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Abstract 

This paper tries to show the methodology used to estaЬ\ish the NOx 
emissioпs froш the ships. lп addition, the opeгation conditions of tJ1e ships iп 
sailiпg periods, during шапоеuvгеs апd in рогt calls nшst Ье estaЬ\ished. 

The metlюdoJogy we liave considered in the paper is based in estimating the 
NOx emissions Ьу means of tlie specific consшnption applying tl1e пашеd 
emissioп factors per fне1 mass нпit consuшption. Т\1е tuel coпsumptioп depends 
оп the ship's operations, the machinery used iп them and a\so the Ioad of t\1at 
maciliпeгy. 

То get tile expected results we пееd to detiлe Ьу шеапs of models the роwег 
ot' ргорнlsiоп and e1ectric generation machiпery per silip type. Afterwaгds, it is 
necessaгy to kпow the curves of poweг/specific consшnption in mediшn and 
slow speed engines fог the load ranges requiгed iп the орегаtiоп conditions to Ье 
analysed. 

Tile emission factors iл medium апd slow speed engiпes for diffeгent 

орегабоn Ioads ot' macilinery aJso must Ье fouлd. 
With а\1 the шeпtioned data, the NOx emissions сап Ье calcнlated per silip 

type. After calcuiations per silip type and knowing tгaftic or opeгations of ships 
in t\1e cases to Ье consideгed , the totaI emissions in eacil case сап Ье evaluated. 

The possiЫe cases to Ье analysed could Ье areas especially sensitive 
because of tlie tгatfic coпcentratioп; areas considered as сопtго\ areas Ьу the 
Annex VI of MARPOL and ports. 

1 Objective 

The purpose of tile present рарег is to define the methodology to deterшine 
t\1e NOx eшissions from ships dшing theiг calls in рогt. 

lt also aims to estaЬ\is\1 the opeгation conditions dшing tile navigation in 
poti, manoeuvres and berth operatioпs. 
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2 NO\ generation process in heat engines

The nitrogen oxides, usually represented by NOX, are one of the pollutants
generated in the combustion process whose emission is more severely limited
every day by legislation.

In the maritime industry the NOXemissions from the ships are limited by the
MARPOL Annex VI.

NOX is a set of different nitrogen oxides: NO, NO2, N2O, NO3, N2O3. The

quantity of oxides generated decreases from the left to the right of the list; NO
represents the biggest concentration and only NO, NO2 and N2O are considered
as relevant constituents ofNOX.

There are three generation processes ofNOX: Thermic NO, NO of the fuel
oil, and prompt NO.

The thermic NO is formed from a reaction of oxygen and nitrogen in the air.
This reaction needs a big quantity of activation energy, then the generation of
NOXincreases exponentially when the temperature increases. To reduce the
generation of thermic NO, the temperatures must be reduced during the
combustion process and when it is possible the concentration of oxygen must
also be reduced in part of the combustion process.

The NO of the fuel oil is formed froma reaction of the oxygen of the air and
the nitrogen of the fuel oil. This can be generated at lower temperature values
than the NO thermic. It is important when the fuel oil has a high content of
nitrogen.

The prompt NO is a process of NO generation related with radicals such as
CH and C2. It is still not well known, but it implies a quicker NO generation
than the other processes. It is not very important in the case of diffusion flames
of high turbulence as in the diesel engines.

Of them, the NO thermic is the most important because of its contribution to
the NOXgeneration.

The reactions of generation are as follows:

R E A C T IO N S P E E D C O N S T A N T

O + N 2 -+ N O + N K x = l,8 2 -1 0 8 e x p (- 3 8 3 7 0 / r )

N + N O - > N ¥ + O K _{ = 3 ,9 3 -1 0 7 e x p (- 4 5 0 / 7 )

N + O , -+ N O + O K 2 = 3 ,8 0 �"1 0 4 �"7 -<9085 e x p (- 4 8 3 7 / r )

O + N O - > (X + N K _2 = 3 ,8 0 - 1 0 * �"7 7e x p (- 2 0 8 2 0 / 7 1)

N + O H - + N O + H K 3 = 5 ,0 3 4 �"1 0 6 �"r O'297 e x p (- 5 0/ T )

H + N O - * O H + N K _3 = 1,7 0 �"1 0 8 e x p (- 2 4 5 6 0 / 7 )
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All of them can be grouped in a global reaction:

N2 +O2 <r*2N0

Since the NOx generation mainly depends on the temperature, the
immediate way to reduce it is through the reduction of the temperature during
the combustion process. This implies the reduction of the effectiveness of the
thermodynamic cycle and the increase of fuel oil consumption. This has been
the origin of the "diesel dilemma:" if the NOX generation is reduced, the fuel oil
consumption is increased, and if the fuel oil consumption is to be reduced the
NOXgeneration suffers an important increase.

The methods to reduce the temperature during the combustion process in
diesel engines include: delay of the combustion, add water in the combustion
chamber which is going to be evaporated absorbing heat, re-circulate part of the
exhaust gases by introducing them in the combustion chamber.

Reducing the air during part of the combustion process cannot be done in
diesel engines because the fuel oil is diffused in the cylinder full of air, but it can
be done in boiler burners in which the air is reduced in high temperature
combustion areas, and it is added in lower temperature areas to complete the
combustion process.

An alternative to avoid the NOx generation is to eliminate them after their
generation. This can be done in marine diesel engines by means of the technique
SCR (selective catalytic reaction) which consists of injecting nitrogen or urea in
the exhaust gases inside a catalyser where the next reactions take place:

4NO+4NH3 +O2 -»4N2 +6H2O

6NO2 +8M3 -> 1N2 +\2H2O

Thus, the NOXgeneration significantly depends on the fuel oil consumption,
and this consumption depends on the ship's operations, the machinery used, its
operation regime, and the power installed on board.

3 Conditions affecting the fuel consumption in the different
operative stages of the ship: Manoeuvring, berthed
(hoteling and loading/unloading) and anchored

Operations of ships related with the fuel oil consumption:
à" Propulsion for navigation and for manoeuvres in port.
à" Electric supply for navigation and for the systems and equipment for

manoeuvres in port, loading/unloading operations, conditions in the ship.
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3.1 All ship types propulsion conditions during manoeuvres

Estimate of the propulsion power while sailing in port: To find it, we will
consider the generally accepted mathematics model called the Admiralty
Formula:

p=
A2/3 -v3

P= PowerinIHP
A = Displacementofthe ship in Long Tons(1 LongTon= 1,0161)
V= Speed of the ship in knots
C4 = Admiralty coefficient. Values between 264 - 336

As an example, it shows a containership whose displacement is 33640 t and
the main engine power is 32315 IHP. The above mentioned Formula results in
the graphic for the percentile of available power used as a function of the ship's
speed. The graphic Ca corresponds to an Admiralty coefficient value 264 and Cb
corresponds to 336.

Power as a ship speed function
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Taking into account that the ship's speed in port is limited to 4 knots
approx., we consider that speed to calculate the necessary power for propulsion
during maneouvres:

3 36402/3 -43
P=^-^ -=207IHP

300

It can be seen that the relationship of calculated power by using the Formula
and the indicated power of the ship (32315 IHP) is 6,4.10"3, so 0,6%. To include
the transient period to get the 4 knots speed from the stopped state, the power
relationship is increased to 2%.

In addition, the applicability of that Formula at low speed and the exact
value of the Admiralty coefficient has to be considered; for this reason to
include these possible deviations, the relationship of power of the ship at
manoeuvring load (4 knots) can be increased till 10%, for this case 323 1,5 IHP.

Even though it has to be said that to get accurate results and because of the
great influence of them in the NOXemissions, a researchjob would be made.

With reference to the required time for manoeuvring from the entrance buoy
to the berth, considering 4 knots speed and 2,5 h calculated as total time of the
in/out manoeuvre in a model port as Barcelona, so that the time spent in this
stage will be around 20% of the total time.

From the calculated power and knowing the specific F.O. consumption of
the propulsion machinery (see diagram 1), the approximate F.O. consumption
during the navigation in port can be found.

Diagram 1: Part load SFOC curve
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Once the F.O. consumption has been obtained for the considered period and
the corresponding emission factors have been applied (see table 1), the NOX
quantity produced in port navigation is obtained.

Observing the graphic of the SFOC, it is inferred that at low loads its value
is very high: this must be held in account to calculate the emissions.

Table 1: NO, Emission Factors
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Source: Lloyd's Register of Shipping
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The propulsion machinery emissions during the berthing operations will be
negligible. To be considered, they could be calculated by increasing the
navigation time in port at the corresponding load.

Finally, it is considered that the propulsion machinery is not running during
the time the ship is berthed.

3.2 Auxiliary plant conditions during manoeuvres

Estimate of the auxiliary plant power while sailing in port and berthing
operations: In general, for safety reasons during the ship's manoeuvres in port,
two generators are running.

The power developed by the main generators will be considered that
corresponding to navigation at sea (see diagram 2) increased between 20 and
30% due to the running of the necessary machinery required in the manoeuvres
(steering gear, auxiliary blowers, bow thruster, deck machinery,...)

D ia g r a m 2 : E le c tr ic p o w e r s u p p ly a n d d e m a n d
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Source: A. Fukugaki

Estimate of the auxiliary plant power while the ship is berthed: The
auxiliary plant includes the electric power generators and the auxiliary boilers.

To establish the power, two different conditions have to be distinguished:
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a) When the cargo operations require the auxiliary machinery to be
manned or maintained in condition.

b) Hoteling condition.

Depending on the ship type one of the defined conditions will be analysed (see
table2).

Table2
Average power in port operations

S T E A M  T U R B I N E S  P R O P U L S I O N  S H I P S
( %  o f  th e  p la n t  p o w e r )

T y p e  o f  s h ip %  o f  t h e  to t a l  p o w e r %  o f  th e  t o ta l  p o w e r  in
u n lo a d in g H o t e l  c o n d itio n

G e n e r a l  C a rg o 1 5 1 0

B u lk  C a rrie rs 1 0 1 0

O il  T a n k e r s  o f  le s s

th a n  1 2 5 0 0 0  D W T

3 0 1 5

E N G IN E  P R O P U L S IO N  S H I P S

(%  o f  t h e  p o w e r  o f  t h e  g e n e r a t o r s  /  b o ile r s

L o a d in g / U  n lo a d in g H o t e l

T ip o  d e  b u q u e D ie s e l
G e n e r a t o r s

B o ile r s D ie s e l
G e n e r a t o r

s

B o ile r s

G e n e ra l  C a rg o 6 5 5 0 3 0 5 0

B u lk  C a rr ie rs 3 0 5 0 3 0 5 0

O il  T a n k e r s  o f
le s s  th a n  1 2 5 0 0 0

D W T

6 5 8 5 3 0 8 5

Source: Allen G. Hansen et al.

In most of the engine propulsion merchant ships consuming F.O., a boiler is
installed to heat that F.O. and for other auxiliary services. This boiler is usually
running in port.

The LNG ships are mainly powered by steam turbines which take advantage
of the cargo boil-off to be consumed in the boilers.

There are some cruise ships powered by steam plants.
Table 2 contains the supplied power with reference to the installed power in

two conditions. One of them is during the loading and unloading operations by
using the ship's means and the other one while the ship is in hotel condition,
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which corresponds to the electric power supplied only for the accommodation
services, galley and safety elements.

In the steam propulsion table, it can be observed that depending on the
ship's type (for example oil tankers of less than 125000 DWT) as compared to
an LNG, when they are unloading the power is 30% of the total power of the
plant.

In the engine propulsion table it can be observed that depending on the
ship's type (for example bulk carriers) during the loading/unloading operations,
there is an energy consumption of 30% of the diesel generators' power and of
50% ofboiler's power.

Because of the special operative conditions of cruise ships and reefers, the
complexity of the propulsion and auxiliary machinery configuration and the high
electric power required to maintain the ship in normal conditions (operation and
accommodation) the ratios of auxiliary plant referred to the propulsion plant are
higher than in other types of ships, so that they require particular research to get
emission values in port.

4 Conclusion

à" The NOXmarine pollution is produced by the propulsion machinery and
auxiliary machinery required for the electric power supply.

à" The emissions can be quantified from the F.O. consumption by using
the emission factors.

à" The F.O. consumption for propulsion in port is calculated by means of
the required power, obtained from the Admiralty Formula. It can be
estimated as 1 0% of the installed power.

à" The auxiliary machinery power depends on the developed operation
and the ship's type. For conventional ships it can be estimated
according to the data indicated in the table 2. For cruise ships and
reefers it is necessaiy to research specifically both types of ships.

To determine the used power in the manoeuvring period of time, the
research must be very accurate because of the disagreement found in different
studies and its importance in the final results.

Weconclude by indicating that during the navigation in port, the rating of
the propulsion machinery is the same in all ship's types.
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