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ABSTRACT

ARTICLE INFO

Existing and future IMO restrictions on emission of harmful substances contained in exhaust gas
have introduced an obligation to implement technical solutions to reduce NO,, SO, and CO, emissions.
Reduction in NO, and SO, emissions has been achieved by systems (i.e. SCR and EGR) ensuring Tier
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I1I-compliant exhaust gas composition. SCR and EGR systems have also affected the amount of exhaust

gas waste heat. Therefore reduction in CO, emissions has mostly been dependent on available amount
of exhaust gas waste heat to produce electricity using waste heat recovery generator unit instead of
medium-speed diesel generating set. Comparative analysis of amounts of exhaust gas waste heat in
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LNG and MGO modes under ISO ambient conditions has been carried out with particular emphasis LNG

on the impact of different variants of SCR and EGR systems. Formulae to estimate the amounts of
exhaust gas waste heat have been determined using least squares method.
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EEDI
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EGR

1 Introduction

Chapter 4 of the MARPOL Annex VI, put into effect in
July 2011, obliged shipowners to use technical solutions
to reduce carbon dioxide (CO,) emission. The regulations
in force since January 2013 have imposed an obligation
to introduce the Ship Energy Efficiency Management Plan
(SEEMP). All vessels over 400 GT built as from January
2013 are subject to the Energy Efficiency Design Index
(EEDI). The standard puts a cap on the amount of CO, al-
lowed per unit of transport work. Until 2025, ships are
required to achieve a 30-percent reduction in their CO,
emissions compared with the average emissions of ships
built between 1999 and 2009. The EEDI value calculated
in accordance with the procedure shown in Fig. 1 must be
less than or equal to the value required for the type and
size of ship [1, 9]. In addition, according to the findings
of the 75" session of the Marine Environment Protection
Committee (MEPC), from 2023 all in-service ships are
planned to be subject to minimum energy efficiency stand-

ards, as defined by the EEDI-equivalent Energy Efficiency
Existing Ship Index (EEXI) [4].

The necessity for the reduction in CO, emissions from
ships means that seeking ways for deep waste heat recov-
ery to produce electrical energy has increased in impor-
tance, because, inter alia, the production of heating steam
in waste heat boilers does not make it possible to lower
the EEDI value (Fig. 1). Furthermore, the heating steam
requirement is significantly reduced in the case of the use
of low-sulphur fuels. However, CO, is not the only sub-
stance restricted by MARPOL Annex VI which regulates
the amount and parameters of waste heat [5]. The existing
IMO limits on nitrogen oxide NO, emissions, and fuel sul-
phur content, were shown in Fig. 2.

Continually decreasing and territorially expanding re-
strictions also apply to nitrogen oxides NO, and sulphur
oxides SO,. They are strictly defined in the current IMO
Tier II and Tier III standards. Tier II is global, while the
range of the more restrictive Tier III is currently limited to
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Fig. 2 MARPOL Annex VI limits of: a) NO, emission, b) fuel sulphur content [2]

the Baltic and North Sea, and the parts of North American
coastal waters below 60°N (Fig. 3). The sulphur con-
tent reduction to 0.1% met by Marine Gas Oil (MGO) has
also applied in the territorial seas of the European Union
Member States [3, 9].

Ships designed for global operation must be equipped
with their main engines fully compliant with the strictest
Tier III emission standards, which manufacturers are no
longer able to meet except by construction changes. The
greatest impact on harmful substance emission emanates
from the combustion temperature, an increase in which
results in the more-efficient combustion of the air-fuel
mixture in the combustion chamber. This is associated
with the lower emission of particulate matters (mostly
soot and hydrocarbons) but with a simultaneous and un-

acceptable increase in the discharge of NO,. The necessity
to overcome this dilemma has led to the development of
selective catalytic reduction (SCR) and exhaust gas recir-
culation (EGR) systems [2, 15]. Tangible benefits are also
accrued by the use of liquified natural gas (LNG) as a ma-
rine fuel, which, in comparison with distillate and residual
marine fuels, makes it possible to reduce the emission of
SO, and particulate matters up to 99%, of NO, up to 85%,
and of CO, up to 20% [8].

The aim of this paper is to carry out heat balance of
selected dual-fuel low-speed marine main engine, a com-
parative analysis of amount of exhaust gas waste heat
with particular emphasis on the impact of the available
Tier Ill-compliant systems, and the determination of
formulae allowing the estimating of amount of exhaust
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Fig. 3 Sulphur emission control areas [3]

gas waste heat under ISO ambient conditions for the full
range of load. The least-squares method was used for
the calculations based on the performance parameters
obtained from computer-aided main engine selection
software (MAN CEAS Engine Calculations and WinGD
General Technical Data).

2 Heat balance of dual-fuel low-speed main
engine

Heat balance results from the heat energy supplied to
the main engine into the useful heat energy equivalent
to the brake power and the sum of heat losses. The per-
centage of all components in relation to the supplied heat
energy is fixed to make the heat balance more comprehen-
sive [20].

Heat balance is always maintained at a constant load
for maximum continuous rating (MCR) parameters af-
ter the main engine has reached thermal equilibrium.
The results are presented analytically, and in the form of
a Sankey diagram. The heat balance results allow the de-
termining of the impact of various factors on the main en-
gine’s operation, on the ways of increasing its efficiency,
and on selecting auxiliary systems with the appropriate
characteristics [20].

Formula of the heat balance of internal combustion en-
gine [20]:

Or =00+ ) 0= 0o+ (Quo+ Qow + Qea + Qg+ 0;) (1)

where:
QT [kW] - supplied heat energy

Q'e = P, [kW] - useful heat energy equivalent to engine
brake power

ZQL [KW] - sum of the heat losses comprising to the
following:

Q'w [KW] - heat loss of the lubrication oil
ch [KW] - heat loss of the cooling water
Qw [KW] - heat loss of the scavenge air
ng [kW] - heat loss of the exhaust gas

Q. [kW] - heat loss of the radiation

and [20]:
_ PB _ PB : (LHVFO : SFOCFO + LHVLNG ) SGCLNG) (2)
" e 3,600
where:

n, - overall energy efficiency

LHV,, [k]/kgl - lower heating value of the marine fuel
oil

SFOC,, [g/kWh] - specific marine fuel oil consumption

LHV . [K]/kg] - lower heating value of the natural gas,

if necessary

SGC,, . [g/kWh] - specific natural gas consumption, if

necessary
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and [15]:
Qg =g Cy - (Tg - Ta) (3)

where:
rr'zg [kg/h] - mass flow of the exhaust gas
C, [k]/kg - K] - specific heat of the exhaust gas
T [K] - exhaust gas temperature

T [K] - ambient temperature

An illustrative heat balance was carried out for Tier III-
compliant MAN 12G95ME-C10.5-GI-LPSCR operating at
MCR load under ISO ambient conditions in LNG and MGO
mode. Basic technical data of this engine were shown in
Tab. 1.

Values shown in Sankey diagram (Fig. 4) were deter-
mined according to formulae (1 + 3) and data generated in
CEAS Engine Data Report.

The Sankey diagram (Fig. 4) shows that 52.38% of the
supplied energy was converted into brake power, the rest
being losses. Therefore, potentially large amounts of en-
ergy could be recovered, but this was severely hampered
by the relatively low temperature of the energy carriers.
Conventional waste heat recovery systems rely on waste
heat of exhaust gas, which has by far the highest tempera-
ture [5, 7]. According to the MAN Energy Systems, the ap-

/\

Tab. 1 Basic technical data of MAN12G95ME-C10.5-GI-LPSCR
operating at MCR load under ISO ambient conditions [13]

Parameter Value
MCR brake power 82,440 kW
MCR speed 80 rpm
Mean effective pressure 21 bar
Piston bore 95 cm
Piston stroke 346 cm
Fuel type LNG + pilot oil
Specific gas consumption 134.6 g/kWh
Specific pilot oil consumption 2.43 g/kWh
NO, emission compliance Tier II1
Tier IlI-compliant system Low-p;z;sl?z;;slff;igl g}:)a talytic

plication of a waste heat recovery system facilitates the
generation of electrical energy in the amount of 3 + 11%
of main engine brake power (Tab. 2), making it possible
to avoid the operation of the some diesel generating sets
[10]. However, the exhaust gas of main engines equipped
with SCR and EGR systems differ in both mass flow and
temperature, which implies differences in waste heat.
These are discussed in detail later in this paper.

@7 = 100.00%

157,457 [kW]

Q, - 52.38% -
Qcp = 2.78%
82,440 [kW] Teo=315K
= Qe = 5.53%
T, = 340K
9, =24.00%
T, =532K
Qeq = 14.83%
Toa=310K

Fig. 4 Sankey diagram of the MAN 12G95ME-C10.5-GI-LPSCR operating in LNG mode at MCR load under ISO ambient conditions,

own study on basis [13]

Tab. 2 Comparison of the waste heat recovery generator units [10]

Man engine brake power

Dedicated type of generator unit for
waste heat recovery

Possible electrical energy generation as
a percent of man engine brake power

> 25,000 [kKW]

Combined steam turbine and gas turbine

8.00 + 11.00%

15,000 + 25,000 [kW]

Steam turbine or gas turbine

4.00 + 8.00%

< 15,000 [kW]

Gas turbine

3.00 + 5.00%
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Tab. 3 Comparison of the availability of Tier IlI-compliant systems [12,17]

EcoEGR (Eco Exhaust gas recirculation)

MAN WinGD
Tier III-compliant system
Avalaible for
LPSCR (Low-pressure selective catalytic reduction) All engines
HPSCR (High-pressure selective catalytic reduction) Engines equipped with no more than 8 cylinders
EGRTC (Exhaust gas recirculation turbocharger cut-out) Engines equipped with piston bore 2 80 cm
and at least 2 turbochargers .
Unavalaible

All engines

EGRBP (Exhaust gas recirculation by-pass)

Engines equipped with piston bore < 70 cm

and only 1 turbocharger

3 Available Tier III-compliant systems

MAN and WinGD low-speed marine main engines are
equipped with systems mentioned in Tab. 3 facilitating the
obtaining of exhaust gas composition fully compliant with
Tier IlI-emission standards, among which both SCR vari-
ants are characterised by the slightly higher effectiveness
of the NO, reduction [12, 17]. A comparison of the effec-
tiveness of the NO, reductions is shown in Fig. 5.

Available Methods

e I

Possible NOx Reduction

Fig. 5 Comparison of the NO, reduction effectivensess [12]

40% urea solution
CO (NH,), * 5(H,0)

N

Y

Exhaust gas
¢ NO\\O

V

SCR
Reactor

4NO + 4NH, + O, = 4N, + 6H.0
BNO, + 8NH, = 7N, + 12H.0

3.1 Selective catalytic reduction (SCR)

Selective catalytic reduction (SCR) is based on air-fuel
mixture combustion in the range 300 + 400 °C tempera-
tures, i.e. optimum values for required chemical reactions
involving ammonia NH,. A 40% urea CO(NH,), solution,
decomposing into ammonia NH, and carbon dioxide CO,,
is injected into the catalysator, through which exhaust gas-
es are passed. NH, then reduces the NO, into inert molecu-
lar nitrogen N, and water vapour in a series of chemical
reactions. Moreover, SCR systems reduce the hydrocarbon
content due to their oxidation into non-toxic compounds
in the oxodation reactor [6]. The SCR schematic diagram
and the occuring chemical reactions are shown in Fig. 6.

The advantages of SCR systems include the very high
(above 90%) efficiency of the NO, after treatment of exhaust
gas, the lower consumption of energy needed to supply than
in other methods, and no waste from the process [12].

The disadvantages of SCR systems are their high costs
of the application of catalysators (platinum, vanadium, or
titanium), their low resistance to heavy-metal contamina-
tion, and propensity to deactivation by SO, as well as the

L &

2=
Z

zZ

@

U AZ

Fig. 6 SCR schematic diagram [12]
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The reactoris before the turbocharger.
The exhaust gasin the reactor has a higher
pressure (max 4 bar(g)) and temperature.

(2)

Miding Pige (8)

Al

.~ SCR-Reactor

An HP SCR system has 3 main design
features. The SCRreactor (1), a pipe
section, known as the Evaporation or Mixing
Pipe for urea injection and evaporation

(2), and the interface valves to the engine
(3a/3b)

The reactor is after the turbocharger. The
exhaust gas in the reactor has a relatively
lower pressure (about 0.6 bar(g)) and
temperature.

An LP SCR system has the following

design features: the SCR reactar, the
decomposition unit forammonia generation
and the controlvalves (V1,V2,V3)

Fig. 7 Comparison of the reactors position [19]

Tab. 4 Comparison of the LPSCR and HPSCR key characteristics [19]

Key characteristics LPSCR

HPSCR

Reactor position

After turbocharger (outside engine room) — lower
pressure and temperature of exhaust gas

Before turbocharger (inside engine room) — higher
pressure and temperature of exhaust gas

Ammonia generation

Through ammonia generation using a fuel oil burner

Urea injected into the mixed piping with high
temperature exhaust gas, no energy consumption

Minimum working

temperature <0.1%S

Exhaust gas after turbocharger 230 °C for fuel

Exhaust gas before turbocharger 310 °C
for fuel < 0.1% S

Fuel penalties

e <3 g/kWh between 25 + 50% of engine MCR load
e <2 g/kWh between 50 + 80% of engine MCR load

< 3 g/kWh between 25 + 40% of engine MCR load

Engine interfaces No engine modification

Engine mechanical modifications:
¢ Exhaust gas manifold
¢ Engine gallery
e Turbocharger connections

use of corrosive NH, and the necessity for exhaust-gas pre-
treatment due to the presence of volatile ash, causing a de-
crease in the process’s efficiency. A system controlling the
amount of NH, fed in, depending on the flow of exhaust
gas, i.e. the main-engine load, is also required [12].

SCR systems are available in low- and high-pressure
variants, which are subject to the position of the reactor
in relation to the turbocharger (Fig. 7), and thus the pres-
sure and temperature of exhaust gas [9, 11]. Both variants
of the SCR systems were shown in Fig. 7.

There are several differences between both SCR system
variants, among which the most important were contained
in Tab. 4 [19].

3.2 Exhaust gas recirculation

Exhaust gas recirculation (EGR) consists of the return-
ing of a certain volume of exhaust gas (usually 30 + 40% of
total) to the engine’s filling unit, causing an increase in the
content of CO, and water vapour in a fresh charge of air,
which reduces the average combustion temperature, due
to the greater specific-heat capacity.

The reduction in the molecular oxygen O, content in
the air hinders the formation of NO,, but decreases the
combustion efficiency at lower temperatures, and pro-
motes particulate-matter emission due to the lower com-
bustion efficiency [6, 16].
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Tab. 5 Comparison of the EGR systems key characterictics [14]

EGRTC

EGRBP EcoEGR

Cut-out valve between exhaust
receiver and turbocharger rotor

Key characteristics

Exhaust gas by-pass between
exhaust receiver and turbocharger

Optimized version of EGRBP,
operates with only about 15%
recirculation

a) EGR - By-pass matching

/EN0e ar racaner

b) EGR - Cut-out matching

Scavenge ar recaiver

Fig. 8 Schematic diagrams of different variants of EGR systems: a) EGRBP, b) EGRTC [2]

The advantages of EGR systems are the high efficien-
cy NO, after-treatment of exhaust gas, and the otherwise
unachievable reduction in exhaust-gas emissions, their
relatively simple design, and there being no necessity for
additional agents to be involved in the process [12].

The main disadvantages of EGR systems include a de-
crease in the average combustion temperature of the air-
fuel mixture, which implies a drop in the efficiency of this
process, and thus higher specific fuel consumption g, so
increasing the operating costs of the engine and the whole
ship [12].

EGR systems are available in several variants, each
adapted to the number of turbochargers and piston di-
ameters employed (Fig. 8). The key characteristics of EGR
systems are presented in Tab. 5 [14].

4 Comparative analysis of amounts of exhaust
gas waste heat from dual-fuel low-speed
marine main engines

The amounts of exhaust gas waste heat were shown
separately for all types of Tier IlI-compliant MAN and
WinGD dual-fuel low-speed main engines operating at the
MCR load under [SO-ambient conditions in the LNG (Tab.
6) and MGO modes (Tab. 7). The following annotations are
referred to in both Tab. 6 and Tab. 7.

The percentage share of exhaust gas waste heat in the
total energy supplied by LNG to the MAN 8G95ME-C10.5-
GI equipped with various SCR and EGR systems operating
at the MCR load under ISO-ambient conditions was pre-
sented in Fig. 9.

25,00% 2399%

22,50%
20,00%
17,50%
15,00%
12,50%
10,00%
7,50%
5,00%
2,50%
0,00%

Exhaust gas as a % of energy
supplied

MAN 8G95ME-C10.5-GI

22,15%

18,62%

15,91%

= LPSCR

H HPSCR

H EGRTC
EcoEGR

Fig. 9 Exhaust gas waste heat as a % of total energy supplied in LNG [own study]
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Tab. 6 Amounts of exhaust gas waste heat from Tier [II-compliant low-speed engines in LNG mode, own study on basis [13, 18]

Manufacturer MAN WinGD
Engine type G S X
Piston bore 45+95cm 35+70 cm 40 +92 cm
Cylinder number 5+12 5+8 5+12
MCR brake power 6,950 + 82,440 kW 4,350 + 27,440 kW 2,775 + 63,840 kW
MCR speed 80+ 111 rpm 91 + 167 rpm 80 + 146 rpm
Fuel type LNG + pilot oil
) ) Share of total energy supplied in fuel
Tier I1I-compliant
Waste heat Exhaust gas mass flow
Technology
Temperature
24.00 + 25.70% 24.80 + 27.60% 22.30 + 23.40%
LPSCR 17.20 + 157.70 kg/s 10.60 + 58.70 kg/s 12.70 + 143.10 kg/s
524 + 542K 536 + 542K 500 + 504 K
22.10 + 23.90% 24.20 + 27.10%
HPSCRY 17.90 + 109.70 kg/s 11.30 + 62.50 kg/s
500 + 509K 507 + 512K
19.40 + 19.90% 18.60 + 20.30%
Exhaust gas EGRBP? 14.90 + 53.70 kg/s 9.10 + 50.40 kg/s
510+ 512K 507 + 511K
18.40 + 19.40% 17.10 + 19.50%
EcoEGR 14.70 + 134.10 kg/s 8.70 + 49.90 kg/s
514 +517K 509 + 511K
16.80 + 17.30%
EGRTCY 39.20 +112.10 kg/s
512 +515K

Tab. 7 Amounts of exhaust gas waste heat from Tier [II-compliant low-speed engines in MGO mode, own study on basis [13, 18]

Manufacturer MAN WinGD
Engine type G S X
Piston bore 45+95cm 35+70cm 40+92 cm
Cylinder number 5+12 5+8 5+12
MCR brake power 6,950 + 82,440 kW 4,350 + 27,440 kW 2,775 + 63,840 kW
MCR speed 80+ 111 rpm 91 + 167 rpm 80 + 146 rpm
Fuel type MGO
) ) Share of total energy supplied in fuel
Waste heat Tier II-compliant Exhaust gas mass flow
Technology
Temperature
24.20 + 26.60% 25.70 + 28.20% 25.10 + 26.40%
LPSCR 17.40 + 158.90 kg/s 10.70 + 58.90 kg/s 13.70 + 153.50 kg/s
528 + 546K 541 + 546 K 523 + 528K
23.40 + 25.50% 25.10 + 27.00%
HPSCRY 18.10 + 110.90 kg/s 11.50 + 63.40 kg/s
510 + 515K 512+ 516K
19.90 + 20.50% 19.00 + 20.70%
Exhaust gas EGRBP? 15.10 = 55.20 kg/s 9.20 + 51.10 kg/s
514 + 516K 518 + 520K
18.70 + 19.90% 17.70 + 19.80%
EcoEGR 14.60 + 135.50 kg/s 8.60 +49.30 kg/s
518 + 520 K 512 + 519K
16.90 + 17.50%
EGRTCY 40.10 + 114.30 kg/s
518 + 521K

) Available only for MAN engines equipped with no more than 8 cylinders; ? Avalaible only for MAN engines equipped with piston bore < 70 cm;
# Avalaible only for MAN engines equipped with piston bore = 80 cm
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The following findings were set out based on a com-
parison of the data contained in Tab. 6 and Tab. 7.

e The largest amounts of exhaust gas waste heat are con-

tained in engines equipped with LPSCR (low-pressure
selective catalytic reduction) systems, due to their high-
est by far exhaust gas temperature, and the value of the
product of its flow and temperature.

Engines equipped with HPSCR systems are character-
ised by the greatest exhaust gas flow for a given brake
power, but their lower temperature reduces the amount
of exhaust gas waste heat by 0.8 + 2.5 percentage points
in comparison with LPSCR.

The exhaust gases in EGR systems are subjected to cool-
ing, due to the necessity of its volume reduction [15].
Therefore an additional loss of exhaust gas cooling
(15.5 + 17.5% of the energy supplied in the fuel) is gen-
erated in the heat balance of engines equipped with EGR
systems operating at the MCR load under I1SO ambient
conditions.

All variants of EGR systems reduce amount of exhaust
gas waste-heat by 22.5 + 33.9% in comparison with
LPSCR, due to their reusing a significant part of the ex-

P. K. Korlak / Scientific Journal of Maritime Research 35 (2021) 128-140

haust gases (up to 40%) in the engine’s filling unit, thus
reducing the emitted exhaust gas mass flow.

The volume of the exhaust gas waste heat and emitted
exhaust gas mass flow increases with the functioning of
the engine load, reaching the maximum at the MCR load
point.

Percentage share of exhaust gas waste heat from all
available dual-fuel low-speed engines under ISO ambient
conditions in relation to total energy supplied in LNG was
presented in Fig. 10.

In analysing the data contained in Fig. 10, it may be
stated that the percentage share of exhaust gas waste heat
in the engine heat balance decreases with the engine load,
reaching its minimum at the MCR load point. The propor-
tion of the exhaust-gas waste heat in the engine-heat bal-
ance for 25% of the MCR load is on average 6.5 + 7.2%
percentage points higher than the value corresponding to
the MCR load.

Temperature of exhaust gas of all available LNG-fuelled
low-speed engines in the function of the engine load was
presented in Fig. 11.
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310
300
290
280
270
260
250
240
230
220
210
200
190

20

Cee
cee
(sl 1]

guee

Cee
Cee
el 1]
ee

Exhaust gas temperature [°C]
L Ol 1]
o0 e
.
e
oo
o e
LIX 1)

30 40 50 6

0
% of engine MCR load

..
.

© O MAN-
® MAN-S

el 1]
Clow
Qe
CCee
GO e
[((s/0]
eo e
(&)

® @ WinGD-X

e
ee
.
(1]
(L]
L[]

70 80 90 100

Fig. 11 Temperature of exhaust gas of all available LNG-fuelled low-speed engines in the function of engine load [own study]



P K. Korlak / Scientific Journal of Maritime Research 35 (2021) 128-140 137

28,00%

LNG
27,00%

26,32%

26,00%

25,00%
23,99%

24,00%

23,00%

22,00%

Exhaust gas a a% of energy supplied

21,00%

23,34%

MAN 8G95ME-C10.5-GI-LPSCR m MAN 8S70ME-C10.5-GI-LPSCR ® WinGD 8X92DF-LPSCR
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26,88%
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Fig. 12 Exhaust gas waste heat as a % total energy supplied in fuel [own study]

e The temperature of the exhaust gas in LNG- and MGO-
fuelled MAN engines assumes the highest values in the
range 25 + 35% of the MCR load, while the lowest is for
65 + 75% (S-type), and both 65 + 70% and 80 + 90%
(G-type). The difference between the extreme values
reaches 35 + 39 °C.

e The temperature of the exhaust gas in LNG-fuelled
WinGD low-speed engines assumes the highest values
in the range 25 + 35% of the MCR load, while the low-
estis for 65 + 80%. The difference between the extreme
values reaches 29+32 °C.

Percentage share of exhaust gas waste heat from se-
lected dual-fuel low-speed engines operating in maximum
continuous load under ISO ambient conditions in total en-
ergy supplied in fuel was presented in Fig. 12.

e The temperature of the exhaust gas in MGO-fuelled
WinGD low-speed engines assumes the highest values at
the MCR-load point, while the lowest is for 60 + 70%. The
difference between the extreme values reaches 22 + 25 °C.

e Dual-fuel MAN engines maintain the same overall ef-
ficiency (and the sum of heat losses) in both LNG and
MGO modes, but the silghtly lower temperature of the
exhaust gas in the LNG mode reduces the amount of ex-
haust gas waste heat by 2.5 + 3.9% compared with the
MGO mode. Therefore LNG mode is mostly character-
ised by slightly larger share of amount of scavenge air
waste heat in the sum of heat losses than MGO mode.

¢ The amounts of exhaust gas waste heat from LNG-fuelled
WinGD engines is lower by 19.1 + 19.6% in comparison
with MGO mode. Besides the above-mentioned lower
temperature and flow of the exhaust gas, it results from
significantly lower total heat losses (4.2 + 4.5% in favour
of LNG).

LPSCR is a Tier IlI-compliant system allowing the max-
imising of exhaust-gas waste-heat recovery. Its investment
costs are up to 15% lower than its high-pressure (HPSCR)
variant. In addition, it affords the possibility to assemble

the reactor in a convenient location outside the engine
room, and thus reduces the volume of its compartments.

5. Estimation of amounts of exhaust gas waste
heat from dual-fuel low-speed marine main
engines equipped with Tier III-compliant LPSCR

Exhaust gas waste heat, besides non-recoverable and
negligibly small radiation loss, is the only process whose
amount is not directly stated in manufacturers’ catalogues,
nor in the files generated by computer-aided engine se-
lection software. In order to explore the possibilities of
electricity generation in recovery generation units, or to
perform heat balance, exhaust gas waste heat should be
estimated according to the formula (3) on the basis of the
known flow, temperature, and specific heat [20]. This task
requires obtaining and processing a considerable amount
of data. Therefore it became necessary to establish ready-
made formulae which would make it possible to estimate
the exhaust gas waste heat for the full range of engine
brake power with sufficient accuracy.

A reference list of all available dual-fuel low-speed
engines equipped with Tier Ill-compliant LPSCR was
complied for this purpose, on which basic technical pa-
rameters under ISO ambient conditions in the LNG and
MGO modes were included. This constitutes a guarantee
of data reliability and a representative sample. Among the
engine technical parameters, the reference list includes
those which in a logical and functional way are connected
with exhaust-gas waste heat, i.e. engine brake power P,
and the corresponding values of flow and temperature.

Dependencies between engine brake power and ex-
haust gas waste heat were determined separately for all
types of available low-speed engines in the LNG and MGO
modes. The following regression models were used for the
given engines: MAN G-type (Fig. 13-14) and WinGD X-type
(Fig. 17-18) - power, MAN S-type (Fig. 15-16) - linear.
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Fig. 14 Exhaust gas waste heat as a function of engine brake power, own study on basis [13]
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Fig. 16 Exhaust gas waste heat as a function of engine brake power, own study on basis [13]
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Fig. 17 Exhaust gas waste heat as a function of engine brake power, own study on basis [18]

WinGD X-type (MGO)

y =1,01[79x09422

98319/’

Exhaust gas waste heat [kW]

0 13.000

26.000
Engine brake power [kW]

39.000 52.000 65.000

Fig. 18 Exhaust gas waste heat as a function of engine brake power, own study on basis [18]

The least-square method was used in each case.
The following formulae were obtained as a result of
calculations:

e MAN G-type — LNG mode (R? = 0,9855):

Q,=1,2198 - ppoee (4)
e MAN G-type - MGO mode (R?=0,9871):

Q,=1,2661- ppice (5)
e MAN S-type —» LNG mode (R? = 0,9883):

Q,=0,5292 - P, + 335,95 (6)
e MAN S-type - MGO mode (R? = 0,9879):

Q,=0,5183- P, +333,19 (7)
e WinGD X-type - LNG mode (R? = 0,9755):

Q,=1,0906 - Pyt (8)
e WinGD X-type » MGO mode (R? = 0,9864):

Q,=1,0179 - Py 9)

It should be noted that the determination coefficient
reaches the very high values R? = 0,9755 + 0,9883, which
indicates a strong correlation and fit of the appropriate re-
gression model. Moreover, the established formulae make
it possible to apply them with a high probability that the

preliminary calculations will be sufficiently close to their
results for accurate verification at the detailed design
stage.

6 Conclusions

The undertaken analysis allowed the conclusion that
exhaust gas was the largest carrier of waste energy suit-
able for effective recovery. In aiming for minimising the
value of the IMO energy-efficiency coefficients, it should
be mostly used for electricity generation in recovery gen-
erator units selected for given main engine brake power.

The results of the calculations contained in Tab. 5-6
indicates that engines equipped with LPSCR are charac-
terised by the highest temperature of exhaust gas and the
largest amount of exhaust gas waste heat. Moreover, in
comparison with its high-pressure variant, LPSCR is dis-
tinguished by lower investment costs and the possibility
to assemble reactors in a convenient place outside engine
rooms. This increases the economic value of waste heat
recovery, and promotes the optimum use of space inside
hull.

The amount of exhaust gas waste heat in the LNG mode
is lower than in the MGO mode, due to the lower flow and
temperature values of exhaust gas. These differences rang-
es from 2.5 + 3.9% for MAN engines to 19.1 + 19.6% for
WinGD engines.
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The very high values of the R? coefficient confirm that
the formulae determined by the least-square method can
be useful for the prediction of exhaust gas waste heat at
the preliminary design stage. It provides a basis for the se-
lection of an appropriate waste heat recovery system con-
figuration for any type of engine equipped with LPSCR.
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