stations perform
the titration in the
\ Ml reaction cell, which is
Opticalprobe  ¥% R E connected to a dosing
- ‘ tube and optical probe.
Moreover, a heater and
magnetic stirrer condition
_ ) ‘ the fuel sample.
REacTBN . ‘ The final result of this
cell | S .

procedure is a so-called p-
: value which describes the
Magnetic fuels resistance to become

heater Mm - . incompatible while mixing.

The p-value is given as a
number with two decimal
figures, i.e. 1.35. The
decimal figures describe
the portion of distillate fuel to be added until asphaltene precipitation occurs. In the case of a p-value
of 1.35, 35% distillate fuel may be added until asphaltenes precipitate, making the fuel inhomogeneous.
According to the standard, the following p-value ratings apply:
- P-value >1.20: fuel is stable
- P-value between 1.05 and 1.15: fuel shows borderline stability = incompatibility may occur
instantly
- P-value of 1.00: fuel is instable, asphaltenes have been precipitated. The fuel mixture is
inhomogeneous.

Bottle with
cetane

Figure 2: Automated stability analyzer?!

MAN-ES evaluation of testing results (P-value)

In “HFO-only” operation, the minimum required P-value at engine inlet is 1.50 to keep the fuel stable.
Although the method describes a p-value of 1.20 as stable mixture, a safety margin must be present
due to stability consuming influences on the fuel blend as pressurization in the injection system,
heated storage or purification.

The p-value must never be below 1.20. If so, a borderline stable region is entered in which instability
may occur at any time without prior notice! Instability leads to an inhomogeneous fuel mixture. Such
mixtures are considered as non-ISO 8217 compliant fuels (see 5.1 “The fuel as supplied shall be
homogenous...”).
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If any switchover from HFO to distillate fuel or vice versa is intended, the residual fuel as supplied must
have a p-value of min. 2.50 to allow the co-mixing of 100% distillate fuel and keeping the minimum
required p-value of 1.50 at the end of the switchover process. Only such high p-value makes a
switchover possible without inhomogeneity due to asphaltene precipitation. A p-value below 2.50 will
lead to asphaltene precipitation when mixing with distillate fuels in a complete switchover!

The core of the compatibility issues are changes in the fuel composition. Residual fuels nowadays are
typically blended from different refinery residue fractions. Such blends do not show the same stability
reserve as so-called “straight-run” residual fuels that have dominated the residual fuel market in the
past.

Mixing of two (or more) different Residual Fuels

Each fuel batch is to be considered as individual blend of countless different hydrocarbons. The
stability reserve of such blends is therefore individual.

The mixing of two different residual fuels which show sufficient stability reserve (p-value >1.50) may
still lead to an inhomogeneous and therefore instable fuel blend. It is not a matter of the grade of the
fuels: two RMG380 (or any other grades) may still lead to an inhomogeneous mixture, as the mixing
among different fuel grades is not specified by I1SO 8217. The blending may be calculated using the
ASTM D7060 results and known blending rules. However, this is only a guidance as the known blending
rules do not address towards all fuels, fuel blends and blending components present in the market.

5.5 Familiar fuel on board

The sulfur cap can be understood as a challenge for ship operators and operational problems cannot
be excluded. Therefore, it is highly recommended to have a familiar fuel oil on board as backup
solution. If operational problems occur with an unfamiliar fuel, the crew can change to the familiar fuel
oil.
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6 Fuel oil treatment and supply

The fuel oil treatment and supply system has to be designed according to best practice? and
corresponding MAN-ES requirements3. In context of more diversified fuel oil landscape, below topics
are of special importance.

6.1 Operation of separators

Optimal separator operation is essential for adequate fuel oil cleaning (see Figure ). Too low fuel
temperatures or too high flows through the separators will inevitably result in insufficient removal of
water, cat fines, sludge and other contaminants. The recommendations for actual operation from the
separator manufacturers must be followed.

Separator Operation

= Low temperature
= High flow

Mass concentration Mass concentration

/ \ - [\ —

; ~— /A .

0 2 ) 6 8 10 0 2 4 6 8 1b

Particle diameter, pm Particle diameter, pm

Figure 3: Optimized separator Operation

6.1.1 Separator temperature

The separator temperature should always be kept as high as possible (normally 98° C). The higher the
temperature, the better the cleaning. For very low viscosity ULSFOs and VLSFOs the temperature might
need to be lowered to avoid overheating and to keep the viscosity in the service tank above 2 cSt. In
doubt, contact the separator manufacturer and fuel supplier.

6.1.2 Separator flow

A reduction of flow through the separator causes a longer residence time of fuel in the separator. As a
result, the cleaning efficiency improves remarkably. A fuel separator should be designed to deliver
sufficient fuel oil for 100% engine load plus different margins. Because the engine is rarely running at
100% load, there is a large potential for increasing the separation efficiency by applying a reduced
flow.

Furthermore, we recommend operating two separators in parallel to reduce the flow and increase the
fuel cleaning efficiency especially against high cat fines level (>25 mg Al+ Si). If flow reduction is not
possible, we recommend operating the separators in series.

6.1.3 Fuel density

In older separator generations, a gravity disc controls the water-oil-interface for optimal fuel cleaning.
If the density of a fuel density changes, the separator needs to be adapted with a gravity disc with
another dimension.

Today’s separators usually automatically adjust themselves to a deviated fuel density. MAN-ES
recommends using separators, which can automatically adjust to change fuel densities.
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6.1.4 Fuel additives

An abundant selection of second market fuel additives for residual fuels is present and offered in the
field. MAN-ES engines may be run without applying such fuel additives. Engines still covered by
warranty must not be run using second market fuel additives, brought in by the operator. Be aware,

|”

that countless fuel blends are present and a “one fits all” solution from additive side is not possible.
Some additives may work in combination with a specific bunker whereas the same additive fails to
improve the properties of another bunker. Distillate fuels contain typically additives that are blended
in by the fuel producer or refiner. The additives typically address combustion, lubricity and cold flow
properties. These additives or fuel mixtures have typically proven track record from the on road fuel
market and are not questionable. Such mixtures are not excluded from the use in engines covered by

warranty.

6.2 Change over procedure

It is highly recommended to have a proven procedure for changeovers in the fuel oil supply system
based on the latest version of Working Card “D010.000.024-0003". This chapter highlights important
aspects of change over procedures in the 0.50% sulfur cap fuel oil landscape for 4-stroke engines.

6.2.1 Viscosity control during change over

A changeover process normally starts by switching a 3-way valve, which is connected to a fuel oil
module, distillate and heavy fuel oil tanks. By switching this 3-way valve, another fuel oil type
subsequently enters the fuel oil supply system. During this process, a blend with changing properties
is present. The challenge is to keep the viscosity in the required range (large bore engines: 2-14 cSt;
Holeby engines: 2-18 cSt) and to avoid excessive temperature changes by smart operation of fuel oil
heater and cooler. This can be managed by two different control concepts (see Table 2).

Table 2: Control principles of change over procedures

Concept Viscosity-controlled Temperature-controlled

Description e Operation of heater and cooler e Fuel specific temperature set point
by controlling viscosity set adjusted to certain fuel (e.g. DMA:
point (e. g.: HFO 12 cSt, 40° C, RMB30: 80° C, RMG380:
distillate: 4 cSt.) 140° C)

e Operation of heater and cooler
according to fuel oil temperature
gradient until fuel specific
temperature set point is reached

Advantage e Reliable control of viscosity e Reliable control of temperature
e Automatic adaption to fuel oils gradient.
with different viscosities
Disadvantage e High engine load might lead to Temperature set point must be
excessive temperature gradient adapted to each fuel oil (depending
on viscosity)

e No automatic adjustment towards
unexpected events like engine load
increase or standstill

For MAN-ES 4-stroke engines the viscosity controlled change over is preferred, because keeping the
fuel oil within the required viscosity range is essential. Nevertheless, the temperature-controlled
concept can be applied, if a secondary control is able to detect unexpected viscosity values and to react
accordingly.
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For changeovers, ULSFOs and VLSFOs are generally to be treated similar to known HFOs. However, the
temperature levels may deviate from values used today. The parameters of the fuel system (e.g. the
target value for viscosity control, de- and activation point for the coolers and trace heating etc.) might
need adjustment to the respective fuel.

6.2.2 Set points of very low viscosity residual marine fuel oils

Some ULSFOs and VLSFOs can have viscosities almost similar to distillate fuel oils. Nevertheless,
ISO8217 characterizes them as RM grades, not due to their viscosity, but because of for example high
pour points or high cat fines levels. In this case, the viscosity respectively the temperature at engine
inlet must be adjusted. Table 3 demonstrates exemplarily how to choose a set point of a very low

viscosity residual marine fuel oil in consideration of a high pour point and low viscosity.
Table 3: Exemplary set points of very low viscosity marine fuel oils

Fuel properties Value Correct set point
Fuel oil pour T=30°C e Minimum set point 10° C above pour point in tanks and
point engine inlet: 40° C

e Recommended value to avoid any waxy formations
formation: 50° C

Kinematic 6 cSt e Minimum viscosity at engine inlet: 2 ¢St
viscosity @50° C e Maximum viscosity at engine inlet: 7 ¢St (due to pour point)
e Recommended viscosity: 6 cSt (equals temperature of ca.
50° C)

Nevertheless, locally low temperatures might occur within the fuel oil and leakage system depending
on engine room conditions like low ambient temperature, long piping or insufficient insulation. In this
case, a slightly higher fuel oil temperature set point at engine inlet or measures like insulation, local
trace heating is required to avoid waxy formations of the fuel oil.

6.2.3 LT cooling water controlled fuel oil cooler

During changeover processes from HFO to distillates, there is still some amount of HFO in the blend at
the time of switching on the fuel oil cooler. Those HFO parts and their asphaltenes might drop out in
the fuel oil cooler. Background is that a sharp temperature decrease lowers the blend’s capability to
keep asphaltenes in solution. This can result in clogging of the fuel oil cooler and subsequent filters.
This effect can be strongly reduced by successively increasing the cooling water flow to achieve a
smooth temperature decrease of the fuel oil. As shown in Figure 4, an additional thermostat valve on
the cooling water side is needed for this modification.

From engine From engine
Fuel oil cooler Fuel oil cooler
E— =) fXIk
LT
To mixing tank control To mixing tank

Figure 4: LT cooling water controlled fuel oil cooler

6.2.4 Leakage management
Clean leakage from the injection system is often collected in one single tank for reuse. This leakage can
be led back to the HFO settling tank. Alternatively, it can be led back to the distillate storage tank if
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any contamination with HFO can be excluded. This concept, as shown on the left side of Figure , has
the disadvantage that different fuel types are mixed in the leakage tank. Moreover, distillate which is
led to the HFO settling tank, may cause incompatibility problems or distillate leakage which still
contains sulfurous HFO parts might cause non-compliance in regard of the sulfur limit.

Therefore, especially if the route of a vessel requires numerous changeover procedures and the HFO
might be incompatible to even small amounts of distillate, it is recommended to install a second
leakage tank. By this, HFO and distillate leakage can be separated effectively.

=

To HFO settling tank

To MDO storage tank

To MDO storage tank To HFO settling tank

Figure 5: Leakage management
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7 Operation

7.1 Combustion in Diesel Engines

As described above, the ECN (according to IP 541) of a fuel is an indicator for good or bad combustion.
Figure 5 shows the recommended operational reference ranges for the ECN parameter. Especially
critical are fuels with an ECN less than 20. This has been confirmed by MAN-ES using different model
fuels on test engines.

Four-stroke
Engine Load

<30 %
30 - 60 %
> 60 %

ECN 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 7: ECN operational reference ranges [CIMAC Fuel quality guide 2011]

To guarantee a sufficient charge air temperature as prerequisite for stable combustion, during
engine start and low load operation, the engine respectively its media needs to be warmed up. It might
be advisable to increase the temperature set point of the preheater of HT cooling water.

7.2 Combustion in Dual Fuel Engines

Depending on engine operation, in example gas operation or diesel operation with or without pilot

injection, requirements on fuel and engine adjustments are recommended to avoid unstable

combustion. The following general limits are based on detailed investigations on engine combustion.

Please refer to your manual to find out the specific limits of your MAN-ES DF product. In case you

would like to operate your engine with a fuel type that is not specified or recommended, please contact

primeserv-aug.technical@man-es.com for further assistance.

- Gas operation:

O

In case pilot fuels with a CI>45 are used, no restrictions are given for MAN Dual Fuel
engines.

Pilot fuels with a Cl between 40 and 45 are not recommended but might be used.
Depending on the engine type, an adaption of the engine parameters like charge air
temperature, pilot injection or restriction of the gas operation range to higher load
might be necessary.

Pilot Fuels with a Cl below 40 can typically not be used in MAN Dual Fuel engines.

- Diesel operation with pilot injection:

(0]

August 2019

This is the normal Diesel operation mode for MAN-ES Dual Fuel engines, that are
equipped with a pilot injection system (e.g. 35/44DF, 51/60DF)

In case pilot fuels with a CI>40 (DMA-quality) are used and the ECN of the main fuel is
above 20 no restrictions are given for MAN Dual Fuel engines.

In case the ECN of the main fuel is below 20 and a pilot fuel with a CI>40 (DMA-quality)
is used, the main fuel might be used, possibly requiring an adaption of the engine
parameters like charge air temperature or pilot injection.

Pilot Fuels with a Cl below 40 can typically not be used in diesel mode operation.
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- Diesel operation without pilot injection:

o This is the normal Diesel operation mode for MAN-ES Dual Fuel engines that are not
equipped with a pilot injection system (e.g. 23/30DF, 28/32DF).

o For MAN-ES Dual Fuel engines with pilot injection system (e.g. 35/44DF, 51/60DF) it is
allowed only in case of an emergency to operate the engine without pilot injection.

o In this case ECN above 40 of the main fuel is required. This is, example given, always
fulfilled with Fuel of DMA quality.

o Only in case of emergency it is allowed to operate the engine without pilot injection.
In this case an ECN above 40 (DMA-quality) of the main fuel is mandatory.

o Main fuels with an ECN below 40 are not recommended but might be used, possibly
requiring an adaption of the engine parameters, example given charge air temperature.

7.3 Further considerations

7.3.1 Valve seat lubrication

Residual fuels containing only max. 0.50% sulfur may contain a very low amount of ash building
elements like Vanadium or Nickel. Lower ash content may lead to increased wear especially on valve
seats due to the missing tribolayer formed by such ashes. To compensate for this a valve seat
lubrication may be required.

7.3.2 Nozzle cooling water

Depending on the properties of the fuel, nozzle-cooling water may be required. Nozzle cooling
prevents coke formation on the injection nozzles and nozzle holes. Coked nozzles and nozzle holes lead
to minor atomization of the fuel. This subsequently leads to combustion issues such as rough
combustion, sluggish load uptake, increased fuel contamination in the lubrication due to partially
burned fuel components or increased wear due to liner lacquering (more issues may be connected
with this issue. If the fuel complies with the distillate grades of the recent ISO 8217 the nozzle cooling
is not needed. Residual fuel grades with a coke residue (according to ISO 10370) lower than 2.0% (m/m)
and the ash content is below 0.03 % (m/m) may not require nozzle cooling. If in doubt, nozzle cooling
shall be applied. Producing nozzle coke as possible adverse effects of not required nozzle cooling are
far less critical.

7.3.3 Sealing oil in fuel pumps (if applicable)

Sealing oil must be applied when running on distillate fuel (DM and DF-grades excluding DMX) of the
recent ISO 8217 preventing excessive pump leakages leading to fuel oil intrusion into the lubricant. If
running on residual fuel (RM-grades of the recent ISO 8217) sealing oil must not be applied if the
determined kinematic viscosity at 50°C is above 10 mm?/s, the coke residue (according to I1SO 10370)
is higher than 2.0% (m/m) and the ash content is below 0.03 % (m/m). Otherwise, buildup of lacquer
in the injection pump (i.e. coke or lacquer) and higher wear rates will result.

Sealing oil is not necessary if less than 72h operation on distillate fuels or low vicious residual marine
fuels as indicated above are intended.

7.3.4 Leakage fuel lines

Depending on the cold flow properties of the fuel applied and the installation, a heating of the leakage
fuel lines may be required to prevent them from clogging. Clogged leakage fuel lines may lead to severe
damages to the fuel injection equipment.
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7.3.5 Lube oil selection

As mentioned in PCl 398, the lube oil selection goes together with the fuel oil used. It is of absolute
importance that the chosen base number (BN) is suitable for your operation pattern.

If a scrubber is your choice for post 2020 compliance, it is very likely that no change in your current
lube oil choice is necessary.

If the option is running on low sulfur distillates (DM & DF-grades excluding DMX of the current ISO
8217) a lowering of the BN to 20 is advised if your choice is to operate more than 1000 h on such fuel.
If you choose to switch completely to low sulfur distillate fuel (DM & DF-grades excluding DMX of the
current ISO 8217), an exchange of your lube oil to a distillate only lubricant is advised.

If your choice is to run on 0.50 % S fuel oils (non-distillate fuel; RM grades of the current ISO 8217), a
lubricant suitable for HFO has to be chosen. According to the lube oil selection chart, a BN of 20 is
required. However, higher BN may be necessary if for example crankcase cleanliness is not sufficient
or the base number depletion is too high.
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Table 4: approximated BN

Approx. BN

of fresh oil Engine Type Operating conditions

(mgKOH/g

oil)

6 35/44DF, 51/60 DF Natural Gas (LNG) only with pilot fuel injection

12-15 16/24,21/31, 23/30, Distillate fuel (DM or DF-grades of the recent ISO 8217
27/38, 28/32, 32/40, excluding DMX) only.
32/44CR, 35/44DF, . o . .
48/60, 48/60CR, Alternating Distillate fuel/LNG operation (DF Engines)
51/60, 51/60DF

20 16/24,21/31, 23/30, Marine diesel oil (DMB, DFB of the recent ISO 8217) of a
27/38, 28/32, 32/40, low quality and/or high sulfur content (>1.50%)
32/44CR, 35/44DF, _ _

48/60, 48/60CR, Residual fuel (RM-grades of the I1SO 8217) with a sulfur
51/60, 51/60DF content of max. 0.50%.
Alternating HFO/LNG operation when running on LNG
(DF Engines).

30 16/24,21/31, 23/30, Generally 23/30H and 28/32H. 23/30A, 28/32A and
27/38, 28/32, 32/40, 28/32S under normal operating conditions.
32/44CR, 35/44DF, .

48/60, 48/60CR, For engines 16/24, %1/31, 27/38, 32/40, 32/44CR, 48/60

51/60, 51/60DF and 51/60DF for residual fuel (RM-grades of the recent
ISO 8217; sulfur content 20.50 and < 1.50%) only
operation.

40 16/24, 21/31, 23/30, Under unfavourable operating conditions 23/30A, 28/32A
27/38, 28/32, 32/40, and 28/32S, and where the corresponding requirements
32/44CR, 35/44DF, for the oil service life and washing ability exist.

48/60, 48/60CR, , ,

51/60, 51/60DF All other engines: residual fuel (RM-grades of the recent
ISO 8217; sulfur content 21.50 and < 3.50%) only
operation. Alternating HFO/LNG operation (DF engines)
when running on residual fuel.

50 16/24, 21/31, 23/30, If the oil service life or engine cleanliness is insufficient

27/38, 28/32, 32/40,
32/44CR, 35/44DF,
48/60, 48/60CR,
51/60, 51/60DF

with a BN number of 40 (sulfur content 23.50%,
extremely low lubricating oil consumption).

The currently approved lubricants for any possible operation may be found here:

https://corporate.man-es.com/lubrication
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8 Aftertreatment

8.1 Influence of fuel on aftertreatment for NOx reduction (SCR System)

Burning certain types of fuels may lead to deposits on the SCR surface, leading to increasing
backpressure. The backpressure over the SCR system is monitored via differential pressure sensors
which are directly linked to the MAN-ES SCR and engine control system SaCoSqn.. Thermal regeneration
via the exhaust wastegate is triggered once a threshold value has been exceeded.

Profound field experience also from SCR application (>100.000 operating hours) has shown that
organic components in the exhaust gas have caused deposits on the SCR. The deposits can be
decomposed at elevated temperatures. Laboratory tests of aged catalyst elements have been screened
in a high temperature oven measuring the decomposition rates at increasing temperatures.
Decomposition starts at temperatures close to 350°C and decomposition rates increase significantly at
temperatures up to 400°C.

Making use of these effects, the MAN-ES SCR system is periodically regenerated at elevated
temperatures. In case of increased backpressure or deterioration of the NOy reduction performance,
the thermal regeneration is triggered until stable operation is restored. Thermal regeneration is one
of the most important functionalities to assure stable and reliable NOx reduction performance as
shown in figure 6.

New fuels e.g. the new low sulfur blends as well as the new fuels introduced with the global sulfur cap
in 2020 may have distinct effects on the combustion process such as increased ignition delays and slow,
incomplete burning that may lead to increased risks of deposition formation on the catalyst. Silicates
are well known catalyst poisons (see table 4) and once the SCR has been exposed to excessive silicate
concentration, NOy reduction rates will drop significantly. This deterioration cannot be regenerated.
Sources for silicates are often filter components used in the media supply systems. Thorough layout of
the SCR system components, especially the media supply system has to be taken into account.

Before regeneration After regeneration

Figure 8. SCR catalyst samples before and after thermal regeneration
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Table 5: List of catalyst poisons

Element Effect

Aluminium Al lightly poisoning
Antimany Sb lightly poisoning
Arsenic As strongly poisoning
Boron B lightly poisoning
Bromine Br lightly poisoning
Cadmium Cd lightly poisoning
Calcium Ca lightly poisoning
Chlorine Cl poisoning
Chromium  Cr lightly poisoning
Cobalt Co lightly poisoning
Copper Cu lightly poisoning
lodine J poisoning

Iron Fe poisoning

Fluaring F poisoning

Lead Pb poisoning

Lithium Li lightly poisoning
Magnesium Mg lightly poisoning
Manganese Mn lightly poisoning
Mercury Hg strongly poisoning
Maolybdenum Mo lightly poisoning
MNickel Mi poisoning
Phosphorous P strongly poisoning
Potassium K strongly poisoning
Selenium Se lightly poisoning
Silicon organic strongly poisoning
Silicon inorganic lightly poisoning
Sodium MNa strongly poisoning
Sulfur S promaoting effect
Tin Sn lightly poisoning
Vanadium W promaoting effect
Zinc Zn poisoning
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9 Conclusion / Summary

9.1 Recommended products
MAN Energy Solutions does not recommend specific fuel suppliers for the medium speed four stroke
engines product line. As indicated above, the fuel must comply with ISO 8217 in its recent edition
either for distillate or residual fuels.

9.2 Approval testing for fuels

MAN Energy Solutions has a procedure for the evaluation and testing of non-1SO8217 and non-MAN
ES specified compliant fuels. Fuel producers/suppliers may contact MAN-ES to obtain an approval for
such fuels. An operator cannot obtain an approval for a specific fuel, as he has no control over the fuel
composition, which is approved.

Other than that, ISO 8217 compliant fuels may also obtain a specific approval by MAN Energy Solutions
after the fuel has successfully completed the approval procedure.

9.3 Laboratory Analysis

The MAN Energy Solutions PrimeServLab may analyze fuels for compliance with the requirements of
ISO 8217:2017. Furthermore, testing for the fuel stability using the ASTM D7060 method is already
available. The determination of the ignition delay of residual fuels according to the IP541 method is in
preparation and will be available soon. The PrimeServLab is always reviewing and constantly expanding
the analytical capabilities if required.

[1] CIMAC Guideline, Filter treatment of residual fuel oils, 2015-11 (1stedition)

[2] CIMAC Recommendation No. 25
Recommendations concerning the design of heavy fuel treatment plants for diesel engines CIMAC
Technical papers & Recommendations
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